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Editorial on the Research Topic
 Rodent model organisms: therapeutic treatments and drugs interaction with the gut microbiome





Gut microbiome and health

The microbiome plays a crucial role in our health, unlocking microbial ecosystems (Stavropoulou et al., 2021a). Microbiome research is a dynamic and evolving field that investigates microbial communities and their interconnections (Stavropoulou et al., 2021b).

The interactions of the human microbiome, particularly the gut microbiome, has been extensively studied due to its substantial impact on health (Tsigalou et al., 2018). Research shows that intestinal microbes participate in digestive processes, synthesize vitamins and enzymes, and regulate immunity, inflammatory processes, and microbial balance (Fu et al., 2023; Mangan et al., 2018). Breakdown of microbial balance is associated with multiple disease states, such as diabetes (Li et al., 2020), obesity (Aoun et al., 2020), autoimmune diseases (Mousa et al., 2022), periodontitis (Abdulkareem et al., 2023), stress (Guan et al., 2017), while it can significantly affect drug metabolism (Dodd and Cann, 2022) and individual patient responses (Ma et al., 2024).

Microbiome-based therapies (Yadav and Chauhan, 2022), such as probiotics (Stavropoulou and Bezirtzoglou, 2020), prebiotics (Yadav and Chauhan, 2022), and fecal microbiome transplantation (Liu X. et al.) influence the microbiome and favorably balance it in clinical applications. Personalized medicine (Kashyap et al., 2017) may soon harness microbiome-tailored therapies, but bioethical issues, such as microbiome ownership and data privacy, require attention. Despite the progress in microbiome research, challenges still remain, as microbiomes depend on many factors, such as diet, genetics, lifestyle, and environment (Dong and Gupta, 2019). Rodent model organisms, notably mice and rats, are widely used in microbiome research to investigate therapeutic applications and drug interactions within the gut ecosystem (Vandamme, 2014).

Microbiome research is often conducted on rodents rather than humans for several primary reasons. Studies in rodents permit research to be conducted in a regulated and controlled setting that excludes specific factors. Rodents have short life spans and reproduce quickly. However, they have physiological and genetic similarities in common with humans, making them ideal models for investigating immune responses, metabolic diseases and drug interactions. This is in contrast to human clinical studies, which require long-term monitoring and ethical considerations (Vandamme, 2014; Bryda, 2013).

With this in mind, the present Research Topic focused on publishing research that explores microbial ecosystems in the vertebrate digestive tracts.

Researchers have conducted numerous studies to improve understanding of the field. Certainly, advancements in sequencing technologies, such as metagenomics and 16S rRNA sequencing, have enabled scientists to study microbiomes with unprecedented precision. These innovative methods facilitate the identification of microbes, their genetic functions, and their interconnections within ecosystems (Satam et al., 2023; Kim et al., 2024).

This Research Topic highlights studies that focus on disruptions in microbial composition, resulting in dysbiosis, inflammation, and metabolic disorders.

Extended research into natural products, probiotics and prebiotics was conducted in China with rodent models to evaluate their role in restoring microbial balance. Traditional natural products, such as Gynura segetum root (GSrE) (Gu et al.), tuina herbal (Wang H. et al.), Sanwei sandalwood (Ma K. et al.), Ziyan green tea (Jia et al.), Scrophulariae radix-Atractylodes sinensis (Guo X. et al.), Sheng-Jiang powder (Zhang P. et al.), Banxia-Yiyiren (Wang, Qi et al.), Gegen Qinlian (Xu et al.), Liquiritigenin (Suo et al.), Xiaojin pill (Yang, Quan et al.), Schisanlactone (Song et al.), Liqi Tongbian (Liu Q. et al.), Shengu granules (Chen et al.), Evodiae fructus (Liang et al.), and Bazi Bushen (Zhang S. et al.) were extensively studied in rodent models. Traditional Chinese medicine (TCM) practitioners are becoming more interested in studying the microbiome and how it might be modulated to help treat a variety of illnesses. These TCM herbal formulations can treat metabolic disorders, gastrointestinal inflammatory diseases, autoimmune diseases, and mental and neurological conditions. They do so by modulating the microbial balance, alleviating inflammation, and boosting immune function. Furthermore, fermentation-based TCM formulations that provide bioactive substances contribute effectively to modulating the microbial balance and improving the microbiome. TCM was found to act on intestinal and extraintestinal tissues (Suo et al.). It protected against pathogens by boosting immune cell function and inflammatory responses.

It was also used to relieve insomnia, reduce stress and alleviate anxiety, demonstrating an antidepressant effect through its influence on the gut-brain axis (Wang, Qi et al.). The microbiome-gut-brain axis may also be involved in the pathogenesis and progression of central age-related diseases while it appeared to play a key role in Alzheimer's disease (Song et al.).

TCM was used to treat benign prostatic hyperplasia (Yang, Quan et al.), periodontitis (Guo X.-P. et al.), and colonic cancer by suppressing chronic inflammation (Yang, Quan et al.). Similarly, TCM helped ameliorate non-alcoholic fatty liver disease by alleviating inflammation, regulating lipid metabolism, reducing oxidative stress, and restoring gut microbiome balance, ultimately supporting liver health and improving insulin sensitivity (Zhang P. et al.; Zaparte et al.). However, chronic jet lag disrupted the gut microbiome and mycobiome, contributing to metabolic dysfunction-associated fatty liver disease in mice on a high-fat, high-fructose diet (Zheng et al.).

TCM was also found to play a significant role in managing diabetes by alleviating inflammation, regulating blood glucose levels, improving insulin sensitivity, and balancing the gut microbiome (Hou et al.). Single-anastomosis duodenal–ileal bypass with sleeve gastrectomy appeared to modify gut microbiome composition and thus glucose metabolism in rats with type 2 diabetes (Wang, Li et al.). Metformin has been linked to shifts in gut bacteria, notably increasing Akkermansia muciniphila and short-chain fatty acid-producing bacteria. These changes helped stabilize the gastrointestinal mucosal barrier, regulate bile acid metabolism, and supported glucose and lipid metabolism, improving glucose homeostasis and reducing inflammation (Wang Y. et al.).

TCM was found to be effective in the treatment of cardiometabolic diseases and to contribute to heart failure management by improving gut microbiome function, reducing inflammation, enhancing nutrient absorption, and restoring microbial balance (Wang Q. et al.). By modulating the gut-heart axis, TCM formulations were found to regulate metabolism, regulate blood pressure, improve lipid metabolism, strengthen cardiac function, and mitigate disease progression (Wang Q. et al.). Additionally, gut ecological dysregulation appeared to be associated with Sugen5416/hypoxia-induced disease development (Abudukeremu et al.). Ang1-7 and MLN-4760 played a key role in the progression of this pathology. The ACE2-Ang-(1-7)-Mas axis modulated blood pressure and inhibited myocardial remodeling (Abudukeremu et al.).

TCM was also used in the management of osteoporosis following ovariectomy by promoting bone health, balancing hormones, and improving circulation by modulating the gut-bone immune axis (Chen et al.). However, there are concerns about the potential toxicity of TCM due to the concentration of active compounds and the risk of hepatotoxicity (Suo et al.; Liang et al.). Some herbs, when used inappropriately or in excessive amounts, may cause liver damage or interact negatively with other medications. It is imperative to monitor the dosage, quality, and source of herbal preparations, and to consult with healthcare providers. This is to ensure safe and effective use. The gut microbiome appears to play a role in various pathophysiological processes in diabetic ischemic heart failure. It does so by disrupting metabolism and influencing downstream signaling pathways through their metabolites. These gut microbiome and serum metabolites may serve as markers of myocardial damage in different stages of diabetic ischemic heart failure (Hou et al.; Wang Q. et al.).

TCM showed beneficial effect on conditions such as inflammatory diseases (López-Cauce et al.) and slow-transit constipation (Liu Q. et al.) as several TCM formulations reduced inflammation, regulated bowel movements, and balanced the digestive system, alleviating symptoms such as abdominal pain and diarrhea. However, Akkermansia deficiency and mucin depletion were found to be implicated in intestinal barrier dysfunction as early events in the development of inflammation in interleukin-10-deficient mice (López-Cauce et al.).

Electroacupuncture is an advanced variation of traditional acupuncture (Yue et al.), in which small electrical currents are passed through acupuncture needles for therapeutic purposes. It is used to treat chronic pain, muscle tension, stress, digestive diseases, diabetes (Yue et al.), and neurological conditions, as electrical boosting was found to improve vascular angiogenesis (Huang et al.), blood flow (Huang et al.), reduce inflammation (Huang et al.), and regulate the nervous system for pain relief, but also appeared to modify the urinary metabolome and microbiome (Gao et al.).

Oxygen is a key component of the air we breathe and plays a critical role in cellular respiration. One study has investigated the positive effects of oxygen enrichment on the structure and composition of the gut microbiome in animals subjected to acute hypobaric hypoxia (Ma Q. et al.).

Probiotics and prebiotics were also tested in rodent models to evaluate their role in restoring microbial balance. The alleviating effect of Lactobacillus rhamnosus SDSP202418 on exercise-induced fatigue in mice was reported by Yang et al.(a) while the protective effects of Lactococcus lactis subsp. lactis HFY14 supplementation appeared to positively impact the brain, gut, and motor function of antibiotic-treated mice [Yang et al.(b)]. Furthermore, a study on the effect and mechanism of Lacticaseibacillus rhamnosus AFY06 on inflammation-associated colorectal cancer induced by azoxymethane/dextran sulfate sodium in mice showed promising results (Zhang J. et al.).

Heat acclimation with probiotics-based oral rehydration salts supplementation was found to alleviate heat stroke-induced multiple organ dysfunction by improving intestinal thermotolerance and modulating gut microbiome in rats (Li et al.).

Dysfunctions in intestinal microorganisms and enzyme activities suggest a potential role in the diarrhea of kidney-yang deficiency syndrome. Specifically, a decrease in Lactobacillus and Bifidobacterium was noted, associated with an increase in Escherichia coli (Zhou M. et al.).

Another round of manuscripts focused on the influence of the gut microbiome on drug metabolism. Microbes can enhance, diminish, or alter the effectiveness of a drug, potentially leading to unexpected side effects. These insights contribute to refining drug development and advancing personalized treatment strategies (Wang Y. et al.; Wang Q. et al.). Folic acid and zinc were found to ameliorate hyperuricemia by inhibiting uric acid biosynthesis and stimulating uric acid excretion by modulating the gut microbiome. Thus, folic acid and zinc may be new and safe therapeutic agents to improve hyperuricemia (Sun et al.).

Study findings have identified the preferential distribution of transcription factor EB in colonic epithelial cells, where transcription factor EB can be activated by infection to enhance anti-bacterial peptide expression, holding promising implications for anti-bacterial therapeutics (Rao et al.). The transcription factor EB has significant implications for drug metabolism, particularly in the colon, where microbial interactions influence drug bioavailability and therapeutic outcomes (Rao et al.).

The cathelicidin-related antimicrobial peptide was found to play a critical role in innate immunity and gut homeostasis. Recent research has uncovered its therapeutic potential in alleviating acute ulcerative colitis (Jiang et al.).

Sigma-1 knockout was found to disrupt the gut microbiome and serum metabolome, leading to altered metabolic pathways that exacerbate heart failure. By influencing key metabolic processes and increasing systemic inflammation, this disruption was observed to worsen cardiac function (Yang J.-Z. et al.). Targeting metabolism, particularly through restoring gut microbiome balance and regulating metabolic pathways, may offer potential therapeutic strategies for mitigating heart failure in Sigmar1-deficient models (Yang J.-Z. et al.). Gut microbes were found to regulate the expression of key metabolic enzymes and transporters such as CYP3A1, UGT1A1, and P-GP, all of which are involved in the absorption and clearance of Cyclosporine A, thereby influencing its pharmacokinetic profile (Zhou J. et al.). Research in rodent models showed that broad-spectrum antibiotics can severely alter microbial diversity, resulting in dysbiosis, heightened vulnerability to infections, and the development of metabolic imbalances (Parodi et al., 2022).

As already discussed, dietary choices can directly influence the composition and activity of the gut microbiome. Both food intake and fasting were found to influence gut metabolic processes, immune function, and even the ability to resist infection, highlighting the critical role of diet and fasting in shaping microbiome health (Dong and Gupta, 2019; Frias et al.).

In conclusion, rodent models have proven invaluable in advancing our understanding of the complex interactions between the gut microbiome and various therapeutic options. These models have provided significant insights into how microbial ecosystems influence drug metabolism, immune responses, metabolic diseases, and the progression of various conditions. Research has highlighted the substantial impact the gut microbiome can have on the pharmacokinetics of drugs, such as Cyclosporine A. It has also shown that modifying specific microbial communities can significantly impact drug efficacy and patient outcomes. Furthermore, traditional medicine, especially within the context of TCM, offers promising therapeutic approaches that modulate the gut microbiome for the management of metabolic conditions, autoimmune diseases, and even neurodegenerative conditions, further emphasizing the importance of gut health.

Although promising, challenges remain in understanding the full scope of microbial contributions to drug metabolism and disease progression. More research is needed to fully elucidate their underlying mechanisms. Furthermore, potential risks associated with microbiome-based therapies, such as toxicity and drug-drug interactions, must be carefully addressed to ensure safe and effective application in clinical settings. Ultimately, the gut microbiome represents a central area of research with transformative potential in personalized medicine. It offers new strategies to optimize therapeutic interventions and improve patient health outcomes.
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A high-purine diet can cause hyperuricemia and destroy the microbial composition of the gut microbiota. Both folic acid and zinc significantly reduce uric acid levels and alleviate hyperuricemia. However, whether the underlying mechanisms are associated with the regulation of the gut microbiota remain unknown. To explore alterations of the gut microbiota related to folic acid and zinc treatment in rats with hyperuricemia in our study. A hyperuricemic rat model was established with a high-purine diet. The effects of folic acid and zinc on uric acid levels were evaluated. Alterations of the gut microbiota related to hyperuricemia and the treatments were evaluated by sequencing using the Illumina MiSeq system. The results demonstrated that uric acid levels dropped observably, and the activities of adenosine deaminase (ADA) and xanthine oxidase (XOD) were downregulated after folic acid or zinc intervention. 16S rRNA gene sequencing-based gut microbiota analysis revealed that folic acid and zinc enhanced the abundance of probiotic bacteria and reduced that of pathogenic bacteria, thus improving intestinal barrier function. PICRUST analysis indicated that folic acid and zinc restored gut microbiota metabolism. These findings indicate that folic acid and zinc ameliorate hyperuricemia by inhibiting uric acid biosynthesis and stimulating uric acid excretion by modulating the gut microbiota. Thus, folic acid and zinc may be new and safe therapeutic agents to improve hyperuricemia.
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Introduction

Hyperuricemia is a chronic metabolic disease related to disordered purine metabolism. In addition, hyperuricemia also is the main factor in occurrence of various diseases, including gout, diabetes, cardiovascular disease, metabolic syndrome, atherosclerosis, Alzheimer’s disease, and chronic kidney disease (Waugh, 2008; Feig, 2014; Kttgen and Kttgen, 2021). Hyperuricemia not only poses a threat to human health but is also becoming a serious public health concern (Paul et al., 2017). Drug treatment currently is the preferred method for clinical management of hyperuricemia, primarily using xanthine oxidase inhibitors and uric acid excretion drugs, including benzbromarone, allopurinol, and febuxostat (Kunishima et al., 2007; Kim et al., 2015; Mehmood et al., 2017). However, these drugs have poor safety profiles and exert side effects, including rash, nausea, vomiting, severe hypersensitivity, and gastrointestinal and renal toxicity (Chen et al., 2020). Therefore, a safer and more effective treatment to lower blood uric acid levels in patients is needed.

Uric acid is the final product of purine metabolism in human bodies (Merriman and Dalbeth, 2011; Liu et al., 2020). Based on the evidence, it is accepted that the kidneys are the main organ for uric acid excretion; they remove about 70% of the total uric acid (Lin et al., 2014; Barsoum and El-Khatib, 2017; Sato et al., 2019). Various studies revealed that 30% of total uric acid is excreted through the gut (Wang et al., 2020, 2021). Blood uric acid is transported into the gut by uric acid transporters in epithelial cells (Matsuo et al., 2014). Subsequently, the uric acid will be excreted from the gut directly, and various gut microbiota will decompose the rest of the uric acid. Growing evidence demonstrates that the gut microbiota and its metabolites occupy a vital position in the pathogenesis of hyperuricemia-related diseases (Rooks et al., 2014; Ananthakrishnan et al., 2017). Therefore, exploring the mechanism of hyperuricemia based on the gut microbiota has become a central research topic.

Folic acid is a water-soluble vitamin B involved in the synthesis of purine, DNA, and hemoglobin. Based on population data, the intake of folic acid has been related to the risk of hyperuricemia (Zhang and Qiu, 2018). Zinc is an essential cofactor for various enzymes and plays important roles in the regulation of inflammatory cytokines and the anti-oxidative stress response (Xu et al., 2015). According to the National Health and Nutrition Examination Survey program, the intake of dietary zinc in American adults (≥20 years of age) correlated with the occurrence of hyperuricemia (Zhang et al., 2018). Xanthine is converted into uric acid, and uric acid is excreted into the gut by the gut microbiota (Sorensen and Levinson, 1975). Folic acid and zinc are some of the vitamins and trace elements that the human body needs to supplement daily, and they will not cause harm to the human body within the range of standard doses. Thus, researching the alterations induced in the gut microbiota by vitamin or trace element therapy may provide candidate drug targets for further in-depth research.

This study aimed to explore the alterations of the gut microbiota induced by hyperuricemia treatment employing folic acid and zinc. 16S rRNA gene sequencing using the Illumina MiSeq platform was employed to study the community structure of the gut microbiota in hyperuricemia rats. Further, we aimed to determine the mechanisms of folic acid and zinc in reducing uric acid levels in hyperuricemia rats.



Materials and methods


Hyperuricemia model establishment and drug therapy

A total of forty Sprague–Dawley male rats (2-month-old) weighing 200 ± 20 g were ordered by the Changchun Yisi Laboratory Animal Technology Co., Ltd. (Jilin, China; certification No. SCXK (Ji)-2018-0007). The rats were separated into four groups randomly (10 rats per group): a blank control group (C), a hyperuricemia model group (M), a folic acid treatment group (Y), and a zinc treatment group (Z). The rats were housed individually, with free access to food and water. After 7 days of adaptive feeding (AIN-93M feed provided by Nantong Trophy Co., Ltd., China), three groups were given a hyperuricemia-inducing diet consisting of a mixture of AIN-93M feed and yeast at a 4:1 ratio. A normal diet was provided to the blank control group throughout the experiment.

After establishing the hyperuricemia model successfully, the rats in the folic acid treatment group and the zinc treatment group were intragastrically administered 84 μg/kg folic acid and 4 mg/kg zinc per day for 8 weeks, respectively. Distilled water was given to the rats in the control and model groups. The weights of the rats were measured weekly to calculate the drug dosages.



Sample collection and storage

After 12 h of the last drug administration, blood samples and stool samples of rats were collected. The collected blood from the hepatic portal vein was centrifuged. The serum samples were frozen at −80°C for serum biochemical index detection, including uric acid, adenosine deaminase (ADA), and xanthine oxidase (XOD) levels. An automated biochemical analyzer (AU5800, Beckman, United States) was used to detect uric acid levels. ADA and XOD were detected using ADA and XOD assay kits (Jiancheng, China) according to the manual’s instructions. Fresh stool samples were collected and stored at −80°C for gut microbiota DNA extraction.



16S rRNA gene amplification and sequencing

Genomic DNA of the stool samples was extracted utilizing the Stool DNA Extraction Kit (Qiagen, Germany), and the extracted DNA was purified employing a DNA gel purification kit (Qiagen, Germany). The quality of the extracted DNA was assessed by 1.0% agarose gel and stored at −80°C for sequencing.

The specific primers 338F and 806R were used to amplify the hypervariable region V3–V4 of the 16S rRNA gene (Meng et al., 2020). PCRs were run in 20.0-μl reaction mixtures containing 4 μl 5 × FastPfu Buffer, 2 μl 2.5 mM dNTPs, 0.8 μl forward primer (5 μM), 0.8 μl reverse primer (5 μM), 0.4 μl FastPfu Polymerase, 0.2 μl BSA, 10 μl template DNA, and 1.8 μl ddH2O, in an ABI GeneAmp 9700 instrument (ABI, United States). The thermal cycling program was as follows: 95°C for 3 min, 30 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 45 s, and finally, 72°C for 10 min. The total purified PCR products with a concentration >10 ng/μl and an OD260/OD280 ≈ 1.8 were subjected to sequencing on an Illumina MiSeq platform at Shanghai Meiji Biomedical Technology (Shanghai, China). The sequence data were submitted to the NCBI Sequence Read Archive with accession PRJNA721594.1



Bioinformatical and statistical analysis

After sequencing, Flash software 1.2.11 (Yu et al., 2018) was used to splice pair-end sequences, and the generated data of the gut microbiota were analyzed using the Quantitative Insights Into Microbial Ecology software, v1.9.1 (Caporaso et al., 2010). Clean reads were obtained from the raw reads under the following criteria: reads were truncated at any site receiving an average quality score of <20 bp over a 50-bp sliding window, truncated reads shorter than 50 bp were discarded and the reads containing N base were removed; based on overlap relationship of pair-end reads, pairs of reads were merged into a sequence; barcode of the sequences and primer sequences were used to distinguish samples and obtained effective sequences. The sequencing reads were clustered into operational taxonomic units (OTUs) using UCLUST (Edgar, 2010). The SILVA rRNA database 138 (Quast et al., 2013) was used to perform the taxonomic assignment. The Vegan package (Cheng and Ray, 2014) in R (R Development Core Team, 2015) was used to calculate the alpha-diversity index. Calculated beta-diversity metrics (Bray Curtis) were compared using the ANOSIM measure. The Vegan package in R was used to conduct principal coordinates analysis (PCoA) and non-metric multidimensional scaling based on the beta-diversity. The specific characterization of the gut microbiota was analyzed using the linear discriminant analysis (LDA) effect size (LEfSe) analysis (Segata et al., 2011). LEfSe used a non-parametric factorial Kruskal–Wallis sum-rank test to determine the features with significantly different abundances among groups and used LDA to assess the effect size of each feature, and the threshold on the logarithmic score of LDA analysis was set to 2.0. To compare the key phylotypes of the gut microbiota, Welch’s t-tests were used for two-group comparisons in STAMP software 8.30 (Parks et al., 2014). The significant difference between the two groups was obtained after filtering with p < 0.05. The PICRUST2 software 2.2.0 (Douglas et al., 2020) was used to infer the metabolic functions of the gut microbiota. To reveal the different predictive functions, the Kruskal–Wallis H test was used for multiple groups comparisons in STAMP software 8.30, p-values were adjusted using the Benjamini–Hochberg method to control the false discovery rate (FDR), and an adjusted p-value of 0.05 was used as a statistically significant cutoff. The BugBase software (Tonya et al., 2017) was used to predict microbial phenotypes.

All statistical analyses were performed using SPSS 23.0 (IBM, Armonk, NY, United States) and all graphics were made in Prism 7.0 (GraphPad Software, La Jolla, CA, United States). Spearman correlation was used to analyze correlations between biochemical parameters and the major microbial communities; p < 0.05 was considered statistically significant.




Results


Effects of folic acid and zinc on uric acid levels in rats

The rats remained in healthy during the experimental period, and weekly recording of the body weight and feed consumption of the rats was conducted. Changes in body weight were similar in all groups, without significant differences during the intervention. Rats receiving folic acid and zinc compared with those in the model group had no visible tendency toward drop feed consumption.

The most obvious feature of hyperuricemia is a high uric acid level. The uric acid levels in each group are shown in Figure 1. The uric acid level had a significant increase in the model group compared to the control group (p < 0.01), verifying that the hyperuricemia model was established successfully. Interestingly, there was a significant reduction in uric acid levels by the folic acid and zinc treatments, but remained above the normal level (p < 0.01). Compared to the model group, the XOD and ADA levels were significantly reduced by the folic acid and zinc treatments (p < 0.05), but were also still above the normal levels (Figure 1). Together, these results showed that folic acid and zinc significantly reduce serum uric acid concentrations.
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FIGURE 1
Effects of folic acid and zinc on hyperuricemia-related indicators in hyperuricemia rats. (A) The activity of adenosine deaminase (ADA). (B) The activity of xanthine oxidase (XOD). (C) The level of uric acid (UA). *p < 0.05; **p < 0.01.




Treatment effects on gut microbiota diversity of rats

Based on the uric acid results, we selected the rats treated with high doses of folic acid and zinc showing the best pharmacodynamic effects as representatives to carry out the gut microbiota analysis. We used the Illumina MiSeq technology to analyze differences in the gut microbiota composition among the groups. In total, 875,085 sequence reads were detected. With increasing numbers of sequences in the samples, the rarefaction curve gradually flattened, explaining that the sequencing results were abundant to represent the diversity of the samples (Figure 2A). A Venn diagram exhibiting the numbers of OTUs in common between groups and unique to each group is presented in Figure 2B.
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FIGURE 2
The rarefaction curves and the Venn diagram for each sample in hyperuricemia rats. Panel (A) represents the rarefaction curves. Panel (B) represents the Venn diagram.


Alpha-diversity analysis was used to reveal the microbiota community diversity in each sample. We employed the Chao, Ace, Shannon, and Simpson indices to evaluate alpha-diversity. The Chao and Ace indices reflect community richness, whereas the Shannon and Simpson indices reflect community richness and evenness. The alpha-diversity of the gut microbiota community in the rats is presented in Figure 3. The Shannon, Ace, and Chao indices in the model group exceeded in the control group. The Ace and Chao indices peaked in the zinc treatment group. According to the Simpson index, there was a markedly lower diversity in the model group than in the other groups. However, there was no significant difference among the groups. These results indicated a higher microbial richness in the model group.
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FIGURE 3
The alpha-diversity index of the gut microbiota in hyperuricemia rats. The alpha-diversity of the gut microbiota based on (A) Shannon index. (B) Simpson index. (C) Ace index. (D) Chao index.


The beta-diversity of the gut microbiota in the rats was explained using principal coordinates analysis (PCoA) and non-metric multidimensional scaling plot (NMDS plot). In addition, the beta-diversity was analyzed using the unweighted UniFrac distance. Based on the PCoA and NMDS, a visible separation was found among the four groups (the control group was located on the left, the folic acid group was located to the right, and the model and zinc groups were located near the middle of the plot), indicating differences in the community composition among the groups (p < 0.01) (Figure 4). The microbiota community structure in the folic acid treatment group was clearly different from that in the zinc treatment group, whereas, in the model and zinc treatment groups, the microbiota community structures were closer. These results indicated that folic acid and zinc affected the community composition of the gut microbiota.
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FIGURE 4
The beta-diversity of the gut microbiota in hyperuricemia rats. The beta-diversity of the gut microbiota based on (A) Principal coordinates analysis (PCoA) analysis. (B) Non-metric multidimensional scaling plot (NMDS) analysis.




Treatment effects on the taxonomic composition of the gut microbiota

To identify specific taxa in the folic acid and zinc treatment groups, relative bacterial abundances were assessed at the phylum and genus levels. The dominant phyla were Bacteroidetes and Firmicutes in each group (Figure 5A). The model group showed remarkable shifts in the gut microbiota composition and structure when compared to the control group, with significant increases in Bacteroides and Actinobacteria and a reduction in Firmicutes. Surprisingly, the gut microbiota (Bacteroides and Firmicutes) of the rats were dominant in the folic acid and zinc treatment groups, but the number of Actinobacteria was sharply increased by nearly three times in the folic acid treatment group. In general, these results verified that folic acid has a major effect on Actinobacteria, but limited effects on Firmicutes and Bacteroidetes.
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FIGURE 5
The taxonomic compositions of the gut microbiota in hyperuricemia rats. Relative abundance of the gut microbial community in each group at (A) The phylum level. (B) The genus level.


At the genus level, 10 genera were identified (Figure 5B). Lactobacillus, Norank-f-Muribaculaceae, and Bacteroides were the most abundant gut microbiota in all groups. The most abundant genera in the control group included Lactobacillus, Norank-f-Muribaculaceae, Bacteroides, and Clostridium. Compared with the control group, Norank-f-Muribaculaceae was notably elevated in abundance, whereas Collinsella, Clostridium, Romboutsia, Norank-f-Lachnospiraceae, and Ruminococcus were decreased in abundance in the model group. The microbiota community structures in the folic acid and zinc treatment groups differed from that in the model group. Compared to the model group, Lactobacillus, Bacteroides, Collinsella, and Blautia were more abundant, whereas Clostridium, Romboutsia, Norank-f-Lachnospiraceae, and Ruminococcus were little abundant in the folic acid treatment group. Conversely, Lactobacillus, Norank-f-Muribaculaceae, and Bacteroides were more abundant and Clostridium, Romboutsia lower, Blautia, and Norank-f-Lachnospiraceae were more abundant in the zinc treatment group. These results indicated the beneficial influences of folic acid and zinc on the abundances of several genera that were influenced by hyperuricemia.



Treatment effects on key phylotypes in the gut microbiota of rats

To explore the variations of characteristic bacteria in the rats, LEfSe analysis was conducted to detect differences in the abundance of bacterial taxa among the four groups. The taxonomic cladogram and histogram of LDA scores in Figure 6 show the dominant microorganisms in the groups. In the control group, LEfSe revealed that the indicator microorganisms were assigned to Coprococcus, Eubacterium, Butyricicoccus, Romboutsia, and Clostridium (Figure 6A); Coriobacteriaceae and Helicobacter were the main microorganisms in the model group; Candidatus Soleaferrea, Fournierella, Phascolarctobacterium, and Collinsella, Dubosiella, and Faecalibaculum were the dominant microbes in the folic acid group and zinc treatment group, separately. As shown in Figure 7, 15 key phylotypes were enriched in the model group versus the control group. The 15 key phylotype species in the folic acid treatment group were significantly different and with distinct characteristics compared with the model group; the most significantly different key phylotypes were Peptococcaceae, Prevotellaceae, and Norank-f-Lachnospiraceae. In the zinc group, four key phylotype species, including Desulfovibrionaceae, Peptococcaceae, Monoglobus, and Bifidobacterium, were significantly different and with distinct characteristics as compared with those in the model group.
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FIGURE 6
The key phylotypes of the gut microbiota in hyperuricemia rats. LEfSe analysis was used to generate (A) Taxonomic cladogram and (B) Histogram of linear discriminant analysis (LDA) scores.
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FIGURE 7
The key phylotypes comparisons in hyperuricemia rats. (A) The comparison of the key phylotypes between the control group and the model group at genus level. (B) The comparison of the key phylotypes between the control group and the folic acid group at genus level. (C) The comparison of the key phylotypes between the control group and the zinc group at genus level. *p < 0.05; **p < 0.01.




Correlations between major operational taxonomic units and biochemical parameters

Spearman correlation was used to reveal the relationships among biochemical parameters and the major microbial communities (OTUs). As shown in Figure 8A, ADA, XOD, and uric acid levels were significantly associated with the bacterial community composition; OTU290 (Faecalibaculum) and OTU419 (Coriobacteriaceae) were positively correlated with ADA; OTU23 (Lactobacillus), OTU88 (Bacteroides), and OTU57 (Anaerostipes) were significantly negatively correlated with ADA. XOD was significantly positively correlated with variations in OTU290, OTU419, OTU212 (Norank-f-Muribaculaceae), OTU576 (Allobaculum), OTU353 (Erysipelatoclostridium), and OTU770 (Norank-f-Muribaculaceae), were negatively, albeit not significantly, correlated with the abundances of OTU19 (Ruminococcus) and OTU57, and were significantly negatively related to OTU23. OTU290, OTU419, and OTU712 (Norank-f-Muribaculaceae) were significantly positively correlated with uric acid; OTU212, OTU576, OTU353, OTU770, OTU458 (Dubosiella), and OTU740 (Bacteroides) were positively related to uric acid; OTU23 and OTU19 (Ruminococcus) also showed a significantly negatively correlation with uric acid. Interestingly, OTU88 was only significantly correlated with ADA, and OTU712, OTU458, and OTU740 were only significantly correlated with uric acid.
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FIGURE 8
Spearman correlation heatmap and the potential metabolic function of the gut microorganisms in hyperuricemia rats. (A) Spearman correlation heatmap revealed the relationship between hyperuricemia-related indicators and the main microbial community. *p < 0.05; **p < 0.01. (B) The difference of predicted microbial functions in KEGG pathways among groups.




Changes in the metabolic functions of the gut microbiota of rats

The potential metabolic functions of the gut bacteria were predicted using the PICRUST2 software in accordance with the kyoto encyclopedia of genes and genomes (KEGG) database. Five KEGG pathways in level 1 differed among the four groups, including pathways involved in metabolism, cellular processes, organismal systems, genetic information processing, and environmental information processing. In general, 40 KEGG pathways in level 2 were determined (Figure 8B), and there were significant differences between the control group and the model group. Additionally, KEGG pathways upregulated in the folic acid treatment group were mainly related to amino acid metabolism, carbohydrate metabolism, membrane transport, energy metabolism, nucleotide metabolism, replication and repair, poorly characterized, and translation. In contrast, these pathways were downregulated in the zinc treatment group.



Predicted phenotypes in the gut microbiota of rats

We evaluated the ability of BugBase to predict phenotypes based on the gut microbiota datasets (Figure 9). The majority of predicted phenotypes in the four groups included “aerobic,” “anaerobic,” “contains mobile elements,” “facultatively anaerobic,” “forms biofilms,” “gram-negative,” “gram-positive,” “potentially pathogenic,” and “stress-tolerant,” whereas BugBase predicted the gut microbiota in the four groups to have higher relative abundances of “anaerobic,” “contains mobile elements,” “gram-positive,” “potentially pathogenic,” and “stress-tolerant.” Interestingly, a large alteration was found in the folic acid treatment group, which showed peak proportions of “contains mobile elements” and “forms biofilms” and a very low proportion of “potentially pathogenic.”


[image: image]

FIGURE 9
Predicted phenotypes of the gut microbiota in hyperuricemia rats. BugBase was used to predict the proportion of (A) Aerobic. (B) Anaerobic. (C) Contains mobile elements. (D) Facultatively anaerobic. (E) Forms biofilms. (F) Gram-negative. (G) Gram-positive. (H) Potentially pathogenic. (I) Stress-tolerant.





Discussion

A standard model of hyperuricemia is lacking, which has hampered hyperuricemia research. We successfully established a rat model of hyperuricemia by feeding rats a high-purine diet, which mimics the dietary pattern in China. A previous study on the effects and mechanisms of hyperuricemia suggested that hyperuricemia therapy may be targeted not only on inhibiting uric acid synthesis but also on promoting uric acid excretion (Wang et al., 2017; Chen et al., 2021). In our study, increased uric acid levels were observed in the model group, whereas the folic acid and zinc treatments suppressed the activity of enzymes (ADA and XOD) involved in purine metabolism to inhibit the synthesis of uric acid, thus effectively lowering uric acid levels.

Studies showed that the gut is vulnerable to hyperuricemia (Gul and Zager, 2018), and 30% of uric acid in humans is excreted through the gut (Agnoletti et al., 2021; Han et al., 2021). Numerous gut microbiota species can secrete the primary enzymes involved in oxidative purine metabolism (Sathisha et al., 2011; Crane et al., 2013); therefore, we inferred that the gut microbiota has an important influence on the onset and development of hyperuricemia. In general, gut microbiota alterations are observed after drug treatments, which may contribute to disease alleviation (Wilson and Nicholson, 2016). Our study results suggested that supplementation of folic acid or zinc can make a significant impact on the treatment of hyperuricemia.

To explore the roles of folic acid and zinc in regulating the gut microbiota in hyperuricemia and in promoting uric acid excretion, we treated hyperuricemia with folic acid or zinc and observed the gut microbiota structure. Folic acid and zinc could restore the alterations in the gut microbiota diversity caused by the high-purine diet. Similar findings have been reported previously (Ivarsson et al., 2014). In our study, significant differences were observed in the alpha-diversity and beta-diversity of the gut microbiota among the four groups, indicating that the anti-hyperuricemic effects of folic acid and zinc are, at least in part, dependent on the gut microbiota. Additionally, various gut microbiota phyla were correlated with ADA, XOD, and uric acid levels, corroborating that uric acid is also regulated and excreted by the gut microbiota.

Abnormal uric acid excretion in the gut is associated with alterations in the gut barrier, which is essential to maintain the balance between the host and the gut microbiota (Gul and Zager, 2018; Guo et al., 2019; Lv et al., 2020). Studies showed that a healthy gut barrier can availably prevent pathogenic bacteria and harmful substances from entering the intestinal mucosa, thereby maintaining the gut ecological environment (Xia et al., 2017). As probiotic gut bacteria, Lactobacillus species can decompose inosine and guanosine to inhibit uric acid biosynthesis, protecting the gut barrier (Bonifacio and Jesús, 2010). Our results showed that the model group evidently dropped relative specie numbers of Lactobacillus, whereas folic acid and zinc reversed these alterations. Romboutsia, a valuable gut biomarker, made a key contribution to maintaining the gut environment of the healthy host (Spor et al., 2011; Mangifesta et al., 2018). The abundance of Romboutsia was decreased in the model group, surprisingly, folic acid or zinc treatment failed to restore Romboutsia abundance, indicating that Romboutsia cannot survive in a gut environment disturbed by a high-purine diet. We conclude that folic acid and zinc can alleviate hyperuricemia by raising the abundance of probiotic bacteria in the gut and improving gut barrier integrity.

Healthy gut functioning can be promoted by increasing probiotic species that maintain the gut barrier function, and by decreasing the pathogenic bacteria that damage the gut mucosa (Zhou et al., 2021). Our results suggest that the uric acid-lowering effect and the alleviation of gut barrier permeability in hyperuricemia can be attributed to a decrease in pathogenic bacteria in the gut (Meng et al., 2020). Based on the gut microbiota phenotypes predicted in this study, we infer that folic acid and zinc can reduce pathogenic intestinal bacteria, thus maintaining intestinal barrier function. In line herewith, Guo et al. (2016) have reported that an increase in pathogenic gut bacteria may be in charge of high uric acid levels, and hyperuricemia can alleviate by reducing intestinal barrier function damaged by pathogenic bacteria. Hence, the gut microbiota also makes a key contribution to elevating uric acid levels in hyperuricemia.

Two different drug therapies were used to reduce uric acid. Folic acid and zinc exert different influences on the gut microbiota in rats with hyperuricemia, which may depend on their different mechanisms of reducing uric acid levels in hyperuricemia. Consistent with our findings, studies have confirmed that changes in Bacteroidetes and Firmicutes of the gut have significant effects on the metabolism in hyperuricemia (Yu et al., 2018). We found that alterations in Firmicutes and Bacteroidetes induced by the high-purine diet were restored upon intervention with folic acid or zinc (Lima et al., 2015; Peng et al., 2015), influencing lipid, amino acid, nucleotide, carbohydrate, and energy metabolism.



Conclusion

In summary, folic acid and zinc effectively relieve hyperuricemia, on the one hand, by inhibiting the synthesis of uric acid via reducing ADA and XOD activities, and on the other hand, by promoting uric acid excretion by changing the gut microbiota composition. Folic acid is more effective in reducing uric acid levels than zinc. In the future, further study on the gut microbiota correlated with folic acid and zinc treatments may help identify biomarkers of alleviation of hyperuricemia that may be useful in hyperuricemia therapy, further clarifying the molecular mechanisms of folic acid and zinc in regulating the gut microbiota to provide a theoretical foundation for their potential use in the treatment of hyperuricemia.
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In recent years, many reports focus on the hepatotoxicity of Gynura segetum root extract (GSrE), but the interaction between GSrE and the gut microbiota is still unclear. This study investigated the mechanism of GSrE-induced hepatotoxicity of different doses and exposure durations by combining metabolomics and gut microbiota analysis. SD rats were divided into 3 groups: blank, low-dose (7.5 g/kg), and high-dose (15 g/kg) groups. Urine and feces samples were collected on day 0, day 10, and day 21. Metabolomics based on gas chromatography-mass spectrometry (GC-MS) was carried out to identify metabolites and metabolic pathways. 16S rDNA gene sequencing was applied to investigate the composition of gut microbiota before and after GSrE-induced hepatotoxicity. Finally, a correlation analysis of metabolites and gut microbiota was performed. Differential metabolites in urine and feces involved amino acids, carbohydrates, lipids, organic acids, and short chain fatty acids. Among them, L-valine, L-proline, DL-arabinose, pentanoic acid, D-allose, and D-glucose in urine and D-lactic acid and glycerol in fecal metabolites depended on the exposure of time and dose. In addition, 16S rDNA sequencing analysis revealed that GSrE-induced hepatotoxicity significantly altered the composition of gut microbiota, namely, f_Muribaculaceae_Unclassified, Lactobacillus, Bacteroides, Lachnospiraceae_NK4A136_group, f_Ruminococcaceae_Unclassified, Prevotellaceae_Ga6A1_group, and Escherichia-Shigella. The correlation analysis between gut microbiota and differential metabolites showed the crosstalk between the gut microbiota and metabolism in host involving energy, lipid, and amino acid metabolisms. In summary, our findings revealed that peripheral metabolism and gut microbiota disorders were time- and dose-related and the correlation between gut microbiota and metabolites in GSrE-induced hepatotoxicity.

KEYWORDS
  Gynura segetum (Lour.) Merr., hepatotoxicity, metabolomics, gut microbiota, correlation analysis


Introduction

Gynura segetum (Lour.) Merr. root extract (GSrE) (Tusanqi or Jusanqi), a traditional Chinese medicine herb, has the effect of promoting circulation, relieving pain, and removing stasis and has been widely used in traumatic injury and Chinese folk medicine according to Zhang et al. (2022b). The plant is also known for its treatment of cancer, inflammation, diabetes, hypertension, and skin afflictions (Seow et al., 2014). The plant is also known for its treatment of cancer, inflammation, diabetes, hypertension, and skin afflictions (Seow et al., 2014), though there are no clinical randomized controlled trials. GSrE is often misused as Panax notoginseng, a famous Chinese herbal medicine, and causes hepatotoxicity. Among the major compounds found in GSrE, pyrrolizidine alkaloids (PAs) can induce severe toxic reactions, which is one of the main reasons for the hepatotoxicity of GSrE. In recent years, many reports focused on the hepatotoxicity caused by GSrE (Zhu et al., 2021; Zhang et al., 2022b). PA is the most hepatotoxic natural compound (Stegelmeier et al., 1999), and most PAs are metabolically activated by cytochrome P450 (CYP450) and then form dehydropyrrolizidine alkaloid (DHPA), a highly active metabolite, which is a chemically reactive electrophilic metabolite with an extremely short half-life. DHPAs will interact with cellular macromolecules quickly, form 2, 3-dihydro-1H-pyrroleazine protein (pyrrole protein) adducts, and then exacerbate liver injury such as hepatic sinusoidal obstruction syndrome (Yang et al., 2016). Furthermore, while saturated PAs are harmless, 1,2-unsaturated PAs are converted into toxic PA radicals by removing the double bond between C1 and C2 (Teschke et al., 2021). This transformation occurs in the endoplasmic reticulum, which corresponds to the microsomal fraction of hepatocytes. PA radicals bind to hepatocytes or blood proteins and produce pyrrolizidine adducts, which are considered as biomarkers of hepatotoxicity in clinical diagnosis (Teschke et al., 2021). Herbal medicines containing PAs have attracted the attention of countries such as Germany, Ghana, and North America, suggesting that regulators conduct stricter quality control testing of PAs to minimize consumer exposure to these toxic compounds (Roeder et al., 2015; Letsyo et al., 2017a,b). Another study found that, after successive administration of different doses of Gynura segetum decoction to rats, Gynura segetum led to ingravescence of hepatotoxicity with a dose-dependent relationship. However, except for the research above, the toxicological mechanism of Gynura segetum is still unclear.

Metabolomics, a part of systems biology, is used to clarify the small molecule metabolite profile of organisms and has applications in toxicology, clinical research diagnosis, etc. The effect of GSrE on endogenous metabolites in the body is still unknown and only a few studies reported the effect of GsrE on endogenous metabolites (Qiu et al., 2018). Therefore, metabolomic methods can elucidate the changes of metabolites in different tissues of the body exposed to GSrE and help to find differential biomarkers.

In addition, gut microbiota has been demonstrated to modulate many extraintestinal organ diseases, such as liver injury. For example, Chen et al. (2015b), found that fatty acids produced by gut microbiota can protect against alcohol-induced liver damage. However, the specific role of gut microbiota on drug-induced liver injury and toxicity remains to be elucidated.

Although a considerable number of studies focused on the hepatotoxicity induced by GSrE, there is still a lack of research on the mechanism of GSrE-induced hepatotoxicity based on gut microbiota. In this study, we first combined urine and fecal metabolomics with 16S rDNA gene sequencing to explore the specific mechanism of GSrE-induced hepatotoxicity from a time- and dose- related perspective.



Materials and methods


Reagents and instruments

Gynura segetum (purchased from Bozhou, Anhui, China) was identified as the root of Gynura segetum (Lour.) Merr. by Professor Yajun Cui (School of Pharmacy, Shanghai University of Traditional Chinese Medicine, Shanghai, China.). The plant was stored in the laboratory of the Shanghai University of Traditional Chinese Medicine. Gynura segetum roots were chopped and suspended in distilled water for 2 h. The mixture was then boiled for 1.5 h and filtered. The entire extraction procedure was repeated one time, and the extracts were merged and equilibrated to 1.5 g/mL.

Urease (Lot: SLBB0100V) was purchased from Sigma-Aldrich; methanol (AR) was purchased from Sinopharm Chemical Reagent Co., Ltd; nonadecanoic acid (Lot: E0810030) was purchased from ANPEL Instrument Co. Ltd; 2-chloro-phenylalanine was purchased from Aladdin; methoxyamine hydrochloride (Lot: BCBP2843V) was purchased from Sigma-Aldrich; pyridine (AR, 10018118) was purchased from Sinopharm Chemical Reagent Co., Ltd; BSTFA with 1% TMCS (Lot: 62894) was purchased from REGIS Technologies, Inc. The instruments were: Gas chromatography-mass spectrometry (GC-MS) (Agilent 7890A, 7000B QQQ-MS detector); 1730R centrifuge (Gene Company Limited); Tissue Lyser II homogenizer (Qiagen).



Animal treatment

A total of 48 male SD rats (160–200 g) were purchased from Shanghai SLAC Laboratory Animal Co. Ltd. (approval number: SCXK 2017-0005) and fed at the Laboratory Animal Center of Shanghai University of Traditional Chinese Medicine, at 22–25°C room temperature and 45%–70% relative humidity. Animal welfare is strictly implemented following “The Guide for Care and Use of Laboratory Animals” and the ethics and regulations of Shanghai University of Traditional Chinese Medicine.

After 1 week of adaptive feeding, animals were randomly divided into 3 groups: the blank group (B, n = 16); the low dose group (L, n = 16); and the high dose group (H, n = 16). The high-dose group and the low-dose group were given 15 and 7.5 g/(kg*d) of GSrE water decoction for 21 days, respectively (Zhang et al., 2022a). The clinical equivalent dose of 7.5 g/kg in rats is 500 g in humans (Song et al., 2011). The rats in the blank group were given an equal volume of purified water. On day 10, half of the animals in each group were sacrificed for liver injury assessment, specifically, there were 16 rats in each group on day 0, and there were 8 rats in each group on days 10 and 21. While some rats died due to hepatotoxicity induced by high-dose GSrE administration, only 4 rats survived on day 21 in the high-dose group.



Sample collection and preparation

Urine and fecal samples of each rat were collected on days 0, 10, and 21 according to the degree of hepatotoxicity with metabolic cage and stored at −80°C for further analysis in accordance with techniques found in previous studies by Gou et al. (2017) and Qiu et al. (2018). Animals were euthanized at the end of the trial.

Thaw urine samples at room temperature and centrifuged for 10 min (12,000 rpm, 4°C). A supernatant of 100 μL was collected and 50 μL of urease water solution (4 mg/ml) was added and reacted at 37°C for 90 min. Then, 300 μL of methanol and 30 μL of internal standard (0.2 mg/ml nonadecanoic acid and 2-chloro-phenylalanine solution) were added, centrifuged for 10 min (10,000 rpm, 4°C), and finally, 200 μL of the supernatant was collected.

Then, 500 μL of purified water was added to the centrifuge tube with 100 mg of the fecal sample. The samples were homogenized for 5 min, centrifuged for 10 min (13,000 rpm, 4°C), and 400 μL of the supernatant was collected as the first extract. Later, 500 μL of methanol was added to the above fecal sediment and the mixture was homogenized and centrifuged again. Again, 400 μL of the supernatant was obtained and mixed with the first extract. The mixture was centrifuged for 10 min (13,000 rpm, 4°C) and 200 μL of the supernatant was collected as the second extract. Finally, 30 μL of internal standard was added to the supernatant.

Freeze-drying was applied to the supernatant of urine and fecal samples above and reconstituted with 50 μL of methoxyamine hydrochloride pyridine solution (20 mg/mL). Samples were subjected to methoxylation reaction at 37°C for 90 min. After the reaction, 30 μL of BSTFA with 1% TMCS was added and the silylation reaction was carried out at 70°C for 60 min. After being placed at room temperature for 60 min, the samples were analyzed on the GC-MS.



Metabolomic analysis

The GC-MS column was Agilent VF-WAXms (30 m × 0.25 mm × 0.25 μm). The GC parameters are as follows: high-purity helium (purity: 99.9996%) was the carrier gas, the injection port temperature was 280°C with splitless injection (1.0 μL injection volume), and the flow rate was 1.0 mL/min. The initial temperature was 80°C and lasted for 2 min. Then, the temperature was raised to 300°C at a rate of 10°C/min and kept for 6 min. The MS parameters are as follows: the ion source temperature was 230°C, the quadrupole temperature was 150°C, and the mass spectrometer interface temperature was 280°C. The solvent delay time was 5.65 min, ionization mode was EI, electron impact ionization voltage was 70 Ev, and scan range (m/z) was 50-600.

The raw data were imported into R software (v2.13.2) for data preprocessing. Principal component analysis (PCA) and orthogonal partial least squares-discriminant analysis (OPLS-DA) were performed with SIMCA software (v14.0, Umetrics AB, Umeå, Sweden). Student's t-test was applied for statistical significance (p-value). Metabolites with variable importance in the project (VIP) > 1 and a p-value < 0.05 were considered differential metabolites. The NIST database was applied to perform identification of the significantly differential metabolites by their m/z, mass spectra, and retention time. Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.genome.jp/kegg/) and Human Metabolome Database (HMDB, http://www.hmdb.ca/) database were used to annotate the metabolites. MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/) database was used for pathway analysis.



Microbial community profiling

Total genome DNA from feces was extracted by Soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States) and DNA concentration was monitored by Qubit3.0 Fluorometer.

The microbial DNA regions V3–V4 of the bacterial 16S rDNA gene were amplified with forward and reverse primers containing “CCTACGGRRBGCASCAGKVRVGAAT” and “GGACTACNVGGGTWTCTAATCC”. Meanwhile, indexed adapters were added to the ends of the 16S rDNA amplicons to generate indexed libraries for downstream NGS sequencing on Illumina Miseq. PCR reactions were performed in triplicate with a 25-μL mixture containing 2.5 μL TransStart Buffer, 2 μL dNTPs, 1 μL each primer, and 20 ng template DNA.

PE250/pe300 double-ended sequencing was carried out according to the operation method of Illumina MISeq (Illumina, San Diego, CA, USA), and MISeq Control Software was used to read the sequence information.

After quality filter and purifying chimeric sequences, VSEARCH (1.9.6) was applied to perform an operational taxonomic unit (OTU) clustering of sequences based on 97% similarity.

Then, the Bayesian algorithm of the RDP classifier (Ribosomal Database Program) was used for the taxonomic analysis of representative sequences of OTUs and for counting the community composition of each sample at different taxonomic levels. Alpha diversity index (Chao1 index and Shannon index) and beta diversity (PCA) was performed based on OTU analysis results.



Correlation analysis and statistical analysis

The statistical analysis was carried out by SPSS software, version 21.0 (SPSS; IBM, Armonk, NY, USA). Spearman's correlation coefficient was used to assess the correlation between gut microbiota at the genus level and urine metabolites or fecal metabolites, and the results were shown with heatmaps. A one-way ANOVA and the two-tailed Student's t-test were applied for significant differences analysis. All the data were presented as mean ± SD. A p-value of < 0.05 was considered statistical significance.




Results

First, after the administration of GSrE with low and high doses, the levels of serum ALT and AST were significantly higher than the blank group both on days 10 and 21 (Supplementary Table S1). If liver cells are damaged and destroyed, AST and ALT enzymes in liver cells will enter the blood. When both the enzymes are elevated at the same time, it indicates liver injury. Nevertheless, the results of liver histopathology showed that the liver tissue of the rats in the blank group had a clear structure, a neat arrangement, and a complete hepatocyte morphology (Supplementary Figure S). However, after GSrE administration, the arrangement of hepatocytes was disordered, namely, disordered arrangement, necrosis, and vacuolar degeneration of hepatocytes, unclear cell boundary, and sinusoidal hemorrhage (Supplementary Figure S1). These findings mean that the GSrE-induced liver injury model was successful.


Metabolic pattern in each group of urine and fecal samples
 
PCA results of urine and fecal samples

In urine metabolomics, PCA results of the 10-day groups and the 21-day groups did not reveal separation (Figures 1A,B). The results in the low-dose groups and high-dose groups showed a separation between day 0 and days 10 and 21 (Figures 1C,D). In fecal metabolomics, all the PCA results did not show an apparent separation (Figures 1E–H).
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FIGURE 1
 The Principal Component Analysis (PCA) between different groups of urine (A–D) and fecal (E–H) samples. (A,E) Different doses of 10 day-groups; (B,F) different doses of 21 day-groups; (C,G) 0, 10, 21 days of low-dose groups; (D,H), 0, 10, 21 days of high-dose groups. (n = 4–8).




OPLS-DA results and differential metabolites of urine metabolomics

The OPLS-DA plot exhibited a clear separation between the blank groups and the low-dose or high-dose GSrE administration groups after day 10 and day 21 (Figures 2A–D). On day 10, the endogenous differential metabolites from the low- and high-dose groups as compared with those from the blank group were 13 and 20, respectively, of which 5 metabolites were common, involving amino acids and carbohydrates (Supplementary Table S2). After a low dose of GSrE administration for 10 days, the level of glycerol accumulated significantly, which is the substrate for gluconeogenesis and could cause hepatic oxidative stress (Abugomaa and Elbadawy, 2020). Pertaining to the different dose groups, the number of differential metabolites between B-10 and H-10 was more than that between B-10 and L-10, which suggests that GSrE-induced hepatotoxicity may be dose related. For example, D-lactic acid was differentially expressed only at high doses of administration, which is commonly seen in the models of hepatotoxicity according to a study by Geng et al. (2020). The content of pyrimidine decreased significantly in the GSrE high-dose group, suggesting the disorder of pyrimidine and purine metabolism, which is related to liver lipid accumulation Le et al. (2013). Low-dose and high-dose administration each modulated some short chain fatty acids (SCFAs), namely, acetic acid and pentanoic acid in the low-dose groups and propanoic acid and butanoic acid in the high-dose groups. After administration of low- and high-dose GSrE for 21 days, the endogenous differential metabolites were 20 and 11, respectively, compared with the blank group, of which 8 metabolites were common, including amino acids, SCFAs, and carbohydrates (Supplementary Table S2). The level of D-lactic acid changed significantly in the low-dose group after administration for 21 days. Phosphoric acid and glycerol, which are common in liver injury (Lin et al., 2021), were significantly changed in the high-dose group, whereas 5-methyluridine in the low-dose group and uridine in the high-dose group were significantly changed, both of which are common metabolites in hepatotoxicity. In conclusion, in terms of dose-dependence, the high-dose group modulated more metabolites on day 10, although the high-dose group modulated fewer metabolites than the low-dose group on day 21, which may due to the smaller number of the samples in the 21-day high-dose group. Some differential metabolites occurred only after high dose administration, such as D-Lactic acid, phosphoric acid, pyrimidine, and uridine, which may depend on the dose.
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FIGURE 2
 The orthogonal partial least squares-discriminant analysis (OPLS-DA) between different groups of urine (A–H) and fecal (I–P) samples. (A,I) blank group vs. low-dose group on the 10th day; (B,J) blank group vs. high-dose group on the 10th day; (C,K) blank group vs. low-dose group on the 21st day; (D,L) blank group vs. high-dose group on the 21st day; (E,M) 0-day vs. 10-day of low-dose groups; (F,N) 0-day vs. 21-day of low-dose groups; (G,O) 0-day vs. 10-day of high-dose groups; (H,P) 0-day vs. 21-day of high-dose groups. (n = 4–8).


In terms of time-related, the OPLS-DA scores plot also showed clear discrimination between the groups on day 0, and the groups on day 10 or day 21 with low-dose or high-dose GSrE administration (Figures 2E–H). In the low-dose groups, compared with the day 0, 34 and 36 metabolites were regulated on days 10 and 21, respectively, of which 33 metabolites were shared, including amino acids, carbohydrates, SCFAs, and organic acids. (Supplementary Table S3). L-methionine levels decreased after 21 days of low-dose GSrE administration and showed time-related features, although the study found that the high-methionine diet might increase ethanol-induced hepatotoxicity and oxidative stress (Yalçinkaya S, 2007). At the same time, the content of butanoic acid was significantly enriched. On the other hand, in the high-dose groups, 34 and 32 metabolites were regulated on day 10 and day 21, respectively, of which 31 metabolites were shared, similar to the low-dose groups (Supplementary Table S3). Overall, in the low-dose groups, there were more differential metabolites on day 21 than on day 10, which may be related to time.

Combining the dose- and time-related results, a Venn diagram was applied (Figure 3A) and 6 differential metabolites were obtained, namely, L-valine, L-proline, DL-arabinose, pentanoic acid, D-allose, and D-glucose.
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FIGURE 3
 The Venn diagram of differential metabolites in urine (A) and fecal (B) samples.




OPLS-DA results and differential metabolites of fecal metabolomics

In terms of the dose-related, between the blank and low- or high-dose groups on day 10 and day 21, the OPLS-DA scores plot all showed clear separation (Figures 2I–L). On day 10, compared with the blank group, the low-dose and high-dose groups regulated 7 and 13 metabolites, respectively, and 4 metabolites were in common (Supplementary Table S4). Low-dose administration for 10 days reduced the level of butanoic acid in feces. Similar to the urine metabolomics results, the levels of D-lactic acid and glycerol were significantly altered in the high-dose group. On day 21, 10 and 11 metabolites were regulated by the low-dose and high-dose groups, compared to the blank group, respectively, of which 6 metabolites were in common (Supplementary Table S4). Among them, inositol is an essential nutrient source for life and has the effect of reducing hepatic triglycerides and cholesterol accumulation as reported by Pani et al. (2020). Similar to the results of the urine metabolomics, differential metabolites of feces in the 21-day high-dose group also included phosphoric acid and glycerol. In conclusion, the high-dose groups modulated more metabolites than the low-dose groups on days 10 and 21, indicating dose-related hepatotoxicity.

Time- related OPLS-DA scores plot also exhibited significant separation between the groups on day 0 and the groups on day 10 or 21 with low-dose or high-dose GSrE administration (Figures 2M–P). In the low-dose groups, 15 and 12 metabolites were regulated, respectively, on the 10-day and 21-day groups compared with the 0-day group, of which 8 metabolites were altered (Supplementary Table S5). Especially butanoic acid was significantly enriched on day 10 with the low-dose administration. In addition, in the high-dose groups, 9 and 8 metabolites were regulated on days 10 and 21, respectively, and 2 metabolites were in common, namely, glycerol and isoquinoline (Supplementary Table S5). On day 10 of high-dose administration, inositol and D-lactic acid were significantly changed. On day 21, the content of some carbohydrates decreased significantly, which depended on time to some extent.

Overall, a Venn diagram was applied (Figure 3B) and 2 differential metabolites were both dose- and time- related, namely, D-lactic acid and glycerol.



Metabolic pathway analysis of urine metabolites

The pathway analysis results were screened with an impact >0.1, and the results showed that in the 10-day groups and the 21-day groups, 4 and 5 metabolic pathways were defined as disturbed, respectively (Figure 4). Glycerolipid metabolism, alanine, aspartate and glutamate metabolisms, and inositol phosphate metabolism were all present in the 10-day groups and the 21-day groups. In addition, low-dose administration regulated 4 pathways in the 10-day and 210-day groups and 5 pathways in high-dose administration groups (Figure 4). Pentose and glucuronate interconversions, alanine, aspartate and glutamate metabolisms, and arginine and proline metabolisms were the common pathways in the low-dose and high-dose groups. Alanine, aspartate, and glutamate metabolisms were both time- and dose-related pathways, which have been proved to be closely related to the mechanism of drug toxicity according to Hu et al. (2021a).
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FIGURE 4
 Metabolic pathway analysis of urine samples with different groups. (A) pathways of low-dose and high-dose groups on the 10th day. (B) pathways of low-dose and high-dose groups on the 21th day. (C) pathways on the 10th day and 21st day of low-dose groups. (D) pathways on the 10th day and 21st day of high-dose groups.




Metabolic pathway analysis of fecal metabolites

Similar to the results in urine results, in the 10-day groups and the 21-day groups, 4 and 5 metabolic pathways were significantly changed, respectively (Figure 5). In fact, 4 and 3 pathways were disturbed in the low- and high-dose groups (Figure 5). In conclusion, glycerolipid metabolism was the most related pathway, which is both time- and dose-related. In our fecal metabolomics, the level of glycerol was significantly increased after GSrE administration, and glycerol is one of the main classes of lipid. Studies found that disturbed lipid metabolism is common in liver injury models (Liang et al., 2016; Li et al., 2020b).
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FIGURE 5
 Metabolic pathway analysis of fecal samples with different groups. (A) Pathways of low-dose and high-dose groups on the 10th day. (B) Pathways of low-dose and high-dose groups on the 21th day. (C) Pathways on the 10th day and 21st day of low-dose groups. (D) Pathways on the 10th day and 21st day of high-dose groups.





Gut microbiota composition analysis
 
The diversity of the gut microbiota

The Chao1 index and the Shannon index were determined for the alpha diversity analysis. As seen in Figure 6A, after low-dose GSrE administration induced hepatotoxicity for 10 days, the value of Chao1 and Shannon significantly increased, and only the value of Shannon improved remarkably on the 21-day groups. In the high-dose groups, except that the value of Chao1 increased significantly on the 21-day, the value of Chao1 and Shannon were all decreased (Figure 6A). These indicated that low-dose GSrE administration increased the diversity of gut microbiota, while high-dose administration decreased the diversity. At the same time, the same-dose groups had similar diversity on days 10 and 21.
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FIGURE 6
 Gut microbiota analysis of each group. (A) Alpha diversity analysis. (B–E) PCA analysis on the 10th day groups (B), 21st day groups (C), low-dose groups (D), and high-dose groups (E). (F) Relative abundance of significantly altered taxa at the phylum level. (G) Relative abundance of significantly altered taxa at the genus level. * P < 0.05, compared with the blank groups; ** P < 0.01, compared with the blank groups; # P < 0.05, compared with the low dose groups, n = 4–8.


The PCA score was used for the beta diversity between different time points and different doses. As seen in Figures 6B,C, on day 10, the low-dose and high-dose groups were separated from the blank group, and the trend was more obvious on day 21. Between the low- and high-dose groups, the separation was not obvious both on days 10 and 21. For the 10-day and 21-day low-dose groups, gut microbiota composition was separated from day 0, while the composition was overlapped between the 10-day and 21-day groups (Figure 6D). The segregation trend of gut microbiota at the three time points of high-dose administration was similar to that of low-dose administration (Figure 6E).



Analysis of the gut microbiota composition at phylum and genus level

The relative abundance of the gut microbiota with the most significant changes at the phylum level showed that the most dominant gut microbiota in each group were Bacteroidetes and Firmicutes (Figure 6F). About 90% of the microbes in the intestines belong to Firmicutes and Bacteroidetes phyla according to Eckburg et al. (2005). At the genus level, the most differential microbiota are seen in Figure 6G. Seven single species with relatively high proportions and significant differences between the groups are counted in Figure 7. Among them, the abundance of f_Muribaculaceae_Unclassified, Lachnospiraceae_NK4A136_group, Prevotellaceae_ Ga6A1_group, f_Ruminococcaceae_Unclassified, and Escherichia-Shigella were enriched after administration of GSrE, while the abundance of Lactobacillus and Bacteroides were downregulated (Figure 7). The abundance of f_Muribaculaceae_Unclassified (Phylum Bacteroidetes) was increased after low- and high-dose GSrE administrations and continued to rise after low-dose administration (Figure 7A), which is often seen in the nonalcoholic fatty liver disease and obesity as observed in the studies by Xia et al. (2021); Lan et al. (2022). Lactobacillus (Phylum Firmicutes) is a probiotic, and its abundance decreased significantly after GSrE administration and with the increase of the dose on day 10 (Figure 7B). In the low-dose groups, the abundance also decreased significantly on day 21 compared with day 10, which shows a time- and dose-dependent relationship. Bacteroides (Phylum Bacteroidetes), a beneficial bacterium, was significantly decreased after the administration of different doses of GSrE (Figure 7C). The abundance of Lachnospiraceae_NK4A136_group (Phylum Firmicutes) and f_Ruminococcaceae_Unclassified (Phylum Firmicutes), both increased after GSrE administration, and with the advancement of time and the increase of dose, the abundance decreased in the high-dose group on day 21 (Figures 7D,E). The study found that these two bacteria belonged to Lachnospiraceae and Ruminococcus at the family level, which both increased in the hepatotoxicity models proposed by Chen et al. (2015a). Prevotellaceae_Ga6A1_group (phylum Bacteroidetes) had low abundance in the blank and low-dose groups, and the abundance increased significantly after high-dose administration (Figure 7F). Escherichia-Shigella (phylum Proteobacteria) is a pathogenic bacterium, the proportion of which was higher in the sepsis-related liver injury rats shown in a study by Liang et al. (2022). Our results also showed a significant increase in abundance in the low-dose group on day 21, while among the three groups on day 10, there was no significant difference (Figure 7G).
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FIGURE 7
 Species with significantly relatively high abundance and significant differences at genus level. (A) f_Muribaculaceae_Unclassified; (B) Lactobacillus; (C) Bacteroides; (D) Lachnospiraceae_NK4A136_group; (E) f_Ruminococcaceae_Unclassified; (F) Prevotellaceae_Ga6A1_group; (G) Escherichia-Shigella. * P < 0.05, ** P < 0.01, compared with the blank groups; # P < 0.05, ## P < 0.01, compared with the low dose groups; & P < 0.05, && P < 0.01, comparison between groups at the same dose, n = 4–8.





Correlation analysis between the urine or fecal metabolomics and gut microbiota analysis

To further understand the correlation of metabolomic characteristics and gut microbiota communities, the covariation relationship between differential urine and fecal metabolites and the differential gut microbiota at the genus level were manifested by heatmaps.

The urine metabolites had a strong correlation with the top 10 gut microbiotas at the genus level (Figure 8A). In fact, D-allose and D-glucose were positively correlated with f_Muribaculaceae_Unclassified. L-valine, L-proline, and DL-arabinose had a significant positive correlation with Lactobacillus and f_Ruminococcaceae_Unclassified and a negative correlation with Bacteroides, Prevotellaceae_Ga6A1_group, and Alloprevotella. Pentanoic acid had a positive correlation with Bacteroides and Escherichia-Shigella and a negative correlation with f_Lachnospiraceae_Unclassified and Lachnospiraceae_NK4A136_group. Bacteroides, Prevotellaceae_Ga6A1_group, and Alloprevotella were negatively correlated with D-glucose and D-lactic acid and positively correlated with glycerol. While f_Ruminococcaceae_Unclassified had a positive correlation with D-glucose and D-lactic acid, it had a negative correlation with glycerol.
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FIGURE 8
 Heatmaps of correlation analysis between top 10 abundance species at genus level and urine (A) or fecal (B) metabolites. * P < 0.05; ** P < 0.01.


In addition, between the fecal metabolites and gut microbiota (Figure 8B), D-lactic acid was positively correlated with Prevotella and Bacteroides. Glycerol had a positive correlation with Lactobacillus and f_Ruminococcaceae_Unclassified and a negative correlation with Bacteroides and Alloprevotella. Inositol had a positive correlation with f_Muribaculaceae_Unclassified and f_Lachnospiraceae_Unclassified.




Discussion

Gynura segetum is known to have various medicinal properties, especially for the treatment of cancer, diabetes, and hypertension. A study on the pharmacological effects and related chemical constituents of Gynura segetum found that 4, 5, 4′-trihydroxychalcone, 8, 8′-(ethene-1, 2-diyl)-dinaphtalene-1, 4, 5-triol, and rutin in the methanol extract of the plant had strong immunosuppressive effects (Yuandani and Husain, 2017). Another study on methanol extracts of Gynura segetum leaves showed that the extracts exhibited good antioxidant activity, which was related to the total phenolic and flavonoid content (Seow et al., 2014). Currently, PAs are the main toxic substances in the research on the chemical constituents of Gynura segetum causing hepatotoxicity. A study by Qi et al. (2009), identified and preliminarily characterized 20 compounds in the whole plant of Gynura segetum based on mass spectrometry and the possible biosynthetic pathways. Three PAs and one of the corresponding N-oxides, namely, seneciphylline, senecionine, and seneciphylline N-oxide, may be the material basis for the toxic effects of the plant (Qi et al., 2009). PAs are pro-toxins, and metabolic activation is a precondition for PA-induced toxicities (Cheeke, 1988). Most of the PA-induced cytotoxicity occurs in the liver, and an experiment based on human hepatic sinusoidal endothelial cells confirmed that PA-induced liver injury occurs mainly in hepatic sinusoidal endothelial cells (Yang et al., 2016). In addition, another study by Guo et al. (2021) on primary hepatocytes of rats found that PA-induced endoplasmic reticulum stress in hepatocytes may also be associated with its hepatotoxicity.

Drug-induced liver injury is a toxic damage or an allergic reaction caused by the drug itself or its metabolites. In recent years, its incidence has risen sharply and has become one of the most difficult major diseases to prevent and treat in the world. With the widespread use of Chinese herbal medicines worldwide, hepatotoxicity caused by Chinese herbal medicines has also become an important aspect of drug-induced liver injury. In addition to those herbal medicines containing PA, other herbal ingredients may also cause hepatotoxicity (Liu et al., 2019), such as psoralen and isopsoralen in Psoralea corylifolia; the main active ingredient rhein in Polygonum multiflorum; and evodiamine in Evodia fruit. At present, the clinical diagnosis and evaluation of drug-induced liver injury mainly rely on the Roussel Uclaf Causality Assessment Method (RUCAM). For example, Chow et al. (2019) showed the use of RUCAM to establish a causal relationship to the liver toxicity caused by Tusanqi (level 4). However, due to the complex composition of Chinese herbal medicines, the clinical manifestations and severity of hepatotoxicity caused by them vary widely, and the RUCAM scoring system may be helpful to identify them.

Even though studies reported that GSrE has a definite therapeutic effect on traumatic injury, it is undeniable that GSrE shows hepatotoxicity and there are many related reports. However, few studies reported the mechanism of hepatotoxicity induced by GSrE to the organism. In our present study, rats were given GSrE by gavage with different doses (7.5 and 15 g/kg) and exposure durations (10 and 21 days) to simulate the toxicological mechanism of the consumption of GSrE. Then, we combined urine and fecal metabolomics and 16S rDNA gene sequencing to investigate the effect of GSrE-induced hepatotoxicity on the whole body.

A study by Pannala et al. (2020) showed that abnormal amino acid metabolism is common in liver injury. From the metabolic pathway analysis, alanine, aspartate, and glutamate metabolisms; phenylalanine, tyrosine and tryptophan biosynthesis; and phenylalanine metabolism were the disturbed pathways in the urine and fecal metabolomics and were related to time and dose. In the urine metabolites, the levels of L-valine, l-alanine, L-proline, and L-lysine in the GSrE administration groups were always lower than those in the blank group, although the levels increased with the increase of time after administration. While L-valine, l-alanine, and L-lysine in fecal metabolomics decreased after administration, L-proline increased. Alanine and proline are the most frequently reported metabolites that are altered under toxicological impulses (Cuykx et al., 2018). The level of L-aspartic acid was increased after GSrE administration both in the urine and fecal metabolomics. L-aspartic acid is a non-essential amino acid, which shows a therapeutic effect on acute and chronic hepatitis and liver cirrhosis by regulating nitrogen metabolism, nucleic acid synthesis, and tricarboxylic acid cycle (Leng et al., 2014; Hou et al., 2017). Rao et al. (2021) showed that elevated L-aspartic acid concentration in the liver had beneficial effects on some fatty liver diseases. In fecal metabolomics, the level of phenylalanine increased after low-dose administration both on day 10 and day 21. Phenylalanine was identified as a potential biomarker of drug-induced hepatotoxicity with metabolomics analysis (Li et al., 2020a; Tu et al., 2021).

Disturbances in carbohydrate metabolism were found in the urine and fecal metabolomic results. Studies conducted by Nakajima et al. (1982) and Korourian et al. (1999) found that low carbohydrate intake would exacerbate liver damage or liver necrosis induced by alcohol or carbon tetrachloride. The pathway pentose and glucuronate interconversions were disturbed both in the urine and fecal samples, which could be seen in the toxicity model put forth by Zhou et al. (2021). Some polysaccharides containing DL-arabinose and D-rhamnose have been proved to have antioxidation and hepatoprotective effects (Xu et al., 2018; Kong et al., 2021). In the urine metabolomics, the content of DL-arabinose decreased after administration of high and low doses of GSrE both on days 10 and 21. The level of D-glucose in the urine metabolites in the low-dose groups increased with the advance of time, while the level showed a significant decrease in the high-dose groups. A study by Zanobbio et al. (2009) found that administered D-glucose exerts protective effects in different models of acute liver injury, which may due to the upregulation of anti-inflammatory factors. D-Allose is a rare monosaccharide that has a protective effect on liver ischemia-reperfusion injury (Hossain et al., 2003), but in our results, its level was always higher than that of the blank group and even increased significantly after high-dose administration.

D-lactic acid, the significantly changed differential metabolite, decreased in both urine and fecal metabolomics results. A study by Geng et al. (2020) showed that disturbed D-lactic acid metabolism means that both aerobic and anaerobic processes of energy metabolism were impaired. In addition, SCFAs also play a role in the models of hepatotoxicity. For example, butyrate has a detoxification effect on a genipin-induced liver injury by promoting colonic integrity and promoting Nrf2 activation (Luo et al., 2021). A study by Mun et al. (2021) showed that an SCFA mixture treatment improved metabolic activation of liver organoids and contributed to the accurate evaluation of the CYP3A4-dependent drug toxicity. In our metabolomics results, the level of pentanoic acid in urine was decreased after GSrE-induced hepatotoxicity, and the level on day 21 was lower than that on day 10. The level of butanoic acid of GSrE administration in feces was lower than the blank group, which indicated reduced SCFAs in GSrE-induced hepatotoxicity rats.

Abnormal lipid metabolism is common in hepatotoxicity and even acts as a marker of liver injury (Huang et al., 2020; Cheng et al., 2022). Glycerol is a small molecule that is an important intermediate between carbohydrate and lipid metabolism. In the liver, glycerol acts as a gluconeogenic precursor and esterifies free fatty acids to triglycerides (Lebeck, 2014). In our results, the level of glycerol was increased both in the urine and feces after GSrE-induced hepatotoxicity. It has been reported that intraperitoneal glycerol could induce hepatotoxicity characterized by a dramatic increase in plasma ALT (Zager, 2015). The level of inositol was increased in the GSrE-induced hepatotoxicity in our urine and fecal metabolomics results. Inositol is a ubiquitous cyclic alcohol with important regulatory roles. Inositol supplementation reduces hepatic triglyceride and cholesterol accumulation in animal models of fatty liver (Pani et al., 2020).

GSrE-induced hepatotoxicity also significantly alters the composition of the gut microbiota. Similar to our results, a low abundance of f_Muribaculaceae_Unclassified was often seen in the models of nonalcoholic fatty liver disease, obesity, liver steatosis, and sepsis-related liver injury (Xia et al., 2021; Yuan et al., 2021; Liang et al., 2022). Chen et al. (2018), reports that Lactobacillus has hepatoprotective effects. Lactobacillus improves the progression of nonalcoholic steatosis by lowering cholesterol (Lee et al., 2021). Our results also showed a decreased abundance of Lactobacillus in GSrE-induced hepatotoxicity rats and showed a dose-dependence on day 10 and a time-dependence in low-dose groups. Our results showed a decreased abundance of Bacteroides in the hepatotoxicity rats, and there has been evidence that alcohol-induced liver injury mice had an extremely low proportion of Bacteroides Ferrere et al. (2017). Bacteroides can break down complex polysaccharides, participate in immune metabolism, and play a role in preventing obesity; however, it is also a pathogen that can cause many infectious diseases (Wexler, 2007). Hu et al. (2019) reported that the Lachnospiraceae_NK4A136_group is a butyrate-producing bacterium that enhances epithelial barrier integrity and inhibits inflammation. A study by Zha et al. (2022) found that the Lachnospiraceae_NK4A136_group had a protective effect on D-GalN-induced rat liver injury, though in our results, the abundance of the bacterium raised after GSrE-induced hepatotoxicity. f_Ruminococcaceae_Unclassified is a dominant bacterium in the nonalcoholic fatty liver disease and positively correlated with inflammation and hepatic steatosis-related factors, as was also observed in studies by Guo et al. (2018) and Hu et al. (2021b). The Prevotellaceae_Ga6A1_group is often seen in those on high-sugar diets and those with diabetes, and hepatic glucose and lipid metabolic disorders may cause liver diseases according to Yue et al. (2019) and Yang et al. (2021). Escherichia-Shigella is positively correlated with hepatic inflammatory factors, which further stimulate liver injury and inflammation (Liang et al., 2022). f_Ruminococcaceae_Unclassified, Prevotellaceae_Ga6A1_group, and Escherichia-Shigella were all increased after GSrE-induced hepatotoxicity in our results.

With the correlation analysis between gut microbiota and the metabolites in urine and feces, the tight crosstalk between the gut microbiota and host metabolism in GSrE-induced hepatotoxicity were highlighted. The gut microbiota participates in various metabolic processes of the body involving energy, lipid, and amino acid metabolisms. Interacting with metabolites is one of the major ways that gut microbiota affect the host, from which microbial metabolites have many biological functions, such as regulating immune homeostasis, host energy metabolism, and participating in various disease processes (Usami et al., 2015; Lavelle and Sokol, 2020). The crosstalk between gut microbiota and metabolites in this study explains part of the mechanism of metabolic disturbances by GSrE-induced hepatotoxicity.



Conclusion

In summary, urine and fecal metabolomic analyses revealed that oral administration of different doses of GSrE for 10 and 21 days induced the hepatotoxicity-disrupted peripheral metabolism. Differential metabolites in urine and feces involved amino acids, carbohydrates, lipids, organic acids, and SCFAs, among others. Among them, L-valine, L-proline, DL-arabinose, pentanoic acid, D-allose, and D-glucose in urine and D-lactic acid and glycerol in feces were time- and dose-related differential metabolites. Furthermore, the 16S rDNA sequencing analysis revealed that GSrE-induced hepatotoxicity associated with the time and dose of administration significantly altered the composition of gut microbiota. Finally, the results of correlation analysis revealed the close crosstalk between gut microbiota and differential metabolites after the administration of GSrE to induce hepatotoxicity, and gut microbiota may have participated in amino acid, energy, and lipid metabolisms.
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Background: Intestinal microbiota has been confirmed to influencing the pharmacokinetic processes of a variety of oral drugs. However, the pharmacokinetic effects of the gut microbiota on cyclosporine A, a drug with a narrow therapeutic window, remain to be studied.

Method: Twenty-one rats were randomly divided into three groups: (a) control group (CON), (b) antibiotic treatment group (ABT) and (c) fecal microbe transplantation group (FMT). The ABT group was administrated with water containing multiple antibiotics to deplete microorganisms. FMT was with the same treatment, followed by oral administration of conventional rat fecal microorganisms for normalization.

Result: The bioavailability of CSA increased by 155.6% after intestinal microbes were consumed by antibiotics. After intestinal microbiota reconstruction by fecal transplantation, the increased bioavailability was significantly reduced and basically returned to the control group level. Changes in gut microbiota alter the protein expression of CYP3A1, UGT1A1 and P-gp in liver. The expressions of these three proteins in ABT group were significantly lower than those in CON and FMT groups. The relative abundance of Alloprevolleta and Oscillospiraceae UCG 005 was negatively correlated with CSA bioavailability while the relative abundance of Parasutterella and Eubacterium xylanophilum group was negatively correlated with CSA bioavailability.

Conclusion: Intestinal microbiota affects the pharmacokinetics of CSA by regulating the expression of CYP3A1, UGT1A1 and P-GP.

KEYWORDS
 gut microbiome, fecal microbial transplantation, immunosuppression, cyclosporine A, pharmacokinetics, drug metabolic enzyme and drug transporter


Introduction

Cyclosporine A (CSA), a lipophilic molecule, is a powerful immunosuppressive drug used in organ transplantation and autoimmune diseases treatment, with narrow treatment window, mainly metabolized by CYP3A enzyme in liver and excreted by bile (Fahr, 1993). The clinical use of CSA is limited by its side effects, including the nephrotoxic, hepatotoxic, neurotoxic, and cardiotoxic effects (Patocka et al., 2021). Clinical studies indicated that in the renal transplant recipients, concentrations of CSA trough could get lowered safely towards the range of 150–200 ng/ml, added by minimal toxic cyclosporine effects without increased risk for graft rejection (Ragab et al., 2013). Although CSA is traditionally administered at a standard 100 mg dose every day, the resulting exposure can vary greatly between patients and can lead to treatment failure or toxicity. Therapeutic Drug Monitoring (TDM) is a clinical strategy that assesses the response of an individual patient and helps adjust the dosing regimen of CSA to maximize efficacy while minimizing toxicity. However, TDM based dose adjustment could be lagging, and some patients are still at risk of overexposure to or underdose of CSA (Gaies et al., 2019).

Previous studies indicated that age, food, drugs and genetic factors caused variation in CSA pharmacokinetics (Hesselink et al., 2008; Han et al., 2013). Age affects the expression of ABCB1 (encoding the efflux transporter P-GP) gene and the elimination of CSA in the gut and liver (Fanta et al., 2008; Hesselink et al., 2008). Foods help increase bile production, and bile and bile salts appear to be essential for the absorption of cyclosporine (Vonk et al., 1978; Venkataramanan et al., 1986). The most common types of metabolic drug–drug interactions between CSA and other drug are the inhibition and induction of the drug metabolic enzymes (Lake, 1991; Mallat, 1992; Okada et al., 2009). Pharmacogenetics found that CYP450 3A4 and 3A5 variants significantly affect the pharmacokinetics of CSA. (Cascorbi, 2018). However, the role of gut microbiota, being called “the second genome,” in the pharmacokinetics of CSA might be neglected. Studies mentioned that there could be higher risks of graft failure and all-cause mortality in transplant patients with diarrhoea than patients without diarrhoea, but adjusting the dose of immunological agents could improve about 20% of these patients’ graft survival (Kim et al., 2020; Sonambekar et al., 2020). This suggests that microbiota disturbance is a potential factor affecting the pharmacokinetics of cyclosporine A. Therefore, we hope to achieve a more profound and comprehensive pharmacokinetic study to investigate the effect of gut microbiota, so as to realize the best therapeutic effect.

“The human gut microbiome is a complex ecosystem that can mediate the interaction of the human host with their environment,” says Weersma RK (Weersma et al., 2020). The gut microbiota is intricately involved in many of our bodily functions. Pharmacogenomics has been at the forefront of research into the impact of individual genetic background on drug response variability or drug toxicity, and recently the gut microbiota has been recognized as an important player in this respect (Zhu et al., 2010; Doestzada et al., 2018). Manipulating the composition of microbiome is a very attractive way for improving drug efficacy and safety. Gut microbiota affects absorption, enterohepatic recycling, volume of distribution, metabolism and excretion of drugs (Tsunoda et al., 2021; Zhang et al., 2021). Oral drugs might undergo biotransformation by gut microbiota by microbiome located in the intestinal lumen. A study involving 76 different human gut bacteria and 271 oral drugs found that many of them could be chemically modified by microbes in vivo (Zimmermann et al., 2019). Digoxin, a cardioside drug, can be inactivated directly by Eggerthella lenta (Haiser et al., 2013). In addition, Faecalibacterium prausnitzii could convert tacrolimus into a ketone reductor, into which liver microsomes could not metabolize (Lee et al., 2015; Guo et al., 2019). Microbes can also regulate the expression and activity of metabolic enzymes to indirectly influence drug effects (Björkholm et al., 2009). Foley et al. identified that Clostridia and Bacilli were necessary and sufficient for P-gp induction in the intestinal epithelium in mouse models (Foley et al., 2021). Both in vitro and in vivo experiments demonstrated that intestinal microbiota could regulate the expression of CYP3A1 (CYP3A4 in human) and P-GP in rats (Hu et al., 2021). CYP3A gene cluster was down-regulated in germ-free (GF) mice, while Cyp4a gene cluster was up-regulated, compared with conventional mice (Selwyn et al., 2016). Ciprofloxacin could reduce liver CYP3A11 expression by inhibiting the production of cholic acid by intestinal microbiota (Toda et al., 2009). The expressions of CYP1A2, CYP2C19, and CYP3A were positively correlated with the alpha diversity of intestinal microbiota (Jarmusch et al., 2020).

At present, the effects of intestinal microbes on the efficacy and toxicity of CSA have been preliminarily reported. Shang et al. ‘s study found that the combination of Xuebijing and CSA was superior to CSA alone in preventing acute graft-versus-host disease by maintaining the intestinal microbial diversity, normalizing the intestinal microorganism and preventing flora disorder (Shang et al., 2022). Another study found that administration of Astragalus and Salvia Miltiorrhiza and fecal microbiota transplantation increased lactic acid-producing probiotics such as Akkermansia and Lactobacillus, reducing the nephrotoxicity of CSA through the “gut-kidney axis” (Han et al., 2021).

As mentioned above, alteration of the gut microbiota may lead to the changes in the pharmacokinetics of CSA. In this study, antibiotic treatment and fecal transplantation were used to intervene intestinal microbes to examine the role and significance of gut microbiota in the pharmacokinetics of CSA.



Materials and methods


Animals

Male Sprague–Dawley (SD) rats (weighing 180–220 g) were purchased from the Laboratory Animal Research Center of Tongji Medical College of Huazhong University of Science and Technology (Wuhan, China), and were given access to a commercial rat chow diet and tap water. The animals were housed, three per cage, and maintained at 22 ± 2°C and 50–60% relative humidity, under a 12 h light–dark cycle. The experiments were initiated after acclimation under these conditions for at least 1 week. The rats were then randomly divided into three groups: ABT group (antibiotic treatment group), CON group (control group), and FMT group (fecal microbiota transplant group; n = 14 or 15). The experiments were performed in accordance with the “Guiding Principles in the Use of Animals in Toxicology” adopted by the Society of Toxicology (United States) in July 1989 and revised in March 1999.



Antibiotic and feces treatment

Antibiotics were administered for 25 days in the drinking water (Staley et al., 2017). Two kinds of antibiotic cocktail were used in the study. Antibiotic cocktail I consisted of neomycin 1 mg/ml, vancomycin 1 mg/ml, and ertapenem 1 mg/ml. Antibiotic cocktail II consisted of clindamycin 1 mg/ml, ampicillin 1 mg/ml, and cefoperazolone 1 mg/ml. And the solutions were freshly prepared every day. Rats in ABT group and FMT group were administrated with antibiotic cocktails I on days 1 to 7 and 19 to 25. And on days 10 to 16, rats were treated with antibiotic cocktail II. There was a two-day break between antibiotic changes. The feces were collected from control rats and vortex into suspension with buffer phosphate solution (200 mg in 1 ml), followed by centrifugation at 2000 rpm for 5 min to obtain supernatant. The rats in FMT group were treated with the supernatant 2 ml per rat for 7 days, followed by 2 weeks of normal feeding for colonization. The experimental timeline is shown in Figure 1. Rats in CON group were fed sterile water instead of the antibiotic cocktail for 46 days in the same environment.
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FIGURE 1
 The experimental timeline and the process of antibiotic and feces administration. (A) the experimental timeline; (B) the process of antibiotic administration, Antibiotic cocktail I consisted of neomycin 1 mg/ml, vancomycin 1 mg/ml, ertapenem 1 mg/ml. Antibiotic cocktail II consisted of clindamycin 1 mg/ml, ambenzyl 1 mg/ml, cefoperazolone 1 mg/ml; (C) the process of fecal microbiota transplantation.




Cyclosporine administration and sample collection

There was a 24-h interval after pretreatment to reduce the occurrence of antibiotic-drug interactions. After the 24 h interval, a single dose of CSA (100 mg/kg), dissolved in virgin olive oil, was administered to the rats via oral gavage. Whole blood samples were collected at 1, 2, 4, 6, 7, 8, 10, 12, 24, 48 and 72 hours after CSA administration. After the last whole blood sample was collected, the rats were sacrificed with pentobarbital sodium by intraperitoneal injection and dissected to collect tissue and cecum contents. All samples were snap frozen after collected and kept at-80°C until further analysis.



High performance liquid chromatography detection of cyclosporine in whole blood

The protein precipitation method and high-performance liquid chromatography-mass spectrometry (HPLC–MS) were used to extract and detect CSA in whole blood samples. The method for the determination of CsA was based on our previous developed LC–MS/MS methods (Yang et al., 2018). The linear concentration range of CsA was 5–4,000 ng/ml, and the lower limit of quantification was 5 ng/ml. More details were provided in Supplementary Material.



Pharmacokinetic analysis

The blood concentration data were analyzed by the non-compartmental method using Drug and Statistics software (DAS, version 3.2.8, Shanghai BioGuider Medicinal Technology Co. Ltd., Shanghai, China). The peak blood concentration (Cmax) and time to reach Cmax (Tmax) of CsA were acquired directly from the concentration-time curve. The elimination rate constant (Kel) was calculated by log-linear regression of the phase-eliminated data. The area under the plasma concentration-time curve (AUC0-t) from time zero to the time of last measured concentration (Clast) was calculated by the linear trapezoidal rule. The AUC zero to infinity (AUC0-∞) was obtained by the addition of AUC0-t and the extrapolated area determined by Clast/Kel. And the terminal half-life (T1/2) was calculated by 0.693/Kel. The mean residence time (MRT) was calculated by AUMC/AUC, where AUMC represented the area under the first moment versus time curve. Apparent clearance (CL/F) was calculated by Dose/AUC0-∞ and the apparent volume of distribution (V/F) was calculated by CL/Kel.



Microbiota composition

Total genome DNA from samples was extracted using CTAB/SDS method. DNA concentration and purity was monitored on 1% agarose gels. According to the concentration, DNA was diluted to 1 ng/μL using sterile water. 16S rRNA genes of distinct regions (16SV3-V4) were amplified used specific primer with the barcode. All PCR reactions were carried out with Phusion® High-Fidelity PCR Master Mix (New England Biolabs). Mix same volume of 1X loading buffer (contained SYB green) with PCR products and operate electrophoresis on 2% agarose gel for detection. Samples with bright main strip between 400 and 450 bp were chosen for further experiments. PCR products was mixed in equidensity ratios. Then, the mixture of PCR products was purified with Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States) following manufacturer’s recommendations and index codes were added. The library quality was assessed on the Qubit® 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2,100 system. At last, the library was sequenced on an Illumina NovaSeq 6,000 platform and 250 bp paired-end reads were generated. More details were provided in Supplementary Material.



Protein extractions and western blots

Place 20 mg tissue in round-bottom microcentrifuge tubes or Eppendorf tubes，adding 400 μl of ice-cold lysis buffer (with PMSF) and homogenized with an electric homogenizer. Centrifuge for 20 min at 12,000 rpm at 4°C in a microcentrifuge. Gently remove the tubes from the centrifuge and place on ice, aspirate the supernatant, and place in a fresh tube kept on ice. Concentrations of total cellular protein were determined using a BCA assay kit (Beyotime Biotechnology, China). Total protein samples were analyzed by 8% SDS-PAGE gel and transferred to PVDF membranes by electroblotting. Primary antibodies against CYP3A1 (1/5000, ab22733), CYP3A2 (1/5000, ab195627), UGT1A1 (1/6000, ab194697), P-gp (1/6000, ab170904), BSEP (1/3000, ab217532), MRP2 (1/5000, ab203397) and NTCP (1/5000, ab131084) were probed with proteins on the membrane for 3 h at room temperature, and then incubated with goat anti-rabbit secondary antibody (1/10000, ab6721) for 1 h. Bands were detected by enhanced chemiluminescence (ECL) kit (Beyotime Biotechnology, China). The intensity of the bands of interest was analyzed by Image J software (Rawak Software, Inc. Munich, Germany). The gray scale of internal reference protein was normalized for statistical analysis, and the significance was analyzed by one-way variance test and Dunnett test.



Statistics

T-test, Wilcox rank-sum test, Tukey test, and Kruskal test were performed to analyze whether the differences between groups were significant. Linear discriminant analysis (LDA) was used to reduce the dimension of the data and evaluate the influence of species with significant differences (LDA Score). Zero-mean normalization was performed to normalize the values of relative abundance using the mean and standard deviation (Z Score). Data of pharmacokinetic, including AUC, Cmax and so on, and western blot were expressed as mean ± SD. Spearman’s correlation coefficient to determine the monotonic correlation. The absolute value of Spearman’s correlation coefficient (ρ) reflected the strength of correlation. Meanwhile ρ > 0 meant a positive correlation, and ρ < 0 meant a negative correlation. Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, United States) and SPSS (Statistical Product Service Solutions, IBM, United States). The threshold for statistical significance was set at p < 0.05.




Results


Antibiotic and feces treatment affecting the composition of microbiota in the cecum

To evaluate the effects of antibiotic treatment and fecal transplantation on the gut microbiota of rats, Sequencing of the bacterial ribosomal RNA (16S rRNA) was performed to compare the bacterial populations on the caecum content. The results revealed that the species richness and diversity were lower after antibiotic treatment than in the CON group, but the depletion was reversed after feces microbiota transplantation (Figure 2A).

The difference in the number of OTU was small (Figure 2B). Moreover, compared with the rats in the ABT, the composition of intestinal microbes of rats in the FMT was more similar to that in the CON group according Figure 2C; Supplementary Figure S1. Results of principal coordinate analysis (PCoA) showed that the species composition of ABT group was significantly different from that of CON group and FMT group (p < 0.01, Figure 2C). Differences at phylum and genus levels were also analyzed (Figures 2D,E). At the phylum level, several bacteria were altered by both interventions, with antibiotics causing a reduction of Firmicutes/Bacteroidetes ratio. Firmicutes and Bacteroidetes were dominant in CON group and FMT group (Figure 2D). However, in ABT group, the relative abundance of Proteobacteria and Verrucobacteria increased significantly, which became the four major phyla together with Bacteroidetes and Firmicutes. The comparison at the genus level was based on individual rats (Figure 2E). The relative abundance of top 30 was shown in different colors in the bar chart, and the remaining genus were assigned to others. The proportion of the top 30 was higher in the ABT group, which reflected the composition of bacterial genera in the ABT group was simpler, compared with the other two groups. In ABT group, relative abundance of Akkermansia, Parabacteroides and Enterobacter increased, while the relative abundance of Lachnospiraceae_NK4A136_group, Prevotella Lactobacillus and Alistipes decreased (Supplementary Figure S2).
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FIGURE 2
 16S rRNA sequencing results. (A) is the Shannon and Chao index analysis chart of the three groups of α diversity analysis; (B) is a Venn diagram; (C) is the β diversity analysis diagram of the three groups; (D) is the relative abundance of microbiota at phyla level in each group; (E) is the relative abundance of microbiota of each sample at the genus level.


We compared the relative abundance of each genus by t-test between groups, and p < 0.05 was considered to be significant difference (Figure 3). Compared with CON and FMT group, the relative abundance of genera including Enterobacter, Klebsiella, Parasutterella, Parabacteroides, Akkermansia, Escherichia-Shigella, Veillonella, Bacteroides and Cellulosilyticum was significantly increased in ABT group. And the relative abundance of Prevotella_9, [Eubacterium]_xylanophilum_group, Lachnospiraceae_NK4A136_group, Colidextribacter, Alloprevotella, Phascolarctobacterium, Christensenellaceae_R-7_group, Lactobacillus, Limosilactobacillus, Lachnoclostridium, UCG-005, and Ruminococcus was markedly decreased in ABT group, compared with the other two groups. Despite the transplantation of feces from the CON group, the composition of the cecal contents of the FMT group was not the same as that of the CON group. Compared with CON group, the relative abundance of Prevotella and Romboutsia decreased, while the relative abundance of Roseburia and Anaerovirio increased in FMT group. This might indicate that compared with Prevotella and Romboutsia, Roseburia and Anaerovirio had stronger colonization ability in the process of feces microbiota transplantation.
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FIGURE 3
 Heatmap of relative abundance for genera with significant difference between groups. Z Score was obtained by zero-mean normalization for each group of values. The colored patches show the p-values in the t-test: off-white is p > 0.05; orange is 0.05 > p > 0.01; dark red is p < 0.01.




Changes in composition of intestinal microbiota affecting oral bioavailability of CSA

After oral administration of CSA, blood concentrations of CSA were determined at each time point in the three groups (Figure 4A). The pharmacokinetic parameters were analyzed by non-atrioventricular model simulation (Figure 4C). Compared to the CON group, the blood concentration of CSA was significantly increased by antibiotic treatment, indicating that the bioavailability of CSA was improved by interfere with intestinal microbial composition. And the pharmacokinetic profiles of CSA in FMT group fell between the ABT group and the CON group. Fecal transplantation could reverse the increased bioavailability of CSA caused by antibiotic treatment.
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FIGURE 4
 Pharmacokinetic of cyclosporine A. (A) Time curve of cyclosporine A plasma concentration; (B) Histogram of statistical analysis of cyclosporine A pharmacokinetic parameters; (C) is the table of pharmacokinetic parameters of CSA.


In addition, statistical analysis of pharmacokinetic parameters showed that AUC(0-t), AUC(0-∞) and Cmax had statistical differences (p < 0.05; Figure 4B). Compared with the CON group, the AUC(0-T), AUC(0-∞) and Cmax of the ABT group were significantly increased. Antibiotic-induced microbiota depletion led to the increase in AUC(0-t), AUC(0-∞) and Cmax of CSA by 155.6, 140.8 and 154.8%, respectively. After intestinal microbiota reconstruction by feces microbiota transplantation, the increased AUC(0-T), AUC(0-∞) and Cmax were significantly reduced and basically returned to the control group level. Half-lives of CSA were not statistically different among the three groups.



The spearman correlations between the relative abundance of the genera and pharmacokinetic parameters

After demonstrating that changes in the microbiome occurred in parallel with changes in the systemic absorption of CSA (Figure 3), we compared whether the relative abundance of specific taxa was associated with pharmacokinetic parameters [including AUC(0-T), Cmax, MRD (0-T), t1/2 and CLz/F] in three groups (Figure 5; Supplementary Figure S3). Spearman correlation analysis was performed to assess the correlation between relative abundance of genera in Figure 3 and CSA pharmacokinetics (p < 0.05 was considered to be relevant). Supplementary Figure S3 showed the scatter plots of 15 genera that were correlated with AUC (0-T). The genera with the|ρ|value exceeding 0.4 were Alloprevolleta, Oscillospiraceae_UCG_005, Parasutterella and Eubacterium_xylanophilum (Figure 5; Supplementary Figure S3). The relative abundance of Akkermansia, Morganella, Parasutterella, Parabacteroides, Eeterobacter, Escherichia Shigella, Klesiella and Proteus positively and significantly correlated with AUC(0-T) and Cmax of CSA (Figure 5). Eubacterium Xylanophilum group, Desulfovibrio, Alloprevotella, Alistipes, Phascolarctobacterium, UCG 005, NK4A214 group, and Christensenellaceae R−7 group were negatively correlated with AUC(0-T) and Cmax of CSA (Figure 5).
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FIGURE 5
 Heatmap of correlations between pharmacokinetic parameters and relative abundance of microbiota at genus level. Values in each square represent Spearman correlation coefficients. * is 0.05 > p > 0.01; ** is 0.01 > p > 0.005; *** is p < 0.005.




Intestinal microbiota altering the level of CYP3As and UGT1A1

To test whether the changes of intestinal microbiota had an effect on the drug metabolic enzymes (including CYP3A1, CYP3A2, UGT1A1) relevant for the metabolism of CSA in the liver and intestine, western blotting was performed to examine the level of protein expression (Figure 6; Supplementary Figure S4). CYP3A1 and CYP3A2 are the main metabolic enzymes of CSA, which are isomers of human CYP3A4 and CYP3A5 (Martignoni et al., 2006). Compared with the CON group, the expression of CYP3A1 of the ABT group decreased by 35.7% while there was no marked difference between the FMT group and CON group. Hepatic protein expression of UGT1A1, a major two-phase metabolic enzyme of CSA, was decreased by 66.0% in the ABT group and 30.8% in the FMT group compared to the CON group (Figure 6A). Contrary to the results in liver, there was no difference in the expression of UGT1A1 and CYP3A1 in the small intestine among the three groups, and the protein expression of CYP3A2 in the ABT groups was higher than that in the CON group (Supplementary Figure S4). As liver played a more important role in the metabolism of CSA than intestine, the alteration of hepatic metabolic enzymes was consistent with our pharmacokinetic results.
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FIGURE 6
 Changes in protein expression. (A) is the statistical graph of protein expression. (B) is Western blotting grayscale image.




Intestinal microbiota altering the level of P-gp and MRP2

P-gp and MRP2 were important efflux transporters in the transport of CSA. The hepatic protein expression of P-gp of the ABT group and the FMT group decreased by 59.9 and 34.8% in comparison to the CON group (Figure 6A). Consistent with liver, the protein expression of the efflux transporters P-gp and MRP2 was decreased in the ABT group and reversed in the FMT group (Supplementary Figure S4). Efflux proteins located at the apical membrane, which include P-gp and MRP2, may drive compounds from inside the cell back into the intestinal lumen or biliary excretion, preventing their absorption into blood. In ABT group, the down-regulation of efflux transporters both in the liver and intestine resulted in the increased bioavailability of CSA.



Changes in intestinal microbiota not altering hepatic expression of BSEP and NTCP but regulating the expression of nuclear receptors FXR and PXR

Previous studies have suggested that intestinal microbiota regulate the bile metabolism (Sayin et al., 2013; Ramírez-Pérez et al., 2017; Ma et al., 2018; Winston and Theriot, 2020). For this reason, we assessed protein expression of two key transporters for the secretion of bile acids from hepatocytes into bile, BSEP and NTCP. Western blotting results showed the protein expression of BSEP and NTCP were not affected by either microbiome targeted intervention (Figure 6). However, compared with CON group, the hepatic level of nuclear protein FXR and PXR was significantly reduced in ABT and FMT group (Supplementary Figure S5). The protein expression of these two nuclear receptors in ABT group was lower than FMT group, but there was no significant difference.



Antibiotic and feces treatment not changing the physiologic morphology of the liver and proximal colon

In this study, liver and proximal colon sections were stained with H&E staining to observe the effects of intestinal microbiota intervention on physiologic morphology of liver and proximal colon (Figure 7). Figures 7A–C showed H&E staining of liver sections of the CON group, ABT group, and FMT group, respectively. According to H&E staining results, no significant morphological change was found among the three groups. H&E staining results showed that liver cells were clearly defined, and the cells were evenly and neatly distributed, without obvious aggregation of inflammatory cells among the three groups. Figures 7D–F showed the proximal colon section. The H&E pathological section of rat in CON, ABT and FMT groups did not reveal disappeared crypts and broken structure of colon wall (Figures 7D–F). There was no marked histological damage in livers and colons in three groups.
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FIGURE 7
 H&E staining of liver and proximal colon sections.





Discussion

The gut microbiome affects not only the body’s physiology and pathology but also how the body handles foreign substances, including foods and oral drugs (Jandhyala et al., 2015; Gomaa, 2020; Weersma et al., 2020). Microbiota and drugs interact with each other. Drugs affect the diversity and richness of microbiota, and microbiota also affects the pharmacology and efficacy of drugs. Pharmacomicrobiomics is an emerging field that detects the effect of microbiome alterations on drug pharmacokinetics (ElRakaiby et al., 2014; Aziz et al., 2018; Doestzada et al., 2018; Panebianco et al., 2018; Rowland et al., 2018; Hannachi and Camoin-Jau, 2021). Previous researches suggest that intestinal microbiota had a strong modification effect on the metabolic process of drugs, but the influence of intestinal microbiota changes on drug disposition in vivo remains to be further studied (Zimmermann et al., 2019). In this study, antibiotic therapy and feces microbiota transplantation were employed to assess whether the changes in the microbiome affect the pharmacokinetic profiles of CSA. Our results reveal that the bioavailability of CSA was significantly increased after antibiotics depleting gut microbes. Feces microbiota transplantation could reverse the increase in CSA bioavailability caused by microbial depletion. Consequently, the intestinal microbiota played a role in modulating the oral bioavailability of CSA.

According to the results of 16S sequencing, several genera correlated with the pharmacokinetics profile of CSA. Akkermansia, Parabacteroides, Enterobacter, Escherichia-Shigella, Klebsiella, Parasutterella, and Morganella were positively correlated with the AUC(0-t) and Cmax of CSA. Alloprevotella, Oscillospiraceae UCG-005, Phascolarctobacterium, Christensenellaceae R−7 group, [Eubacterium] xylanophilum group, Desulfovibrio, Oscillospiraceae NK4A214 group, and Alistipes were negatively correlated with the bioavailability of CSA. This suggested that these specific bacteria may play a role in the alteration of pharmacokinetic profiles of CSA. At the same time, even fed under the same conditions, the intestinal microbiota composition of rats in the same group still had variability, which might be one of the factors leading to individual differences in the pharmacokinetics of CSA.

CYP3A1, CYP3A2, and UGT1A1 are the main metabolic enzymes of CSA in liver (Dupuis et al., 2012; Yu et al., 2016; Hassan et al., 2021). Our results showed that neither of the two microbiome-targeted interventions altered CYP3A2 protein expression, but significantly altered the protein expression of the other two metabolic enzymes in liver. The protein expression of CYP3A1 and UGT1A1 was decreased significantly after antibiotic treatment. Feces microbiota transplantation up-regulated CYP3A1 and UGT1A1 protein expression to near normal level. The changes of microbiome also decreased the protein expression of P-gp, an important efflux drug transporter, in both liver and intestine. The downregulation of CYP3A1, UGT1A1 and P-gp in the ABT group inhibited the metabolism and excretion of CSA in the liver, and reduced the hepatic first-pass effect of CSA. Additionally, in intestine, the protein expression of MRP2 downregulated in ABT group. The decrease in protein expression of P-gp and MRP2 in ABT group could reduce the efflux of CSA in intestine, leading to an increase in the amount of CSA passing through the intestine into the portal vein. However, in contrast to the liver results, there was no difference in the expression of UGT1A1 and CYP3A1 in the small intestine among the three groups, and the protein expression of CYP3A2 in the ABT and FMT groups was higher than that in the CON group. The small intestine played a more critical role in drug transport than in drug metabolism. Therefore, the results of protein expression of drug metabolic enzyme and drug transporters in the small intestine were consistent with our pharmacokinetic results. CYP3A, UGT1A, P-gp, and MRP2 not only played an important role in the absorption and elimination of CSA, but also a large number of oral drugs. We ought to pay attention to the huge potential impact of the gut microbiota on drug personality difference.

How did the gut microbiome alter liver protein expression? In the ABT group, the relative abundance of Enterobacteria, Akkermansia, and Klebsiella was significantly higher than that of the other two groups. Akkermansia is a probiotic deserving research, which could participate in the regulation of intestinal inflammation, but its direct correlation with the expression of drug metabolic enzymes and drug transporters was not reported (Zhai et al., 2019). Nevertheless, studies showed that Akkermansia could up-regulate the production of short-chain fat acid (SCFA), which could down-regulate the expression of P-gp in mouse intestine (Zhang et al., 2020; Grajeda-Iglesias et al., 2021). Up-regulation of Akkermansia in ABT group could be the reason for down-regulation of P-gp. Enterobacteria and Klebsiella, gram-negative bacteria, could produce outer membrane vesicles (OMV), which act on TL receptors and altered the expression of CYP3A and P-gp (Gao et al., 2017; Behrouzi et al., 2018). Moreover, the nuclear receptor FXR and PXR in liver down-regulated in ABT group, compared with CON group (Supplementary Figure S5). Metabolites produced by gut microbiota such as SCFA and secondary bile acid could activate or inhibit these two nuclear receptors to regulate the expression of the downstream proteins in liver. Future studies exploring differences in metabolites produced by microbiome, or examining effects of specific bacteria on CSA, are warranted.

Evidence suggested that changes in intestinal microbiota were likely to affect the formation of secondary bile acids (Sayin et al., 2013; Ramírez-Pérez et al., 2017; Ma et al., 2018; Winston and Theriot, 2020). The protein expression level of bile acid-related transporters, NTCP and BSEP, wasn’t altered by gut microbiome significantly in the liver. However, the composition of bile acids in the intestine, liver and serum needs to be determined by further experiments.

In general, intestinal permeability affects the intestinal permeability of oral drugs, especially macromolecule insoluble drugs. The results of H&E staining showed that intervention in the intestinal microbiota did not change the histological morphology of the proximal colon. The high abundance of Akkermansia may be one of the reasons for maintaining the intestinal barrier in the ABT group, when the intestinal flora was relatively disorganized. To elucidate whether the intestinal barrier dysfunction was induced by antibiotics, following-up studies on the expression of tight junction proteins are necessary.

However, there were limitations to this experiment. The specific molecular mechanism of bacterial regulation of liver protein expression was not elucidated. Qualitative and quantitative analysis of the metabolites produced by microbes could help us to explain the mechanism in more detail. We overlooked the direct metabolic effect of intestinal microbes on the prototype drug, which might also be a factor influencing the pharmacokinetics of CSA.

In conclusion, this study confirmed that gut microbes could influence the pharmacokinetics of CSA by regulating protein expression of liver drug metabolic enzymes and drug transporters. Patients receiving long-term treatment for anti-rejection may concomitantly take antibiotics along with the CSA. In this case, the use of antibiotics may alter the gut microbiota, resulting in altered metabolism of the CSA. Thus, it could introduce a cause of drug–drug interaction mediated by gut microbiota. Maintaining intestinal microbial stability might be a good way to exert the stabilizing effects of CSA. This study also provided a new perspective for the individualized application of CSA. In addition, fecal microbiota transplantation was expected to be an effective means to improve the poor transplant outcome caused by diarrhea during organ transplantation, for avoiding changes in immunosuppressant drug concentrations caused by fluctuations in microbial levels.
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Tuina can effectively alleviate ulcerative colitis-related symptoms, but the mechanism of action is unknown. The purpose of this research is to explore potential pathways for the treatment of tuina through gut microbiota and proteomics techniques. Thirty-two male BALB/c mice were divided into four groups, the control, model, mesalazine, and tuina groups. The ulcerative colitis model was established by freely drinking a 3% dextran sulphate sodium solution for 7 days. The mesalazine group and the tuina group, respectively, received 7 days of mesalazine and tuina treatment. Subsequently, their body weights, feces properties, colon length, histomorphological changes, gut microbiota, and colon proteomics were determined. Body weights, disease activity index score, colon histological scores, and microbiota diversity were restored in the tuina group. At the phylum level, Firmicutes was increased and Bacteroidota decreased. At the family level, Lachnospiraceae increased and Prevotellaceae decreased. At the genus level, the Lachnospiraceae_NK4A136_group was increased. Proteomics detected 370 differentially expressed proteins regulated by tuina, enriched to a total of 304 pathways, including biotin metabolism, Notch signaling pathway, linoleic acid metabolism, and autophagy. Tuina can effectively improve the symptoms of weight loss, fecal properties, and colon inflammation in ulcerative colitis mice and restore the gut microbiota diversity, adjusting the relative abundance of microbiota. The therapeutic effects of tuina may be achieved by modulating the signaling pathways of biotin metabolism, Notch signaling pathway, linoleic acid metabolism, and autophagy.
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Introduction

Ulcerative colitis (UC) is a chronic inflammatory disease of the colon and small intestine caused by a combination of genetic background and environmental factors (De Souza and Fiocchi, 2016). The disease is characterized by abdominal pain, diarrhea, rectal bleeding, internal cramps of the pelvis, and weight loss. The prevalence of UC exceeds 0.3%, and the incidence of pediatric UC is steadily increasing (Ng et al., 2017; Sýkora et al., 2018; Windsor and Kaplan, 2019). The development of UC is highly associated with genetic and environmental factors. These causes together with changes in the gut microbiota drive the chronic immune-mediated inflammatory response (Ni et al., 2017). The terminal ileum and colon are the most severe inflammatory sites of UC, as well as the sites with the highest concentration of gut microbes. There is an epithelial cell layer that separates the intestinal immune system and the microbiota. When the gut microbiota is imbalanced, it can easily break the intestinal barrier and affect the physiological function of the immune system (Conrad et al., 2017). Although we do not know whether the gut microbiota is a cause or a consequence of the pathogenesis of UC, changes in the microbiota are certainly consistent with the condition or prognosis of the disease, which is supported by both clinical trials and animal studies (Mukhopadhya et al., 2012).

Complementary and alternative therapies, such as tuina, acupuncture, and moxibustion, are widely used in the treatment of UC. Tuina is a therapy that treats diseases by applying pressure with direction, depth, and intensity to the skin, muscles, and joints of the body through a variety of manipulations. It has been widely used in the treatment of a variety of diseases, such as the musculoskeletal system, nervous system, etc.(Fan et al., 2021; Huang et al., 2022). In recent years, it has shown a good clinical effect on digestive system diseases and can improve symptoms such as constipation, diarrhea, pain, and dyspepsia caused by intestinal diseases (Bu et al., 2020; Fang et al., 2021). A clinical study showed that tuina can effectively improve the visual analog score and reduce pain caused by UC compared with mesalazine treatment (Yu et al., 2019). Studies have shown that between 20 and 40% of UC patients used tuina to alleviate the unbearable symptoms (Rawsthorne et al., 2012; Oxelmark et al., 2016). However, the effective mechanism of tuina therapy is still in its infancy, several studies found that tuina can down-regulate the expression levels of tumor necrosis factor-α, interleukin (IL)-6, and IL-10 to reduce inflammation, suggesting that tuina plays an effective role in immune or inflammatory diseases (Mori et al., 2004; Crane et al., 2012; Negahban et al., 2013; Barbe et al., 2021). Furthermore, enrichment for diversity and beneficial bacterial community was observed in rats after tuina treatment, it is indicated that tuina exerts an immunomodulatory effect by modulating the microbiota (Zhu et al., 2020).

Here, to explore the potential mechanisms of action for UC treatment using tuina, we combined the gut microbiota and proteomics to investigate whether tuina can alter the dysbiosis of the gut microbiota and regulate the expression of colon proteins in UC model mice. We reported that mesalazine and tuina treatment restored the lost diversity and composition after modeling, with an increased abundance of beneficial taxa associated with the alleviation of inflammatory symptoms. We identified 247 differentially expressed proteins (DEPs) regulated by mesalazine and 370 DEPs regulated by tuina and then performed bioinformatic analyzes. This study preliminary explored the potential mechanisms of tuina for the treatment of UC and provided a basis for follow-up studies.



Materials and methods


Animals and ethical approval

In this experiment, 32 9-week-old male BALB/c mice weighing 20 ± 1 g each were purchased from SPF (Beijing) biotechnology Co., LTD. (Beijing, China) for this experiment, the certification number is SCXK (JING) 2019–0010. The mice received sterile maintenance feed, with free access to drinking water. These animals were housed at 25 ± 0.5°C and relative humidity of 60%–70%, and the padding was changed twice a week. All animal experimental procedures were following the principles of the local animal ethics committee (The review number is BUCM-4-2,021,112,601-4,074).



Experimental UC model induction

After 3 days of acclimatization, at time point P1, the 32 mice were randomly assigned to the control group, the model group, the mesalazine group and the tuina group, 8 per group. Mice in the control group received distilled water. And experimental UC models were induced by freely drinking 3% dextran sulphate sodium (DSS) solution (w/v in distilled water; MPBIO, Canada) for 7 days in the other three groups (Figure 1).

[image: Figure 1]

FIGURE 1
 Timeline of the experiment. ✝, time point of sacrifice, the arrow above indicates before the sacrifice and the arrow below indicates after the sacrifice. a and b form the abdomen operation area. a, RN 15; b, RN 4. c and d indicate the direction of the rubbing manipulation. (c), clockwise for 3 min; (d), counterclockwise for 3 min. (e), ST 36 (bilateral); (f), ST 37 (bilateral). g indicates the direction of the pointing manipulation [images with permission created with BioRender. https://biorender.com (2022)].




Experimental treatment

After 7 days of DSS solution induction, at time point P8, all groups received distilled water. The mesalazine group was treated with a once daily mesalazine solution (intragastrically; 500 mg/kg; IPSEN, China) solution for 7 days. The tuina group received a 10-min tuina treatment per day for 7 days (Figure 1).



Tuina treatment

During acclimatization feeding, the manipulator performed daily handling to reduce animal stress. The tuina protocol consisted of two parts: rubbing the abdomen and pointing. The procedure was performed as follows (Figure 1): The manipulator held a mouse in the palm. First, set RN 4, and RN 15 as the operating area (the abdomen). The abdomen was exposed, and circular rubbed the abdomen with the thumb was in a clockwise direction for 3 min (100 times per minute), then operated counterclockwise for 3 min, 6 min in total, with the force of 4 N (Liu, 2006). Second, the index finger pointed bilateral ST 36 and ST 37, 1 min per acupoint, 4 min in total, with the force of 4 N (Huizhu et al., 2021). The manipulator had been trained prior to the experiment. Pressure and frequency are controlled by the fingerTPS II wireless pressure measurement system (Pressure Profile System, US).



Evaluation of the disease activity index score and colon sample collection

At time point P15, all animals were assessed for the disease activity index (DAI) score according to the following criteria (Table 1). Then, all groups were sacrificed by IP with 2% pentobarbital. Immediately separated the colon from the rest of the abdominal tissue. Removed the entire colon between the anus to the cecum, and measured the colon length. Furthermore, 2 cm of the distal colon sample was taken for hematoxylin–eosin (HE) staining and another 2 cm for 16 S rDNA bioinformatic analysis. Each mouse collected the same segments. Meanwhile, the colon contents were rapidly removed and stored at −80°C for further analysis.



TABLE 1 Disease activity index score criteria.
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He staining and evaluation of the colon histological score

The colon tissues were fixed in a 4% paraformaldehyde fixing solution at 4°C for 48 h. The tissues were then embedded in paraffin and sectioned, the thickness was 4 μm. The glass slides were hydrated at 65°C for 1 h and stained with HE solution (Solarbio, China), then observed and photographed through the microscope (NIKON, Japan). Colon histological scores were graded according to the following standard of tissue injury (Table 2).



TABLE 2 Colon histological score standard.
[image: Table2]



16 S rDNA bioinformatics analysis

Gut microbiota analysis was performed by the 16 S rDNA bioinformatics approach. Briefly, the genomic DNA of the microbial community in fecal samples was extracted by a soil DNA kit (Omega Bio-Tek, US). After qualifying for the concentration and purity test, proceed to the next operation. The V3-V4 hypervariable region of bacterial 16S rRNA gene was amplified by forwarding primer 338 and reverse primer 806, and the primer sequences are 5′-ACTCCTACGGGAGGCAGCAG-3′ and 5′-GGACTACHVGGGTWTCTAAT-3′. Then triple PCR 16S rRNA gene amplification was performed. According to the standard protocol, the purified amplicons were pooled and end-sequenced using the MiSeq PE 300 (Illumina, US) platform. Then, using FastQ to quality filter the raw reads of 16S rRNA gene sequencing, and using Fast Length Adjustment of Short reads to merge (Magoč and Salzberg, 2011; Chen et al., 2018). The UPARSE was used to cluster the operational taxonomic units (OTUs) with 97% similarity, and the chimeric sequences were identified and deleted (Edgar, 2013). Using 0.7 as the confidence threshold, the 16S rRNA database was then analyzed by the RDP Classifier for each representative OTU sequence (Wang et al., 2007).



Data independent acquisition quantitative proteomics analysis

The DIA quantitative analysis process includes 5 steps: total protein extraction, protein digestion, high pH RP-UPLC separation, liquid chromatography-mass spectrometry analysis, and protein identification (Law and Lim, 2013). Briefly, the colon tissue samples were incubated on ice in protein lysis buffer (with 8 M urea, 1% SDS, and protease inhibitor) for 30 min, then, all samples were centrifuged for 30 min at 4°C, set the speed to 16,000 g, and determined the protein supernatant concentration using the bicinchoninic acid method. The protein digestion process includes 3 steps: resuspension was performed with triethylammonium bicarbonate buffer (100 mM, Sigma-Aldrich, and Germany). Then the reduction was performed with Tris (2-carboxyethyl) phosphine buffer (10 mM, Sigma-Aldrich, and Germany) for 60 min at 37°C. At last, alkylation was performed with iodoacetamide buffer (40 mM, Sigma-Aldrich, and Germany) for 40 min in darkness at room temperature. After the samples were centrifuged for 20 min at 4°C and set the speed to 10,000 g, the collected pellet was resuspension and incubation at 37°C overnight after adding trypsin. The trypsin-digested peptides were vacuum-dried and resuspended in UPLC loading buffer, then fractionated into fractions to increase proteome depth. Online analysis of the redissolved peptides using a nanoflow liquid chromatography–tandem mass spectrometry method with the EASY-nLC system (Thermo Fisher Scientific, USA). Ran the Q Exactive HF-X in DIA mode with variable isolation windows, set with 40 windows, each overlapping by 1 m/z. Last, use the default settings of Spectronaut (Version 14; Biognosys AG) for analysis of DIA data files. A cutoff value of 1% was used as the Q-value (FDR) at the precursor level and the protein level. The six highest intensity peptides were used for quantification.



Statistical analysis

Data from this study were statistically analyzed using GraphPad Prism (Version 9.3.1). Data were presented by mean ± standard error (SEM). A two-way ANOVA and Tukey’s multiple comparisons were used to test the significance differences of the data and p < 0.05 was considered statistical significance. Differential abundance testing between groups and post hoc tests were performed using the Benjamini-Hochberg method and Tukey’s multiple comparisons. The Chao diversity index was used to measure Alpha diversity. The binary-jaccard distance and principal coordinates analysis (PCoA) was used to analyze Beta diversity. The metabolic functional prediction analysis was performed using the PICRUSt analysis platform. In this study, the identification thresholds for DEPs were selected as fold change >1.2 or < 0.83 and p-value <0.05. Using the GO (http://geneontology.org/) and KEGG pathway (https://www.kegg.jp/kegg/) platforms for DEPs annotation and enrichment bioinformatics analysis (Mi et al., 2019).




Results


Tuina improves UC-related symptoms in DSS-induced model mice

The body weights of the mice were measured every 2 days during the experiment (Figure 2A). As the experiment proceeded, the control group gradually gained weight. The model, mesalazine, and tuina group gradually lost weight during model induction, and with statistical differences at P5 (ap = 0.015). At time points P8 to P15, the model group maintained the trend of weight loss. In contrast, treatments with mesalazine or tuina showed effects (bp = 0.010; cp = 0.007). Mice that received tuina showed a slightly lower weight but no statistical difference compared with the mesalazine group (p = 0.208). Along with pathological weight loss, changes in the properties of stool, fecal occult blood, or even bloody stool are also caused by DSS (Figure 2B). The stool properties in the control group were consistently normal, with a DAI score of zero. However, the model group showed persistent occult blood in the feces started on the 3rd day after model induction, and bloody stools appeared on the 9th day after modeling. After all, when the treatments were completed, the stool properties of the mesalazine group and the tuina group returned to normal and without occult blood (bp < 0.000; cp < 0.000). Although the DAI score in the mesalazine group was better than the tuina group, there was no statistical between the two groups (p = 0.496).
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FIGURE 2
 Tuina treatment prevents UC-related symptoms in model mice. (A) Changes in body weight of all groups throughout the study. (B) DAI score for each group. (C) The colon length of all groups. (D) Colon histological score of all groups. (E) The HE staining analysis, representative images are shown. ap < 0.05, vs. control group; bp < 0.05, vs. model group; cp < 0.05, vs. model group.


DSS-induced DAI score changes can also be reflected by changes in colon lengths (Figure 2C). The colons of the model group were the shortest among these four groups, and the control group was the longest. A comparison of colon lengths showed that the mesalazine group was longer than the tuina group, but there was no statistical difference (p = 0.612). However, 2 groups were statistically significant different when compared with the model group (bp < 0.000; cp < 0.000). The degree of change in the morphological structure of the colon before and after treatments was assessed using the colon histological score (Figures 2D,E). The model group had the highest colon histological score and the most severe colon morphological abnormalities, such as colon inflammation and destruction of the epithelial barrier. HE staining showed that the model group had crypt injury, goblet cells, and epithelial cell loss, and infiltration of transmural inflammatory cells in the mucosa, submucosa, or glands. After tuina treatment, the colon histological score was significantly reduced (bp < 0.000), at the same time, reduced colon inflammation, preservation of structural integrity, and promotion of cell recovery can be observed. The results of the mesalazine group were similar to the tuina group (p = 0.101). Altogether, these results indicated that tuina could improve damages, reduce inflammation, and protect the structure of the colon.



Variation in community abundance between the control group and model group

Compared with the control group, there was a significant difference in the gut microbiome of the model group. At the phylum level, the predominant phyla of all groups are composed of Firmicutes and Bacteroidota, and the model mice showed an increased relative abundance of Verrucomicrobiota and a decreased relative abundance of Patescibacteria, Desulfobacterota, Actinobacteriota, and Campilobacterota (Figure 3A). At the family level, the abundance of Lachnospiraceae, Prevotellaceae, and Bacteroidaceae increased and Muribaculaceae, Staphylococcaceae and Rikenellaceae decreased (Figure 3B). At the genus level, the relative abundance of Staphylococcus, Desulfovibrio, and Rikenella decreased and Bacteroides, Lachnospiraceae_NK4A136_group, Prevotellaceae UCG-001, and Alloprevotella increased (Figure 3C). Overall, the alpha diversity of the model group was reduced (Figure 3D).
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FIGURE 3
 Analysis and comparison of dominant phylum, family, and genus in different groups. (A) At the phylum level, the horizontal coordinate represents the group and the vertical coordinate represents the percent of community abundance; (B) At the family level; (C) At the genus level; (D) The alpha diversity (Chao diversity index).




Variation in community abundance between DSS-induced model mice with tuina treatment or mesalazine treatment

Compared with the model group, at the phylum level, the relative abundance of Patescibacteria and Desulfobacterota increased and Actinobacteriota and Verrucomicrobiota decreased in the tuina group. In the mesalazine group, Proteobacteria and Cyanobacteria increased, Desulfobacterota, Actinobacteriota, and Verrucomicrobiota decreased (Figure 3A). At the family level, Lachnospiraceae and Saccharimonadaceae increased, and Rikenellaceae and Prevotellaceae decreased in the tuina group. Prevotellaceae, Bacteroidaceae, and Oscillospiraceae increased and Lachnospiraceae and Rikenellaceae decreased in the mesalazine group (Figure 3B). At the genus level, Lachnospiraceae_NK4A136_group and Candidatus_Saccharimonas increased, Prevotellaceae UCG-001, Alloprevotella, and Parabacteroides decreased in the tuina group. The relative abundance of Bacteroides and Prevotellaceae UCG-001 increased, and Lactobacillus, Lachnospiraceae_NK4A136_group, Alloprevotella and Parabacteroides decreased in the mesalazine group (Figure 3C). Mesalazine and tuina treatment can help restore the alpha diversity index to the gut microbiota (Figure 3D).



Tuina restored the microbiota biodiversity of DSS-induced model mice

The results of beta diversity showed that 4 groups were clustered separately in the PCoA, suggesting that modeling and intervention were the primary factors that affected community differences. There were very small areas of overlap between the model and tuina groups, this suggested that the tuina treatment may not be as effective as the mesalazine treatment, which is consistent with other results from this study (Figure 4A). However, on the PC 1 axis, the diversity of the tuina group was similar to that of the control group (Figure 4B). And on the PC 2 axis, the tuina group had good intragroup aggregation (Figure 4C). The merits of the results of the nonmetric multidimensional scaling (NMDS) analysis tested with the stress value, and a stress value of 0.137 represented a certain degree of explanatory significance, which indicated that the species composition was not similar between the 4 groups of samples (Figure 4D).
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FIGURE 4
 Beta diversity analysis of PCoA and NMDS. (A) PCoA between groups, the horizontal coordinate represents PC 1 and the vertical coordinate represents PC 2; (B) Distribution and dispersion of the groups on the PC 1 axis; (C) Distribution and dispersion of the groups on the PC 2 axis; (D) NMDS between groups.




The PICRUSt functional prediction analysis of microbial communities

The functional abundance of metabolic COG in this community was deduced from the 16S compositional data utilizing the PICRUSt analysis platform. The metabolic COG functions of the colony were mainly focused on the transport and metabolism of carbohydrate, amino acid, and inorganic ion, and energy production and conversion (Figure 5). We suggested that the gut microbiota may play a positive role through the signaling pathways of carbohydrate, amino acid, inorganic ion, and signal transduction.
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FIGURE 5
 Functional abundance of COG. The vertical coordinate represents the relative abundance of the COG function of each group.




DIA quantitative proteomics analysis of the colon samples

Quantitative proteomics analysis of DIA and bioinformatics analysis can further elucidate the potential regulatory mechanisms of tuina treatment on UC. The principal component analysis (PCA) showed excellent sample aggregation in each group, and the distance was long between the sample points in each group, indicating that the four groups were not similar to each other, the model was successfully established, and tuina or mesalazine treatment was effective (Figure 6). Proteomics analysis identified 6,294 quantifiable proteins, of which 987 DEPs in the model group vs. control group, 589 were down-regulated and 398 were up-regulated. Tuina treatment had 292 down-regulated DEPs and 578 up-regulated DEPs, for a total of 870 DEPs compared with the model group, then 843 DEPs (413 down-regulated and 430 up-regulated) were found in the mesalazine group vs. the model group.
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FIGURE 6
 PCA analysis and volcano plots. The horizontal coordinate represents PC 1 and the vertical coordinate represents PC 2.




DEPs regulated by tuina or mesalazine treatment

To understand the unique mechanism of tuina, it is necessary to identify the DEPs that are regulated by tuina. There were 437 overlapping DEPs between the control group vs. model group and the model group vs. tuina group, of which 370 DEPs were regulated by tuina. And there were 379 overlapping DEPs between the control group vs. model group and the model group vs. mesalazine group, with 247 DEPs regulated by mesalazine treatment (Figure 7).
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FIGURE 7
 Venn analysis among each group. The bar diagram below represents the number of DEPs compared between the two groups.




Bioinformatics analyses of DEPs regulated by tuina or mesalazine

GO enrichment analysis revealed a total of 265 GO terms based on 370 DEPs regulated by tuina treatment, including glandular epithelial cell differentiation, oxygen carrier activity, regulation of cytokine production involved in immune response, etc. (Figure 8A). There were 323 GO terms based on 247 DEPs regulated by mesalazine treatment, including positive regulation of leukocyte mediated immunity, response to bacterium, and positive regulation of lymphocyte leukocyte mediated immunity (Figure 9A). KEGG annotation analysis showed that there were 304 pathways based on tuina-regulated DEPs, the level 1 pathway categories with the highest number of enriched proteins were human diseases (305 proteins), organismal systems (220 proteins), and metabolism (184 proteins), level 2 pathways including signal transduction, infectious disease: viral, transport and catabolism, endocrine system, and immune system (Figure 8B). KEGG enrichment analysis showed level 3 pathways, and tuina-regulated pathways included biotin metabolism, Notch signaling pathway, linoleic acid metabolism, and autophagy (Figure 8C). There were 290 pathways based on mesalazine-regulated DEPs, and the level 1 pathway categories with the highest enriched proteins were human diseases (199 proteins), metabolism (149 proteins), and organismal systems (122 proteins), level 2 pathways including the immune system, infectious disease: viral, transport and catabolism, and infectious disease: bacterial (Figure 9B). Level 3 pathways included the intestinal immune network for IgA production, vitamin digestion and absorption, arachidonic acid metabolism, and mucin type O-glycan biosynthesis (Figure 9C).
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FIGURE 8
 GO and KEGG analyses based on DEPs regulated by tuina treatment. (A) GO enrichment analysis, the abscissa represents the GO description and the Go term (level 1) and the ordinate represents the enrichment ratio, different colors represent statistical differences of enrichment; (B) KEGG annotation histogram, the horizontal coordinate represents the number of proteins, and the vertical coordinate represents KEGG pathways, different colors represent pathway categories; (C) KEGG enrichment analysis, the horizontal coordinate represents the pathway name and the vertical coordinate represents the enrichment ratio, different colors represent statistical differences of enrichment.
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FIGURE 9
 GO and KEGG analyses based on the DEPs regulated by mesalazine treatment. (A) GO enrichment analysis; (B) KEGG annotation histogram; (C) KEGG enrichment analysis.





Discussion

Due to the unclear pathogenesis of UC, modern medicine cannot find effective therapeutic targets and methods. Tuina is gradually applied to the complementary alternative treatment of UC. Combined with the gut microbiota and proteomics, the mechanism of tuina treatment can be elucidated. Here, we histologically assessed the extent of damage to the colon morphological structures of the colon tissue and generally explored the overall changes in body weight, stool property, blood feces, and colon length under tuina treatment, mesalazine treatment, and non-treatment conditions in the UC model. We also analyzed the structural changes and diversity of the gut microbiota by 16 s rRNA high-throughput sequencing. Finally, quantitative DIA proteomics analysis was performed on colon samples to study changes in protein expression between all groups.

The DSS-induced UC model chosen for this experiment is an acute modeling method commonly used in animal studies, which is similar to the pathology of human UC. After 7 days of drinking the DSS solution, the animals showed weight loss and gross bloody feces, and the colon tissues also showed varying degrees of ulceration, edema, transmural inflammatory cell infiltration, and epithelial cell damage under microscopic observation, which proved the success of the established model (Huang et al., 2017). The gut microbiota diversity of the model mice was reduced compared with the control group, consistent with the literature (Galipeau et al., 2021).

At present, the symptoms of UC are mainly controlled by aminosalicylic acid preparations (ASAP) and glucocorticoids. The representative drug for ASAP is mesalazine, which reduces PEG2 synthesis in the mucous membrane of the colon and inhibits neutrophil function (Nitta et al., 2002). The main types of administration include oral and rectal administration, bioavailability is approximately 30% regardless of the route of administration, and the half-life is approximately 10 h (Schwab and Klotz, 2001). However, the therapeutic effect of mesalazine depends on the maintenance of effective doses and has adverse effects on liver function. So we chose mesalazine as a drug control and the experimental results proved its effectiveness. The results showed that after the drug intervention, the fecal properties were restored and their body weight was increased compared with the model mice, and the colon tissue structure was well regained under the microscope. Bacterial diversity was also restored compared with the model group.

Tuina treatment used abdominal rubbing manipulation and pressing manipulation of ST 36 and ST 37. Abdomen rubbing manipulation is the main method, it can reduce the volume of gastric residue, reduce distension, increase bowel movements, and improve gastrointestinal functions without side effects (Dehghan et al., 2020). ST36 and ST37 belong to the stomach meridian (ST), they can reduce local inflammation, visceral hypersensitivity, and improve gastrointestinal transport (Wang et al., 2015; Qu et al., 2020). Although many clinical studies have confirmed the therapeutic effect of tuina treatment in diseases such as constipation, there is no experimental evidence of the mechanism underlying its efficacy. In recent years, research on the treatment of UC in Chinese medicine has been increasing and certain achievements have been made. For example, a single herb Patrinia villosa or a Ganluyin herbal formula can exert anti-inflammatory effects through pathways such as NF-κB (Wang et al., 2022; Xiong et al., 2022). Acupuncture has also been shown to alleviate UC-related symptoms by restoring the diversity of the gut microbiota (Wei et al., 2019). Tuina is a non-invasive intervention with minimal adverse effects. The results of the present study showed that body weight loss, intestinal inflammation, and loose and watery feces can be reversed by tuina. A detailed study of the DAI score results indicated that the mice in the tuina and mesalazine groups showed similar recovery trends. The same results were shown for morphological evidence of colon length changes and histological structure changes under microscopy. All evidence confirmed that there were no statistical differences between the tuina and mesalazine groups, but the mesalazine group was superior to the tuina group.

The results of the gut microbiology examination did not show overlap in the expression of the tuina group and the mesalazine group, and we speculated that the treatment of tuina and mesalazine achieves therapeutic effects through different mechanisms. At the phylum level, we found that tuina increased the relative abundance of Firmicutes and decreased Bacteroidota. Firmicutes account for about 30% of the total number of gut microorganisms, which together with Bacteroidota cover more than 90% of gut microbes. It can regulate energy absorption and metabolic conversion by the body and are a relatively stable species in the gastrointestinal flora (Tremaroli and Bäckhed, 2012). Firmicutes increased and Bacteroidota decreased are considered to be associated with weight gain, reduced obesity-induced low-grade inflammation, and inflammatory phenotype (Chakraborti, 2015). At the family level, we observed that tuina treatment could increase the relative abundance of the protective strain Lachnospiraceae in inflammatory bowel disease, its family members can prevent colon cancer by producing butyric acid (Ai et al., 2019; Zeng et al., 2020). These results suggest that tuina can improve nutritional intake, increase body weight and reduce intestinal inflammation in DSS-induced UC mice, reduce the expression abundance of opportunistic pathogens, for example, Prevotellaceae, and prevent cancer development, consistent with the literature on other Chinese medical treatments (Qi et al., 2018). At the genus level, it has been suggested that the Lachnospiraceae_NK4A136_group belongs to the intestinal beneficial bacteria, and the higher abundance can reduce intestinal inflammation, diarrhea, and other symptoms (Wu et al., 2021). However, it has also been suggested in the literature that the Lachnospiraceae_NK4A136_group is associated with intestinal dysfunction and a lower abundance is beneficial to maintain intestinal flora balance (Wang et al., 2021). In this study, an increased abundance of Lachnospiraceae_NK4A136_group was observed after tuina treatment and with decreased abundance in the mesalazine group.

Tuina can regulate biotin metabolism, Notch signaling pathway, linoleic acid metabolism, autophagy, etc. Biotin, a water-soluble vitamin, is involved in the immune and inflammatory response, cellular stress response (Kuroishi, 2015; Elahi et al., 2018). Patients with inflammatory bowel disease (IBD) are accompanied by a biotin deficiency (Erbach et al., 2022). Biotin deficiency is associated with severe colitis, which can be alleviated by biotin supplementation. Skupsky found that biotin supplementation could significantly improve DAI, colon length, and mucosal morphology of DSS mice, suggesting that biotin may have the potential to treat IBD (Skupsky et al., 2020). The Notch signaling pathway participates in regulating the development of intestinal epithelial cells and maintaining the stability of the internal environment (Wu et al., 2021). It was found that Notch signaling pathway genes were overexpressed in the proliferative recess of intestinal cells of DSS colitis mice (Noah and Shroyer, 2013). Inhibited differentiation of the intestinal epithelium into goblet cells and weakened intestinal mucous barrier function were associated with abnormal expression of the Notch signaling pathway (Pope et al., 2014; Lin et al., 2019). In this study, the goblet cells in intestinal epithelial cells of DSS model mice decreased, while increasing after tuina, suggesting that tuina may protect the mucus barrier by inhibiting the Notch signaling pathway. Excessive intake of linoleic acid is a risk factor for the development of IBD (Owczarek et al., 2016). The level of linoleic acid in patients with UC and CD was higher than in healthy controls (Ueda et al., 2008). Tefas et al. found that IBD patients showed significant changes in 6 lipids and 7 metabolites compared to healthy ones, and most of them belonged to linoleic acid metabolism and glycerophospholipid (Tefas et al., 2020). Autophagy is a key factor in maintaining the stability of intestinal homeostasis and can regulate the intestinal microbiota and immunity response (Larabi et al., 2020). It has been proved that the variation of autophagy-related genes can lead to apoptosis. Autophagy-related gene defects in colonic epithelial cells can affect the microbiota composition, such as Lachnospiraceae, Proteobacteria, and Cyanobacteria. This is consistent with the results we obtained for the gut microbiota (Tsuboi et al., 2015; Yang et al., 2018; Lavoie et al., 2019). The limitation of this study is that there was no molecular biological validation of the relevant inflammatory indicators and possible pathways. In the next step we want to screen among the potential pathways, design new experimental protocols, explore regulatory pathways, and clarify key protein target relationships to explain the action mechanism of tuina.



Conclusion

In conclusion, tuina can effectively improve the DAI score in DSS-induced UC mice, relieve colitis and restore colon morphology, as well as restore gut microbiota diversity and adjust microbiota structure. The therapeutic effects of tuina may be related to modulating biotin metabolism, Notch signaling pathway, linoleic acid metabolism, and autophagy signaling pathways.
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Chronic kidney disease (CKD) is associated with gut microbiome dysbiosis, but the role of intestinal flora in CKD treatment remains to be elucidated. Fecal microbiota transplantation (FMT) can be utilized to re-establish healthy gut microbiota for a variety of diseases, which offers new insight for treating CKD. First, 5/6 nephrectomy rats (Donor CKD) and sham rats (Donor Sham) were used as donors for FMT, and fecal metagenome were analyzed to explore potential therapeutic targets. Then, to assess the effect of FMT on CKD, sterilized 1/2 nephrectomy rats were transplanted with fecal microbiota from Donor sham (CKD/Sham) or Donor CKD (CKD/CKD) rats, and 1/2 nephrectomy rats without FMT (CKD) or no nephrectomy (Sham) were used as model control or normal control. Results showed that Bacteroides uniformis and Anaerotruncus sp. 1XD22-93 were enriched in Donor CKD, while Lactobacillus johnsonii and Lactobacillus intestinalis were reduced. In addition, the increased abundance of microbial functions included tryptophan metabolism and lysine degradation contributing to the accumulation of protein-bound uremic toxins (PBUTs) in Donor CKD. Genome analysis indicated that FMT successfully differentiated groups of gut microbes and altered specific gut microbiota after 1 week of treatment, with Bacteroides uniformis and Anaerotruncus sp. 1XD22-93 increasing in CKD/CKD group as well as Lactobacillus johnsonii and Lactobacillus intestinalis being improved in CKD/Sham group. In comparison to CKD group, substantial PBUT buildup and renal damage were observed in CKD/CKD. Interestingly, compared to CKD or CKD/CKD group, tryptophan metabolism and lysine degradation were efficiently suppressed in CKD/Sham group, while lysine biosynthesis was promoted. Therefore, FMT considerably reduced PBUTs accumulation. After FMT, PBUTs and renal function in CKD/Sham rats remained the same as in Sham group throughout the experimental period. In summary, FMT could delay the malignant development of CKD by modifying microbial amino acid metabolism through altering the microenvironment of intestinal flora, thereby providing a novel potential approach for treating CKD.

KEYWORDS
fecal microbiota transplantation, chronic kidney disease, protein-bound uremic toxins, lysine production, metagenomics


Introduction

Chronic kidney disease (CKD) is estimated to affect one sixth of the population worldwide, which causes significant morbidity, mortality, and severe socio-economic burden (Goolsby, 2002; Jha et al., 2013; Bikbov et al., 2020). The damaged kidney is unable to filter toxic terminal metabolites, resulting in increased circulating toxin (Chung et al., 2019). These toxic retention solutes were associated with worsening outcomes in CKD patients, in particular with cardiovascular morbidity and mortality (Meyer and Hostetter, 2007; Al Khodor and Shatat, 2017; Mahmoodpoor et al., 2017). Especially, protein-bound uremic toxin (PBUT) is the most destructive toxin and the most difficult to be removed clinically in CKD development (Itoh et al., 2012; Sirich and Meyer, 2018). PBUTs are mainly produced from the metabolism of aromatic amino acids by gut bacteria (Wikoff et al., 2009; Gryp et al., 2020). Such as indoxyl sulfate (IS), the most well-studied PBUT, is produced by gut microbials metabolizing tryptophan (Mishima et al., 2017). Interventions for intestinal flora have been widely studied to decrease PBUTs (Chen et al., 2022). Hence, microbiota-driven therapy aimed at decreasing the circulating PBUT concentration which could provide a promising new therapeutic strategy for patients with CKD.

In recent decades, a great deal of effort has focused on the differences in gut microbial composition between CKD patients and healthy controls, confirming the relationship between gut bacterial and PBUTs (Vaziri et al., 2013; Wang et al., 2020). To alleviate the progression of CKD, several therapies targeting gut flora have been reported. AST-120, an oral charcoal adsorbent, is a classic solution for the continuous reduction of some PBUTs in hemodialysis patients (Yamamoto et al., 2015). However, the poor acceptability of AST-120 with long-term administration may affect essential nutrient absorption due to non-specific capture. In the meantime, the modulation of probiotic supplement is also an attractive strategy to inhibit PBUTs formation (e.g., IS and p-cresyl sulfate) in CKD patients (Guida et al., 2014; Rossi et al., 2016). However, previous studies have reported that probiotics treatment only partially reduced some kind of PBUTs. In addition, the ideal mix of bacterial strains, dosage, and administration time for the reduction of PBUTs still remain unknown. Therefore, it is still unclear how to reduce total PBUTs by regulating gut microbiome dysbiosis in a healthy and sustained manner.

Fecal microbiota transplantation (FMT), a way to reconstitute receptor gut microbiota by transplanting of stool from a volunteer (D’Haens and Jobin, 2019), offers a potential therapeutic approach for CKD. Multiple studies have shown that transplanting healthy gut microbiota plays a therapeutic role in other kidney diseases. A clinical case study reported that FMT could cure the nephritis caused by gut microbiota producing extended spectrum beta-lactamase (Singh et al., 2014). In studies investigating immunoglobulin A (IgA) nephropathy, it was reported that FMT decreased inflammation and 24 h urinary protein, and increased serum albumin (Lauriero et al., 2021; Zhao et al., 2021). Meanwhile, among the various published studies, FMT has been a helpful tool to verify the correlation between gut dysbiosis and CKD progression, which implies its value in restoring gut microbiota in CKD (Cai et al., 2020; Li et al., 2020; Han et al., 2021). However, little is known about the application of FMT in the treatment of CKD at present.

In this study, flora from healthy and severe CKD rats were transplanted into a rat model of antibiotic-treated mild CKD. By interaction analysis of fecal metagenomic and serum PBUTs metabolome, it was determined how gut microbiome affected the development of CKD by PBUTs and whether transplantation from healthy colonic bacteria delayed the onset of CKD progression.



Materials and methods


Preparation of donor-rats for fecal microbiota transplantation

Animal experiments were approved by the Animal Care and Use Committee of China Agricultural University. A total of 35 male CD® (SD) IGS Rats (Beijing Vital River Laboratory Animal Technology Co., Ltd., Beijing, China) were given a standard diet and housed under standard conditions. Rats were acclimatized and fed for 7 days before performing the experiments described below.

To obtain feces using for FMT, fifteen rats at 6 weeks old were randomly divided into two groups for 5/6 nephrectomy or sham surgeries: a 5/6 nephrectomy group (Donor CKD, n = 10) and a sham-operated group (Donor Sham, n = 5). The 5/6 nephrectomy was a bilateral nephrectomy and was performed in two stages. Firstly, 2/3 of the left kidney was removed, and then the whole right kidney was removed. The sham-operated group was used as a control for the 5/6 nephrectomy group, which was performed twice as same as the 5/6 nephrectomy to exclude the interference of the laparotomy operation. After 10 months of CKD progression, half of the rats in the Donor CKD group died. The 5/6 nephrectomy rats developed severe CKD by this point. Thus, the remaining nephrectomy rats and sham rats were donors of gut microbiota for the following experiment (Figure 1A).


[image: image]

FIGURE 1
The graphical scheme of the animal experiment. (A) Preparation of donor-rats for fecal microbiota transplantation. (B) Experimental design of fecal microbiota transplantation.


For FMT preparation, donor rats were placed in empty autoclaved cages (without bedding) and allowed to defecate freely. Donor feces were obtained simultaneously from all donor rats in each group, rather than from individual rat. Only feces that were not contaminated with pee were collected from the two groups of rats. Two sets of fecal samples from donors were placed on ice during the collection. After being returned to the laboratory, a final dilution with sterile saline (1:5, m: v) is performed in a sterile setting. Finally, fecal suspensions were mixed with 10% sterile glycerol and stored at –80°C until further analyzed.



Experimental design of fecal microbiota transplantation

To determine whether FMT has beneficial effect on mild CKD, 26-week-old rats were randomly subjected to 1/2 nephrectomy (to remove one kidney, n = 15) or sham surgery (Sham group, only one operation, n = 5). After 1-week operation convalescent period, 10 rats in the 1/2 nephrectomy group were treated with a 3-week course of mixed antibiotics treatment (ampicillin, metronidazole, neomycin, and vancomycin according to the ratio 2:2:2:1) to deplete gut microbiota (Wang et al., 2011). During antibiotic treatment, the feces of antibiotic-treated rats were collected weekly for confirmation of intestinal sterility. After determining intestinal sterility, rats treated with antibiotics were randomly assigned into two FMT recipient groups. One group received intestinal flora from Donor Sham (CKD/Sham, n = 5) and the other received intestinal flora from Donor CKD (CKD/CKD, n = 5). FMT was performed by gavage daily (1 mL, once per day) for 3 weeks. The remaining 1/2 nephrectomy rats served as model control, while sham-operated rats served as healthy control for 1/2 nephrectomy rats (Figure 1B).



Metabolic parameters

Body weight, serum level of creatinine (Crea), blood urea nitrogen (BUN), and PBUTs were measured. From the beginning to the end of FMT, serum renal function indicators were measured weekly. Each group of rats was fasted overnight prior to blood collection. Crea and BUN contents were evaluated using a BS-420 automated biochemical analyzer (Mindray, China). Six main PBUTs in serum such as indoxyl sulfate (IS), p-cresyl sulfate (PCS), phenyl sulfate (PS), hippuric acid, trimethylamine N-oxide (TMAO), and phenylacetyl glycine, were measured at the experimental end point by Bruker RP-HPLC with a Waters HSS T3 column (2.1 × 100 mm, 1.8 μm) (Wang et al., 2020). The quantitation of PBUTs was performed by constructing calibration curves using the standard PBUTs (TRC, Inc., CA, and San Diego, USA).



Microbiota analyses

In this study, the gene abundance and functional pathways at the taxonomic level for every bacterial species were determined using metagenomic sequencing of all genes present in the gut microbiome. The raw data was analyzed by online platform. (Majorbio Biomedical Technologies Ltd., China) (Ren et al., 2022).

And then, the raw reads from metagenome sequencing were removed adaptor sequences, trimmed and quality-controlled to generate the clean reads using “fastp” (Chen et al., 2018) on the free online platform of Majorbio Cloud Platform. Using the de Bruijn graphs–based assembler MEGAHIT (Li et al., 2015), these high-quality reads were subsequently combined into contigs. As a final result, contigs with the length being or more than 300 bp were selected.

Representative sequences of the non-redundant gene catalog were annotated using the blastp program of DIAMOND v0.9.19 against the NCBI NR database with an e-value cutoff of 1e–5 (Buchfink et al., 2015). With the same e-value cutoff, the metabolic and functional pathways were annotated based on the KEGG databases by running Diamond against the Kyoto Encyclopedia of Genes and Genomes.



Histological analyses

Part of the kidney was put in 4% paraformaldehyde at room temperature for 24 h (Servicebio, China) and paraffin-embedded. Hematoxylin & eosin (H&E), Masson, and PASM stains were done using staining kits (Servicebio, China) after 5-μm thick slices were cut. After staining, the tissue structure was observed under a light microscope and recorded.



Western blot

Kidney protein was extracted using total protein extraction kit (BestBio, China). The concentration of protein extract was determined using standard BCA method (Beyotime, China). Proteins were loaded onto 5–8% gradient SDS-PAGE gels (CWBIO, China) for electrophoresis and transferred to PVDF membranes (0.45 μm, Millipore, US). And then the membranes were treated overnight at 4°C with the primary antibody against NADPH oxidase (ab133303, 1:2,000, Abcam, US). Next, membranes were washed and treated with secondary antibodies linked to horseradish peroxidase (A0208, 1:1,000, Beyotime Biotechnology, China). Subsequently, enhanced chemiluminescence compounds were used to create signals (EMD Millipore, US).



Statistical analysis

Results were expressed as mean ± SEM, and data analysis was performed using SPSS 21.0 software. Differences between groups were analyzed by t-test and one-way ANOVA. Free online platform Majorbio Cloud1 was used for metagenome analysis. Microbiota data were analyzed and graphed by the non-parametric tests Kruskal-Wallis sum rank test and Wilcoxon rank sum test. P < 0.05 was considered statistically significant.




Results


Alteration in gut microbial composition was associated with chronic kidney disease

To confirm the establishment of the Donor CKD model, the physiological indicators associated with the nephropathy were observed. The Body weight of Donor CKD was lower than Sham group with significant difference (P < 0.05) (Figure 2A). Moreover, serum BUN and Crea levels were nearly twice as high in the Donor CKD group as in the Donor Sham group (P < 0.05) (Figures 2B,C). Pathological signs of renal damage and fibrosis were also evaluated. In the Donor CKD group, staining revealed tubular atrophy, glomerular sclerosis, interstitial infiltration, and overall renal fibrosis (Figure 2D). Finally, rats in CKD showed significant increased NADPH oxidase activity (P < 0.05), suggesting greater renal oxidative damage (Figure 2E). These observations indicate that CKD donor model was successfully established.
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FIGURE 2
Changes in various indicators after successful establishment of a kidney disease model. (A) Body weight. (B) BUN. (C) Crea. (D) Histology of kidney tissue stained with H&E, PASM, and Masson. (E) Western blot results for NADPH oxidase. The data is presented as means ± SEM. Donor Sham, n = 5; Donor CKD, n = 5. *p < 0.05.


To corroborate the taxonomic features of the intestinal flora between CKD and normal rats, metagenomic analysis on donors was performed (Figure 3). A total of 16,152 species-related metagenomic findings were collected. A Circos plot clearly showed that differing amounts of the same species appearing between Donor CKD and Donor Sham (Figure 3A). Furthermore, the principal component analysis (PCA) plots showed that the colony flora of the Donor CKD and Donor Sham were separated suggesting differences in bacterial composition (PERMANOVA P < 0.05) (Figure 3B). Statistical analysis by differential microbiota revealed that species most different in Donor Sham included Lactobacillus johnsonii and Lactobacillus intestinalis (P < 0.05), while Anaerotruncus sp. 1XD22-93 and Bacteroides uniformis were most enriched in Donor CKD (P < 0.05) (Figure 3C). Taken together, rats with CKD had significantly different gut flora from healthy rats.
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FIGURE 3
Differences in gut microbiota between Donor CKD and Donor Sham rats. (A) Circos sample-species relationship map. (B) PCA plots of species-level metagenomic expression (PERMANOVA P < 0.05). (C) Differential microbial species (Wilcoxon rank sum test). The vertical coordinates indicate the species names at different taxonomic levels, and the horizontal coordinates indicate the percentage value of the abundance of a species for that sample, with different colors indicating different groupings. Donor Sham, n = 5; Donor CKD, n = 5. *P < 0.05.




Disturbance in chronic kidney disease intestinal flora led to changes in bacterial amino acid metabolism and accumulation of protein-bound uremic toxins

Major PBUTs were accumulated and showed a significant fold increase (P < 0.05) with renal failure in Donor CKD group (Figure 4A). A strong relationship was discovered between intestinal metagenomic species (MGSs) and serum PBUT levels (r = 0.45286, P = 0.008) through analysis of two donor groups (Table 1). The KEGG functional sequences in MGSs were matched to the KEGG database for amino acid metabolism since PBUT production is connected to colon bacteria amino acid metabolism (r = 0.42612, P = 0.022) (Table 1). Results showed that gut microbiota amino acid metabolism differed significantly between Donor CKD and Donor Sham (Figure 4B). Based on differential analysis, the tryptophan metabolism reported to be linked to PBUTs was dramatically elevated in the Donor CKD group (P < 0.05) (Figure 4C). The more surprising correlation was the significant variations in lysine-related metabolism between Donor CKD and Donor Sham group (Figure 4C). Lysine biosynthesis was significantly enriched in Donor Sham group (P < 0.05), whereas lysine degradation was higher in Donor CKD group (P < 0.05). These results suggested that lysine metabolism, similar to tryptophan metabolism, played an equally important role in CKD. Taken together, these data indicate that variations in PBUTs are closely related to changes in amino acid metabolism caused by differences in intestinal flora.
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FIGURE 4
Differences in bacterial amino acid metabolism associated with the KEGG database between Donor CKD and Donor Sham rats. (A) PBUTs levels after successful establishment of a kidney disease model. (B) PCA plots of amino acid metabolism expression (PERMANOVA P < 0.05). (C) Differential amino acid metabolism pathways in gut microbiota (Wilcoxon rank sum test). The vertical coordinates indicate the KEGG function names at different classification levels, and the horizontal coordinates indicate the percentage value of a particular KEGG function abundance for that sample, with different colors indicating different groupings. Donor Sham, n = 5; Donor CKD, n = 5. *P < 0.05.



TABLE 1    Correlation of mantel test in donors.
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Fecal microbiota transplantation restored normal fecal composition in chronic kidney disease

After confirming the alteration of intestinal flora in rats with CKD, we examined whether FMT might restore the intestinal microbiota. The intestinal flora between recipients and donors reached homogeneity (PERMANOVA P < 0.05) after 1 week of FMT (Figure 5A). Furthermore, MGSs natural clustering were perfectly congruent with the experimental design grouping, indicating that the flora was significantly distinct across experimental groups and that donor flora were effectively colonized in recipients by FMT (Figure 5B). Meanwhile, the high abundance of Lactobacillus johnsonii and Lactobacillus intestinalis were colonized in the CKD/Sham group, but Anaerotruncus sp. 1XD22-93 and Bacteroides uniformis enriched in CKD/CKD group by heat map, suggesting that FMT successfully colonized the dominant bacteria in the organism (Figure 5B). Further analysis showed that the recipient has inherited, respectively, the characteristic bacteria from the donors, which differed significantly between two recipients (Figures 6A,B,E). By comparing the two recipient groups with the CKD group, the main flora differences were also reflected in the characteristic strains of the donors, respectively (Figures 6C,F). Moreover, compared to the Sham group, CKD/Sham could result in similar levels of strain abundance to Sham after FMT even though renal damage existed (Figure 6G). At the same time, comparisons of the CKD/CKD and Sham groups showed similar results to those of Donor CKD and Donor Sham (Figures 3C, 6D). In summary, FMT effectively modifies the original intestinal flora structure by donor gut microbiome.
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FIGURE 5
MGS changes after successful FMT. (A) PCA plots of species-level metagenomic expression (PERMANOVA p < 0.05). (B) Heat map of hierarchical clustering analysis of the differentially expressed species. The sample name and species name are shown on the lower and right side of the heat map, respectively, and the species clustering tree and sample clustering tree are shown on the left and upper side if cluster analysis was performed, respectively. The scale of the heat map means z-score.
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FIGURE 6
Differentially expressed species abundance among rats. (A) CKD/CKD VS Donor CKD. (B) CKD/CKD VS CKD/Sham. (C) CKD/CKD VS CKD. (D) CKD/CKD VS Sham. (E) CKD/Sham VS Donor Sham. (F) CKD/Sham VS Sham. (G) CKD/Sham VS CKD. The data is presented as means ± SEM. Donor Sham, n = 5; Donor CKD, n = 5; CKD/CKD, n = 5; CKD/Sham, n = 5; Sham, n = 5; CKD, n = 5. *P < 0.05.




Fecal microbiota transplantation led to distinct amino acid metabolism

Similarly, the bacteria amino acid metabolism was strongly inherited (Figures 7A,B,F). The expressions of metabolic pathways involved in lysine breakdown and tryptophan metabolism were considerably elevated in CKD/CKD group (Figures 7C–E). Moreover, biosynthesis of lysine was active in all groups (Donor Sham, CKD/Sham, and Sham) of rats with healthy colonies and remained in same levels (Figures 7E–H). The more surprising correlation was in the CKD group. In the final analysis, a comparison of findings indicated that the abundance of amino acid metabolism in CKD was comparable to the level in CKD/Sham not in CKD/CKD. Based on this data, it was evident that abnormalities of intestinal amino acid metabolism in mild CKD develop slowly, but dysbiosis bacteria can cause rapid disruption of intestinal amino acid metabolism in mild CKD. Conversely, maintaining a normal intestinal flora can inhibit the abnormalities of intestinal amino acid metabolism in CKD. Therefore, timely correction of intestinal flora disorders in CKD can effectively prevent disturbances of bacterial amino acid metabolism from exacerbating disease progression.
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FIGURE 7
Changes in bacterial amino acid metabolism associated with the KEGG database after FMT. (A) PCA plots of amino acid metabolism expression (PERMANOVA P < 0.05). (B–H) Differentially expressed amino acid metabolism pathway abundance among rats. (B) CKD/CKD VS Donor CKD. (C) CKD/CKD VS CKD/Sham. (D) CKD/CKD VS CKD. (E) CKD/CKD VS Sham. (F) CKD/Sham VS Donor Sham. (G) CKD/Sham VS Sham. (H) CKD/Sham VS CKD. The data is presented as means ± SEM. Donor Sham, n = 5; Donor CKD, n = 5; CKD/CKD, n = 5; CKD/Sham, n = 5; Sham, n = 5; CKD, n = 5. *P < 0.05.




Fecal microbiota transplantation reduced the accumulation of protein-bound uremic toxins in chronic kidney disease

PBUTs in each group were at different level in the end of study (Figure 8A). PBUTs levels were substantially linked to flora in all groups following FMT (r = 0.31014, P = 0.004) (Table 2). The correlation heat map revealed that the effective colonization of main different bacteria (such as Lactobacillus johnsonii and Lactobacillus intestinalis) in healthy rats was significantly negative correlated with PBUTs (P < 0.05) (Figure 8B). In contrast, the dominant bacterium in CKD, Bacteroides uniformis, was strongly associated with increased PBUTs (P < 0.05) (Figure 8B). Thus, PBUTs in healthy colony receivers remained at the same level as in Sham, but the PBUTs in diseased flora recipients were substantially higher than others (P < 0.05) (Figure 8A). At the end of the experiment, the PBUT content of rats in the CKD group was significantly different from the other groups, but the numerical values were more nearly to CKD/Sham or Sham than to the CKD/CKD group. Such a trend was identical to the trend in amino acid metabolism in the intestinal flora of each group of rats at 1 week of FMT. Meanwhile, correlation heatmap between colonic flora amino acid metabolism and PBUTs once again validated the contribution of tryptophan metabolism and lysine degradation to the accumulation of PBUTs (Figure 8C). In summary, disrupted intestinal flora and aberrant bacterial amino acid metabolism enhance the accumulation of PBUTs in CKD, whereas FMT can correct the disturbance of the intestinal microenvironment to reduce the accumulation of PBUTs.
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FIGURE 8
(A) PBUTs levels after FMT. The data is presented as means ± SEM. n = 5. *VS Sham group P < 0.05, #VS group CKD P < 0.05. (B) Correlation heatmap between environmental factors and species with 1/2 nephrectomized after successful FMT. The X and Y axes are environmental factors and species, respectively, and the correlation coefficient R-values and the corresponding P-values were obtained by calculation. The R-values are shown in different colors in the figure, P < 0.05 is marked with *, and the right-hand legend shows the color intervals of different R-values. The clustering of species and environmental factors, respectively, is shown on the left and upper side of the figure. (C) Correlation heatmap between amino acid metabolism function and PBUTs with rats after successful FMT. The X and Y axes are environmental factors and amino acid metabolism function, respectively, and the correlation coefficient R-values and the corresponding P-values were obtained by calculation. The R-values are shown in different colors in the figure, P < 0.05 is marked with *, and the right-hand legend shows the color intervals of different R-values. The clustering of amino acid metabolism function and environmental factors, respectively, is shown on the left and upper side of the figure.



TABLE 2    Correlation of mantel test between gut microbiota and toxins after FMT.

[image: Table 2]



Kidney function was improved by transplanting normal flora

To evaluate the effect of FMT in CKD, the typical serum renal function indicators and histologic changes of kidney were measured. Results showed that rats received the malignant CKD colony exhibited considerable weight loss (P < 0.05), and the residual kidney exhibited hyperplasia (P < 0.05) (Figures 9A,B). One week after FMT, BUN and Crea levels of CKD/CKD group were close to those at the experimental end point in CKD group, and their renal function continued to decline over time (P < 0.05) (Figures 9C,D). Interestingly, in the same half-nephrectomized rats received the normal flora, kidney function did not appear to deteriorate and remained consistently at a similar level to the Sham group (Figures 9A–D). In agreement with the physiological parameters, CKD/Sham exhibited almost no histological damage of kidney. There was no vacuolar degeneration or apoptosis in renal cells and no pronounced glomerular shrinkage or cystic dilatation. Also, CKD-induced renal interstitial fibrosis was notably attenuated (Figure 9E). Moreover, significant decrease in NADPH oxidase protein level was observed in both CKD/Sham and Sham groups compared to CKD or CKD/CKD groups indicating that there was no sign of oxidative damage in CKD/Sham group (Figure 9F). In general, CKD related physiological indicators of rats exposed to healthy colonies showed no deterioration with time and remained at normal level.
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FIGURE 9
Changes of renal function related indicators after successful FMT. (A) Body weight. (B) Left kidney viscera index. (C) BUN. (D) Crea. (E) Histology of kidney tissue stained with H&E, PASM, and Masson. (F) Western blot results for NADPH oxidase. The data is presented as means ± SEM. n = 5. *VS Sham group P < 0.05, #VS group CKD P < 0.05.





Discussion

It is becoming interesting that the interaction between host and its gut microbiota has important effect on the health of host (Valdes et al., 2018). Different microbiota in colon produces different PBUTs (Aronov et al., 2011; Wong et al., 2014; Fogelman, 2015; Tanaka et al., 2015), which are harmful to organs especially kidney (Bammens et al., 2006; Itoh et al., 2012; Ramezani et al., 2016). In the current study, we found that FMT from normal flora could improve gut microbial dysbiosis and change metabolite profiles, which could alleviate kidney damage and slow the progression of CKD.

Disturbance of intestinal flora existed in CKD and long-term flora disturbance will promote the deterioration of CKD (Mahmoodpoor et al., 2017). The harmful bacteria keep accumulating in colon as the progress of CKD (Al Khodor and Shatat, 2017). Therefore, severe CKD donor was simulated by 5/6 nephrectomy to explore accurate CKD representative bacteria. And through analyzing metagenomics between Donor CKD and CKD/CKD, it was found that Anaerotruncus sp. 1XD22-93 and Bacteroides uniformis may be involved in CKD bacterial dysbiosis. Bacteroides uniformis has previously been found to generate beta-lactamase (Tajima et al., 1983). And in earlier research findings, beta-lactamase could induce nephritis (Yousefichaijan et al., 2018). Meanwhile, in a separate investigation with the similar results, in patients with CKD, the enrichment of PBUTs increased as the number of Bacteroides uniformis increased, however, the underlying mechanism was unknown (Shivani et al., 2022). These findings all suggest that Bacteroides uniformis play a more critical role in CKD. At the same time, Lactobacillus johnsonii and Lactobacillus intestinalis were shown to be the most important contributing species in healthy colon compared to rats with renal disease. In a recent study, Lactobacillus johnsonii was shown to be able to reduce inflammatory response in human (Marcial et al., 2017). Results suggested that Lactobacillus johnsonii inhibited the microbial metabolism of tryptophan, preventing tryptophan from being transformed into harmful PBUTs and allowing it to be absorbed directly by the body. It indicated that in CKD, maintaining the homeostasis of Lactobacillus johnsonii may reduce the microbial metabolism of tryptophan, hence decreasing its conversion to toxic metabolites. Thus, Lactobacillus johnsonii deficiency may exacerbate the progress of CKD. Importantly, deficiencies of these beneficial species in the intestinal flora of CKD rats can be reversed by FMT from normal flora. Taken together, enrichment of harmful bacteria and loss of beneficial bacteria are the main flora characteristics of CKD, which are committed to the deterioration of CKD. Nevertheless, FMT from normal flora to renal disease can effectively colonize beneficial bacteria to reduce organism damage.

Pathogenic metabolome changes caused by alteration in the microbiome have been given a lot of attention in research on renal health (Chen et al., 2019; Wang et al., 2020; Wu et al., 2020). It is advantageous to understand their links in order to decrease the course of CKD. In a normal environment for gut flora, the gut flora metabolism creates few precursors of PBUTs (e.g., indole, p-cresol, and phenol). Nevertheless, the gut flora disrupted by CKD increases a large number of PBUTs precursors. These compounds are absorbed by gut and hasten the buildup of PBUTs in blood (Wang et al., 2020). According to previous research, these precursors are mostly produced from aromatic amino acids (Wikoff et al., 2009). To confirm that FMT modifies the whole gut microenvironment amino acid metabolic due to affecting the intestinal flora, we examined the amino acid metabolic pathway of KEGG in both the donor and recipient flora of FMT. Our results indicated that FMT of CKD/Sham group could effectively suppress the previously observed tryptophan metabolism related with the generation of PBUTs. Moreover, it was firstly discovered that lysine biosynthesis was highly active in normal gut flora, but lysine degradation was predominant in CKD. And in CKD/Sham group, FMT could reduce lysine degradation and boost lysine biosynthesis. Lysine is not involved in the synthesis of toxins, but is diuretic and promotes the elimination of toxins (Rubin et al., 1960). In addition, studies have shown that lysine administration provides renal protection in salt-sensitive hypertension (Rolleman et al., 2008; Rinschen et al., 2022). Thus, the significantly increased abundance of lysine degradation in the gut flora also contributes to worsening subsequent CKD. In our experiments, FMT from normal intestinal feces effectively replicated the enhanced synthesis of lysine in the donor flora and inhibited lysine degradation, thereby delaying the progression of CKD. Our data provide new ideas that inhibiting lysine degradation may reduce PBUTs, as opposed to the only reduction in tryptophan metabolism for PBUTs suppression. At the early stage of CKD, reducing PBUTs from their source can prevent the progression of CKD. In conclusion, FMT from normal feces enables beneficial bacteria to colonize in colon and the amino acid metabolic microenvironment is improved, leading to less metabolic load on kidney.

Several studies have been dedicated to reducing PBUT levels in CKD. However, only some kinds of toxins in PBUTs could be reduced and it’s hard to get back to normal level (Furuse et al., 2014; Guida et al., 2014; Ali et al., 2016; Rossi et al., 2016). Excitingly, our results showed that FMT was effective in maintaining blood main PBUTs at normal levels in CKD. Meanwhile, in the trial conducted by Barba et al. (2020) therapy of adenine-induced CKD with FMT from normal bacteria resulted in an improvement in PBUTs but did not prevent renal damage. This outcome is due to the fact that the effective development of a CKD model using adenine is a very violent procedure. When the model is effectively formed, the kidney is already seriously injured, and future deterioration is restricted (Diwan et al., 2018). In order to prevent such an occurrence, we have made a surgical mold by 1/2 nephrectomy, which ensures the lack of kidney function but also is easy to observe whether the remaining kidney transforms from a healthy to a sick one. By the end of the first week of our 3-week FMT, colonization of the flora was confirmed. At this time, in the CKD/Sham group, neither BUN nor Crea was elevated, and both of them always remained same levels over the ensuing 2-week course of the illness. In addition, kidneys showed no histological abnormalities at the end of the trial. In contrast, in CKD and CKD/CKD groups, the kidneys are in a state of continuous deterioration. Taken together, the therapeutic impact of FMT on CKD was not temporary but long-lasting. In the absence of significant organic lesions in CKD, FMT from normal flora prevents renal degeneration by reducing the accumulation of PBUTs in the blood. This suggests that FMT has the potential to be used clinically for long-term relief of CKD.

The findings of this experiment imply that FMT can be used to prevent CKD patients from acquiring malignant lesions, particularly without organic disease. Recent research has resulted in the establishment of uniform rules, processes for standardized donor selection, and procedures for standardized microbiological screening for stool preparation (Giles et al., 2019). The application of FMT is also becoming a more viable option. However, the limitation of this study was that the mechanism of protection was not explored further. This will also be a new entry point for future research on the treatment of CKD.



Conclusion

In conclusion, the findings of this study indicate that restoring the intestinal environment with FMT is an effective therapy for CKD. FMT lowers the accumulation of PBUTs in the host by rectifying the gut microbiota amino acid metabolism, hence reducing the progression of CKD. Our findings also imply that inhibition of lysine degradation could be a therapeutic target for the reduction of PBUTs. In general, our data provide crucial evidence for the FMT treatment of CKD patients.



Data availability statement

The original contributions presented in this study are publicly available. This data can be found at: NCBI repository, BioProject accession number: PRJNA874518.



Ethics statement

The animal study was reviewed and approved by the Animal Experimentation Ethics Committee of the China Agricultural University.



Author contributions

XL, XFW, XYW, and FR: conceptualization. XL, MZ, and YL: methodology. XL, PL, and LW: investigation. XL: formal analyses and writing—original draft. XL and MZ: visualization. MZ: validation. XFW: data curation. XL, MZ, XYW, and FR: writing—review and editing. XYW: project administration. FR: supervision. All authors have read and agreed to the published version of the manuscript.



Funding

This study was funded by the National Natural Science Foundation of China (Grant No. 32001676).



Acknowledgments

We are sincerely grateful to all authors for their valuable discussions.



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.


Footnotes

1     http://cloud.majorbio.com


References

Al Khodor, S., and Shatat, I. F. (2017). Gut microbiome and kidney disease: A bidirectional relationship. Pediatr. Nephrol. 32, 921–931.

Ali, B. H., Al Za, M., Adham, S. A., Yasin, J., Nemmar, A., and Schupp, N. (2016). Therapeutic effect of chrysin on adenine-induced chronic kidney disease in rats. Cell. Physiol. Biochem. 38, 248–257. doi: 10.1159/000438626

Aronov, P. A., Luo, F. J. G., Plummer, N. S., Quan, Z., Holmes, S., Hostetter, T. H., et al. (2011). Colonic contribution to uremic solutes. J. Am. Soc. Nephrol. 22, 1769–1776.

Bammens, B., Evenepoel, P., Keuleers, H., Verbeke, K., and Vanrenterghem, Y. (2006). Free serum concentrations of the protein-bound retention solute p-cresol predict mortality in hemodialysis patients. Kidney Int. 69, 1081–1087. doi: 10.1038/sj.ki.5000115

Barba, C., Soulage, C. O., Caggiano, G., Glorieux, G., Fouque, D., and Koppe, L. (2020). Effects of fecal microbiota transplantation on composition in mice with CKD. Toxins 12:741. doi: 10.3390/toxins12120741

Bikbov, B., Purcell, C. A., Levey, A. S., Smith, M., Abdoli, A., Abebe, M., et al. (2020). Global, regional, and national burden of chronic kidney disease, 1990–2017: A systematic analysis for the global burden of disease study 2017. Lancet 395, 709–733.

Buchfink, B., Xie, C., and Huson, D. H. (2015). Fast and sensitive protein alignment using DIAMOND. Nat. Methods 12, 59–60.

Cai, T. T., Ye, X. L., Li, R. R., Chen, H., Wang, Y. Y., Yong, H. J., et al. (2020). Resveratrol modulates the gut microbiota and inflammation to protect against diabetic nephropathy in mice. Front. Pharmacol. 11:1249. doi: 10.3389/fphar.2020.01249

Chen, L., Shi, J., Ma, X., Shi, D., and Qu, H. (2022). Effects of microbiota-driven therapy on circulating indoxyl sulfate and p-cresyl sulfate in patients with chronic kidney disease: A systematic review and meta-analysis of randomized controlled trials. Adv. Nutr. 13, 1267–1278. doi: 10.1093/advances/nmab149

Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018). fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560

Chen, Y. Y., Chen, D. Q., Chen, L., Liu, J. R., Vaziri, N. D., Guo, Y., et al. (2019). Microbiome–metabolome reveals the contribution of gut–kidney axis on kidney disease. J. Transl. Med. 17, 1–11. doi: 10.1186/s12967-018-1756-4

Chung, S., Barnes, J. L., and Astroth, K. S. (2019). Gastrointestinal microbiota in patients with chronic kidney disease: A systematic review. Adv. Nutr. 10, 888–901.

D’Haens, G. R., and Jobin, C. (2019). Fecal microbial transplantation for diseases beyond recurrent clostridium difficile infection. Gastroenterology 157, 624–636.

Diwan, V., Brown, L., and Gobe, G. C. (2018). Adenine-induced chronic kidney disease in rats. Nephrology 23, 5–11.

Fogelman, A. M. (2015). TMAO is both a biomarker and a renal toxin. Circ. Res. 116, 396–397. doi: 10.1161/CIRCRESAHA.114.305680

Furuse, S. U., Ohse, T., Jo-Watanabe, A., Shigehisa, A., Kawakami, K., Matsuki, T., et al. (2014). Galacto-oligosaccharides attenuate renal injury with microbiota modification. Physiol. Rep. 2:e12029. doi: 10.14814/phy2.12029

Giles, E. M., D’Adamo, G. L., and Forster, S. C. (2019). The future of faecal transplants. Nat. Rev. Microbiol. 17, 719–719.

Goolsby, M. J. (2002). National kidney foundation guidelines for chronic kidney disease: Evaluation, classification, and stratification. J. Am. Acad. Nurse Pract. 14, 238–242.

Gryp, T., De Paepe, K., Vanholder, R., Kerckhof, F. M., Van Biesen, W., Van de Wiele, T., et al. (2020). Gut microbiota generation of protein-bound uremic toxins and related metabolites is not altered at different stages of chronic kidney disease. Kidney Int. 97, 1230–1242.

Guida, B., Germanò, R., Trio, R., Russo, D., Memoli, B., Grumetto, L., et al. (2014). Effect of short-term synbiotic treatment on plasma p-cresol levels in patients with chronic renal failure: A randomized clinical trial. Nutr. Metab. Cardiovasc. Dis. 24, 1043–1049. doi: 10.1016/j.numecd.2014.04.007

Han, C., Jiang, Y. H., Li, W., and Liu, Y. (2021). Astragalus membranaceus and Salvia miltiorrhiza ameliorates cyclosporin A-induced chronic nephrotoxicity through the “gut-kidney axis”. J. Ethnopharmacol. 269:113768. doi: 10.1016/j.jep.2020.113768

Itoh, Y., Ezawa, A., Kikuchi, K., Tsuruta, Y., and Niwa, T. (2012). Protein-bound uremic toxins in hemodialysis patients measured by liquid chromatography/tandem mass spectrometry and their effects on endothelial ROS production. Anal. Bioanal. Chem. 403, 1841–1850. doi: 10.1007/s00216-012-5929-3

Jha, V., Garcia-Garcia, G., Iseki, K., Li, Z., Naicker, S., Plattner, B., et al. (2013). Chronic kidney disease: Global dimension and perspectives. Lancet 382, 260–272.

Lauriero, G., Abbad, L., Vacca, M., Celano, G., Chemouny, J. M., Calasso, M., et al. (2021). Fecal microbiota transplantation modulates renal phenotype in the humanized mouse model of IgA nephropathy. Front. Immunol. 12:694787. doi: 10.3389/fimmu.2021.694787

Li, D., Liu, C. M., Luo, R., Sadakane, K., and Lam, T. W. (2015). MEGAHIT: An ultra-fast single-node solution for large and complex metagenomics assembly via succinct de Bruijn graph. Bioinformatics 31, 1674–1676. doi: 10.1093/bioinformatics/btv033

Li, Y., Su, X., Gao, Y., Lv, C., Gao, Z., Liu, Y., et al. (2020). The potential role of the gut microbiota in modulating renal function in experimental diabetic nephropathy murine models established in same environment. Biochim. Biophys. Acta Mol. Basis Dis. 1866:165764. doi: 10.1016/j.bbadis.2020.165764

Mahmoodpoor, F., Saadat, Y. R., Barzegari, A., Ardalan, M., and Vahed, S. Z. (2017). The impact of gut microbiota on kidney function and pathogenesis. Biomed. Pharmacother. 93, 412–419.

Marcial, G. E., Ford, A. L., Haller, M. J., Gezan, S. A., Harrison, N. A., Cai, D., et al. (2017). Lactobacillus johnsonii N6. 2 modulates the host immune responses: A double-blind, randomized trial in healthy adults. Front. Immunol. 8:655. doi: 10.3389/fimmu.2017.00655

Meyer, T. W., and Hostetter, T. H. (2007). Uremia. N. Engl. J. Med. 357, 1316–1325.

Mishima, E., Fukuda, S., Mukawa, C., Yuri, A., Kanemitsu, Y., Matsumoto, Y., et al. (2017). Evaluation of the impact of gut microbiota on uremic solute accumulation by a CE-TOFMS–based metabolomics approach. Kidney Int. 92, 634–645. doi: 10.1016/j.kint.2017.02.011

Ramezani, A., Massy, Z. A., Meijers, B., Evenepoel, P., Vanholder, R., and Raj, D. S. (2016). Role of the gut microbiome in uremia: A potential therapeutic target. Am. J. Kidney Dis. 67, 483–498.

Ren, Y., Yu, G., Shi, C., Liu, L., Guo, Q., Han, C., et al. (2022). Majorbio cloud: A one-stop, comprehensive bioinformatic platform for multiomics analyses. iMeta 1:e12.

Rinschen, M. M., Palygin, O., El-Meanawy, A., Domingo-Almenara, X., Palermo, A., Dissanayake, L. V., et al. (2022). Accelerated lysine metabolism conveys kidney protection in salt-sensitive hypertension. Nat. Commun. 13, 1–17. doi: 10.1038/s41467-022-31670-0

Rolleman, E. J., Bernard, B. F., Breeman, W. A. P., Forrer, F., de Blois, E., Hoppin, J., et al. (2008). Molecular imaging of reduced renal uptake of radiolabelled [DOTA0, Tyr3] octreotate by the combination of lysine and gelofusine in rats. Nuklearmedizin 47, 110–115.

Rossi, M., Johnson, D. W., Morrison, M., Pascoe, E. M., Coombes, J. S., Forbes, J. M., et al. (2016). Synbiotics easing renal failure by improving gut microbiology (SYNERGY): A randomized trial. Clin. J. Am. Soc. Nephrol. 11, 223–231.

Rubin, A. L., Spritz, N., Mead, A. W., Herrmann, R. A., Braveman, W. S., and Luckey, E. H. (1960). The use of L-lysine monohydrochloride in combination with mercurial diuretics in the treatment of refractory fluid retention. Circulation 21, 332–336. doi: 10.1161/01.cir.21.3.332

Shivani, S., Kao, C. Y., Chattopadhyay, A., Chen, J. W., Lai, L. C., Lin, W. H., et al. (2022). Uremic toxin-Producing Bacteroides species prevail in the gut microbiota of Taiwanese CKD patients: An analysis using the New Taiwan microbiome baseline. Front. Cell. Infect. Microbiol. 12:726256. doi: 10.3389/fcimb.2022.726256

Singh, R., Van Nood, E., Nieuwdorp, M., Van Dam, B., Ten Berge, I. J. M., Geerlings, S. E., et al. (2014). Donor feces infusion for eradication of extended spectrum beta-lactamase producing Escherichia coli in a patient with end stage renal disease. Clin. Microbiol. Infect. 20, O977–O978. doi: 10.1111/1469-0691.12683

Sirich, T. L., and Meyer, T. W. (2018). Intensive hemodialysis fails to reduce plasma levels of uremic solutes. Clin. J. Am. Soc. Nephrol. 13, 361–362. doi: 10.2215/CJN.00950118

Tajima, M., Sawa, K., Watanabe, K., and Ueno, K. (1983). The β-lactamases of genus Bacteroides. J. Antibiot. 36, 423–428.

Tanaka, H., Sirich, T. L., Plummer, N. S., Weaver, D. S., and Meyer, T. W. (2015). An enlarged profile of uremic solutes. PLoS one 10:e0135657. doi: 10.1371/journal.pone.0135657

Valdes, A. M., Walter, J., Segal, E., and Spector, T. D. (2018). Role of the gut microbiota in nutrition and health. BMJ 361:k2179.

Vaziri, N. D., Wong, J., Pahl, M., Piceno, Y. M., Yuan, J., DeSantis, T. Z., et al. (2013). Chronic kidney disease alters intestinal microbial flora. Kidney Int. 83, 308–315.

Wang, X., Yang, S., Li, S., Zhao, L., Hao, Y., Qin, J., et al. (2020). Aberrant gut microbiota alters host metabolome and impacts renal failure in humans and rodents. Gut 69, 2131–2142. doi: 10.1136/gutjnl-2019-319766

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.

Wikoff, W. R., Anfora, A. T., Liu, J., Schultz, P. G., Lesley, S. A., Peters, E. C., et al. (2009). Metabolomics analysis reveals large effects of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. U.S.A. 106, 3698–3703.

Wong, J., Piceno, Y. M., DeSantis, T. Z., Pahl, M., Andersen, G. L., and Vaziri, N. D. (2014). Expansion of urease-and uricase-containing, indole-and p-cresol-forming and contraction of short-chain fatty acid-producing intestinal microbiota in ESRD. Am. J. Nephrol. 39, 230–237. doi: 10.1159/000360010

Wu, I. W., Gao, S. S., Chou, H. C., Yang, H. Y., Chang, L. C., Kuo, Y. L., et al. (2020). Integrative metagenomic and metabolomic analyses reveal severity-specific signatures of gut microbiota in chronic kidney disease. Theranostics 10:5398. doi: 10.7150/thno.41725

Yamamoto, S., Kazama, J. J., Omori, K., Matsuo, K., Takahashi, Y., Kawamura, K., et al. (2015). Continuous reduction of protein-bound uraemic toxins with improved oxidative stress by using the oral charcoal adsorbent AST-120 in haemodialysis patients. Sci. Rep. 5, 1–8. doi: 10.1038/srep14381

Yousefichaijan, P., Rezagholizamenjany, M., Safi, F., Rafiei, F., and Arjmand, A. (2018). Detection of extended-spectrum beta-lactamases in Escherichia coli isolates and it’s correlation with vesicoureteral reflux nephropathy. Arch. Pediatr. Infect. Dis. 6:e12101.

Zhao, J., Bai, M., Yang, X., Wang, Y., Li, R., and Sun, S. (2021). Alleviation of refractory IgA nephropathy by intensive fecal microbiota transplantation: The first case reports. Ren. Fail. 43, 928–933. doi: 10.1080/0886022X.2021.1936038













	 
	

	TYPE Original Research
PUBLISHED 30 November 2022
DOI 10.3389/fmicb.2022.900021





Scrophulariae Radix-Atractylodes sinensis pair and metformin inhibit inflammation by modulating gut microbiota of high-fat diet/streptozotocin-induced diabetes in rats

Xiaoxia Guo1, Chong Wang1, Ranran Zhang1, Xuliang Hao2*, Lei Lv1, Yan Ni1, Xiaohong Fan1, Weiliang Zhang1, Yunhong Jiao1, Wei Song1, Qi Dong1, Yuqi Qi1, Meiqing Song3 and Xuemei Qin4

1Department of Metabolism, Shanxi Institute of Traditional Chinese Medicine, Taiyuan, Shanxi, China

2Traditional Chinese Medicine Preparation Center, Affiliated Hospital of Shanxi University of Chinese Medicine, Taiyuan, Shanxi, China

3Clinical Pharmacological Research Laboratory, Shanxi Institute of Traditional Chinese Medicine, Taiyuan, Shanxi, China

4Modern Research Center for Traditional Chinese Medicine, Shanxi University, Taiyuan, Shanxi, China

[image: image]

OPEN ACCESS

EDITED BY
Elena Rampanelli, Amsterdam University Medical Center, Netherlands

REVIEWED BY
Moyan Liu, Amsterdam University Medical Center, Netherlands
Angelique Scantlebery, Academic Medical Research (AMR), Netherlands

*CORRESPONDENCE
Xuliang Hao, hxliang-01@163.com

SPECIALTY SECTION
This article was submitted to Microorganisms in Vertebrate Digestive Systems, a section of the journal Frontiers in Microbiology

RECEIVED 19 March 2022
ACCEPTED 14 November 2022
PUBLISHED 30 November 2022

CITATION
Guo X, Wang C, Zhang R, Hao X, Lv L, Ni Y, Fan X, Zhang W, Jiao Y, Song W, Dong Q, Qi Y, Song M and Qin X (2022) Scrophulariae Radix-Atractylodes sinensis pair and metformin inhibit inflammation by modulating gut microbiota of high-fat diet/streptozotocin-induced diabetes in rats.
Front. Microbiol. 13:900021.
doi: 10.3389/fmicb.2022.900021

COPYRIGHT
© 2022 Guo, Wang, Zhang, Hao, Lv, Ni, Fan, Zhang, Jiao, Song, Dong, Qi, Song and Qin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

Introduction: Type 2 mellitus (T2DM), a chronic metabolic disorder, causes severe impairment of patients’ quality of life and has attracted global attention. Many studies have suggested the importance of the gut microbiota in the occurrence of T2DM. The Scrophulariae Radix and Atractylodes sinensis (XC) pair, recommended in traditional Chinese medicine (TCM), have been used for treating diabetes for many years. However, research on the role of the XC pair in modulating gut microbial communities is lacking, but it is important to elucidate the underlying mechanism.

Methods: In this study, we detected bacterial communities by high-throughput 16S rRNA gene sequencing.

Results: The results showed that XC + MET reduced postprandial hyperglycemia and inflammatory response in diabetic rats more effectively than metformin (MET) alone. The XC + MET treatment reshaped the intestinal microbial composition of diabetic rats. XC can help MET regulate carbohydrate, amino acid, and lipid metabolism, particularly the insulin signaling pathway.

Discussion: This research would help elucidate potential mechanisms and the treatment methods.
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Introduction

Type 2 diabetes mellitus (T2DM) is a chronic degenerative metabolic disorder characterized by long-term hyperglycemia and the pathophysiological feature of insulin resistance (IR) (Nathan, 2015). The prevalence of glucose tolerance impairment and diabetes has recently increased among adults worldwide, with 90% of these people having T2DM (Guariguata et al., 2014; Tong et al., 2018; Magliano et al., 2019). The majority of diabetes cases are reported in China (Li et al., 2020). Diabetes is a major global health concern due to its high prevalence, as well as the associated mortality and disability (Baena-Díez et al., 2016; Saeedi et al., 2020). Thus, diabetes prevention and treatment have been extensively researched over the last few decades, and diabetes is a global concern. T2DM is primarily caused by obesity, which is associated with IR and mild inflammation (Navab et al., 2008; Bakkar et al., 2020). According to earlier research, the gut microbiota can cause these diseases and has a significant impact on the pathophysiology of diabetes (Van Olden et al., 2015; Leustean et al., 2018; Xiao et al., 2021).

Metformin (MET) is the oral medicine recommended for the initial treatment of T2DM. It exhibits anti-diabetic effects by changing gut microbial communities (Cherney and Lam, 2018; Guo and Xie, 2018; Sun et al., 2018; Vallianou et al., 2019). MET has multiple activities and excellent therapeutic efficacy in different pathological environments (Das et al., 2021; Drzewoski and Hanefeld, 2021; Rajgopal and Kochhar, 2021). However, most patients under long-term MET treatment (>10 years) have poor blood glucose control (Cherney and Lam, 2018). Since no drug has a better overall glycemic response, a majority of patients eventually need additional oral drugs and insulin to maintain glucose homeostasis while reducing diabetes-related complications (Strain et al., 2020).

Traditional Chinese medicine (TCM) is an important source for developing anti-diabetic agents, which are generally used as an effective complementary and alternative medicine to ameliorate diabetes along with conventional anti-diabetic drugs (Shin et al., 2017; Tong et al., 2018; Wei et al., 2018). The medical application of the Scrophulariae Radix and Atractylodes sinensis (XC) pair was introduced by Shi Jinmo, the sage of TCM, which has been administered in the clinic combined with anti-diabetic drugs for over 30 years and has shown satisfactory therapeutic effects. Scrophulariae Radix is a herbal medicine containing harpagide, which possesses several beneficial pharmacological effects, like suppressing inflammation, enhancing immunity, and inhibiting apoptosis (Sheu et al., 2015; Lee et al., 2021). Atractylodes sinensis, containing atractylodin and quinic acid, may ameliorate hyperglycemia, hyperlipidemia, and IR, downregulate inflammatory cytokines and improve gut microbial imbalance (Arya et al., 2014; Pang et al., 2021). In the previous experiment, we studied the hypoglycemic effect of XC on high-fat diet (HFD)/streptozotocin induced diabetic rats. However, XC has not been found to have a significant hypoglycemic effect. Therefore, we speculated that XC may be used as an auxiliary drug to enhance the hypoglycemic effect of MET. So far, the therapeutic efficacy of XC combined with MET and their possible beneficial synergy in the gut microbiota for diabetes has not been investigated. Therefore, the aim of this study was to examine whether XC + MET would improve glucolipid metabolism and modulate gut microbiota in diabetic rat.



Materials and methods


Preparing the Scrophulariae Radix and Atractylodes sinensis herbal formula

The XC pair contained Scrophulariae Radix and Atractylodes sinensis. All herbs were obtained from (Jiangyin Tianjiang Pharmaceutical Co., Ltd., Jiangsu, China) and their quality was controlled. The herbal medicines used for making the boil-free granules were from the same place and the same batch, and they were taken twice daily after mixing. The production of the boil-free granules for each herb involved four steps. (1) Each herb was boiled with water twice to extract the major components. (2) The decoction of each herb was combined and filtered with 200-mesh. (3) The filtrate of the different herbs was concentrated in pasty extracts with different relative densities at 50°C. (4) The extracts were converted to granules using spray drying and were packaged. Supplementary Table 1 shows the quantity of the granular extract for every herb in the daily effective amount of XC used clinically by diabetic patients. The samples were stored at 4°C.

The major chemical components of XC were detected and identified by the Institute of Chinese Materia Medica from the Shanxi Provincial Institute of Traditional Chinese Medicine. All the herbs met the Chinese Pharmacopeia standard (Zhang et al., 2015) following the determination method in the “Chinese Pharmacopeia (2015 edition).” We conducted high-performance liquid chromatography (HPLC) to evaluate the stability and quality of the three batches of herbal formula granules. We also used a reverse-phase C18 column (100 mm × 2.1 mm, 1.8 μm) to separate chromatographic fractions, and its mobile phase contained acetonitrile (A) −0.1% formic acid aqueous solution and (B) at a column temperature of 30°C and flow rate of 0.4 mL/min. Fingerprints of Scrophulariae Radix, Atractylodes sinensis, and their constituent herbs were separately obtained using an optimized method. Three major components in the formula of the XC pair were identified at the detection wavelength of 284 nm.



Constructing the diabetic rat model

We obtained 36 healthy male SD rats weighing 200 ± 20 g from Huafukang Biotechnology Co., Ltd. (Beijing, China; License, No. SCXK (Beijing) 2019-0,008). All animals were raised under specific pathogen free (SPF) conditions. The rats were acclimated for 1 week at 25°C and 50–60% humidity following a 12 h light/dark cycle. They could eat and drink freely. Our study protocols were approved by the Research Ethics Committee of the Shanxi Provincial Institute of Traditional Chinese Medicine (Taiyuan, China). All experiments were performed following the Guide for the Care and Use of Laboratory Animals.

After 1 week of adaptive feeding in an SPF environment, 30 rats were fed a HFD (60% fat + 20% carbohydrate + 20% protein) sterilized under ultraviolet radiation (Furman, 2021). After eight consecutive weeks of this regimen, 24 rats (six were adopted for supplementing rats failing in model construction) were intraperitoneally injected with 30 mg/kg Streptozotocin (STZ) (dissolved in 0.1 M sterile citric acid buffer, pH = 4.3; Sigma-Aldrich Ltd., Shanghai, China). Three days after injection, fasting blood glucose (FBG) levels were tested, and rats with FBG levels above 16.7 mmol/L were considered diabetic rats (Wu et al., 2019). Two rats died of hyperglycemia. Six rats were excluded because their FBG did not reach the threshold. We randomly selected 18 rats from 22 rats with FBG greater than 16.7 mmol/L for treatment. The 18 diabetic rats were divided into three groups by the random number table method. One group was treated with MET (n = 6, MET group), the second group was treated with XC + MET (n = 6, XC + MET group), and the other group was treated with water (n = 6, model group). In addition, we also measured the FBG of the three groups to ensure that there was no significant difference in the initial FBG between the three groups. In the normal control group, six rats were fed a normal pellet diet and injected with the same volume of sterile citric acid buffer.



Experimental design

In this study, three treatment groups of rats were constructed. The rats in the MET group were administered 200 mg/kg/day MET (Cherney and Lam, 2018), those in the XC + MET group were administered 810 mg/kg/day XC and 200 mg/kg/day MET, and those in the diabetes group were administered water treatment. Additionally, the rats in the normal group were also administered water treatment. We determined these dosages by equivalently converting the measurement of the body surface area (BSA) in animals to that of humans. All treatments were administered orally, with water used as a vehicle. The rats were treated for 6 weeks, followed by overnight (12 h) fasting. Then, blood was taken from the orbit. After blood collection, the rats were given 50% glucose solution by gavage with 2 ml/kg an oral glucose tolerance test (OGTT). Two hours later, all rats were injected with chloral hydrate for anesthesia, and blood was collected through an abdominal aortic puncture. The blood was centrifuged at 4,000 rpm and 4°C for 10 min to separate the serum and then stored at −80°C for analysis. We also collected fresh stool samples and preserved them at −80°C.



Biochemical analysis

We determined the weight of the rats, drinking water, and food intake of rats every week and collected blood from the tail tip weekly for measuring FBG using the glucose meter (ONETOUCH, Ultra, LifeScan, Shanghai, China). Before blood collection, all rats were fasted for 6–8 h (from 7:00 a.m. to 1:00–3:00 p.m.). The levels of low-density lipoprotein cholesterol (LDL-C), total cholesterol (TC), blood urea nitrogen (BUN), alanine aspartate aminotransferase (AST), aminotransferase (ALT), 2-h postprandial blood glucose (PBG), and fasting plasma glucose (FPG) were determined using an automated biochemical analyzer (Au640, Olympus, Japan). The fasting serum insulin (FINS) and glycosylated serum protein (GSP) levels were also measured using kits (Nanjing Jiancheng Bioengineering Institute, China). The NLRP3 level was measured using rat ELISA kits (Enzyme-linked Biotechnology Co., Ltd., Shanghai, China). Additionally, the formula HOMA-IR = FINS × FBG/22.5 was used to determine the Homeostasis Model Assessment-IR (HOMA-IR) index.



Stool sampling and DNA isolation

Stool samples were collected on examination and stored immediately at −80°C. Then, the Fast DNA SPIN extraction kit (MP Biomedicals, Santa Ana, CA, United States) was used for extracting and purifying DNA following specific protocols. Then, the purified DNA samples were stored at −20°C for further analysis. The quality and content of the isolated DNA were determined by agarose gel electrophoresis (AGE) and using the NanoDrop ND-1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA, United States), respectively.



PCR amplification and sequence analysis

Using the primers 338F (5′-ACTCC TACGGGAGGCAGCA-3′, Forward) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′, Reverse), the V3–V4 region of bacterial 16S rRNA genes was amplified through PCR. Briefly, the PCR was performed following a previously reported method (Li et al., 2014). Following amplification, Agencourt AMPure beads (Beckman Coulter, Indianapolis, IN, United States) were used for purifying PCR amplicons, and the PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, United States) was used for purification. Amplicons of equivalent volumes were combined after quantification. Then, the MiSeq Reagent Kit v3 in the Illumina MiSeq platform was used for pair-end 2 bp × 300 bp sequencing by Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).

As previously described, the sequencing data were processed using the Quantitative Insights into Microbial Ecology (QIIME, v1.8.0) pipeline (Caporaso et al., 2010). Following chimera discovery, we used the UCLUST algorithm to cluster all high-quality sequences into operational taxonomic units (OTUs) based on 97% sequence identity (Edgar, 2010). Following that, one typical sequence with default parameters was chosen for each OTU. The BLAST algorithm was then used to search typical sequence sets in the Greengenes database (DeSantis et al., 2006) for OTU taxonomy classification using the best hit method (Altschul et al., 1997). We created an OTU table to keep track of the OTU levels in each sample and taxonomic classification. OTUs with <0.001% of the total sequences in the samples were removed. We created the averaged, rounded, rarefied OTU table by taking the average of 100 uniformly resampled OTU subsets at 90% of minimal sequencing depth for minimizing different sequencing depths across samples.

MiSeq raw sequences from 24 rat fecal samples have been submitted to the National Center for Biotechnology Information (NCBI) Project under accession number PRJNA818640.



Estimation of gut microbial metagenomic functional levels

The eligible 16S rRNA sequences were aligned and annotated using the Greengenes database’s pre-set 97%-level OTU (DeSantis et al., 2006). To reduce the impact of sequencing errors, non-singleton sequences were first aligned against Greengenes, and then reference sequences that matched one or more times were obtained for forming the novel database. The closed-reference OTUs were chosen from Greengenes using the global alignment algorithm USEARCH (Edgar, 2010). The OTU table was normalized using the sequencing depth, and the related functional genes were predicted using the PICRUSt software package (Morgan et al., 2013). Finally, we searched the Kyoto Encyclopedia of Genes and Genomes (KEGG) database for predicted genes (Kanehisa et al., 2008). We used a web-based program1 to conduct LEfSe (linear discriminant analysis effect size) analyses to identify taxa with different relative abundances among diverse groups. (Segata et al., 2011) under the following conditions: logarithmic linear discriminant analysis (LDA) score of differential characteristic selection threshold >2.0, and factorial Kruskal–Wallis test across diverse classes with α < 0.05.



Statistical analysis

The R statistical program (version 3.1.0) was used for statistical analysis. Following the normal distribution and variance homogeneity testing, one-way Analysis of Variance (ANOVA) was performed for multiple groups, followed by Tukey correction (GraphPad 9.0, La Jolla, CA, United States). To make a statistical difference in the abundance of the genera that failed the normality test, the Kruskal–Wallis H test was used. The data were expressed as the interquartile range’s median. The two-tailed Pearson’s correlation analysis was performed using the OmicStudio tools at https://www.omicstudio.cn/tool. A P-value of less than 0.05 was used as the significance threshold.




Results


The chemical composition in Scrophulariae Radix and Atractylodes sinensis pair

The results of the HPLC analysis showed that the XC pair contained three compounds, including harpagide, harpagoside, and quinic acid. As expected, atractylodin was not detected because it was a fat soluble component. The harpagide content of Scrophulariae Radix was 2.378 μg/mg, Harpagoside content was 1.009 μg/mg, and the quinic acid content of Atractylodes sinensis was 0.323 μg/mg. The total ion chromatogram and the results of XC samples are shown in Supplementary Figure 1 and Supplementary Tables 2, 3.



The effect of XC + MET on the body weight and metabolic factors of diabetic rats

The results suggested that the hair of the rats in the normal group became smooth and bright with age, with favorable mental state and development, fast reflexes, stable water intake and urine output during experimental period, and their FBG was between 3.0 and 5.0 mmol/L. During the experiment, the rats in the diabetic group get fat gradually, became thinner after injection of STZ, and developed hair disordered, and were inactive and irritable, with considerably higher water and food consumption, as well as urine volume (Figures 1A,B). The diabetic rats exhibited the representative diabetic symptoms, including “more feeding, drinking, urine passage, and less weight.” Figure 1D shows the FBG levels of the different rat groups. The diabetic rats had significantly higher FBG (>16.7 mmol/L) than the rats in the normal control group, which indicated that the diabetic rat was successfully constructed after STZ induction. The XC + MET-treated rats had considerably lower FBG and significantly lower body weight (BW) than the MET-treated rats (Figures 1C,D).
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FIGURE 1
The effect of EMT + XC on the drinking water, eating volume, BW, and fasting blood glucose (FBG) of diabetic rats. (A) Drinking water volume, (B) eating volume, (C) body weight (BW), and (D) FBG. Blue, red, green, and purple lines indicate normal, model, metformin (MET)-treated, and XC + MET-treated diabetic rats, respectively. Data are presented as the mean ± SD, n = 6; **P < 0.01 and ***P < 0.001.


Moreover, we also evaluated the metabolic parameters in the different treatment groups. The expression levels of TC, LDL, FPG, PBG, HOMA-IR, GSP, liver weight/BW, and NLRP3 in the diabetes group were significantly higher after the modeling was completed (P < 0.05; Supplementary Figure 2). However, after treatment for 6 weeks, the rats in the MET and XC + MET groups had substantially lower serum LDL, FPG, PBG, GSP, and HOMA-IR concentrations (P < 0.05) relative to those in the diabetes group. Serum FINS (P = 0.33), TC (P = 0.57), ALT (P = 0.48), BUN (P = 0.18), and liver weight/BW (P = 0.94) were similar in the MET and XC + MET groups. NLRP3 expression was substantially lower in the XC + MET-treated rats but not in the MET-treated rats when compare with untreated diabetic rats. The results indicated that XC or MET could synergistically influence dyslipidemia, hyperglycemia, and IR. Moreover, XC could enhance the anti-inflammatory effect of MET. The values of ALT and BUN also showed that XC could alleviate liver and kidney toxicity caused by diabetes, although the effect was not significant (P > 0.05).



Alteration in the gut microbiota by metformin and Scrophulariae Radix and Atractylodes sinensis

To determine the relationship between the effect of XC + MET and the alterations of gut microbial communities, which critically influence the occurrence of diabetes, we collected the fecal samples of the rats and pair-end sequenced gut microbial 16S-V3V4 regions using the Illumina high-throughput sequencing platform. We obtained 1,681,358 sequences after denoising, and 1,058,585 high-quality sequences were obtained from 24 samples, i.e., 44,107 ± 5,241 reads were obtained for every sample. Individual rarefaction curves showed that each sample attained great sampling coverage (Supplementary Figure 3). Significant differences were detected across the four groups based on alpha-diversity indices. Overall, the model group had significantly lower diversity than the normal group. Both Chao1 and Simpson indices in MET or XC + MET rats were significantly higher than those of the model rats (Figure 2A). We also conducted principal coordinates analysis (PCoA) on the unweighted UniFrac distances to compare microbial structures under three conditions. The results indicated that the gut microbial structures differed among the four groups. The three principal components (PCs) occupied 33.08, 19.04, and 15.55% of the overall variation (Figure 2B). Thus, the shared amplicon sequence variants (ASV) between the model and normal groups was 178, and that between the model and MET groups and the model and XC + MET-treated groups increased to 196 and 187, respectively (Figure 2C), indicating that both the intervention of MET and XC + MET probably altered the gut microbial composition in rats, which is consistent with the previous results of microbial diversity.
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FIGURE 2
XC + MET regulated gut microbial composition and structure in the model rats. The gut microbial communities of the normal, model, metformin (MET), and XC + MET groups. (A) Box plots indicate the different microbial diversities based on the operational taxonomic unit (OTU) quantity, the Chao1 index, and the Simpson index, respectively. Significant differences were confirmed by performing Dunnett’s test and the Kruskal–Wallis rank-sum test; *P < 0.05 and **P < 0.01. (B) The principal coordinates analysis (PCoA) is based on the unweighted UniFrac distance, with an ellipse confidence of 0.95. (C) The amplicon sequence variants (ASV) Venn diagram. (D,E) The gut microbial compositions according to genera and phyla. (F) Hierarchical clustering analysis of gut microbial communities based on genera. The hierarchical clustering tree is presented on the left, while the stacked column chart of genera is displayed on the right.


The alterations in the gut microbial composition were also examined. The 10 most abundant phyla and genera within the fecal microbial communities in the different groups are shown in Figures 2D,E. From the tree, the gut microbial communities were found to include sequences of six bacterial phyla/divisions. Many sequences were associated with Bacteroidetes and Firmicutes, while the remaining sequences were of bacteria belonging to TM7, Verrucomicrobia, Proteobacteria, and Actinobacteria. Among all the phyla recorded, Firmicutes had the highest abundance in all the samples. The model rats had lower Firmicutes abundance but higher Bacteroidetes abundance than normal rats (Figure 2D). Compared with model rats, only XC + MET seemed to increase Firmicutes and reduce Actinobacteria and Bacteroidetes in Supplementary Figure 4 (P < 0.05). MET alone does not appear to have this effect. The model rats had a lower Firmicutes-to-Bacteroidetes (F/B) ratio than the rats in the normal group. Comparion to the normal group, the F/B ratio seems to remain low after MET treatment. While a higher ratio was observed in the XC + MET-treated rats than MET alone (Supplementary Figure 5). Which indicates XC could rectify the decrease of F/B ratio caused by MET. According to taxon-based analyses, XC could assist MET-altered the microbial composition relative to that in the diabetic group.

The six most significantly abundant phyla along with the 10 most significantly abundant genera within the fecal microbial communities in the different treatment groups are presented in Figures 2D,E. The 10 most abundant gut microbial genera were analyzed by hierarchical clustering, which showed that the abundance of the other genera in the MET and XC + MET-treated groups were similar to those of the normal group except Lactobacillus (Figure 2F). The abundance of Lactobacillus in the model group was significantly lower than that in the normal group. Interestingly, the lower abundance of Lactobacillus after MET treatment increased significantly in the XC + MET group. The results showed that XC could antagonize the inhibitory effect of MET on Lactobacillus.



Scrophulariae Radix and Atractylodes sinensis modulated the biomarker levels of the gut microbes in the diabetic rats

To detect the genus-level biomarkers, we conducted comparisons across four groups of the gut microbial communities. The abundances of five genera were higher, and six genera were lower in diabetic rats relative to their abundances in the rats of the normal group (Supplementary Table 4). Compared with diabetes rats, the abundance of 11 genera was higher and 4 genera were lower in MET-treated rats (Supplementary Table 5). Interestingly, seven genera were higher and seven genera were lower in XC + MET-treated rats. Among them, the abundance of Bifidobacterium, Paraprevotella, Bacteroides, Prevotella, and Phascolarctobacterium was lower, while Clostridium, Dehalobacterium, and Ruminococcus higher in the XC + MET-treated rats (Supplementary Table 6). Compared with MET-treated rats, the abundance of Pediococcus was higher, while the abundance of Butyricicoccus and SMB531 was lower in the XC + MET group than that in the MET group (Supplementary Table 7). These results suggested that gut microbiota composition was differentially modulated in the diabetic rats that were administered XC + MET treatment. The significantly different microbial communities, together with corresponding taxonomic hierarchies, are shown as LDA distribution histograms and a related cladogram of the rats in the four groups (Figures 3A,B). The abundances of the MET and/or XC interventional biomarkers are presented in Figure 3C. The cladogram based on the LEfSe results showed that the abundance of nine gut microbial communities differed significantly at the genus level across the four groups. A random forest analysis was performed to determine their order of importance. Clostridium, Lactobacillus, Alistipes, and Prevotella played dominant roles in determining the differences across the various treatment groups (Figure 3D).
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FIGURE 3
The linear discriminant analysis (LDA) and LEfSe (linear discriminant analysis effect size) were conducted based on the different operational taxonomic units (OTUs) of the gut microbial communities in the normal, model, metformin (MET), and XC + MET groups. The taxa with the highest differential abundances among the four groups were identified. (A) The LDA scores of the microbial communities were significantly different across the four groups. (B) The taxonomic cladogram was constructed by performing the LEfSe analysis. Blue, red, green, and purple indicate taxa enriched in the normal, model, MET, and XC + MET groups, respectively. LDA, linear discriminant analysis; LEfSe, linear discriminant analysis effect size. (C) The abundances of different microbial genera across the four groups. The level of significance was determined by performing Wilcoxon’s signed-rank test; *P < 0.05, **P < 0.01. (D) The random forest analysis for differentially abundant gut microbial communities. The color intensity indicates the gut microbial distribution of every sample (red and blue indicate high and low abundances, respectively).




Correlation of microbial regulation with biochemical parameters

We performed a correlation heat map analysis to determine the correlation between the intestinal microbiota and diabetes related glucose-metabolism parameters (BW, Liver/BW, FINS, FPG, GSP, HOMA-IR, PBG, and NLRP3).

The Liver/BW was positively correlated with Blautia and Bacteroides but negatively correlated with the F/B ratio. The FINS levels were positively correlated with Lactobacillus and negatively correlated with Blautia, suggesting that Blautia, Bacteroides, Lactobacillus, and F/B ratio play an important role in the pathogenesis of diabetes (Supplementary Figure 6).

The PBG level was positively correlated with Blautia and significantly negatively correlated with Dehalobacterium. NLRP3 was positively correlated with Blautia. The BW was positively correlated with the F/B ratio and negatively correlated with Bacteroides. FPG was positively correlated with SMB53 and negatively correlated with Pseudomonas, and HOMA-IR was positively correlated with SMB53. There was no significant correlation between GSP and critical intestinal microbiota (Supplementary Figure 6). It is suggested that Blautia, Dehalobacterium, Pseudomonas, SMB53, F/B ratio, and Bacteroides play a crucial role in the treatment of XC and/or MET (Supplementary Figure 6).



Functional prediction of gut microbial communities of the four groups

To further elucidate the association of gut microbial communities with XC + MET treatment, we examined the microbial metabolic activities through metagenomic analysis. By using the PICRUSt software package, metagenome functions were predicted by detecting the 16S rRNA genes (Morgan et al., 2013). Then, we collapsed the metagenomes against the KEGG database of level 2. The gut microbial functions of all rats were mostly related to metabolism, especially for the metabolism of carbohydrates, lipids, and amino acids (Figure 4A). As suggested by the PCoA, microbial functions were slightly separated across the four groups. In the PC1 dimension, the MET and XC + MET groups had close functional composition compared to that in the normal group, and the contribution rate was 57.5% (Figure 4B). XC and MET elevated the levels of three metabolic processes relative to their levels in the model group; XC + MET could significantly improve the levels of the first two metabolic processes. We then collapsed the metagenomes to the KEGG database of level 3. The results showed that 17 pathways were significantly different among the four groups, including the insulin signaling pathway and the metabolism of the three aforementioned substances (Figure 4C).
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FIGURE 4
The changes in the diabetic rats treated with metformin (MET) and Scrophulariae Radix and Atractylodes sinensis (XC). (A) Enrichment of the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for the gut microbial communities of the rats at the secondary classification level. (B) Principal coordinates analysis (PCoA) of the functional units of gut microbial communities according to Bray–Curtis similarity, with an ellipse confidence of 0.95. (C) The altered KEGG functional pathway abundances after XC and/or MET treatment of level 2. (D) The altered KEGG functional pathway abundances after XC and/or MET treatment of level 3. The KEGG pathway enrichment is displayed as the mean ± SD; *P < 0.05, **P < 0.01, and ***P < 0.001 based on Wilcoxon’s signed-rank test. (E) The correlation between the microbial communities and the KEGG functional pathways. The color intensity indicates correlation strength (red and blue indicate positive and negative correlation, respectively); *P < 0.05, **P < 0.01, and ***P < 0.001.


To determine the association of gut microbial communities with metabolites, we performed a clustering correlation analysis of eight genera in the gut microbiota and 17 markedly altered metabolites in feces. A heat map was constructed to display gut microbial communities’ negative and positive correlations with identified metabolites (Figure 4D). The abundances of Streptococcus, Clostridium, and Ruminococcus were positively related to amino acid metabolism but significantly negatively related to carbohydrate and lipid metabolism. Prevotella, Bacteroides, and Bifidobacterium showed a significantly negative correlation with amino acid, carbohydrate, and lipid metabolism. Additionally, Lactobacillus showed a significantly positive relationship with carbohydrate and lipid metabolism and a significantly negative relationship with amino acid metabolism and the insulin signaling pathway (Figure 4E).




Discussion

Gut microecology keeps an individual healthy and prevents disorders (O’Keefe, 2008). Altering the gut microbial composition and function can increase the level of inflammatory reactions, reduce insulin sensitivity, and increase diabetes susceptibility (Cani et al., 2008; Boulangé et al., 2016). The cross-effect of gut microbial communities, systemic inflammation, and IR is important to elucidate the specific mechanisms related to diabetes-associated disorders. Therefore, regulating the intestinal flora and improving the inflammatory response are important for the prevention and treatment of diabetes.

In this study, we investigated whether the gut microbial community can serve as the pharmacological target for reducing blood glucose levels when XC is administered orally to diabetic rats with MET. STZ was first used in animal models of type 1 and type 2 diabetes in the mid-1960s (Deeds et al., 2011; Eleazu et al., 2013). Because STZ alone cannot effectively mimic diabetes, researchers are now using an HFD regimen to induce IR and hyperinsulinemia in animals before injecting them with STZ (Furman, 2021). This leads to the classic diabetes symptoms of overeating, polyuria, polydipsia, and insulin deficiency. The technique assisted us in determining the relationship between diabetes and XC treatment and gut microbial communities. After 14 weeks, we discovered that XC + MET had the same effect on diabetic rats’ blood FPG, GSP, and LDL levels as MET (Nasri and Rafieian-Kopaei, 2014). Furthermore, the XC + MET combination treatment improved weight loss, hyperglycemia, lipid metabolism disorder, IR, and diabetes-related inflammasome. Interestingly, a significant reduction in PBG was observed in the XC + MET-treatment group, indicating that XC was important in assisting MET in regulating PBG levels in diabetic rats. Hyperglycemia after meals is the therapeutic target for diabetes patients, and numerous guidelines on post-prandial glycaemia (PPG) control have been issued (American Diabetes Association, 2011). PPG, in particular, can predict the risk of diabetes-related complications independently (Mannucci et al., 2012). We found no statistical differences in FINS and TC levels after MET or XC + MET therapy, which was likely due to the shorter course of treatment in this study compared to other studies. Therefore, studies with a longer course of treatment are required.

Diabetes and IR are influenced by NLRP3 levels, which could be used as anti-diabetes treatment targets (Stienstra et al., 2011). High glucose levels can activate the NLRP3 inflammatory body, which is linked to metabolic diseases like diabetes and obesity (Dixit, 2013; Wan et al., 2019; Rai et al., 2020). More importantly, we discovered that NLRP3 expression was significantly increased in diabetic rats but significantly decreased after XC + MET exposure, implying that XC + MET can downregulate the activation of NLRP3 inflammatory corpuscles in diabetic rats. We also looked at how NLRP3 expression correlated with ALT, BUN, FBG, PBG, liver weight/BW, GSP, and FINS levels. The level of NLRP3 was found to be negatively correlated with FINS but significantly positively correlated with other factors. Therefore, more research is needed to determine the role of XC in NLRP3-related signaling pathways.

The intestinal microbial diversity of HFD/STZ-induced diabetic rats decreased as inflammation, insulin levels dropped, and IR emerged, which is consistent with previous research (Ling et al., 2014). After XC + MET treatment, the gut microbial diversity improved. It is worth mentioning that both MET and XC + MET appear to increase gut microbial diversity to levels exceeding that of control rats. This would imply that species that are usually not very prominent become more prominent after MET and XC + MET treatment. Some studies have shown that MET has additional health benefits for T2DM patients/rats, which is related to gut microbial changes (Cabreiro et al., 2013; Pryor et al., 2019; Mueller et al., 2021). We speculate that the increase of gut microbial diversity in MET-treatment in this study may be related to the gastrointestinal reaction induced by MET. However, the intervention of XC reduces the gastrointestinal reaction and leads to the decrease of gut microbial diversity. Of course, we need further research to clarify the mechanism of this change. Based on the findings, we found that there were some clinically significant phylum and genus-level differences after XC + MET treatment. We hypothesized that the gut microbiota was the pharmacological target for the hypoglycemic effect of XC + MET after oral administration to diabetic rats. Bacteroidetes and Firmicutes were the phyla with the highest abundance in all samples. Firmicutes are gram-negative bacteria that dominate the human intestinal flora. According to the data, the relative abundance of Firmicutes decreased significantly while that of Bacteroidetes increased slightly in diabetic rats compared to non-diabetic rats (Larsen et al., 2010). Bacteroides abundance was significantly higher in the MET group than in the diabetes group but lower in the XC + MET group, indicating that XC can assist MET in inhibiting the increase of Bacteroides caused by diabetes. MET causes weight loss in overweight and obese patients (Seifarth et al., 2013), which is most likely due to the abundance of Bacteroides (Ley et al., 2006). The F/B ratio can be used as a gut microbial health indicator (Tseng and Wu, 2019), with a high ratio indicating increased free fatty acid production, an increase in blood lipid levels, and fat accumulation (Xue et al., 2016; Leustean et al., 2018). The data revealed that the F/B ratio was significantly and positively correlated with BW, which was similar to the findings of recent studies with overweight people (Larsen et al., 2010; Schwiertz et al., 2010), though the findings differed from those of other studies (Duncan et al., 2008). Therefore, in this study, a decrease in the F/B ratio may have been responsible for the weight loss of diabetes model rats, indicating a link between diabetes and differences in gut microbial communities. According to our findings, Chao1 diversity decreased with BW, which was most likely due to a positive relationship between BW and the F/B ratio (Supplementary Figure 6). Our findings suggested that the XC + MET combination can influence fat accumulation by regulating the ratio of the dominant flora in the rat intestine.

By comparing bacterial genera, we were able to determine how MET and XC affected gut microbial communities. We discovered that MET and XC could restore the abundance of gut microbial genera in diabetes, specifically the abundance of Lactobacillus, Prevotella, Bacteroidetes, Blautia, and Ruminococcus. Prevotella and Bacteroides were significantly inhibited, but Ruminococcus were promoted (Figure 3C). Blautia is a key Short Chain Fatty Acid (SCFA)-producing strain that has anti-inflammatory effects (Benítez-Páez et al., 2020), which is beneficial for metabolic diseases (Rodriguez et al., 2020). It is also negatively related to visceral fat levels (Ozato et al., 2019). The abundance of Blautia was shown to increase in certain disorders such as non-alcoholic steatohepatitis (Del Chierico et al., 2016) and diabetes (Egshatyan et al., 2016; Wei et al., 2018), which was similar to the results of this study. Additionally, its abundance was lower in the XC + MET-treated rats relative to that in the diabetic rats. Furthermore, the relationship of Blautia abundance with certain diabetes-associated metabolic indicators was analyzed, and the results indicated that after XC + MET treatment, the abundance of Blautia was significantly positively related to NLRP3, PBG, and liver weight/BW and significantly negatively related to FINS and diabetes-related lipid metabolism such as fatty acid biosynthesis. This might be because XC + MET promoted the activation of the anti-inflammatory pathway and regulated metabolic homeostasis. This correlation data suggests that Blautia promotes metabolic disorders. Therefore, the decrease in Blautia abundance observed in XC + MET-treated rats (Figures 2E, 3C,D) would be expected to have a positive effect on diabetic rats. However, more studies should be conducted to confirm the function of Blautia.

In this study, we also observed Bacteroidetes and Prevotella enrichment in diabetic rats, which decreased when XC + MET was administered. The abundance of Bacteroidetes and Prevotella were significantly negatively associated with the metabolism of carbohydrates, such as pyruvate, propionate, and butanoate metabolism. Pyruvate mainly comes from carbohydrates and is the end product of the glycolysis pathway, which has a key effect on the metabolic relationship of sugar and amino acids with fats and can further be metabolized to SCFAs (Oliphant and Allen-Vercoe, 2019). The elevated synthesis of SCFA can exert anti-obesity and anti-diabetic effects (Pedersen et al., 2016; Pingitore et al., 2017). Prevotella sp. in the gut may positively or negatively affect human health. Some researchers found that Prevotella had a beneficial effect, and high Prevotella abundance could promote glycogen storage and induce glucose intolerance (Kovatcheva-Datchary et al., 2015). However, other researchers found that Prevotella strains might increase the occurrence of diabetes by promoting chronic inflammation (Larsen, 2017; De Filippis et al., 2019), as found in this study. We found that the intervention of XC + MET could affect the high abundance of Prevotella in diabetic rats.

Dysfunctional intestinal microflora can stimulate intestinal wall cells to secrete 5-serotonin by secreting secondary bile acids, thereby increasing blood glucose levels, which maintains a continuous hyperglycemic state in the patients, leading to the development and progression of diabetes (Martin et al., 2019). Lactobacillus can regulate the glucose-sensing machinery associated with additional pathways (Yun et al., 2009; Lin et al., 2014). The secondary bile acids can act as regulators for the Triglyceride (TG) and glucose homeostasis in the host, which may be the therapeutic targets of the anti-metabolic disorder (Kuno et al., 2018). In our study, Lactobacillus abundance, which was related negatively to secondary bile acid biosynthesis and the insulin signaling pathway, exhibited significant recovery from dysbiosis after treatment with the XC + MET combination, thus suggesting that the XC + MET interventional biomarker had certain effects. Additionally, the abundance of Lactobacillus showed a positive correlation with the metabolism of amino acids, such as arginine/proline metabolism, glycine/threonine/serine metabolism, and valine/leucine/isoleucine biosynthesis. The glycine level was the most significantly related to the enhanced insulin sensitivity, as reported in previous studies (Gall et al., 2010; Sekhar et al., 2011).

Several studies have shown that the gut microbial community has metabolic activities and functions. Moreover, their alterations can affect host metabolism (Tanca et al., 2017). Therefore, this study analyzed the relationship of the metabolic activity (predicted by the 16S rDNA sequence) with host metabolites (determined by metabolomics) based on the KEGG database from fecal samples. The results showed that the gut microbial function and composition substantially overlapped and differed in the diabetic rats compared to those in the healthy controls. We identified the genus Lactobacillus and carbohydrate metabolism, as well as the insulin signaling pathway, as biomarkers and candidate therapeutic targets for diabetes. A high level of carbohydrate consumption might be related to the diabetes pathogenic mechanism. Excess carbohydrate consumption can induce fat deposition in the body, elevate blood glucose levels, and cause a greater burden on islet cells. Additionally, long-term accumulation can substantially increase diabetes risk. Based on our results, XC + MET treatment affected various biological activities, such as the metabolism of carbohydrates, amino acids, and lipids and the insulin signaling pathway.

Finally, our findings suggested that XC could assist MET by improving postprandial hyperglycemia, shaping the microbiome, and regulating carbohydrate, amino acid, and lipid metabolism. In particular, the insulin signaling pathway has implications for the pathogenesis of diabetes. Therefore, we hypothesized that the effects of XC on diabetic rats were closely related to SCFA-producing and anti-inflammatory bacteria. The metabolites of which could improve intestinal barrier function and gut permeability, inhibit inflammation, and thus ameliorate IR and attenuate diabetes. Based on the previous research, it was proposed that modifying gut microbiota could be one of the proposed mechanisms that XC can auxiliary MET to treat T2DM. Our findings shed light on the roles that XC played in adjunct hypoglycemic activities from the perspective of the gut microbiota, which could help further clarify its anti-diabetic mechanism in vivo and effectively apply to clinical practice in treating diabetes.

There are several limitations to our study. At first, this study lacks relevant pathological research on pancreatic tissue and cannot fully comprehend the pathological changes of pancreatic islets during the diabetes process. The OGTT is the gold standard for diagnosing diabetes. Due to the complexities of requiring multiple blood samples, only FPG and 2 h-PG levels were measured, and the area under the insulin curve during glucose tolerance was not monitored. To better understand the synergistic effect of XC, it is necessary to track the dynamic changes in islets as diabetes progresses.
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Background: Dysbiosis and mucin depletion are related with intestinal barrier dysfunction and seems to be an early pathophysiological event in inflammatory bowel disease (IBD). The objective of this work is to study these parameters in the natural history of colitis in IL-10 deficient mice (IL-10−/−).

Methods: Wild type (WT) and IL-10−/−. mice were followed until sacrifice at 3, 5, 10, 20, 57, and 70 weeks. Body weight, colonic weight/length ratio and in vivo intestinal permeability were registered. Expression of inflammatory and adhesion molecules in the colon was explored by qPCR as Mucin-2 (MUC-2) and molecules involved in goblet cell maturation Interleukin-18 (IL-18) and WAP Four-Disulfide Core Domain 2 (WFDC2), the endoplasmic reticulum stress markers X-box-binding protein (Xbp-1) and Reticulon-4B (RTN-4B). Bacterial composition in feces and colonic mucosa was determined by massive sequencing of the V3–V4 regions of 16S rDNA gene.

Results: IL-10-/- mice showed histological inflammation at weeks 20 and 57, but most notably the intestinal permeability was significantly higher from week 10. Concordantly, the number of goblet cells and expression of MUC-2, IL-18, WFDC2 and Xbp-1 were significantly lower in KO from week 10. Nevertheless, no significant differences were found in the mRNA expression of MUC-2 or Xbp-1 between both groups—derived colon organoids. Significant bacterial differences began at week 5, being the Akkermansia deficiency in KO the most relevant result.

Conclusion: Gut microbiota alterations and mucin depletion are associated with early intestinal barrier dysfunction and precede overt gut inflammation in this animal model of IBD.

KEYWORDS
 Akkermansia muciniphila, gut microbiome, mucin, intestinal barrier, interleukin-10-deficient mice, inflammatory bowel disease


1. Introduction

Since the spontaneous development of chronic intestinal inflammation in mice deficient in interleukin-10 (IL-10−/−) was described more than two decades ago, this experimental model is one of the major approximations in the study of inflammatory bowel disease (IBD) pathophysiology (Kuhn et al., 1993). Its relevance was outlined, even more, after the report of children diagnosed with early-onset Crohn’s disease (CD) who carried mutations in both IL-10 and IL-10 receptor (IL-10R) genes (Glocker et al., 2009, 2010). IL-10 exerts a pivotal role in the maintenance of mucosal tolerance, thus, in the absence of its suppressive effect, IL-10 deficiency leads to sustained small bowel and colonic inflammation due to an excessive production of proinflammatory cytokines by activated macrophages and T cells (Berg et al., 1996; Kaser et al., 2010).

The chronological course of the intestinal inflammatory process in IL-10 deficient mice has been already described (Kuhn et al., 1993; Berg et al., 1996), although there are substantial variations in the inflammation severity depending on mice backgrounds and housing conditions (Kobayashi et al., 2003; Noguchi et al., 2009). Weight loss and anemia start at 4–8 weeks of age. The inflammatory infiltrate affects both mucosa and submucosa and is composed by lymphocytes, immunoglobulin A (IgA) positive plasma cells, macrophages, neutrophils and eosinophils; inflammation is associated with disturbances of the mucosal architecture such as enlarged and branched crypts, thickening of the basement membrane, and superficial erosions. In addition, the implication of the microbiota on the pathogenesis of colitis in IL-10 deficient mice is supported by solid evidences such as the fact that inflammation is more severe in mice kept under conventional housing conditions, in comparison to animals maintained under specific pathogen-free and germ-free conditions (Berg et al., 1996; Sellon et al., 1998; Spencer et al., 2002).

The dysfunction of the intestinal barrier usually overlaps with the stimulation of mucosal immune cells by luminal antigens, which is a critical pathophysiological event in IBD, both in human and in experimental models, including IL-10 deficient mice (Shouval et al., 2014; Keubler et al., 2015). Intestinal epithelial cells (IECs) constitute the main cellular element of the intestinal barrier between the mucosal immune system and external milieu (Turner, 2006; Groschwitz and Hogan, 2009; Turner, 2009). A functional barrier and IECs apical-basal polarity are built up and maintained through specialized plasma membrane structures, containing adhesive and scaffolding proteins known as the apical junction complexes (AJCs; Weisz and Rodriguez-Boulan, 2009). These complexes seal the paracellular space between adjacent IECs, and are mainly composed by tight junctions (TJs): Zonula Occludens (ZO), Occludins, Claudins, etc. and adherent junctions (AJs): E-Cadherin, members of Nectin family, Catenins, etc. (Bhat et al., 2019; Nighot and Ma, 2021). In addition, we previously identified the endoplasmic reticulum protein Reticulon (RTN)-4B/NOGO-B as a new AJC-associated molecule involved in the control of intestinal permeability (Rodriguez-Feo et al., 2015). And besides the cellular elements, the mucus layer constitutes a biologically flexible and efficient film that avoids the direct contact of luminal microorganism and their antigenic components with the IECs (Capaldo et al., 2017). Goblet cells produce and secrete mucins—both free and membrane-anchored—which are the main glycoproteins of the mucus layer. Lack of mucus in mucin-2-deficiency results in increase of both bacterial adhesion to the IECs and intestinal permeability, as well as the enhanced susceptibility to chemical-induced colitis (Grondin et al., 2020). The depletion of mucin is a characteristic feature of ulcerative colitis (UC; McCormick et al., 1990); which has not yet been demonstrated in 12–13-weeks-old IL-10-deficient mice (Makkink et al., 2002).

There are multiple studies that show that the microbiota of patients with CD or UC are different from healthy people or even from their cohabiting relatives (Joossens et al., 2011). However, the study of the microbiota as a cause or consequence in inflammatory disease is complex because there are microorganisms that may have a protective role against inflammation, such as Faecalibacterium praustnizii, which is decreased in patients with CD (Rakoff-Nahoum et al., 2004; Sokol et al., 2008) and other known pathobionts that can induce it like certain strains of adherent-invasive Escherichia coli (AIEC; Rolhion and Darfeuille-Michaud, 2007). Furthermore, the changes in these microorganisms and the metabolic pathways they are involved in and how this relates to mucosal barrier function and inflammation is still poorly understood.

Early therapeutic interventions could prevent severe intestinal damage also modifying the clinical course of IBD (Berg et al., 2019), however there is scarce knowledge on the pre-clinical events occurring before the clinical symptomatology of intestinal inflammation. On the other hand, it is known that the dysfunction of the intestinal barrier is an early event in the natural history of colitis in IL-10 deficient mice (Arrieta et al., 2009; Keubler et al., 2015), although the mechanisms involved in such disturbance and the relation with dysbiosis or inflammation are still poorly understood. Therefore, the aim of the present work was to systematically characterize the natural history of the colitis in IL-10 deficient mice from 3 to 70 weeks old, focusing on events preceding overt inflammation including microbiota disturbances and intestinal barrier dysfunctions.



2. Materials and methods


2.1. Mice

C57Bl/6 wild type (WT) and IL-10 deficient (B6.129P2-Il10tm1Cgn/J; IL-10−/−) mice were purchased from Jackson (Bar Harbor, MA, United States). All the mice were male and were housed with six mice per cage with 12 h light–dark/day–night cycle, a range of temperature between 23 and 25°C, and humidity of 50% with ad libitum access to water and pellet diet (LabDiet, PicoLab, Spain. Reference number 5001) according to the Guide for the care and use of Laboratory Animals (NIH Publication no. 85–23, 1985). The ethical committee on animal experiments of our institution called Comité de Ética de Experimentación Animal (CEEA) approved all experiments under the ethical code PROEX 085-2018. The exclusion criteria for this study were: rectal prolapse or weight loss of 20%. No animal were excluded from the study due to these criteria. The sample size for each strain (WT or IL-10−/−) and for each age group was: for 3 weeks of age were used 9 WT and 11 IL-10−/−; for 5 weeks, 12 WT and 11 IL-10−/− for 10 weeks, 11 WT and 13 IL-10−/−; for 20 weeks, 20 animals in both strains; for 57 weeks, 10 animals in both strains and finally, for 70 weeks, 9 animals in both strains. Mice were euthanized by an overdose of CO2 at the age of 3, 5, 10, 20, 57, and 70 weeks, and the entire colon was removed.



2.2. Histological scoring

Samples from mice colon were selected for histopathological analysis after methacarm fixation. They were paraffin-embedded, cut in 5 μ sections, deparaffinized, rehydrated, and stained with hematoxylin and eosin (H&E) and scored in a blinded manner. The sample size for this study was five animals for each strain and age group. Histological scoring (HS) was based on a semiquantitative scoring system that graded the following features: extent of destruction of mucosal architecture (0, normal; 1, 2, and 3, mild, moderate, and extensive damage, respectively); presence and degree of cellular infiltration (0, normal; 1, 2, and 3, mild, moderate, and transmural infiltration, respectively); extent of muscle thickening (0, normal; 1, 2, and 3, mild, moderate, and extensive thickening, respectively); presence of crypt abscesses (0, absent or 1, present); and presence of goblet cell depletion (0, absent or 1, present). The scores for each feature were summed with a maximum possible score of 11. An HS < of 3 was considered as normal, whereas between 3 and 7 was considered to correspond to moderate disease, and > of 7 corresponded to severe IBD phenotype.



2.3. Myeloperoxidase (MPO) activity

A kit based on a colorimetric reaction was used following manufacturer’s instructions (Sigma, Darmstadt, Germany): MPO catalyzes the formation of hypochlorous acid, reacting it with taurine to form taurine chloroamine. This reacts with the TNB chromophore, converting it to the colorless DTNB product. Finally, a unit of MPO activity is defined as the amount of enzyme that hydrolyzes the substrate and generates taurine chloroamine to consume 1.0 μM of TNB per minute at room temperature (RT).



2.4. Preparation of total RNA and real-time PCR

Total RNA from frozen tissue samples was extracted with TissueLyser homogenizer by using 1 ml Tri-pure isolation reagent (Invitrogen, Darmstadt, Germany) according to the manufacturer’s protocol. Contamination with genomic DNA samples was avoided by treatment with DNase (Ambion, Thermo Fisher, Whaltam, MA United States). Reverse transcription was carried out with 500 ng of total RNA by using a Superscript II kit (Bio-Rad Laboratories, Hercules, CA, United States). Specific sets of primers were obtained by using the NCBI/Primer-BLAST designing tool. Animal and cell culture data were corrected respect to their β-actin mRNA. List of primers is shown in Supplementary material.



2.5. Immunohistochemistry

Tissue 5 μ sections were deparaffinized and rehydrated, boiled in sodium citrate, and blocked in 5% goat serum. The sections were incubated overnight at 4°C with 1:100 polyclonal rabbit anti-RTN-4B/NOGO-B antibody, followed by incubation with reagents from the Vectastain ABC kit (Vector Laboratories, Burlingame, CA, United States) according to manufacturer’s instructions. Staining was developed with DAB (3,3-diaminobenzidine) with Karachi’s hematoxylin as counterstaining. Negative controls were obtained by avoiding the primary antibody as well as by incubation with inactivated anti-RTN-4B/NOGO-B antibody generated as described below.



2.6. Intestinal permeability assessment

The amount of dextran labeled with fluorescein isothiocyanate (FITC-dextran) that passes into the blood through the intestinal barrier, after rectal administration, was measured. FITC-dextran was prepared with a concentration of 0.6 mg/g of animal weight, dissolved in 1 × Phosphate buffered saline (PBS). After anesthetizing the mice with sevoflurane, 100 μl of the labeled dextran was administered rectally. After 4 h, under sedation again, 300–500 μl of retrorbital blood were extracted from mice, with the exception of 3 week animals. In this group, it was not possible to assess intestinal permeability due to the insufficient volume of blood obtained in the rest of the groups, blood was collected in microtainer gel serum separation tubes that were centrifuged at 7500 rpm for 15 min. With the serum obtained, the recovery percentage of the FITC-dextran was determined by means of a standard curve with 1/2 dilutions from the reading obtained in the fluorimeter. The excitation/emission spectrum of the probe studied is 485/535 nm.



2.7. Microbiota analysis

Feces and colon fragments were immediately frozen at –80°C after collection and processed at the end of the sampling with slowly defrosting at –20°C for 24 h and 4°C for another 24 h, to prevent DNA fragmentation. Both samples (0.2 g) were completely solubilized in 2 ml of water and DNA was obtained from 200 μl aliquots by the QiaAmp kit (Qiagen). Bacterial composition and distribution were determined by PCR amplification of the 16S rDNA V3-V4 region after massive sequencing (2 × 300 bp) on a MiSeq (Illumina, San Diego, CA, United States) platform. Raw sequence data were deposited in Genbank (BioProject ID PRJNA714289).1

Microbial diversity analysis was done with the Quantitative Insights Into Microbial Ecology version 2 (QIIME2) software suite (2019.1 distribution) (Bolyen et al., 2019). Diversity analysis was made using q2-diversity plugin, after samples were rarefied (subsampled without replacement) to 61,458 sequences per sample. We chose this rarefaction depth since it guaranteed robust diversity measures and retained all samples according to rarefaction plot. Diversity analysis comprised an alpha diversity metric (Shannon index, which measure microbiome richness) and a beta diversity metric (Bray–Curtis dissimilarity index, which measure microbiome composition differences). Statistical significance of the differences in mean Shannon index between groups of samples were calculated by Kruskal–Wallis test. To test for differences in microbiome composition between groups of samples, we performed Principal Coordinate Analysis (PCoA) based on the beta diversity Bray-Curtis distance matrix. Permutational multivariate analysis of variance (PERMANOVA) was employed to determine which categorical variables factors explained statistically significant variance in microbiota composition. All statistical tests were conducted via q2-diversity plugin from QIIME2. To determine which specific taxa explained beta diversity differences, differential abundance analysis was performed only in variables that yielded statistically significant differences in beta diversity analysis. To do that, linear discriminate analysis effect size (LEfSe) was used for testing taxonomic comparisons (Segata et al., 2011). LEfSe combines the standard tests for statistical significance (Kruskal–Wallis test and pairwise Wilcoxon test) with linear discriminate analysis for taxa selection. In addition to detecting significant features, it also ranks features by effect size, which put features that explain most of the biological difference at top. Alpha value for the factorial Kruskal-Wallis test was 0.05 and the threshold on the logarithmic Linear Discriminant Analysis (LDA) score for discriminative taxa was 2.0.



2.8. Colon-derived organoid culture

Organoids were generated with a modificated protocol (Goldspink et al., 2020). Briefly, after sacrifice, colon was extracted and a fragment of 6 cm from cecum was longitudinally opened, washed with cold PBS (without Ca+2 and Mg+2) and minced in smaller pieces. Tissue fragments were incubated with 30 mM EDTA chelation buffer for 10 min on ice. Next, the EDTA-fragments solution was turned over a Fetal bovine serum (FBS)-precoated Petri dish. Small pieces of colon were taken into a Falcon tube with 10 ml of cold PBS and vigorously shaken to obtain a crypt-enriched fraction. This procedure was repeated until an adequate number of crypts were obtained. The crypt suspension was then filtered through a 70 μm cell strainer and centrifuge al 300 g for 5 min. Pellet was resuspended in culture medium (IntestiCult™ medium, StemCell Technologies©) and mixed with equal volume of Matrigel (Corning©; ratio suspension crypts/Matrigel 1:1). Crypts were then seeded in a pre-warmed 24-well plate in 50 μl droplets per well and allowed to polymerize in an incubator at 5% CO2, 37°C for 30 min. After that, 750 ml of IntestiCult™ medium were carefully added in each well and plate was incubated at 37°C, 5% CO2. Culture media were changed every 2–3 days to maintain optimal growth conditions.



2.9. Statistical analysis

Data are expressed as means ± SEM. The Mann–Whitney U-test was used to compare the nonparametric data and two-way ANOVA followed by Bonferroni’s multiple-comparison test. Only p values < 0.05 were considered as statistically significant.




3. Results


3.1. Animal weight, colonic weight-to-length ratio and histological scoring

Compared to WT animals, KO mice showed significant less body weight at 5, 10, 57, and 70 weeks old (Figure 1A). Colonic weight-to-length ratio was significantly higher in KO at 20 and 57 weeks old (Figure 1B). Histological evidence of inflammation—neutrophil infiltration, crypt distortion, goblet cells depletion—reached its maximum degree at 20 weeks-old mice (Figures 1C–1F). Histological scoring was significantly higher in KO animals at 20- and 57-weeks (Figure 1G). Myeloperoxidase activity was evaluated only at the ages showing histological differences in inflammatory infiltrate. Observed values were significantly higher in KO at 20 weeks, with no significant differences at 10- and 57-weeks old mice (Figure 1H).
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FIGURE 1
 (A) Body weight after sacrifice (B) Weight to length ratio of the colon of both strains. (C–F) Hematoxylin eosin staining in 20-week-old IL-10-deficient mice. Representative images of: inflammatory infiltrate, epithelial stratification, focal erosion, and mucin depletion, respectively. (G) Comparison of histological scoring of both strains of all ages (5 animals for each strain and age group were used in this analysis). (H) Measurement of the Mieloperoxidase (MPO) enzyme activity by colorimetric reaction at 10, 20, and 57 weeks of age in both strains made in three independent replicates. In all graphs, C57Bl/6 wild type (WT) group was represented in black and IL-10 deficient mice (IL-10−/−) group in white. #p < 0.05 with respect to wild type (WT).




3.2. Colonic expression of pro-inflammatory cytokines and enzymes

According with histological findings, interleukin-1β (IL-1β) and Tumor necrosis factor α (TNFα) mRNA expression in the KO colon at 20 weeks was significantly higher than in their WT counterparts; without significant differences in the remaining samples (Figures 2A,B). We did not find statistically significant differences in the expression of interleukin-6 (IL-6) and interferon γ (IFNγ) mRNA at any age (Figures 2C,D). Colonic expression of inducible nitric oxide synthase (iNOS) mRNA was significantly higher only in KO at 20 weeks (Figure 2E), whereas ciclooxigenase-2 (COX-2) mRNA expression was homogenous in both groups and sampling times (Figure 2F).
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FIGURE 2
 Comparison of IL-1β (A), TNF-α (B), IL-6 (C), IFN-γ (D), iNOS (E) and COX-2 (F) gene expression WT and IL-10−/− strains. The normalization was carried out based on the housekeeping gene β-actin and three independent replications were made for each marker studied. C57Bl/6 wild type (WT) group was represented in black and IL-10 deficient mice (IL-10−/−) group in white. #p < 0.05 with respect to WT of the same age.




3.3. Intestinal barrier function and adhesion molecules mRNA expression

Compared to WT, the colonic permeability to FITC-dextran was significantly higher in KO mice from week 10 (Figures 3A,B); but equivalent at 57- and 70-weeks. The expression of ZO-1 (Figure 3C) and Occludin (Figure 3D) mRNA was significantly lower in KO at 57- and 70-weeks, whereas no significant differences were found in the expression of Claudin-2, Claudin-7 or E-cadherin mRNA (Figures 3E–G).
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FIGURE 3
 In vivo permeability and gene expression of adhesion molecules. Measurement of fluorescein isothiocyanate (FITC-dextran) fluorescence in serum after passive diffusion through the intestinal epithelium and after rectal administration (n = 6 for each strain and age); absolute values (A) and percentage increase (B). Comparison of gene expression of adhesion molecules ZO-1 (C), Occludin (D), Claudin-2 (E), Claudin-7 (F) and E-cadherin (G). The normalization was carried out based on the housekeeping gene β-actin and three independent replications were made for each marker studied. C57Bl/6 wild type (WT) group was represented in black and IL-10 deficient mice (IL-10−/−) group in white. #p < 0.05 to respect to WT of the same age.




3.4. Mucin content and endoplasmic reticulum stress (ERS) markers

The expression of the MUC2 gene in colon was significantly lower in KO at 20, 57 and 70 weeks-old (Figure 4A). In the same way, the content of mucin in the epithelium, estimated by means of positive goblet cells in the alcian blue staining, were significantly lower for IL-10 deficient mice starting at week 10, as well in 20-and 57-weeks old mice (Figures 4B–D). In order to in-depth explore the mechanisms associated with mucin depletion in the colon of this murine model of colitis, we next analyzed expression of interleukin-18 (IL-18) and WAP Four-Disulfide Core Domain 2 (WFCD-2) genes which was significantly lower for KO at 20 and 57 weeks old, without statistical differences at early ages (Figures 5A,B).
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FIGURE 4
 (A) Comparison of gene expression of MUC-2 gene in colon of WT and IL-10−/− mice in all evaluated ages. #p < 0.05 to respect to WT of the same age. The count of total goblet cells (B) and goblet cells per microvillus (C) was performed blindly by two independent researchers from images obtained with ACT-1 software. C57Bl/6 wild type (WT) group was represented in black and IL-10 deficient mice (IL-10−/−) group in white. #p < 0.05 to respect to WT of the same age. (D) Histological sections of the colon stained with alcian blue and hematoxylin in WT and IL-10−/− at 3, 5, 10, 20, and 57 weeks of age.
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FIGURE 5
 Analysis of gene expression by qPCR of IL-18 (A), WFDC2 (B), Xbp1 (C), and RTN-4B/NogoB (D) in the colon of WT and KO mice in all evaluated ages. C57Bl/6 wild type (WT) group was represented in black and IL-10 deficient mice (IL-10−/−) group in white. #p < 0.05 with respect to WT of the same age. (E) Histological sections of the colon of WT and IL-10−/− mice at 3, 5, 10, 20, and 57 weeks of age labeled with RTN-4B antibody and revealed with DAB (n = 6 for each strain and age). (F) RTN-4B positive nuclei count from images acquired in ACT-1 software in blindly and independent manner.


In addition, early (3 weeks-old) decrease of colonic X-box-binding protein (Xbp-1) mRNA expression was observed in KO (Figure 5C); as well as the RTN-4B/NogoB expression was significantly lower in KO from 5 to 57 weeks (Figure 5D). Immunohistochemistry of RTN-4B/NogoB confirmed those findings (Figures 5E,F).

In order to explore possible intrinsic defect on mucin synthesis in the colonic epithelium, we took advantage of the use of colonic organoids from 20-weeks old mice: no significant differences were found in the mRNA expression of MUC-2 or Xbp-1 between both groups of mice—derived organoids (data not shown).



3.5. Gut microbiota composition in feces and colonic mucosa

16S rDNA determinations were performed in at least six mice per group and age, except at 3 weeks where sampling was three animals per group. After the initial quality analysis, 30 millions of readings were adequately identified up to the taxonomic category of genus. Alpha-diversity, as measured by the Shannon index, only detected significant differences at 20 weeks of age in colonic mucosal samples, with higher diversity values for KO mice (Supplementary material).

However, significant differences on beta-diversity measured by Bray–Curtis and LeFSe algorithms started at 5 weeks in feces and at 3 weeks in colonic mucosa (Supplementary material), being deeper at 10 weeks and even deeper at 20 weeks. At 20 weeks in both feces and colonic mucosa, the most notorious feature was a considerable decrease on Akkermansia (phylum Verrucomicrobia; Figures 6, 7). As feces contains DNA from the whole intestinal tract, some differences respect to the colonic mucosa was observed, but in both samples the Akkermansia depletion was notorious. Changes in gut microbiota composition observed at 20 weeks persisted on 57 weeks-old animals (data not shown). In addition, another common characteristic between the microbiota from the mucosa and feces is the loss of biodiversity that can be seen with age. Specifically, the most notable changes in the feces are the loss of some families and genera in the IL-10−/− strain, such as Albidovulum and Prevotella (5 weeks old) or Adlercruztia equolifaciens (10 weeks old). However, at 20 weeks of age, families such as Enterococcaceae appear in IL-10−/− mice and do not seem to be significantly present in WT. Regarding the changes observed with the LeFSe analysis in the mucosal microbiota, there is loss of families such as Prevotellaceae (10 weeks) or Bacteroideaceae (20 weeks).
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FIGURE 6
 Comparison of the differences in the composition of the microbiota of C57Bl/6 wild type (WT) and IL-10 deficient mice (IL-10−/−) IL-10−/− from colonic mucosa samples with linear discriminant analysis effect size (LEfSe) at ages 5 (A), 10 (B) and 20 weeks (C). Significant differences are considered from 2.0 on the logarithmic scale, both positive and negative. The cladogram indicates the importance of the changes in the bacterial composition for the rest of the populations of the sample.
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FIGURE 7
 Comparison of the differences in the composition of the microbiota of C57Bl/6 wild type (WT) and IL-10 deficient mice (IL-10−/−) IL-10−/− from fecal samples with linear discriminant analysis effect size (LEfSe) analysis at ages 5 (A), 10 (B) and 20 weeks (C). Significant differences are considered from 2.0 on the logarithmic scale, both positive and negative. The cladogram indicates the importance of the changes in the bacterial composition for the rest of the populations of the sample.





4. Discussion

Enhanced intestinal permeability seems to be a key pathophysiological phenomenon of human IBD (Kevans et al., 2015) and several animal models of IBD such as IL-10 deficient mice (Arrieta et al., 2009). Intestinal barrier dysfunction results in bacterial translocation and enhanced uptake of luminal antigens which, consequently, are associated with maintained stimulation of lamina propria and submucosa immune cells, and finally, with chronic inflammation. The results reported herein demonstrates that intestinal barrier dysfunction is an early event in the natural history of colitis in IL-10 deficient mice, preceding the development of overt inflammation, as it seems to occur in human CD (Turpin et al., 2020).

It is well known that proinflammatory cytokines such as IFNγ and TNFα, and soluble mediators such as nitric oxide (NO) and reactive oxygen species (ROS) cause alterations and/or disassembly of intercellular junctions, leading to intestinal barrier dysfunction (Buckley and Turner, 2018; Mu et al., 2019). Nevertheless, our results strongly suggest that the increase of the intestinal permeability occurs in the absence of overt inflammation or even enhanced expression of the aforementioned pro-inflammatory markers; therefore, it is tempting to speculate that the intestinal barrier dysfunction is not an epiphenomenon related with subepithelial inflammation but a primary pathophysiological event. Supporting this hypothesis, genetic studies have demonstrated a relationship between 3020insC mutation of CARD15/NOD2 gene and higher mucosal permeability among first-degree relatives of CD patients (Buhner et al., 2006); moreover, an allelic variant of DLG5 (Drosophila discs large homolog 5) gene, that codifies a intracellular scaffold protein involved in the maintenance of epithelial barrier integrity, is associated with a higher risk of CD and UC development (Stoll et al., 2004). In addition, it has been recently demonstrated that increased intestinal permeability in asymptomatic first-degree relatives of CD patients is associated with later development of the disease (Turpin et al., 2020).

Intestinal barrier comprises cellular and extracellular elements (Turner, 2009). Intestinal epithelial cells constitute the main cellular element of the intestinal barrier, and tight junctions between contiguous intestinal epithelial cells constitute the rate-limiting seal of the paracellular barrier pathway. In the present study, we did not find correlation between an increased permeability and the expression of intercellular junctions’ molecules. Nevertheless, changes in protein expression and distribution have not been explored and deserves further investigation. But RTN4-B/NOGO-B mRNA and protein levels are significantly lower in the colon of 5-, 10-, 20-and 57-weeks old KO mice. We previously showed that RTN-4B/NOGO-B is an apical junction complex-associated molecule in the surface intestinal epithelium, which expression is decreased in the inflamed colon of 20-weeks old IL-10 deficient mice and CD patients (Rodriguez-Feo et al., 2015).

Among the extracellular components, Muc2 mucin synthesized and secreted in the gut by goblet cells is a key player of the intestinal barrier function (Kang et al., 2022). Altered Muc2 synthesis and, consequently, aberrant mucin assembly induces endoplasmic reticulum stress and promotes colonic inflammation in mice (Heazlewood et al., 2008). In this sense, IL-10 could enhance intestinal barrier function by inducing the production of mucus via suppression protein misfolding and endoplasmic reticulum stress (ERS) in goblet cells (Hasnain et al., 2013). Thus ERS-induced mucin depletion seems to be a relevant pathogenetic mechanism of colitis in IL-10 deficient mice; our results demonstrating a significantly reduced number of goblet cells and expression of MUC-2, IL-18, WFDC2 and Xbp-1 in IL-10 deficient mice at young ages support this hypothesis. In addition, ERS also might be involved in the early decrease of the endoplasmic reticulum protein RTN-4B/NOGO-B expression and distribution described in the present work. RTN4-B/NOGO-B is a structural protein of the endoplasmic reticulum that participates in the maintenance of ER tubular shape and functions (Rodriguez-Feo et al., 2015).

Gut microbiota seems to be a main trigger of the aberrant immune response that characterizes human and murine IBD (Putignani et al., 2016), and the presence of antibodies against bacterial antigens in healthy individuals is associated with later development of CD (Torres et al., 2020). In the present work, we have shown that bacterial composition modifications are an early event in IL-10 deficient mice, starting at week 5 of age—before the development of overt or even subtle colonic inflammation. In this context, Leibovitzh et al. (2022), have recently shown gut microbiota alterations in healthy first-degree relatives of CD patients, associated with intestinal permeability dysfunction. The decrease in the genus Prevotella was observed in the feces and mucosa of IL-10-deficient mice. This genus has been defined as protective in the development of IBD, due to its role as a commensal microbiota that intervenes in the degradation of fibers and organic compounds (Kovatcheva-Datchary et al., 2015; Azimirad et al., 2022). In addition, the considerable decrease on Akkermansia abundance was corroborated in both feces and colonic mucosa and is presumably a direct consequence of the drastic reduction of the mucus layer. Interestingly, it has been recently shown that Muc2 mucin is essential in the maintenance of a “healthy” microbiota in mice, protecting them against chemical-induced colitis (Leon-Coria et al., 2021). However, other authors have pointed to A. muciniphila to promote colitis in a genetically susceptible mouse model (Seregin et al., 2017). These results might be due to specific-pathogen free housing conditions. IL-10 deficient mice used in this work were kept in conventional housing conditions since the development of colitis is microbiota-dependent (Sellon et al., 1998).

Future researches should be achieved to better understand the correlation between intestinal permeability and adhesion molecules expression, including some other TJs families like nectins, catenins, desmins, etc. Mucin depletion observed in the colon of IL-10 deficient mice seems to be related to ER-stress. It would be interesting to clarify the relation with ER stress and other mechanisms related to translation and folding of highly glycosylated proteins such as mucins. Regarding this, proteomic assays of ER enriched fraction could be helpful to unravel the underlying mechanism of altered mucin secretion. In this study, relevant changes in microbiome composition have been observed in IL-10 deficient mice. In-depth microbiota analysis including transcriptomic and metabolomic studies would be interesting tools to highlight functional implications of these alterations.



5. Conclusion

Mucin depletion and microbiota refitting—probably related with ERS—in the colon of IL-10 deficient mice are associated with early intestinal barrier dysfunction and precede overt gut inflammation in this animal model of chronic intestinal inflammation. Intriguingly, we demonstrate significant weight loss in IL-10 deficient mice at early ages without evidence of histologic inflammation, and this point deserves further investigation. Characterization of the chronological course of murine colitis, and identification of novel mechanisms involved in the disturbed intestinal epithelial barrier function in experimental models might provide a better understanding of IBD pathophysiology and natural history.
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Aim: The treatment of Alzheimer’s disease (AD) is still a worldwide problem due to the unclear pathogenesis and lack of effective therapeutic targets. In recent years, metabolomic and gut microbiome changes in patients with AD have received increasing attention, and the microbiome–gut–brain (MGB) axis has been proposed as a new hypothesis for its etiology. Considering that electroacupuncture (EA) efficiently moderates cognitive deficits in AD and its mechanisms remain poorly understood, especially regarding its effects on the gut microbiota, we performed urinary metabolomic and microbial community profiling on EA-treated AD model mice, presenilin 1/2 conditional double knockout (PS cDKO) mice, to observe the effect of EA treatment on the gut microbiota in AD and find the connection between affected gut microbiota and metabolites.

Materials and methods: After 30 days of EA treatment, the recognition memory ability of PS cDKO mice was evaluated by the Y maze and the novel object recognition task. Urinary metabolomic profiling was conducted with the untargeted GC-MS method, and 16S rRNA sequence analysis was applied to analyze the microbial community. In addition, the association between differential urinary metabolites and gut microbiota was clarified by Spearman’s correlation coefficient analysis.

Key findings: In addition to reversed cognitive deficits, the urinary metabolome and gut microbiota of PS cDKO mice were altered as a result of EA treatment. Notably, the increased level of isovalerylglycine and the decreased levels of glycine and threonic acid in the urine of PS cDKO mice were reversed by EA treatment, which is involved in glyoxylate and dicarboxylate metabolism, as well as glycine, serine, and threonine metabolism. In addition to significantly enhancing the diversity and richness of the microbial community, EA treatment significantly increased the abundance of the genus Mucispirillum, while displaying no remarkable effect on the other major altered gut microbiota in PS cDKO mice, norank_f_Muribaculaceae, Lactobacillus, and Lachnospiraceae_NK4A136 group. There was a significant correlation between differential urinary metabolites and differential gut microbiota.

Significance: Electroacupuncture alleviates cognitive deficits in AD by modulating gut microbiota and metabolites. Mucispirillum might play an important role in the underlying mechanism of EA treatment. Our study provides a reference for future treatment of AD from the MGB axis.

KEYWORDS
electroacupuncture, PS cDKO mice, Alzheimer’s disease, metabolomics, gut microbiota


1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease, mainly manifested as memory impairment, apraxia, agnosia, impaired spatial ability, computing power, and personality and behavior changes. AD has become the third leading cause of disability and death in the elderly, only after cardiovascular and cerebrovascular diseases and malignancies (Du et al., 2018). There are various hypotheses about its etiology: abnormal deposition of amyloid beta (Aβ) in the extracellular space of neurons, the formation of tau protein tangential fibers in neurons, inflammation, cholinergic neuron damage, oxidative stress, etc. But it is hard to explain the disease entirely with one hypothesis. Over the past decade, it has been widely believed that microbiome changes are closely related to neurodegenerative diseases, of which AD is one of the most representative diseases. The gut microbiota of different AD transgenic mice has been reported to vary with age, implying an association with disease progression (Zhang L. et al., 2017; Wang et al., 2019). Similarly, the composition and diversity of microbiota in fecal samples from patients with AD also changed compared with healthy subjects (Zhuang et al., 2018). The microbiome–gut–brain (MGB) axis, which has been used to describe direct or indirect relations among the brain, gut, and gut microbiota, is primarily bidirectional crosstalk through three distinct but parallel communication pathways “neuro-immune-endocrine” (Du et al., 2018; Sun M. et al., 2020).

Several recent studies have enriched the evidence of changes in the MGB axis in AD pathogenesis, which may explain various characteristics of AD processes along with changes in the gut microbiota. In APPSWE/PS1ΔE9 transgenic mice, antibiotic-induced disturbance of gut microbial diversity shows an effect on Aβ plaque deposition and neuro-inflammation (Minter et al., 2016). In addition, Lactobacillus plantarum contributed to reinforce the beneficial effects of memantine treatment in APP/PS1 mice by remodeling the gut microbial composition, inhibiting the synthesis of trimethylamine-N-oxide, a gut microbial metabolite, and reducing cluster protein levels. It is also observed in this research that improved cognitive deterioration, reduced Aβ levels in the hippocampus, and protected neuronal integrity and plasticity of the mice (Wang et al., 2020). Furthermore, oral probiotics to modify the gut microbiota has been proven to be beneficial in reducing oxidative stress (Bonfili et al., 2018) and restoring glucose homeostasis in 3xTg-AD mice (Bonfili et al., 2019), and abnormal glucose metabolism is also one of the most important clinical and biochemical characteristics leading to AD (Adlimoghaddam et al., 2019).

Metabolites derived from the gut microbiota play important roles in the MGB axis. For example, gut microbiota-derived short-chain fatty acids, for example, valeric acid, butyric acid, and propionic acid can interfere with Aβ aggregation (Ho et al., 2018). Similarly, metabolites released from abundant bacteria in a healthy gut such as 3-hydroxybenzoic acid and 3-(3′-hydroxyphenyl) propionic acid (Wang et al., 2015) support cognitive function, whereas metabolites released by pro-inflammatory bacteria in AD aggravated the inflammation of the central nervous system (Bostanciklioglu, 2019). Moreover, a growing number of studies have clearly shown various changes in the metabolism of AD, including cerebral glucose metabolism (Cisternas and Inestrosa, 2017; Adlimoghaddam et al., 2019), lipid metabolism (Han et al., 2011; Liao et al., 2017), and the metabolism of several amino acids in the dopamine-norepinephrine pathway (Kaddurah-Daouk et al., 2011). Metabolomic approaches can be available for qualitative and quantitative analyses of metabolic profiles. Compared with other biological fluids, the urine sample can be obtained non-invasively, contains abundant metabolites, and reflects the imbalance of all biochemical pathways in the body (Khamis et al., 2017). Urine metabolomics can detect subtle metabolic differences in specific diseases or therapeutic interventions.

Electroacupuncture (EA), a traditional treatment originating from China, is accepted worldwide now. The efficacy of EA for cognitive deficits in AD has been widely reported in clinical and animal studies (Peng et al., 2017; Cai et al., 2019). Some mechanisms have been documented, such as inhibition of neuroinflammation (Cai et al., 2019), improvement of N-acetylaspartate, glutamate and glucose metabolism (Liu et al., 2017; Lin et al., 2018), reduction of Aβ deposits (Li X. et al., 2014; Tang et al., 2019), upregulation of the expression of BDNF and promotion of neurogenesis (Li X. et al., 2014; Lin et al., 2016), activation of PPAR-γ (Zhang M. et al., 2017), and attenuation of NOX2-related oxidative stress (Wu et al., 2017). However, its biological basis is still unclear, and the link between its effect on AD and gut microbiota has rarely been reported. As mentioned earlier, the gut microbiota plays a very important role in the progression of AD. Therefore, it is very necessary to clarify the potential role of EA in AD, especially from the gut microbiota and metabolomics.

Presenilin 1/2 conditional double knockout (PS cDKO) mice have been widely accepted as mice with a typical phenotype of AD (Saura et al., 2004; Lee and Aoki, 2012; Zhao et al., 2019). They exhibit age-dependent AD-like symptoms and pathology, such as cognitive deficits and synaptic plasticity impairments from the early stage, obvious neuroinflammation at a mature age, hyperphosphorylated tau, and cortical and hippocampal atrophy in the late stage (Saura et al., 2004; Chen et al., 2008; Zhao et al., 2019). Moreover, our previous studies have demonstrated that they displayed metabolic and microbiotic changes, which were associated with the progression of the disease (Gao et al., 2021b). Considering all these, in this work, we aim to investigate the influence of EA on the metabolome and gut microbiota in PS cDKO mice and further find out the potential mechanism by which EA acts on cognition under gut microbial regulation.



2. Materials and methods


2.1. Animals

The generation and genotyping of PS cDKO mice have been described previously (Saura et al., 2004). Mice with the transgene Cre, fPS1/fPS1, and PS2-/- were performed as PS cDKO mice, whereas their littermates, without transgene Cre, fPS1/+, and PS2+/+, or PS2±, assigned to the wild-type (WT) group. All mice were housed in a specific pathogen-free environment since born with food and water freely available. The room with 12-h light/dark cycles was controlled at 23 ± 2°C. All animal protocols in this study were approved by Animal Experimentation of Shanghai University of Traditional Chinese Medicine (PZSHUTCM191025005) and carried out in accordance with relevant guidelines and regulations. All methods are also in accordance with the ARRIVE guidelines.



2.2. Electroacupuncture treatment and sample collection

Five months of PS cDKO mice were randomly assigned into the cDKO group and the cDKO with EA treatment (cDKO + EA) group (n = 6). Mice between groups were sex-matched, with half males and half females. Mice in each group were housed separately to avert the cage effects from microbiome transfer. For the cDKO + EA group, disposable acupuncture needles (0.17 mm × 7 mm, Changchun AIK Medical Device Co., Ltd., Changchun, China) were inserted perpendicularly into the muscle layer at Shenmen (HT7) and Taixi (KI3) on the same side limbs. The Shenmen acupoint is located on the ulnar end of the carpal transverse grain in the forepaw, while Taixi is on the midpoint between the Achilles tendon and the medial malleolus. The bilateral acupoints were used alternately in the treatment. The pulse generator (G6805, Shanghai Medical Instrument High Technology Co., Ltd., Shanghai, China) was connected to deliver electrical current to the needles (continuous wave: 2 Hz, 1 mA, lasted 15 min). EA stimulation was administered every day starting at 8 a.m. and lasted for 30 days. The cDKO group mice and WT group received the same type of fixation for equal time. After that, fecal samples were collected. For the collection of urine, each mouse was separately kept in metabolic cages for 1 day during the fasting state. The whole procedure was also conducted in a specific pathogen-free environment. The fecal and urine samples were snap-frozen in liquid nitrogen, and then stored at −80°C before further analysis.



2.3. Behavioral tests

To observe whether EA has an influence on cognitive deficits in PS cDKO mice, a Y maze and a Novel object recognition task (Gao et al., 2021a) were conducted successively at a 3-day interval. Mice were placed in a sound-proofed behavior room in advance to adapt to the circumstance. The operators were blind to the condition of each mouse for behavioral tests.


2.3.1. Y maze

The Y maze, used to assess spatial recognition memory ability, was conducted as previously described (Gao et al., 2021a). First, one arm, named the novel arm, was blocked. Each mouse was placed in the start arm, facing the central joining region, and allowed to freely explore the opened two arms for 8 min. One hour later, the novel arm was opened and the mouse was replaced in the start arm to freely explore the three arms. The percentage of time mice spent and the number of entries in the novel arm were calculated.



2.3.2. Novel object recognition task

The novel object recognition task including three sessions is also used to evaluate recognition memory ability. During the first training sessions, an open-field chamber was set up with two objects of the same size, shape, color, and material. Each mouse was placed in it to explore for 5 min. At 1 h and 24 h after the training sessions, the mouse was placed in the chamber again, but one of the objects was replaced with a different object in size, color, and shape. The time that each mouse spent exploring each object was recorded. The ratio of time that mice spent exploring either of the same objects (during the training session) or the novel object (the next two sessions) over the total time that mice spent exploring both objects was calculated as the preference index.




2.4. Urinary metabolomic signatures

Urine metabolites were performed following an untargeted gas chromatography-time-of-flight mass spectrometer (GC-MS) metabolomics method, as described previously (Ma et al., 2018). In brief, urinary samples were first thawed at room temperature, shaken well, and then centrifuged at 12,000 rpm for 10 min. One hundred microliter of supernatant was taken and mixed with 70 IU urease for 15 min for urea degeneration, and then methanol and myristic acid were added. The supernatant was centrifuged and dried using a nitrogen stream. The prepared methoxide was then combined with the carbonyl group by adding pyridine-dissolved methoxyamine. After that, NO-Bis (trimethylsilyl) trifluoroacetamide acted as a derivatizing reagent to pretreatment. The Agilent 6890/5975B GC/MSD system was used to perform the sample analysis. Each 1 μL analyte was injected into a capillary column (Agilent J&W DB-5ms Ultra Inert 30 m × 250 μm, i.d., 0.25 μm film thickness) with high purity helium as carrier gas at a constant flow rate of 1.0 ml/min. The solvent delay time was set to 5 min. Temperature programing for GC was set at 70°C for 2 min and followed by a 2.5°C/min oven temperature ramp to 160°C, then raised to 240°C at a rate of 5°C/min, and maintained at that temperature for 16 min. The temperatures of the injector, the EI iron source, and the interface were set to 280, 230, and 260°C, respectively. The measurements were collected using electron impact ionization (70 eV) in full scan mode (m/z 50–600).



2.5. Microbial community profiling

Total microbial DNA was extracted from fecal contents using the E.Z.N.A.® soil DNA kit (Omega Bio-Tek, Norcross, GA, USA), according to standard protocols. Gel electrophoresis (0.8% agarose gel) was used for DNA extraction, and then an ultraviolet spectrophotometer (Thermo Fisher Scientific, Wilmington, USA) was used to evaluate DNA concentration and purity. To amplify the hypervariable regions (V3–V4) of the bacterial 16S ribosomal RNA gene, a set of primers (338F: 5′-ACTCCTACGGGAGGCAGCAG-3′ and 806R: 5′-GGACTACHVGGGTWTCTAAT-3′) was used. Polymerase chain reaction (PCR) amplification products were identified by 2% agarose gel electrophoresis and then purified by the AxyPrep DNA Gel Extraction kit (AXYGEN Biosciences, Union City, CA, USA). The purified amplicons were combined at an equimolar ratio, which was quantified using a microplate reader (BioTek, FLx800, USA). Finally, the paired terminal sequencing was performed on the Illumina MiSeq platform under the standard instructions (Majorbio Biopharm Technology Co., Ltd., Shanghai, PRC).



2.6. Data analysis

First, raw data analyzed by GC-MS were converted into NetCDF format by Agilent MSD workstation. Then, XCMS toolkit scripts and R 2.13.2 (Lucent Technology, Reston, VA, USA) packages are used for preprocessing, and subsequently, Simca 14 software (Umetrics, Umea, Sweden) was used for further processing. Raw FASTQ files were demultiplexed and qualified by fastp version 0.20.0 and merged by FLASH version 1.2.7 as we described previously (Gao et al., 2021b). In brief, the 300 bp reads were truncated at any site getting an average quality score of lower than 20 over a 50 bp sliding window. Only overlapping sequences of >10 bp were assembled and the maximum mismatch ratio of the overlap region is 0.2. Besides, distinguish samples based on barcode and primers and only accept two nucleotide mismatch in primer matching. Operational taxonomic units (OTUs) picked at 97% similarity cutoff were clustered using UPARSE version 7.1. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 with a confidence threshold of 0.7. Differences in α-diversity were computed by the Shannon and Chao indices. β-diversity was performed to estimate the difference or similarity of community structure between groups, visualized in principal coordinate analysis (PCoA) plots. The statistical significance was assessed by partial least squares discriminant analysis (PLS-DA). Different bacterial taxa among groups were estimated by the linear discriminant analysis (LDA) effect size (LEfSe).

Statistical analyses were carried out with a one-way ANOVA, the two-tailed Student’s t-test, or Pearson’s multivariate linear regression analysis by SPSS 25.0. The correlation coefficient of Spearman’s between perturbed urinary metabolome and gut taxa was indicated as a heatmap. All numerical data are shown as means ± standard deviation (SD). P < 0.05 was considered statistically significant. The metabolic associations of each well-correlated member of the gut microbe (|r| > 0.4) were considered as a cross-correlation diagram.




3. Results


3.1. Electroacupuncture ameliorates cognitive deficits in PS cDKO mice

PS cDKO mice is a generally accepted AD model, characterized by cognitive deficits, which is accordant with our study. It is well known that mice prefer to explore new things. In the Y maze, compared with WT controls, PS cDKO mice showed significantly reduced duration and frequency in the novel arm, which was blocked at first, indicating reduced spatial recognition memory. However, EA treatment improved the duration and frequency observed in the novel arm (Figures 1A, B). Interestingly, similar cases happened in the novel object recognition task. During the training session, mice did not exhibit different preferences for the two similar objects in groups (Figure 1C). At 1 h after the training session (for testing short-time memory), WT mice displayed an obvious preference for the novel object, while PS cDKO mice did not spend much time exploring the novel object (Figures 1C, D). Though there was such preference neither in WT nor in PS cDKO mice in subsequent 24 h tests (for long-time memory), those suggested that PS cDKO mice had impaired short-time novel object recognition memory. However, the time spent on exploring the novel object in 1 h tests was reversed by EA treatment.
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FIGURE 1
Electroacupuncture ameliorates cognitive deficits in PS cDKO mice. The duration (A) and frequency (B) of entries in the novel arm of the Y maze. The symbol “°” means an individual. (C,D) The preference index in the novel object recognition task. One-way ANOVA, *P < 0.05, **P < 0.01, N = 6.


All those indicated that EA ameliorated short-term memory deficits.



3.2. Electroacupuncture alters urinary metabolome in PS cDKO mice

By establishing principal component analysis (PCA) and PLS-DA patterns, we observed overall clustering and trends among groups. As shown in Figure 2A, significant separation was observed among WT, cDKO, and cDKO + EA groups in the PCA score plot (R2X = 0.821, Q2 = 0.508). Moreover, in the PLS-DA score plot (Figure 2B), the cDKO group was separated from the WT and cDKO + EA groups (R2X = 0.864, R2Y = 0.982, Q2 = 0.959). The result indicated that the model was constructed successfully, and EA treatment appeared to ameliorate urine metabolic alternation induced by cDKO. In the OPLS-DA plot (Supplementary Figures 1A, B), the WT and DKO groups displayed significant deviation (R2X = 0.689, R2Y = 0.992, Q2 = 0.918). Supplementary Figure 1C also showed that the cDKO + EA group had distinctive metabolic profiles compared with the cDKO group (R2X = 0.639, R2Y = 0.956, Q2 = 0.798).
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FIGURE 2
Scores plots of multivariate statistical analysis on urinary metabolites. PCA scores plot (A) and PLS-DA scores plot (B) of the WT, cDKO, and cDKO + EA groups. N = 6.


Screening and identification of differential metabolites using S-plot and VIP (variable importance in projection) in OPLS-DA (VIP > 1), which were further verified by a pairwise t-test (P < 0.05) (Xue et al., 2021). As shown in Figure 3A, a total of 11 differential metabolites were identified in the WT group compared with the cDKO group in which m-cresol and isovalerylglycine decreased in the WT group, and the other nine differential metabolites increased in the WT group. At the same time, we also observed the abundance of those 11 differential metabolites in the cDKO + EA group (Supplementary Figure 1E). Compared with the cDKO group, the cDKO + EA group showed an obvious decrease in isovalerylglycine and increased glycine and threonic acid with the other eight metabolites changed insignificantly (Supplementary Figure 1E and Figure 3B). Moreover, there was a total of seven different metabolites were identified between the cDKO and cDKO + EA groups of which three metabolites were reduced in the cDKO + EA group (Figure 3B). The details of these metabolites are presented in Supplementary Tables 1, 2.
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FIGURE 3
Heat map of the differential metabolites in the cDKO group and the WT group (A), and the cDKO group and the cDKO + EA group (B), N = 6.




3.3. Electroacupuncture affects the metabolic pathway and network analysis

KEGG and HMDB databases were employed to correlate urine differential metabolites with potentially related pathways, and MetaboAnalyst 3.0 was used to further determine their impact values. It was found that the eight most relevant metabolic pathways were disturbed (impact factor ≥0.1), compared the cDKO group with the WT group. They were glyoxylate and dicarboxylate metabolism; citrate cycle (TCA cycle); alanine, aspartate, and glutamate metabolism; glutathione metabolism; arginine biosynthesis; pentose and glucuronate interconversions; glycine, serine, and threonine metabolism; d-glutamine and d-glutamate metabolism (Figure 4A). Moreover, two main affected metabolic pathways were observed in the cDKO and cDKO + EA groups. They are glyoxylate and dicarboxylate metabolism and glycine, serine, and threonine metabolism (Figure 4B). In addition, there were two identical metabolic pathways involved in three groups, suggesting that the two pathways may have an important role in the pathological process of AD and the course of EA treatment.
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FIGURE 4
Pathway analysis of urinary metabolites using metaboanalyst (impact factor ≥0.1). (A) Disturbed metabolic pathways in PS cDKO mice. (B) Influenced metabolic pathways of PS cDKO mice after electroacupuncture. (1) Glyoxylate and dicarboxylate metabolism, (2) citrate cycle (TCA cycle), (3) alanine, aspartate, and glutamate metabolism, (4) glutathione metabolism, (5) arginine biosynthesis, (6) pentose and glucuronate interconversions, (7) glycine, serine, and threonine metabolism, and (8) d-glutamine and d-glutamate metabolism. N = 6.




3.4. Electroacupuncture changes the gut microbiome in PS cDKO mice

Our previous study has observed that the gut microbiome has been changed in PS cDKO mice (Gao et al., 2021b), but the effect of EA on it is still unclear. The α-diversity indexes including Shannon and Chao1 were conducted to reflect the community diversity and richness in three groups. The Shannon index shows PS cDKO mice have reduced diversity within the microbial community; however, it was reversed after PS cDKO mice were treated with EA (Figure 5A). The same trend happened in the Chao1 index (Figure 5B), showing EA improving community richness of PS cDKO mice. Furthermore, PcoA and PLS-DA demonstrated the obviously different community structure of the gut microbiome between PS cDKO mice and WT mice, and the community structure changed after PS cDKO mice received EA (Figures 5C, D). Especially, in PcoA, the community structure in the cDKO + EA group was more close to the WT group. Furthermore, we studied the community abundance of the gut microbiome in three groups, which could show the microbiotic community compositions intuitively. The genus microbiota, Lactobacillus, Bacteroides, and Dubosiella were the three most prominent microbiotic communities in three groups, followed by Lachnospiraceae_NK4A136_group and Prevotellaceae_UGG-001, and the abundance of those three microbiomes was increased in PS cDKO mice (Figure 5E). After EA, the total abundance of those was decreased, while the abundance of Lactobacillus and Bacteroides showed confused fluctuation. In addition, PS cDKO mice displayed declined Lachnospiraceae_NK4A136_group and Prevotellaceae_UGG-001. Their relative abundance was reversed but not very obviously in PS cDKO mice treated by EA. These results suggested that EA upgraded diversity and richness within the microbial community and changed the community structure in PS cDKO mice, with the abundance of part changed main microbiota moderated.
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FIGURE 5
Influence of electroacupuncture on gut taxa in PS cDKO mice. The α-diversity indexes of Shannon (A) and Chao1 (B) of gut microbiota. *P < 0.05. PCoA (C) and PLS-DA (D) of the gut microbiome composition of WT, cDKO, and cDKO + EA groups on the OUT level. (E) Relative abundance of the gut microbiome in the three groups, colored at and genus level, N = 6.




3.5. Electroacupuncture moderates the structure of gut taxa in PS cDKO mice

To clarify the exact change in the structure of gut taxa, we conducted LEfSe analysis to compare the gut microbiota in different groups at diverse taxonomic levels. LEfSe analysis revealed PS cDKO mice mainly showed a higher abundance of g_Lactobacillus, f_Lactobacillaceae, o_Lactobacillales, c_Bacilli, f_Peptostreptococcaceae, g_Romboutsia, and g_Ralstonia (LDA score of ≥3) from phylum to genus (Figure 6A); however, WT mice were largely characterized by higher enrichment of 27 other microbiota. Furthermore, compared with PS cDKO mice, PS cDKO mice treated with EA were featured by higher enrichment of f_Marinifilaceae, g_Odoribacter, f_Deferribacteraceae, g_Mucispirillum, c_Deferribacteres, p_Deferribacteres, o_Deferribacterales, g_unclassified_f_Ruminococcaceae, f_Clostridiaceae_1, g_Candidatus_Arthromitus, and g_unclassified_f_Atopobiaceae (LDA score of ≥3) (Figure 6B). The hierarchical relationships among the enriched taxa in each group were exhibited on the cladogram clearly (Figures 6C, D). G_Lactobacillus, f_Lactobacillaceae, and o_Lactobacillales, the three most enriched taxa in PS cDKO mice, are all the subsets of c_Bacilli, and g_Lactobacillus are the next hierarchies of f_Lactobacillaceae (Figure 6C). The relationship of main taxa in PS cDKO mice with EA treatment from g_Mucispirillum to p_Deferribacteres was also well demonstrated (Figure 6D). In addition, we analyzed the change in the gut microbiota between the groups at the genus level. As shown in Figure 5E, the cDKO group had 11 gut taxa changes when compared with the WT group. Norank_f_Muribaculaceae, Lactobacillus, Lachnospiraceae_NK4A136_gruop, and Mucispirillum were the primary different taxa, obviously declined except Lactobacillus. Moreover, the proportions of five taxa were significantly different in the cDKO + EA group. The proportions of Mucispirillum, unclassified_f_Atopobiaceae, and Ruminiclostridium_5, the dominant taxa, were significantly increased. Taking all these into consideration, we could conclude that EA on PS cDKO mice significantly affects gut taxa and Mucispirillum may be the cue microbiota in the changes.
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FIGURE 6
The taxa of gut microbiota affected by electroacupuncture. LEfSe analysis from the phylum to genus level in the WT and cDKO groups (A), the cDKO and cDKO + EA groups (B). Taxa enriched in three groups are indicated by LDA scores (green for the WT group, blue for the cDKO group, and red for the cDKO + EA group). The LDA score threshold is ≥3. (C,D) The cladogram of enriched taxa from the phylum to genus level. Differential abundance analysis of taxa on the genus level in the WT group and the cDKO group (E), the cDKO group, and the cDKO + EA group (F). Student’s t-test, *P < 0.05, **P < 0.01, N = 6.




3.6. Correlation analysis of metabolomic signatures and microbiotic community profilings

The covariant relationships between urinary differential metabolites and genus-level differential gut microbiological communities were multiple, which are represented by heatmaps (Figures 7A, C), and the metabolic connections of well-predicted bacteria were shown in Figures 6B, D (|r| > 0.4). In the WT and cDKO groups, Muribaculaceae was negatively correlated with m-cresol (r = −0.657, P < 0.05) and isovalerylglycine (r = −0.797, P < 0.01), and positively correlated with glycine (r = 0.713, P < 0.01), cis-aconitate (r = 0.671, P < 0.05), citric acid (r = 0.643, P < 0.05), galactonic acid (r = 0.762, P < 0.01), and glutamate (r = 0.713, P < 0.01). Lactobacillus has a negative correlation with glycine (r = −0.497), succinic acid (r = −0.469), xylitol (r = −0.538), citric acid (r = −0.629, P < 0.05), and galactonic acid (r = −0.413). Lachnospiraceae_NK4A136_group was negatively correlated with m-cresol (r = −0.608, P < 0.05) and isovalerylglycine (r = −0.538), and positively correlated with glycine (r = 0.671, P < 0.05), succinic acid (r = 0.559), threonic acid (r = 0.685, P < 0.05), glutamate (r = 0.776, P < 0.01), indole-3-methylacetate (r = 0.462), xylitol (r = 0.706, P < 0.05), cis-aconitate (r = 0.769, P < 0.01), citric acid (r = 0.573), and galactonic acid (r = 0.713, P < 0.01). Mucispirillum has a negative correlation with m-cresol (r = −0.720, P < 0.01) and isovalerylglycine (r = −0.685, P < 0.05) but has a positive correlation with glycine (r = 0.741, P < 0.01), succinic acid (r = 0.650, P < 0.05), threonic acid (r = 0.601, P < 0.05), glutamate (r = 0.804, P < 0.01), xylitol (r = 0.748, P < 0.01), cis-aconitate (r = 0.783, P < 0.01), citric acid (r = 0.762, P < 0.01), and galactonic acid (r = 0.853, P < 0.01). Moreover, in the cDKO and cDKO + EA groups, Muribaculaceae was positively correlated with butyrate (r = 0.706, P < 0.05), glycine (r = 0.531), threonic acid (r = 0.559), and glyceric acid (r = 0.706, P < 0.05), and negatively correlated with isovalerylglycine (r = −0.706, P < 0.05), D-fructose (r = −0.790, P < 0.01), and glycolic acid (r = −0.678, P < 0.05). Atopobiaceae has a positive correlation with butyrate (r = 0.458), glycine (r = 0.430), threonic acid (r = 0.401), and has a negative correlation with isovalerylglycine (r = −0.754, P < 0.01), D-fructose (r = −0.697, P < 0.05), and glycolic acid (r = −0.599, P < 0.05). Ruminiclostridium_5 was positively correlated with butyrate (r = 0.685, P < 0.05), glycine (r = 0.476), and threonic acid (r = 0.503), and negatively correlated with isovalerylglycine (r = −0.671, P < 0.05), D-fructose (r = −0.741, P < 0.01), and glycolic acid (r = −0.699, P < 0.05). Together, these results indicated that differential gut microbiota was correlated with differential urinary metabolites.
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FIGURE 7
The relevance between the gut microbiota of genus level and the differential urinary metabolites. (A–C) Spearman’s correlation heat map: red indicates a positive correlation, while green indicates a negative correlation. The deeper color means a greater correlation (*P < 0.05, **P < 0.01). (B–D) The gut microbiota of the genus level, predicted by metabolic variation (|r| > 0.4), is labeled with a similar value. Lines connecting with metabolites show the direction of the relevance to each genus of microbe with the red (positive) or blue (negative) lines, N = 6.





4. Discussion

The disorder of the gut microbiome is an important factor to urge the pathogenesis of neurodegenerative disorders, especially AD. An increasing number of studies report that gut microbiomes are involved in multiple features of AD, such as cognitive impairment, hippocampal Aβ plaques, destroyed neuronal integrity, and plasticity and inflammation (Fang et al., 2020; Ma J. et al., 2020; Wang et al., 2020). Although the lack of effective targeted therapeutic treatment in the pathogenesis of AD, EA was considered a promising way to attenuate AD-related symptoms. The current widely accepted understanding is that EA reduces cognition impairment via anti-neuroinflammation Cai et al. (2019). However, little is known regarding the effect of EA on the gut microbiota. Therefore, we performed the 16S rRNA gene sequencing to explore the effect of EA on cognitive impairment in AD model mice, PS cDKO mice, underlying the regulation of microbiota. The acupoints, HT7 and KI3, were required for memory improvement, coming from the Chinese Traditional Medicine of “ShenMing” therapy with amounts of clinical practices.

Amino acids are important in neurotransmission and receptor function and are related to neurotoxicity, and changes in amino acid metabolism can be an early indicator of neurodegeneration in AD (Fonteh et al., 2007). Neurotransmitters are the important parts of the nervous system, closely related to the learning and memory ability of organisms. Recent studies have indicated alterations in amino acid metabolism in AD (Kaddurah-Daouk et al., 2011; González-Domínguez et al., 2014). Glycine is one of the components for the synthesis of reduced glutathione whose deficiency promotes the pathogenesis of AD (Wu et al., 2004; Peter and Fau-Braidy, 2015).

As an agonist of the N-methyl-d-aspartate glutamate receptor (NMDAR), glutamate is a major excitatory neurotransmitter in the mammalian central nervous system (CNS) (Niciu et al., 2012). It also comes from glutathione mentalism. In the brain, it is used for energy formation and biosynthesis of the inhibitory mediator, γ-aminobutyric acid (GABA) (Patel et al., 2005). Glutamate and its receptors, primarily the ligand-gated ionotropic glutamate receptors (iGluRs), play fundamental roles in synaptic plasticity as well as in the underlying molecular mechanisms of learning and memory (Chang et al., 2020). They mediate most of the excitatory neurotransmissions in the mammalian CNS. Studies have shown that reduced plasma glutamate level in patients with AD is associated with cognitive impairment (Lin et al., 2017). Furthermore, another study found that decreased hippocampal glutamate in patients with mild cognitive impairment and AD was associated with episodic memory performance (Wong et al., 2020). L-threonate (threonic acid) is a naturally occurring sugar acid that is excreted in urine by approximately 10% (Sun et al., 2016). It is widely reported that threonic acid has effects on the CNS. For example, oral administration of L-threonate magnesium salt (L-TAMS) can upregulate NMDAR signaling, prevent the synaptic loss, reverse memory deficits in aged rats, and improve synaptic density and memory in APPswe/PS1dE9 mice (Slutsky et al., 2010; Li W. et al., 2014). Moreover, older adults aged 50–70 years with cognitive impairment who orally took a compound containing L-TAMS for 12 weeks showed restored cognitive function (Liu et al., 2016). Importantly, intake of other Mg (2+) anions did not have the same results. In our study, PS cDKO mice demonstrated significantly decreased threonic acid when compared with the WT controls, but EA significantly reversed the level of threonic acid. Therefore, EA may alleviate the symptoms of AD mice by increasing the threonic acid content. Though our study showed that EA reduced the increased concentration of isovalerylglycine in the urine of PS cDKO mice, the connection between isovalerylglycine and AD is not clear. Interestingly, it was reported lower kidney clearance of isovalerylglycine was associated with a long-term decline in cognitive function in people with chronic kidney disease, but its serum concentration did not show that it was related to the decline of cognitive ability (Cunnane et al., 2011).

Citric acid, cis-aconitate, and succinic acid are important components of the TCA cycle, which is involved in glucose metabolism. Glucose metabolism plays an important role in patients with AD. It has been reported that neuronal glucose metabolism decreases by 20–25% in patients with AD, limiting cellular metabolic capacity and leading to oxidative stress (Cunnane et al., 2011; Butterfield and Halliwell, 2019). The levels of those three metabolites in AD mice are much lower than that of WT mice, suggesting that the glucose metabolism was reduced in AD mice. Unfortunately, EA did not improve glucose metabolism in cDKO mice. Fructose is also an important energy substance and plays a completely different role in the occurrence and development of AD. There is evidence that threefold to fivefold higher cerebral sorbitol and fructose levels in patients with AD may be related to the production of endogenous fructose (Xu et al., 2016). Excessive activation of brain fructose metabolism will cause mitochondrial oxidative stress and local inflammation, and mitochondrial energy production will be hindered by insufficient glycolysis of neurons, resulting in the gradual loss of brain energy level required by neurons to maintain function and survival (Johnson et al., 2020). Butyrate is a kind of multifunctional molecule that regulates host energy metabolism and immune function by utilization as an energy source using the β-oxidation pathway and as an inhibitor of histone deacetylases (Ferrante et al., 2003; Kim et al., 2009; Govindarajan et al., 2011; Stilling et al., 2016). In addition, butyrate was also reported to reduce gut inflammation by decreasing the activities of the NF-κB and signal transducer and activator of transcription 3 (STAT3) pathways and promoting T-regulatory cell differentiation (Chen et al., 2019). In Figure 3B, butyrate levels were significantly increased in the cDKO + EA group compared with the cDKO group, therefore, we reasoned that the improvement of AD-related symptoms by EA might be related to the increase in butyrate. Similarly, a modified Mediterranean-ketogenic diet benefits AD and increases fecal propionate and butyrate in subjects with mild cognitive impairment, and butyrate correlated negatively with Aβ-42 in cerebrospinal fluid (Nagpal et al., 2019). Moreover, in vitro research found that pretreatment with butyrate in the amyloid beta (Aβ)-induced BV2 cells showed suppressed microglial activation, reduced expression of cyclooxygenase-2 (COX-2), and reversed phosphorylation of NF-κB p65 (Sun J. et al., 2020). The finding is consistent with our study, though the purpose focused on is different.

Our previous study demonstrated that PS cDKO mice showed altered microbiota and metabolites (Gao et al., 2021b). Furthermore, in this study, behavioral tests (Y maze and Novel object recognition task) demonstrated ameliorated cognitive deficits in PS cDKO mice after EA treatment (Figure 1). In addition, EA could modulate the imbalance of the gut microbiota in PS cDKO mice, showing increased richness and evenness in the microbiotic community (Figure 5).

Consistently with our previous study, PS cDKO mice displayed reduced enrichment of norank_f_Muribaculaceae, Lachnospiraceae_NK4A136_group, and Mucispirillum in the research. Importantly, norank_f_Muribaculaceae is positively associated with the formation and barrier function of the inner mucus layer in the gut (Volk et al., 2019) and is predicted to produce propionate in feces as a fermentation end product. Furthermore, norank_f_Muribaculaceae and propionate both have been linked with gut health and growing longevity in mice in previous studies (Sibai et al., 2020; Smith et al., 2021). Other studies about sepsis-related liver injury (SLI) demonstrated that Metformin improves liver damage, regulates colon barrier dysfunction, and reduces inflammation in aged SLI rats, accompanied by an increased proportion of Muribaculaceae (Liang et al., 2022). Lachnospiraceae_NK4A136_group, also a type of short-chain fatty acid (SCFA) producing bacterium, was considered to be correlated with enhanced gut barrier function (Ma L. et al., 2020). It was also observed to decrease in diet-induced obese mice and subsequently increased by spermidine (Ma L. et al., 2020). Mucispirillum affiliated with the phylum Deferribacteres is an immune-inducing bacterial group (Herp et al., 2021), but it also promotes health in the immunocompetent host. Research (Zhang et al., 2021) found that C57BL/6 mice with lipopolysaccharide (LPS)-induced intestinal injury showed an increased abundance of Mucispirillum. However, with the inflammatory responses in the jejunum and the colon, such as enhanced mRNA levels of Toll-like receptor 4 (TLR4), pro-inflammatory cytokines, and chemokines, attenuated after glycine administration, the relative abundance of Mucispirillum increased. Moreover, Mucispirillum schaedleri, a species affiliated with the genus Mucispirillum, was reported to protect mice against Salmonella typhimurium-induced colitis partially by competitive binding anaerobic electron acceptors and was important to intestinal homeostasis (Herp et al., 2019). In addition, transgenic mice that overexpress the tryptophan metabolizing enzyme indoleamine 2, 3-dioxygenase 1 (IDO1) showed twofold thicker intestinal mucus layers than control mice, with increased proportions of Mucispirillum schaedleri (Alvarado et al., 2019). Although it is hard to explain the reduced abundance of Mucispirillum in PS cDKO mice, EA significantly improved the abundance of it, which may interfere with the progress of AD (Figures 6E, F). On the other hand, besides PS cDKO mice, patients with functional constipation were also reported to have a significantly lower abundance of Mucispirillum (Sugitani et al., 2021). Lactobacillus species are attractive hosts because of their GRAS (generally recognized as safe) status (Peiroten and Landete, 2020). Lactobacillus and its derivatives possess effects of anti-biofilm, antioxidant, pathogen-inhibition, and immunomodulation activities (Slattery et al., 2019; Chee et al., 2020). A reasonable explanation for the increased Lactobacillus in PS cDKO mice could be that it is a response to immunomodulation activities, and a tauopathy mouse model, P301L mice, showed increased Lactobacillus in fecal samples as well (Sun et al., 2019).

Differential urinary metabolites were integrated with the gut microbiota at the genus level to point out the relationship between gut microbial and host metabolism, especially in PS cDKO mice treated by EA (Figure 7). As shown in Figure 4, glycine, serine, and threonine metabolism, and glyoxylate and dicarboxylate metabolism were the two main metabolic pathways disturbed by EA. The levels of glycine and threonic acid, which significantly increased after EA treatment, were both positively correlated with Lachnospiraceae_NK4A136_group and Mucispirillum (Figure 7), and the abundance of Mucispirillum was significantly improved as well, though its immunomodulation activities were still thought complex. As mentioned earlier, Lachnospiraceae_NK4A136_group is correlated with enhanced gut barrier function, and intake of L-TAMS upregulates NMDAR signaling, improves synaptic density, and reverses cognitive deficits. Therefore, we may speculate that Mucispirillum increased by EA is beneficial for the recovery of AD, and butyrate, as a key mediator of host–microbe crosstalk, restored intestinal mucosa damage induced by a high-fat diet, increased the expression of zonula occluden-1 in the small intestine, and further decreased the levels of gut endotoxin in serum and liver (Zhou et al., 2017; Tian et al., 2019). In addition, Lactobacillus can produce butyric acid in what seems like a virtuous circle. Anyway, the association with neurological diseases and related biomarkers needs to be further explored.



5. Conclusion

Based on metabolomics and microbial community analysis, our study showed that EA alleviated cognitive deficits in PS cDKO mice along with altered urinary metabolites and gut microbiota (Figure 8). The EA treatment mainly disturbed two metabolic pathways: Glyoxylate and dicarboxylate metabolism glycine, serine, and threonine metabolism. Not only the decreased community diversity and richness but also the abundance of the main gut microbiome in PS cDKO mice was influenced by EA. Furthermore, differential urinary metabolites and gut microbiota were correlated. Differential urinary metabolites including increased isovalerylglycine and decreased glycine and threonine in PS cDKO mice were reversed by EA, as well as the differential gut microbiota, Mucispirillum. Based on previous studies, glycine benefits attenuating the inflammatory response and is an element for the synthesis of glutathione, the deficiency of which promotes the pathogenesis of AD. At the same time, threonine was proven to interfere with pathological manifestations of AD, such as improving synaptic density, upregulating NMDAR expression, and restoring cognitive function (Table 1). In our study, Mucispirillum was positively correlated with glycine and threonic acid (Figure 7) and could reduce intestinal inflammation (Table 1). The bidirectional crosstalk in the MGB axis contains the pathway of the immune system, and neuroinflammation in AD may be relieved with the modulation of systemic immunity. These may be the potential mechanism of EA improving cognitive ability in PS cDKO mice. Unfortunately, we did not measure the expression of these markers involved in the pathogenesis of AD, but it is a good way to study in future.


[image: image]

FIGURE 8
Schematic diagram representing the effect of electroacupuncture on urinary metabolome and microbiota in PS cDKO mice and correlation of gut microbiota and urinary metabolome.



TABLE 1    Reversed metabolites and microbiome by electroacupuncture on PS cDKO mice and their collection with pathological manifestations of AD.
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The pathological increase in the intrahepatic resistance and decrease peripheral vascular tone in the development of portal hypertension (PHT). PHT has been linked to lower microbial diversity and weakened intestinal barrier, and interplay alters inflammatory signaling cascades. Electroacupuncture (EA) may ameliorate the inflammatory response and limit arterial vasodilatation and portal pressure. This study addresses the possible mechanisms underlying putative hemodynamics effects of EA in PHT rats. PHT was induced by bile duct ligation (BDL) over 7 days in rats. BDL rats were treated with low-frequency EA (2 Hz) at acupoint, ST36, 10 min once daily for 7 consecutive days. EA significantly reduced portal pressure and enhanced maximum contractile responses in the aorta, and blunts the angiogenesis cascade in PHT rats. EA decreased the aortic angiogenesis signaling cascade, reflected by downregulated of ICAM1, VCAM1, VEGFR1, and TGFβR2 levels. In addition, EA preserved claudin-1, occludin, and ZO-1 levels in BDL-induced PHT model. Furthermore, EA demonstrates to have a positive effect on the gut Bacteroidetes/Firmicutes ratio and to reduce pro-inflammatory cytokines and endotoxins. These results summarize the potential role of EA in the gut microbiota could potentially lead to attenuate intestine injury which could further contribute to vascular reactivity in PHT rats.
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1. Introduction

Portal hypertension (PHT) is a condition resulting from an increase in resistance of the portal venous system due to increase in intrahepatic resistance and/or obstruction of the portal venous system (Abraldes et al., 2019). This resistance is caused by increased pressure in the portal vein, which is usually due to increased resistance of the intrahepatic blood vessels. This increased resistance of the intrahepatic vessels is caused by the accumulation of portal-systemic collaterals (PSCs) and hepatic fibrosis, both of which are caused by chronic liver disease (Bosch et al., 2008). These changes in the intrahepatic vessels can lead to further caused by a blockage in the blood vessels that lead from the liver to the heart. All of these mechanisms can lead to the development of PHT and its associated in vascular hyporeactivity (Dadhich et al., 2014). This is a reduction in the responsiveness of the blood vessels to normal stimuli, resulting in increased resistance to blood flow. This increased resistance results in an increase in the pressure within the portal vein, which in turn leads to the development of PHT. The exact cause of vascular hyporeactivity is not fully understood but is thought to be related to the presence of pathological structural changes in the walls of the vessels. These changes are associated with increased inflammation and angiogenesis of the vessel wall (Bosch et al., 2008; Dadhich et al., 2014). These results in an impairment of the ability of the vessel to dilate, which in turn increases the resistance to blood flow (Dadhich et al., 2014).

The microbiota has been increasingly recognized for its role in the development and progression of PHT (Gedgaudas et al., 2022). Numerous studies have identified alterations of the gut microbiota that may contribute to vascular hyporeactivity, a signature of PHT (Baffy, 2019; Gedgaudas et al., 2022). These changes include a shift in the ratio of Firmicutes to Bacteroidetes, an increase in the abundance of Enterobacteriaceae, and a decrease in the abundance of obligate anaerobes (Baffy, 2019). Furthermore, the composition of the microbiota has been associated with portal pressure (Gedgaudas et al., 2022) and hepatic fibrosis (Nie et al., 2021), two major drivers of PHT. It is hypothesized that the microbiota affects PHT and vascular hyporeactivity through the release of metabolites that modulate tissue inflammation and immune responses. Further research is needed to better understand the relationship between the microbiota and PHT, and to identify potential therapeutic strategies for reversing vascular hyporeactivity.

Acupuncture is a traditional Chinese practice that involves inserting thin metal needles into the body at specific points to stimulate the flow of energy, or qi. It is thought to have been used for over 3,000 years in Asia, and is believed to provide relief from a wide variety of ailments and medical conditions (Nie et al., 2021). Acupuncture is now used widely in the United States and other countries, and is often used to treat a variety of medical issues ranging from digestive problems, to chronic pain, to stress (Greenlee et al., 2017). Studies have also found that acupuncture can provide relief from chronic pain, fibromyalgia, headaches, and even migraines (Kelly, 2009; Fogleman and McKenna, 2022). Overall, acupuncture is a safe, non-invasive practice that has been used for thousands of years to address a variety of medical issues. Although it is not a cure-all, it can provide relief to those who are suffering from a variety of diseases conditions. Electroacupuncture (EA) is a form of acupuncture that uses electrical stimulation to apply acupuncture needles to specific points on the body. In the case of PHT, EA has been used to reduce portal pressure and improve vascular function (Chen et al., 2022). In the case of non-alcoholic fatty liver disease (NAFLD), EA has been used to reduce liver fat, improve liver enzymes, and reduce inflammation (Wen and Lee, 2014, 2015). These animal studies have shown that EA is effective in reducing lipogenesis signaling of liver and adipose tissue, improving liver enzymes and reducing inflammation in adipose tissue with NAFLD. In the case of hypertension, EA has been used to reduce blood pressure in patients with hypertension (Fan et al., 2020). Finally, EA may stimulate the release of neurotransmitters, including vasoactive intestinal peptide (VIP), which is known to regulate the activity of the autonomic nervous system. In our previous experiment, EA was used to stimulate the release of VIP, which then activates the vasoactive intestinal peptide receptor 2 (VPAC2). This receptor then triggers a cascade of signals that increase inflammation-regulating molecules and cytokines, which further regulate intestinal mucosal immunity, which helps to reduce inflammation and maintain intestinal health (Liu et al., 2022). This process demonstrates how EA stimulation can have an anti-inflammatory effect and can be used to promote intestinal health.

The treatment for PHT involves a multi-faceted approach that should address both vascular activity and microbiome. The major goal is to reduce the portal pressure. Therefore, EA may be performed to reduce portal pressure, but the effect of acupuncture on intestinal microbes is unknown. We set the primary goal of this research is to analyze the impact of EA treatment on the hemodynamics of rats with BDL-induced PHT. The second goal of this study is to investigate the effects of EA on endothelium-dependent relaxation and its ability to modulate angiogenic factors, and its role in preventing arterial hyporeactivity to vasoconstrictors. The microbiome of the gut is also an important factor in the treatment of PHT. An imbalance in the gut microbiome can lead to an increase in proinflammatory cytokines and growth factors, which can contribute to the development of PHT. Therefore, EA may be performed, as well as other interventions, can be beneficial in restoring the balance of the microbiome and improving PHT symptoms. Finally, the role of EA in PHT-induced imbalance of the microbiome is also examined.



2. Materials and methods


2.1. Animals experiment design

Male Sprague–Dawley rats weighing 200–250 g, were obtained from National Laboratory Animal Center (Taipei City, Taiwan). Hepatic common BDL-induced PHT was produced as previously described (Chen et al., 2022). In brief, under isoflurane (2% in 1:1 mixture of oxygen and air) for about 20–30 min, the common bile duct was ligated with 3–0 silk and sectioned between the ligatures. The midline abdominal incision was closed with catgut. Sham operated rats had their bile duct exposed but not ligated or sectioned. All rats were caged at 25°C under a 12:12 h lightdark cycle and were allowed free access to food and water. Animal studies were approved by the Animal Experiment Committee of the Chang Gung University (IACUC approval no. CGU15-088) and were conducted humanely. A total of 15 rats were divided into three groups (n = 5 per group): (1) sham; (2) BDL; (3) BDL + EA36. Before needle insertion, the rats were lightly anesthetized with isoflurane (2% in 1:1 mixture of oxygen and air) for about 20–30 min. Sham-operated and BDL rats were treated with low-frequency EA (2 Hz) at acupoint, ST36, 10 min once daily for 7 consecutive days. Stainless steel acupuncture needles (0.5 in., 32 gage) were inserted to a depth of 0.3 cm into the muscle layer at ST36 and stimulated using an EA apparatus (Digitimer DS3, Letchworth Garden City, United Kingdom) at 2 Hz frequency with 0.1-s (Liu et al., 2018). The intensity varied from 0.5 to 1.0 mA during stimulation and was adjusted to produce local muscle contraction.



2.2. Hemodynamic studies

After administering isoflurane to all the rats, hemodynamic tests were performed out on rats. A polygraph (RS3400, Gould, Valley View, OH, United States) was used to monitor changes in pressures and heart rate using strain-gage transducers (P23XL, Viggo-Spectramed, Oxnard, CA, United States). The right femoral artery and ileocolic vein were directly cannulated to measure the mean arterial pressure (MAP) and portal venous pressure (PVP), respectively. A pulse Doppler probe (T-206, Transonic System Inc., Ithaca, NY, United States) was wrapped around the isolated segment of the superior mesenteric artery (SMA) to monitor blood flow through it. Following isoflurane anesthesia, hemodynamic data were recorded in all experimental groups. Blood samples (from the femoral artery) were taken after the hemodynamic assessments and immediately centrifuged at 4°C. Until assays were conducted, the resulting serum was stored at −20°C.



2.3. In vitro vascular contractility study

Animals were euthanized using isoflurane and exsanguinated by cardiac puncture, then the thoracic aorta was prepared as previously described (Chen et al., 2022). To determine isometric tension, aortic and SMA rings were equilibrated in a 10 mL tissue chamber maintained at 37°C and bubbled with a gas mixture of 95% oxygen and 5% carbon dioxide. The consistency of the responses elicited by three successive tests with 60 mM KCl revealed the tissue’s preparedness. Then, cumulative concentration-response curves for phenylephrine (10−9–10−5 M) were obtained. After 45 min of recuperation and rinsing, the tissue was used to create the previously described contractile response curves to phorbol-12,13-dibutyrate (PDBu; 3 × 10−6 M). The tissue was subjected to a challenge of 60 mM KC1 at the end of the experiment (Huang et al., 1996).



2.4. Histopathology, immunohistochemistry, and immunofluorescence staining

Thoracic aorta was fixed in 10% formalin, embedded in paraffin, and then cut into 5-μm-thick slices and stained with hematoxylin–eosin (H&E). A pathologist subsequently used light microscopy to analyze the sections. Xylene and subsequent ethanol baths were used to dewax and rehydrate paraffin slices. After thorough washings in phosphate-buffered saline (PBS), tissue sections were incubated with certain primary antibodies for 2 h at room temperature before being thoroughly rinsed three times in PBS. For immunohistochemistry (IHC) and immunofluorescence (IF) studies, the following antibodies were used: intercellular adhesion molecule1 (ICAM1; GTX22213, GeneTex, CA, United States), vascular cell adhesion protein 1 (VCAM1; ab134047, Abcam, Cambridge, United Kingdom), vascular endothelial growth factor receptor 1 (VEGFR1; ab32152, Abcam, Cambridge, United Kingdom), transforming growth factor beta receptor 2 (TGFβR2; ab32152, Abcam, Cambridge, United Kingdom), Claudin1 (ab307692, Abcam, Cambridge, United Kingdom), Occludin (ab216327, Abcam, Cambridge, United Kingdom), zonula occludens 1 (ZO1; ab190085, Abcam, Cambridge, United Kingdom), and farnesoid X receptor (FXR; ab51970, Abcam, Cambridge, United Kingdom).

Samples were incubated with peroxidase- or fluorescent compound–conjugated secondary antibodies for 1 h at 37°C followed by extensive washes in PBS. Images were visualized using Olympus IX71 Inverted Fluorescence Microscope (Olympus, Japan). Representative images were analyzed using Olympus cellSens software (Olympus, Japan).



2.5. Biochemical parameter analysis

Rat uncoated ELISA kit (Thermo Fisher Scientific, MA, United States) was used to perform tests on serum levels of TNF alpha, MCP-1, and IL-1β as previously described (Wang et al., 2021).



2.6. Quantitative real-time reverse transcription PCR assay

Total RNA was extracted using 1 mL of TRIzol (Thermo Fisher Scientific, MA, United States) from 0.2 g aorta tissues. The cDNA was reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, MA, United States) from RNA according to the manufacturer’s instructions. The cDNA samples were amplified by qRT-PCR using SYBR Green I (Roche, Switzerland). In qRT-PCR, SYBR Green I was used to amplify the cDNA samples (Roche, Switzerland). For qPCR, the thermocycling conditions were applied as previously described (Wang et al., 2021). As a housekeeping gene, GAPDH was tested to verify the stability in this experimental model. Therefore, in this study, gene expression levels were normalized to those of GAPDH. The primer sequences used in this study are Tnfα: forward, 5′ tcagttccatggcccagac 3′, reverse, 5′ gttgtctttgagatccatgccatt 3′ (NM_012675.3); Mcp1: forward, 5′ tagcatccacgtgctgtctc 3′, reverse, 5′ cagccgactcattgggatca 3′ (NM_031530.1); Il-1β: forward, 5′ aacctgctggtgtgtgacgttc 3′, reverse, 5′ cagcacgaggcttttttgttgt 3′ (NW_047658); and Gapdh: forward, 5′ ggcacagtcaaggtgagaatg 3′, reverse, 5′ atggtggtgaagacgccagtc 3′ (NM_017008.3).



2.7. Western blot analysis

Tissues were homogenized in T-PER™ Tissue Protein Extraction Reagent (0.30 mg tissue/200 μL; Thermo Fisher Scientific, MA, United States) or NE-PER nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, MA, United States) containing proteinase inhibitors (1 μL/mL; Sigma-Aldrich; Merck KGaA, Rahway, NJ, United States). Protein (60–80 g/lane) was run on a 10% SDS-PAGE gel and then transferred to a PVDF membrane after the soluble proteins were measured using the Bio-Rad Rapid Coomassie kit (Bio-Rad Laboratories, Hercules, California, United States; GE Healthcare, Chicago, Illinois, United States). Pierce™ Fast Blocking Buffer (Thermo Fisher Scientific, MA, United States) was used for blocking at room temperature for 1 h. The PVDF membranes were incubated with primary antibody in Pierce™ Fast Blocking Buffer at 4°C with gentle shaking overnight, and then the secondary antibody was incubated at room temperature for 1 h. The protein expression was detected using an enhanced chemiluminescence kit and quantified using ImageJ 1.53 software (National Institutes of Health, Maryland, United States). Primary antibodies involved in this study includes: ICAM1 (GTX22213, GeneTex, CA, United States), VCAM1 (ab134047, Abcam, Cambridge, United Kingdom), VEGFR1 (ab32152, Abcam, Cambridge, United Kingdom), TGFβR2 (ab32152, Abcam, Cambridge, United Kingdom), Claudin1 (ab307692, Abcam, Cambridge, United Kingdom), Occludin (ab216327, Abcam, Cambridge, United Kingdom), ZO1 (ab190085, Abcam, Cambridge, United Kingdom), FXR (ab51970, Abcam, Cambridge, United Kingdom), and Histone (ab1791, Abcam, Cambridge, United Kingdom).



2.8. Gut microbiota sequencing and microbial analysis

E. Z.N.A. ®Stool DNA Kit (D4015, Omega, Inc., United States) was used to extract genomic DNA from fecal samples in accordance with the manufacturer’s recommendations. A 341F/805R primer pair was used to conduct amplicons of the V3-V4 region of the 16S rDNA gene. A NovaSeq PE250 platform was used for the sequencing. Quantitative Insights Into Microbial Ecology2 (QIIME2) and R programs were mostly used for the analyses of sequence data (v3.5.2). Feature table and feature sequence were retrieved by DADA2 for dereplication. Only the sequences between 250 and 450 bases long with an end-trimming quality better than 25 and analyses performed in windows of 50 bases were considered for taxonomy categorization after chimeric sequences were ruled out. Using the RDP database (Ribosomal Database Project) for the 16S rRNA gene with a bootstrap cut-off of 80%, these high quality partial sequences of the 16S rRNA gene were classified in operational taxonomic units (OTUs). Only the OTUs representing over 0.1% of the total sequences of each sample were considered in the subsequent statistical analyses.



2.9. Statistics

The Statistical Package for the Social Sciences (SPSS) version 21.0 (SPSS Inc., Chicago, IL, United States) was applied to conduct the statistical analysis. The Kruskal-Wallis test was employed to examine all data, which were reported as mean ± standard error of mean (SEM). The difference at each time point was calculated using the Mann–Whitney U-test at a significance level of p < 0.05.




3. Results


3.1. Hemodynamic parameters after EA36 treatment in BDL rats

We first evaluated the hemodynamic parameters in sham rats, BDL rats and BDL rats treated with EA36 (Figure 1). The final bodyweight was not significantly different between the groups (Figure 1A). In comparison to sham rats, liver weight, liver weight/100 g body weight, portal pressure and SMA blood flow were considerably increased in BDL rats (Figures 1B,C,F,G). Both mean arterial pressure and heart rate were lower in BDL rats, whereas EA36 only increased mean arterial pressure while having no effect on heart rate (Figures 1D,E). In contrast, the liver weight, liver weight/100 g body weight, portal pressure, and SMA blood flow values in BDL rats were also reversed by EA36.

[image: Figure 1]

FIGURE 1
 Effects of EA36 on hemodynamic values in a rat model of portal hypertension induced by bile duct ligation. (A) Final body weight (g). (B) Liver weight (g). (C) Liver weight/100 g body weight. (D) Mean arterial pressure (mmHg). (E) Heart rate (beats/min). (F) Portal pressure (mmHg). (G) SMA blood flow (mL/min/100 g intertinal wt). The results represent mean ± SEM. *p < 0.05, sham compared with BDL; #p < 0.05, BDL compared with BDL + EA36.




3.2. Effect of EA36 on angiogenesis and inflammation levels in rats with PHT

There was a marked increased in the abundance of ICAM1, VCAM1, TGFβR2, and VEGFR1 in PHT, when comparing BDL versus sham groups. Based on immunofluorescence (IF) and western blot (WB) analyses, treatment with EA36 inhibited angiogenesis, correlated with the diminution of ICAM1, VCAM1, TGFβR2, and VEGFR1 in the aortas of BDL rats (Figures 2A,B). In addition, BDL rats had higher TNFα, MCP1, and IL-1β levels in serum (Figures 2C–E), and Tnfα, Mcp1, and IL-1β mRNA expression in aortas (Figures 2F–H); after EA36 treatment, the proinflammatory cytokines were significantly reduced compared with BDL rats.

[image: Figure 2]

FIGURE 2
 Effects of EA36 on angiogenesis and inflammation levels in a rat model of portal hypertension induced by bile duct ligation. (A) Effects of electroacupuncture (EA36) treatment on angiogenesis signaling in BDL rats relative to untreated sham and BDL rats. The red circles denote aortic damage. Aortas were sectioned and double immunofluorescence was performed with ICAM1 (green) and VCAM1 (red), as well as, TGFβR2 (green) and VEGFR1 (red). Angiogenesis-positive cells were observed adjacent to the vascular endothelium in the aorta of BDL rats. Use DAPI staining solution to stain DNA in fluorescent tissue imaging. Orange arrows highlight positive staining. Scale bar: 50 μm. (B) Quantification of VCAM1, ICAM1, TGFβ2, and VEGFR1 protein levels by western blot of aorta. Right graphs indicate quantification relative to β-actin. (C–E) Concentration of TNFα, MCP1, and Il-1β in serum. (F–H) Quantification of Tnfα, Ifnγ, Mcp1, and Il-1β by qRT-PCR in aorta. qRT-PCR indicates quantification relative to Gapdh. The results represent mean ± SEM. *p < 0.05, sham compared with BDL; #p < 0.05, BDL compared with BDL + EA36.




3.3. EA36 enhances contractile responses in aorta and SMA rings

Compared to the BDL groups, the contractile responses were considerably higher in the EA36-treated groups (Figure 3). The maximal contraction induced by PDBu (3 × 10−6 M) was significantly lower in BDL rat aortas (Figure 3A) and SMA rings (Figure 3C). In comparison to the sham group, the maximum contraction brought on by phenylephrine in the aorta of BDL rats was less pronounced. In the aorta and SMA rings during EA36 treatment, the maximum contraction was similarly, dramatically higher than in the BDL group (Figures 3B,D).

[image: Figure 3]

FIGURE 3
 Effects of EA36 on contractile responses of aortic and superior mesenteric arterial in BDL rats. (A,B) Contractile responses of aortic and (C,D) superior mesenteric arterial rings to phorbol-12,13-dibutyrate (PDBu) and concentration-response curves of phenylephrine in the aorta and superior mesenteric artery. The results represent mean ± SEM. *p < 0.05, sham compared with BDL; #p < 0.05, BDL compared with BDL + EA36.




3.4. EA36 ameliorated intestinal barrier damage in BDL rats

The intestinal mucosa and colonic epithelium were both normal in the sham group. On the other hand, the colon of the BDL group showed severe histological damage as evidenced by epithelial atrophy, considerable inflammatory infiltration in the lamina propria, as well as erosion in the superficial epithelium. When compared to the sham group, these histological alterations were statistically significant. Notably, the treatment of EA36 reduced the histology score, as evidenced by better preserved epithelial morphology (Figure 4A). We further demonstrated that the barrier function was decreased in the rat colons due to BDL. Claudin1, occludin, and ZO1 levels were all significantly lower in the BDL-alone rats. Compared with the BDL-alone group, the levels of claudin1, occludin, ZO1, and FXR were significantly increased in the EA36 treatment groups (Figures 4A,B). We suggest that the effects of EA36 on BDL-induced intestinal barrier damage are connected to the control of the colonic mucosal barrier function, whereas the tight junction proteins levels of claudin1, occludin, ZO1, and FXR are critical in preserving the intestinal mucosal barrier function.

[image: Figure 4]

FIGURE 4
 EA36 enhances tight junction in colon of BDL rats. (A) Colon tissues were sectioned and stained with hematoxylin-eosin (H&E), and immunostained with Claudin1, Occludin, and ZO1. The red circles denote colonic damage. Black arrows highlight positive staining. Scale bar: 50 μm. Right: Quantification of Claudin1, Occludin, and ZO1 protein levels by immunohistochemistry in graphs. (B) Quantification of Claudin1, Occludin, ZO1, and FXR protein levels by western blot of colon. Right graphs indicate quantification relative to β-actin and hiistone. The results represent mean ± SEM. *p < 0.05, sham compared with BDL; #p < 0.05, BDL compared with BDL + EA36.




3.5. EA36 altered gut microbial composition in BDL rats

To determine the mechanism involved in EA36-mediated protection against BDL-induced colon injury, we assessed the effects of EA36 on microbiota composition in the colon by amplifying and analyzing amplicons from the V3-V4 region of the 16S rDNA gene. 3D Principal coordinates analysis showed that microbial communities in BDL rats clustered separately from sham group, and EA36 treatment attenuated the distinction (Figure 5A). A Venn diagram showed 151 features in the controls, 172 features in BDL rats, and 152 features in BDL rats treated with EA36 (Figure 5B). At the phylum level, variations in the microbial community composition were detected, sorted and heatmap by relative abundance in the samples (Figures 5C,D).

[image: Figure 5]

FIGURE 5
 Transcriptomic analysis of fecal samples from sham, BDL, and BDL + EA36 rats. (A) 3D PCA plot based on bacterial sequence abundance in fecal content. Axes correspond to principal components 1 (x-axis), 2 (y-axis), and 3 (z-axis). (B) Venn diagram showing the total number of DEGs in sham, BDL and BDL + EA36 groups. The figure also demonstrates the distribution of operational taxonomic units (OTUs) among three groups is represented via the Venn diagram. (C) Heat map showing an overview of differentially expressed group sets with their associated microbiota in sham, BDL, and BDL + EA36 groups at the phylum level. (D) Phylum level microbiome composition in fecal. (E–I) Relative abundance of Actinobacteria, Proteobacteria, Bacteroidetes, Firmicutes, and Bacteroidetes/Firmicutes ratio. The results represent mean ± SEM. *p < 0.05, sham compared with BDL; #p < 0.05, BDL compared with BDL + EA36.


According to the species annotation, the statistical number of sequences of every sample at each classification level (phylum, class, genus, and species) was calculated. We created a bar plot to present the results. All sequences were classified and identified from phylum to species level (Figures 4–9). The 16S rRNA profiles of each experimental group in the colon were very dissimilar, even in phylum-level distributions (Figure 5D). BDL induced Actinobacteria, Proteobacteria, Bacteroidetes, Bacteroidetes/Firmicutes ratio, and reduced Firmicutes relative abundance (Figures 5E–I), and EA36 treatment reversed the gut microbiota abundance.



3.6. EA36 altered gut microbial composition at class and order levels

At class level, BDL induced Actinobacteria, Bacteroidia, Clostridia, Betaproteobacteria, Epsilonproteobacteria, and reduced Gammaproteobacteria, Verrucomicrobiae relative abundance (Figures 6A–H). At order level, BDL induced Bacteroidales, Deferribacterales, Burkholderiales, Campylobacterales, and reduced Enterobacteriales, Verrucomicrobiales relative abundance (Figures 6I–O). The effects were improved following treatment with the EA36 at class and order levels.

[image: Figure 6]

FIGURE 6
 EA36 alters the class and order-level microbial composition in BDL rats. (A) Class level microbiome composition in feces. (B–H) Relative abundance of Actinobacteria, Bacteroidia, Clostridia, Betaproteobacteria, Epsilonproteobacteria, Gammaproteobacteria, and Verrucomicrobiae. (I) Microbiome composition at the order level in feces. (J–O) Relative abundance of Bacteroidales, Deferribacterales, Burkholderiales, Campylobacterales, Enterobacteriales, and Verrucomicrobiales. The results represent mean ± SEM. *p < 0.05, sham compared with BDL; #p < 0.05, BDL compared with BDL + EA36.




3.7. EA36 altered gut microbial composition at family and genus levels

At family level, EA36 treatment reversed BDL-increased the relative abundances of Bacteroidaceae, Porphyromonadaceae, and Enterobacteriaceae and decreased the relative abundances of Clostridiaceae, Ruminococcaceae, Erysipelotrichaceae, Helicobacteraceae, and Lactobacillaceae (Figures 7A–I), and the relative abundances of the gut microbial were reverse following EA36 treatment. At genus level, BDL-induced Bacteroides, Mucispirillum, Lactobacillus, Parasutterella, Helicobacter, and reduced Escherichia, Akkermansia, and Clostridium relative abundance (Figures 7J–R). The effects were improved following treatment with the EA36 at family and genus levels.
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FIGURE 7
 EA36 alters the family and genus-level microbial composition in BDL rats. (A) Family level microbiome composition in feces. (B–I) Relative abundance of Bacteroidaceae, Porphyromonadaceae, Enterobacteriaceae, Clostridiaceae, Ruminococcaceae, Erysipelotrichaceae, Helicobacteraceae, and Lactobacillaceae. (J) Genus level microbiome composition in feces. (K–R) Relative abundance of Bacteroides, Mucispirillum, Lactobacillus, Parasutterella, Helicobacter, Escherichia, Akkermansia, and Clostridium. The results represent mean ± SEM. *p < 0.05, sham compared with BDL; #p < 0.05, BDL compared with BDL + EA36.




3.8. EA36 altered gut microbial composition at species level

Furthermore, at the phylum, class, order, family, genus, and species levels, the bacterial composition varied in the BDL treatment group compared to the sham group. EA36 treatment reversed BDL-increased Clostridium sp. ID4, Mucispirillum schaedleri, Bacteroides massiliensis, Bacteroides thetaiotaomicron, Lactobacillus salivarius, Helicobacter mastomyrinus, Helicobacter hepaticus, and reduced Escherichia coli, Ruminococcus flavefaciens, Akkermansia muciniphila, Clostridium Aldenense, and Clostridium scindens relative abundance (Figures 8A–M), with the exception of the relative abundance of Clostridium aldenense and Clostridium scindens.
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FIGURE 8
 EA36 alters the species-level microbial composition in BDL rats. (A) Species level microbiome composition in feces. (B–M) Relative abundance of Clostridium sp. ID4, Mucispirillum schaedleri, Bacteroides massiliensis, Bacteroides thetaiotaomicron, Lactobacillus salivarius, Helicobacter mastomyrinus, Helicobacter hepaticus, Escherichia coli, Ruminococcus flavefaciens, Akkermansia muciniphila, Clostridium aldenense, and Clostridium scindens. The results represent mean ± SEM. *p < 0.05, sham compared with BDL; #p < 0.05, BDL compared with BDL + EA36.




3.9. EA36 altered html result and heatmap in the species-level microbial composition

We then investigated at the taxonomy of the gut microbiota as a whole. The circles in the interactive HTML result represent the various categorization levels of the community, from the phylum, genus, and species (inside to outside), and the dimension of the sector represents the proportion of various OTU annotation results (Figures 9A–C). Comparative to the BDL group, the EA36 treatment effectively reversed the dysbiosis profile (Figures 9A–C). In BDL rats, EA36 significantly altered the content of the gut microbiota, and the proportion of the microbiota returned to their original state. At the species level, variations in the microbial community composition were detected, heatmap by relative abundance in the samples (Figure 9D).
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FIGURE 9
 Interactive html result and heatmap representing the species-level microbial composition. (A–C) In the interactive html result, circles show different classification levels for the phylum, genus, and species (inside to outside) in the community. (D) Heat map showing an overview of differentially expressed group sets with their associated microbiota in sham, BDL and BDL + EA36 groups from the species level.





4. Discussion

The major findings of this study relate to a potential mechanism of EA that links gut microbiota and angiogenesis signaling related vascular hyporeactivites in cholestatic liver injury with PHT. The interpretations are discussed in the following paragraphs.

Bile duct ligation is a surgical procedure that tying off of the bile ducts to prevent the flow of bile from the liver. This procedure can cause a number of complications, including hepatic injury. The damage caused by BDL can include inflammation, fibrosis, and cirrhosis (Chang et al., 2019; Chen et al., 2022). This procedure can be used to induce cholestasis, a condition in which the flow of bile is impaired, resulting in accumulation of bile acids and other components in the liver, leading to liver damage. Induction of cholestasis by BDL has been used in several studies to induce liver injury in animal models to study acute and chronic hepatic injury (Chang et al., 2019; Chen et al., 2022). When cholestasis occurs, the bile acids are unable to flow into the intestines, resulting in the disruption of intestine microbiota caused by cholestasis can lead to various complications such as bacterial overgrowth, increased permeability of the intestine, and changes in the composition of the gut microbiota. These changes can further contribute to liver injury and lead to the buildup of toxins in the bloodstream, which can lead to further complications.

The gut microbiota plays a vital role in food digestion, metabolism, immune regulation, and even neurocognitive performance. The above physiological processes show that the gut microbiota has diurnal characteristics (Thaiss et al., 2014). In addition, intestinal epithelial cells rhythmically sense microbial changes, which are very important for the homeostasis of the intestinal epithelium (Mukherji et al., 2013). In the current study, the genes level of Bacteroidetes, Betaproteobacteria, Epsilonproteobacteria, Bacteroides thetaiotaomicron, Lactobacillus salivarius, and Helicobacter hepaticus were significantly elevated due to BDL, while EA36 treatment markedly reduced these microbiome genes levels. EA36 modulates the gut microbiota composition and increases the abundance of beneficial bacteria such as Bacteroidetes, Betaproteobacteria, Epsilonproteobacteria, and Lactobacillus salivarius, which have anti-inflammatory properties (Zafar and Saier, 2021). EA36 also increases the expression of tight junction proteins that regulate the permeability of the gut and reduce inflammation. Decreased the above microbiome genes levels due to cholestasis, which tended to support the hypothesis that EA36 ameliorates cholestatic liver injury through modulation of microbiota abundance or diversity and its anti-inflammatory effect. Bacteroidetes can produce anti-inflammatory molecules that can reduce inflammation by directly blocking the production of pro-inflammatory cytokines (Stojanov et al., 2020). Bacteroidetes also produce metabolites that can help maintain gut barrier integrity, which can reduce inflammation (Khan et al., 2020; Ghosh et al., 2021). Nevertheless, most studies have demonstrated that Bacteroidetes bacteria exhibit pro-inflammatory properties due to endotoxins and influence cytokine production, contributing to IBD (Stojanov et al., 2020). Furthermore, Firmicutes bacteria exhibit anti-inflammatory effects and can alleviate the progression of IBD. The Firmicutes/Bacteroidetes (F/B) ratio is widely accepted to have an important influence in maintaining normal intestinal homeostasis (Stojanov et al., 2020). EA36 balancing the intestinal ecosystem is an important aspect of maintaining intestine barrier function, and may possess the therapeutic strategy to achieve an appropriate F/B ratio. The most variable phylum was demonstrated to be Proteobacteria, which contributes to dysbiosis (Shin et al., 2015) and is correlated with a decrease in Firmicutes and general microbial diversity in inflammatory bowel disease (IBD; Morgan et al., 2012).

In accordance with previous reports, our results showed that the raised levels of Bacteroidetes in the fecal are attributable to diminish cholestasis. The treatment of EA36 significantly attenuated the Bacteroidetes levels. The attenuation of microbiome levels byEA36 treatment could partially be related to its anti-inflammation and remodel microbiota ecology. Another explanation for this statistically significant decrease in the above microbiota genes seen in the EA36 treated rats compared with the BDL rats is the effect of EA36 on the gut tight junction proteins, whereby EA36 may maintain the function of intestine barrier permeability during cholestasis.

Microbiota can be prescribed for PHT. Microbiota have been shown to improve gut health, which can help reduce portal pressure (Baffy, 2019). Microbiota have anti-inflammatory properties, which can help reduce inflammation associated with PHT (Baffy, 2019; Gedgaudas et al., 2022). Microbiota can help increase nutrient absorption and reduce the risk of liver damage associated with portal hypertension (Simbrunner et al., 2019). Microbiota can help protect the gut lining, reducing the risk of gastrointestinal bleeding associated with PHT (Simbrunner et al., 2019). Microbiota can help reduce the risk of bacterial overgrowth and infection, which can contribute to the development of PHT (Gedgaudas et al., 2022). Indeed, our results demonstrated that both of the portal pressure and SMA blood flow values in BDL rats were reversed by EA36 are associated with gut microbiota. Studies have shown that acupuncture can help reduce PHT in patients by reducing their blood pressure, improving blood circulation, and reducing inflammation (Yang et al., 2018; Fan et al., 2020). It can also help reduce the symptoms of PHT, such as nausea, vomiting, and abdominal pain (Ouyang and Chen, 2004). EA36 for PHT may involve modulating the microbiota by stimulating certain acupoints ST36 (Chang et al., 2019; Chen et al., 2022). EA36 may help to reduce PHT by modulating the composition of the gut microbiota. Our study has shown that EA36 can increase the diversity and abundance of beneficial bacterial species, while decreasing the abundance of potentially harmful ones (Liu et al., 2018). This can help to reduce inflammation and improve the overall health of the gut microbiome, which can in turn reduce PHT in current results. In addition, EA for PHT may modulate the gut microbiota, which in turn attenuates vascular activity. This can help to reduce the pressure in the portal vein, helping to reduce symptoms associated with PHT. Additionally, EA36 may help to reduce inflammation, improve blood flow, and reduce cholestatic stress, all of which can help to reduce the symptoms of portal hypertension. Additionally, EA36 enhances tight junction in colon of BDL rats. EA36 has been studied for its potential to attenuate intestinal permeability in animal models of colitis (Liu et al., 2020, 2022). Our current studies have shown that EA36 treatment can reduce intestinal barrier dysfunction and improve intestinal permeability in rats with PHT. EA36 treatment make to reduce the expression of inflammatory cytokines levels, and reduce vascular endothelial growth factor (VEGF) expression and upregulate the expression of tight junction proteins, thereby improving the integrity of the intestinal epithelial barrier.

Portal hypertension may modulate the gut microbiota, which could result in vascular hyporeactivity (Baffy, 2019). This is because the alteration of the gut microbiota could lead to an increase in pro-inflammatory cytokines and endotoxins, which can affect vascular reactivity and cause fail of vasoconstriction (Simbrunner et al., 2019; Mitten and Baffy, 2022). These changes in the gut microbiota could potentially lead to increased levels of PHT, which could then further contribute to vascular hyporeactivity. On the other hand, PHT may modulate the intestine vagus nerve, which in turn can cause vascular hyporeactivity (Bockx et al., 2012; Zong et al., 2014). This can also lead to an impaired ability to regulate the blood vessels, resulting in increased systemic vascular resistance and increased blood pressure in the portal venous system. Vagus nerve stimulation has been shown to reduce vascular hyporeactivity by inducing vasodilation and decreasing vascular resistance (Dümcke and Møller, 2008). This is largely due to the release of nitric oxide from the nerve endings of the vagus nerve, which acts as a vasodilator (Li and Olshansky, 2011; Tse, 2017). Therefore, stimulation of the intestine vagus nerve can play a role in improving vascular hyporeactivity. Studies have suggested that stimulating the vagus nerve may help to reduce PHT, a condition where the pressure in the portal vein, which carries blood from the digestive organs to the liver, is higher than normal (Bockx et al., 2012). EA36 may help to regulate digestion, heart rate, and blood pressure. The EA36 stimulation plays a major role in the communication between the gut microbiome and the vascular activities. It is responsible for sending signals from the gut to the vessels. This communication is essential for maintaining a healthy gut microbiome, as it helps regulate the balance of beneficial and pathogenic microbes in the gut. Acupuncture has been shown to stimulate the vagus nerve (Liu et al., 2021), and by doing so, it can help to maintain overall health and potentially attenuate PHT. By stimulating the vagus nerve, EA36 may possibly increase parasympathetic activity, decrease sympathetic activity, and promote the release of neurotransmitters and hormones that can reduce inflammation and improve the health of the gastrointestinal tract. In addition, acupuncture can help to improve blood circulation and reduce the risk of spasms and blood clots, which can help reduce the risk of PHT.

Vascular angiogenesis refers to the growth of new blood vessels, usually from existing ones. It is important in the pathophysiology of PHT because it is a major factor in the development of portosystemic shunts, which are abnormal connections between the portal and systemic veins (Iwakiri and Trebicka, 2021). These abnormal connections allow blood to bypass the normal flow through the liver, leading to increased pressure in the portal vein. In some cases, an increase in vascular angiogenesis can contribute to the development of PHT. This is because new blood vessels can form in response to increased pressure in the portal vein, leading to an increase in blood flow and further increasing the pressure. In PHT, the increased pressure in the portal vein results in increased resistance to blood flow, causing increased levels of angiogenesis (Iwakiri and Trebicka, 2021; Königshofer et al., 2022). This increased angiogenesis leads to the formation of new, smaller vessels, which are less able to withstand the increased pressure. This, in turn, leads to a decrease in the amount of blood flow to the liver and other organs, resulting in vascular hyporeactivity. Vascular hyporeactivity is a condition characterized by decreased vascular responsiveness to vasoactive agents, such as vasoconstrictors and vasodilators. In PHT animal models, vascular hyporeactivity is observed as a result of increased wall shear stress and decreased nitric oxide production in the liver (Langer and Shah, 2006; Königshofer et al., 2022). This leads to a decrease in vascular tone and a reduction in vasomotor responsiveness, resulting in excessive vasodilation and blood pooling in the congested hepatic circulation. Here, we found that the ability of EA36 to prevent BDL-induced vascular angiogenesis is consistent with its inhibited role in the diminution of ICAM1, VCAM1, TGFβR2, and VEGFR1 in the vasculature of BDL rats, specifically its ability to suppress the proinflammatory cytokines were significantly when compared with BDL rats. This action is believed to be dependent not only on its modulation effect on microbiota abondance, but also on its inhibition of angiogenesis pathways.

The microbiome is an incredibly complex and delicate system that make it is easily disrupted. In current study, the potential anti-inflammatory effect of EA36 may through vagus nerve stimulation, which is able to dampen peripheral inflammation and to decrease intestinal permeability, thus very probably modulating microbiota composition. It is a notable worthy that several reports showed that the vagus nerve is able to sense the microbiota, to transfer this gut information to the central nervous system where it is integrated, and then to generate an adapted or inappropriate response; the latter could perpetuate a pathological condition of the digestive tract or favor neurodegenerative disorders (Eisenstein, 2016; Tse, 2017). On the other hand, stress inhibits the vagus nerve and has deleterious effects on the gastrointestinal tract and on the microbiota, and is involved in the pathophysiology of gastrointestinal disorders such as irritable bowel syndrome (IBS) and inflammatory bowel disease (IBD) which are both characterized by a dysbiosis (Bonaz et al., 2018). Although the vagus nerve plays a critical role in regulating the body’s microbiome but using a vagus nerve inhibitor in our study would likely have a significant and unpredictable effect on the microbiome. The vagus nerve inhibitors can have a direct impact on the microbiome, making it difficult to accurately assess the effects of the EA36 on the microbiome. Furthermore, using a vagus nerve inhibitor may disrupt the delicate balance of the microbiome, causing unwanted side effects that could interfere with the EA36 study results. For above reasons, we do not use a vagus nerve inhibitor to block EA36 action in our study.

Therefore, the beneficial effects of EA36 in PHT may be mediated, at least in part, through the modulation of intestine microbiota and vascular hyporeactivity with subsequent amelioration of the hyperdynamic circulation. In conclusion, this study illustrates the positive role of EA in a cholestatic model of PHT, and shown potential inhibition of intestine inflammation, significantly blunts the endotoxemia-mediated intestine permeability disruption and vessels contraction via a mechanism that involves angiogenesis-dependent activation of proinflammatory cytokines in these PHT animals. We conclude that EA may possess therapeutic properties that can mitigate the development of the hemodynamic change that characterize PHT animals. This molecular action suggests that AP may prove useful as a research tool or in clinical applications.



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: Sequence Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra/PRJNA957945) and BioSample (accession nos. SAMN34277024, SAMN34277025, and SAMN34277026).



Ethics statement

Animal studies were approved by the Animal Experiment Committee of Chang Gung University (IACUC approval no. CGU15-088).



Author contributions

P-YH, H-ML, and T-YL conceived and designed the research and wrote the first draft of the manuscript. P-YH and H-ML conducted experiments. Y-RK assisted in the establishment of a model and the improvement of strategies. Z-YC and P-YH performed statistical analyses and wrote the sections of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by Nation Science and Technology Council, Taipei, Taiwan (funding numbers: NSTC 102-2320-B182-015-MY3, 103-2320-B182-002-MY3, 106-2320-B-182-005-MY3, and 109-2320-B-182-023-MY3), Chang Gung Memorial Hospital, Linkou, Taiwan (funding numbers: CMRPD1B0261, CMRPD1B0262, CMRPD1D0351, and CMRPD1D0352), and Chang Gung Memorial Hospital, Keelung, Taiwan (funding number: CMRPG2M0351).



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.

The reviewer G-HL declared a shared affiliation with the authors T-YL, P-YH, and H-ML to the handling editor at the time of review.



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

 Abraldes, J. G., Trebicka, J., Chalasani, N., D'amico, G., Rockey, D. C., Shah, V. H., et al. (2019). Prioritization of therapeutic targets and trial design in cirrhotic portal hypertension. Hepatology 69, 1287–1299. doi: 10.1002/hep.30314 

 Baffy, G. (2019). Potential mechanisms linking gut microbiota and portal hypertension. Liver Int. 39, 598–609. doi: 10.1111/liv.13986 

 Bockx, I., Verdrengh, K., Vander Elst, I., Van Pelt, J., Nevens, F., Laleman, W., et al. (2012). High-frequency vagus nerve stimulation improves portal hypertension in cirrhotic rats. Gut 61, 604–612. doi: 10.1136/gutjnl-2011-301396 

 Bonaz, B., Bazin, T., and Pellissier, S. (2018). The vagus nerve at the interface of the microbiota-gut-brain axis. Front. Neurosci. 12:49. doi: 10.3389/fnins.2018.00049 

 Bosch, J., Berzigotti, A., Garcia-Pagan, J. C., and Abraldes, J. G. (2008). The management of portal hypertension: rational basis, available treatments and future options. J. Hepatol. 48, S68–S92. doi: 10.1016/j.jhep.2008.01.021 

 Chang, Z. Y., Chen, C. C., Liu, H. M., Yeh, Y. C., Lin, T. Y., Lee, T. Y., et al. (2019). Positive effects of Ger-gen-Chyn-Lian-tang on cholestatic liver fibrosis in bile duct ligation-challenged mice. Int. J. Mol. Sci. 20:20. doi: 10.3390/ijms20174181

 Chen, Y. S., Wen, C. K., Liu, G. H., and Lee, T. Y. (2022). Electroacupuncture attenuates vascular hyporeactivity in a rat model of portal hypertension induced by bile duct ligation. Acupunct. Med. 40, 68–77. doi: 10.1177/09645284211039230

 Dadhich, S., Goswami, A., Jain, V. K., Gahlot, A., Kulamarva, G., and Bhargava, N. (2014). Cardiac dysfunction in cirrhotic portal hypertension with or without ascites. Ann. Gastroenterol. 27, 244–249.

 Dümcke, C. W., and Møller, S. (2008). Autonomic dysfunction in cirrhosis and portal hypertension. Scand. J. Clin. Lab. Invest. 68, 437–447. doi: 10.1080/00365510701813096 

 Eisenstein, M. (2016). Microbiome: bacterial broadband. Nature 533, S104–S106. doi: 10.1038/533S104a 

 Fan, H., Yang, J. W., Wang, L. Q., Huang, J., Lin, L. L., Wang, Y., et al. (2020). The hypotensive role of acupuncture in hypertension: clinical study and mechanistic study. Front. Aging Neurosci. 12:138. doi: 10.3389/fnagi.2020.00138 

 Fogleman, C., and Mckenna, K. (2022). Integrative health strategies to manage chronic pain. Prim. Care 49, 469–483. doi: 10.1016/j.pop.2022.01.001

 Gedgaudas, R., Bajaj, J. S., Skieceviciene, J., Varkalaite, G., Jurkeviciute, G., Gelman, S., et al. (2022). Circulating microbiome in patients with portal hypertension. Gut Microbes 14:2029674. doi: 10.1080/19490976.2022.2029674 

 Ghosh, S., Whitley, C. S., Haribabu, B., and Jala, V. R. (2021). Regulation of intestinal barrier function by microbial metabolites. Cell. Mol. Gastroenterol. Hepatol. 11, 1463–1482. doi: 10.1016/j.jcmgh.2021.02.007 

 Greenlee, H., Dupont-Reyes, M. J., Balneaves, L. G., Carlson, L. E., Cohen, M. R., Deng, G., et al. (2017). Clinical practice guidelines on the evidence-based use of integrative therapies during and after breast cancer treatment. CA Cancer J. Clin. 67, 194–232. doi: 10.3322/caac.21397 

 Huang, Y. T., Wang, G. F., Yang, M. C., Chang, S. P., Lin, H. C., and Hong, C. Y. (1996). Vascular hyporesponsiveness in aorta from portal hypertensive rats: possible sites of involvement. J. Pharmacol. Exp. Ther. 278, 535–541.

 Iwakiri, Y., and Trebicka, J. (2021). Portal hypertension in cirrhosis: pathophysiological mechanisms and therapy. JHEP Rep. 3:100316. doi: 10.1016/j.jhepr.2021.100316 

 Kelly, R. B. (2009). Acupuncture for pain. Am. Fam. Physician 80, 481–484.

 Khan, S., Moore, R. J., Stanley, D., and Chousalkar, K. K. (2020). The gut microbiota of laying hens and its manipulation with prebiotics and probiotics to enhance gut health and food safety. Appl. Environ. Microbiol. 86:e00600. doi: 10.1128/AEM.00600-20 

 Königshofer, P., Hofer, B. S., Brusilovskaya, K., Simbrunner, B., Petrenko, O., Wöran, K., et al. (2022). Distinct structural and dynamic components of portal hypertension in different animal models and human liver disease etiologies. Hepatology 75, 610–622. doi: 10.1002/hep.32220 

 Langer, D. A., and Shah, V. H. (2006). Nitric oxide and portal hypertension: interface of vasoreactivity and angiogenesis. J. Hepatol. 44, 209–216. doi: 10.1016/j.jhep.2005.10.004 

 Li, W., and Olshansky, B. (2011). Inflammatory cytokines and nitric oxide in heart failure and potential modulation by vagus nerve stimulation. Heart Fail. Rev. 16, 137–145. doi: 10.1007/s10741-010-9184-4 

 Liu, G. H., Liu, H. M., Chen, Y. S., and Lee, T. Y. (2020). Effect of electroacupuncture in mice with dextran sulfate sodium-induced colitis and the influence of gut microbiota. Evid. Based Complement. Alternat. Med. 2020, 1–13. doi: 10.1155/2020/2087903

 Liu, G. H., Tsai, M. Y., Chang, G. J., Wu, C. M., Lin, S. K., Chen, Y. S., et al. (2018). Safety assessment of the auto manipulation device for acupuncture in Sprague-dawley rats: preclinical evaluation of the prototype. Evid. Based Complement. Alternat. Med. 2018, 1–9. doi: 10.1155/2018/5708393

 Liu, S., Wang, Z., Su, Y., Qi, L., Yang, W., Fu, M., et al. (2021). A neuroanatomical basis for electroacupuncture to drive the vagal-adrenal axis. Nature 598, 641–645. doi: 10.1038/s41586-021-04001-4 

 Liu, G. H., Zhuo, X. C., Huang, Y. H., Liu, H. M., Wu, R. C., Kuo, C. J., et al. (2022). Alterations in gut microbiota and upregulations of VPAC2 and intestinal tight junctions correlate with anti-inflammatory effects of electroacupuncture in colitis mice with sleep fragmentation. Biology 11:962. doi: 10.3390/biology11070962

 Mitten, E. K., and Baffy, G. (2022). Microbiota transplantation in portal hypertension: promises and pitfalls. Clin. Sci. (Lond.) 136, 425–429. doi: 10.1042/CS20220029 

 Morgan, X. C., Tickle, T. L., Sokol, H., Gevers, D., Devaney, K. L., Ward, D. V., et al. (2012). Dysfunction of the intestinal microbiome in inflammatory bowel disease and treatment. Genome Biol. 13:R79. doi: 10.1186/gb-2012-13-9-r79 

 Mukherji, A., Kobiita, A., Ye, T., and Chambon, P. (2013). Homeostasis in intestinal epithelium is orchestrated by the circadian clock and microbiota cues transduced by TLRs. Cells 153, 812–827. doi: 10.1016/j.cell.2013.04.020 

 Nie, Y., Liu, Q., Zhang, W., Wan, Y., Huang, C., and Zhu, X. (2021). Ursolic acid reverses liver fibrosis by inhibiting NOX4/NLRP3 inflammasome pathways and bacterial dysbiosis. Gut Microbes 13:1972746. doi: 10.1080/19490976.2021.1972746

 Ouyang, H., and Chen, J. D. (2004). Review article: therapeutic roles of acupuncture in functional gastrointestinal disorders. Aliment. Pharmacol. Ther. 20, 831–841. doi: 10.1111/j.1365-2036.2004.02196.x

 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

 Simbrunner, B., Mandorfer, M., Trauner, M., and Reiberger, T. (2019). Gut-liver axis signaling in portal hypertension. World J. Gastroenterol. 25, 5897–5917. doi: 10.3748/wjg.v25.i39.5897 

 Stojanov, S., Berlec, A., and Štrukelj, B. (2020). The influence of probiotics on the Firmicutes/Bacteroidetes ratio in the treatment of obesity and inflammatory bowel disease. Microorganisms 8:1715. doi: 10.3390/microorganisms8111715 

 Thaiss, C. A., Zeevi, D., Levy, M., Zilberman-Schapira, G., Suez, J., Tengeler, A. C., et al. (2014). Transkingdom control of microbiota diurnal oscillations promotes metabolic homeostasis. Cells 159, 514–529. doi: 10.1016/j.cell.2014.09.048 

 Tse, J. K. Y. (2017). Gut microbiota, nitric oxide, and microglia as prerequisites for neurodegenerative disorders. ACS Chem. Neurosci. 8, 1438–1447. doi: 10.1021/acschemneuro.7b00176 

 Wang, C. H., Liu, H. M., Chang, Z. Y., Huang, T. H., and Lee, T. Y. (2021). Losartan prevents hepatic steatosis and macrophage polarization by inhibiting HIF-1α in a murine model of NAFLD. Int. J. Mol. Sci. 22:7841. doi: 10.3390/ijms22157841 

 Wen, C. K., and Lee, T. Y. (2014). Electroacupuncture decreases the leukocyte infiltration to white adipose tissue and attenuates inflammatory response in high fat diet-induced obesity rats. Evid. Based Complement. Alternat. Med. 2014:473978. doi: 10.1155/2014/473978

 Wen, C. K., and Lee, T. Y. (2015). Electroacupuncture prevents white adipose tissue inflammation through modulation of hypoxia-inducible factors-1α-dependent pathway in obese mice. BMC Complement. Altern. Med. 15:452. doi: 10.1186/s12906-015-0977-9 

 Yang, J., Chen, J., Yang, M., Yu, S., Ying, L., Liu, G. J., et al. (2018). Acupuncture for hypertension. Cochrane Database Syst. Rev. 2018:Cd008821. doi: 10.1002/14651858.CD008821.pub2

 Zafar, H., and Saier, M. H. Jr. (2021). Gut Bacteroides species in health and disease. Gut Microbes 13, 1–20. doi: 10.1080/19490976.2020.1848158 

 Zong, G. Q., Fei, Y., Chen, J., and Liu, R. M. (2014). Selective double disconnection for cirrhotic portal hypertension. J. Surg. Res. 192, 383–389. doi: 10.1016/j.jss.2014.05.065 









 


	
	
TYPE Original Research
PUBLISHED 24 August 2023
DOI 10.3389/fmicb.2023.1256142






Investigating the antidepressant effect of Ziyan green tea on chronic unpredictable mild stress mice through fecal metabolomics

Wenbao Jia1,2, Qian Tang1, Yao Zou1, Yang Yang3, Wenliang Wu2* and Wei Xu1*


1College of Horticulture, Tea Refining and Innovation Key Laboratory of Sichuan Province, Sichuan Agricultural University, Chengdu, China

2Tea Research Institute, Hunan Academy of Agricultural Sciences, Changsha, Hunan, China

3Sichuan Yizhichun Tea Industry Co., Ltd., Muchuan, Sichuan, China

[image: image2]

OPEN ACCESS

EDITED BY
 Julio Plaza-Diaz, Children's Hospital of Eastern Ontario (CHEO), Canada

REVIEWED BY
 Wenzhi Hao, Jinan University, China
 Libin Zhan, Liaoning University of Traditional Chinese Medicine, China

*CORRESPONDENCE
 Wenliang Wu, wwlvip8@163.com 
 Wei Xu, xuweianti@sicau.edu.cn

RECEIVED 10 July 2023
 ACCEPTED 09 August 2023
 PUBLISHED 24 August 2023

CITATION
 Jia W, Tang Q, Zou Y, Yang Y, Wu W and Xu W (2023) Investigating the antidepressant effect of Ziyan green tea on chronic unpredictable mild stress mice through fecal metabolomics. Front. Microbiol. 14:1256142. doi: 10.3389/fmicb.2023.1256142

COPYRIGHT
 © 2023 Jia, Tang, Zou, Yang, Wu and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Introduction: Some studies have shown the effectiveness of tea in reducing depression. Gut flora dysfunction is strongly associated with depression. The mechanism by which Ziyan green tea ameliorates depression is not clear.

Methods: In this study, we examined the impact of Ziyan green tea on mice exhibiting symptoms similar to depression. We specifically focused on the role of intestinal flora and its metabolites. We first established a chronic unpredictable mild stress (CUMS) mouse model to induce depressive symptoms and conducted behavioural tests, biochemical tests, and pathological tissue analysis. We also investigated gut microbiota changes by 16S rRNA sequencing and measured faecal metabolites in mice using UHPLC-MS/MS.

Results: The results showed that Ziyan green tea intervention improved depression-like behaviour, neurobiochemical factors, and reduced levels of pro-inflammatory factors in CUMS mice. Spearman’s correlation analysis showed that different microbial communities (Corynebacterium, Faecalibaculum, Enterorhabdus, Desulfovibrio) correlation with differential metabolites (Cholic acid, Deoxycholic acid, etc.) and depression-related biochemical indicators (5-HT, DA, BDNF, IL-6, and TNF-α).

Discussion: In conclusion, our findings suggest that both low and high-dose interventions of Ziyan green tea have positive preventive effects on CUMS mice without dose dependence, partly because they mainly affect intestinal Purine Metabolism, Bile Acid Biosynthesis and Cysteine Metabolism in CUMS mice, thus stimulating brain 5-HT, DA and BDNF, and decreasing the inflammatory factors IL-6, TNF-α, activate the composition of intestinal flora, improve the intestinal flora environment and thus promote the production of intestinal metabolites, which can be used for depression treatment. It is suggested that Ziyan green tea may achieve an antidepressant effect through the gut-microbiota-brain axis.
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 Ziyan green tea, CUMS, depression-like behaviors, neurochemical factors, pro-inflammatory factors, gut microbiota, fecal metabolites


1. Introduction

Depression, as a chronic illness, poses a significant threat to human well-being, manifesting through enduring feelings of low mood, cognitive deceleration, diminished interest, heightened anxiety, and various additional symptoms (Kandola et al., 2019). It is a highly prevalent global psychiatric disorder, the incidence of which has been increasing in recent years and has become a common psychological disorder (Lach et al., 2018). Research findings indicated that around 4.7% of the global populace encounters episodes of depression within a span of 12 months (Herrman et al., 2022). Presently, the clinical management of individuals suffering from depression is predominantly centered around the administration of antidepressant medications, such as Selective Serotonin Reuptake Inhibitors (SSRIs), Tricyclic Antidepressive Agents (TCAs), Monoamine Oxidase Inhibitors (MAOIs) and Noradrenergic and specific serotonergic antidepressants (NaSSAs). Nevertheless, these aforementioned categories of antidepressants are associated with various undesirable consequences, encompassing insomnia, diarrhea, headaches, and other adverse effects (Zhang et al., 2017; Chow and Issa, 2019). These adverse effects limit the use of drugs in the treatment of depression. Therefore, there is a need to find other alternatives that are biologically active and have fewer side effects than antidepressants or have preventive effects.

It has been shown that tea can reduce the likelihood of subthreshold depression and prevent the worsening of existing symptoms (Ng et al., 2021). Green tea catechins have been shown to alleviate depressive symptoms in experimental animals, possibly through the inhibition of monoamine oxidase (Nabavi et al., 2017). Studies suggested that tea polyphenols may have antidepressant properties and may reduce depression risk and severity in humans through regular consumption of tea (Siddiqui et al., 2004; Zhu et al., 2012; Pervin et al., 2018; de la Garza et al., 2019; Rothenberg and Zhang, 2019), among older Chinese people, regular consumption of green tea is unlikely to result in depressive symptoms (Yao et al., 2021). Additionally, the study found that regular green tea consumption (≥3 cups/week) was negatively associated with self-reported lifetime depression among Korean adults, suggested that the prevalence of depression was 21% lower among regular green drinkers than among non-green tea drinkers (Zhu et al., 2012). It is believed that tea extracts act as antidepressants by enhancing intestinal flora, increasing the content and diversity of beneficial bacteria, and inhibiting the growth of harmful bacteria (Shao et al., 2022). In addition, related studies have reported that anthocyanins have antidepressant effects, and some studies have used extracts such as blueberry and vaccinium myrtillus, which have high anthocyanin content. Blueberry extract has antidepressant effects and protects the brain from oxidative damage (Spohr et al., 2022). Krikorian et al. (2010) used blueberry juice to continuously intervene in the elderly with mild cognitive impairment for 12 weeks. As a result, while the cognitive function of these elderly people was significantly improved, their depressive symptoms also tended to improve. In addition, Kumar et al. (2012) used low, medium, and high doses of vaccinium myrtillus extract to intervene in depression model mice caused by chronic stress. The immobility time of the animals in the 500 mg/kg dose group was significantly reduced, and the number of spontaneous activities of the animals in the 500 mg/kg dose group was increased. The sugar water preference of the animals in the 250 mg/kg and 500 mg/kg dose groups was significantly increased, indicating that the anthocyanin-rich bilberry extract has an antidepressant effect. The new variety of purple buds with high anthocyanin, Ziyan, has been shown to be suitable for green tea (Chunjing et al., 2020), and the preventive effect of Ziyan green tea on depression is unknown.

A dysfunctional or damaged neurotransmission system in the brain, specifically involving 5-HT and BDNF, are closely associated with depression (Zhu et al., 2012). Bioactive compounds in tea increase levels of monoamine neurotransmitters, such as 5-HT and DA, which regulate depression. Research has shown that depression is associated with insufficient concentrations of 5-HT in the brain gaps, leading to mental disorders. It is associated with an overall decrease in activity and mental functioning (Zhang et al., 2017). Among the effects of inflammation on depression are changes in lipopolysaccharide, inflammatory cytokines, presynaptic neurotransmitter reuptake, microglial activation, and HPA axis activity. The serum levels of proinflammatory molecules such as IL-6 and TNF-α are elevated in depressed patients (Köhler et al., 2017).

Microbiota-gut-brain (MGB) axis mediates two-way communication between the brain and gut (Doroszkiewicz et al., 2021), which plays an important role in depression (Lucidi et al., 2021). Cerebral ischemia rapidly causes intestinal ischemia, excessive nitrate is increased through free radical reaction, and the increase of enterobacteria leads to intestinal flora imbalance. The expansion of enterobacteria can aggravate systemic inflammation and cerebral infarction (Xu et al., 2021). An altered gut microbiota composition leads to altered gut barrier permeability, monoamine neurotransmitter levels, hypothalamic–pituitary–adrenal (HPA) axis activity, and brain-derived neurotransmitters (Liu et al., 2021). Existing research suggested that changes in the gut microbiome may distinguish patients with MDD from healthy individuals. Increased levels of pro-inflammatory cytokines associated with social avoidance are influenced by Lachnospiraceae (Rosa et al., 2022). The decline in gut bacterial diversity can affect the stability of the microbiota, resulting in increased dominance of potentially harmful bacteria, decreased beneficial bacterial genera, and decreased microbial richness and diversity (Shao et al., 2022).

Moreover, the metabolites of gut microbiota play an important role in gut-brain communication (Lourenço et al., 2019), it has been shown that microbe-derived compounds such as bile acids might contribute to psychiatric disorders via the gut-microbiota-brain axis (Chang et al., 2022; Hashimoto, 2022). Dysbiosis of gut microbiota is associated with systemic inflammation because bile acids are a major regulator of the gut microbiota. As a whole, it is believed that the bile acid-gut-microbiota axis plays a role in immune regulation and health (Ridlon et al., 2014).

In this study, we investigated the mechanisms and effects of Ziyan green tea on CUMS-induced depression by using behavioral tests, neurobiochemical factor levels, pro-inflammatory factor levels, and pathological tissue analysis, and measured and analyzed the intestinal microbial diversity, abundance, and related metabolites in CUMS mice. Our study provides new insights into the antidepressant mechanism of Ziyan green tea.



2. Materials and methods


2.1. Plant material and HPLC analysis of tea water extract

The raw materials of the experiment were Ziyan [Camellia sinensis (L.)], and Ziyan green tea was made with one bud and two leaves according to the GB/T 14456.3-2016. The preparation of Ziyan green tea extract was referred to the study by Wenliang et al. (2018). Take an appropriate amount of Ziyan green tea samples, according to the material-liquid ratio of 1:10, steep extraction 3 times (boiling water), each extraction time of 20 min, gauze filtration, combined extraction solution, concentrated to a certain volume under reduced pressure, pre-freeze at −20°C for 12 h, put into the freeze dryer for 24 h, collect tea powder, sealed packaging, −20°C storage.

The chemical composition of Ziyan green tea aqueous extracts was analyzed using our previous method (Jia et al., 2022). Briefly, the contents of tea polyphenols (TPs), free amino acids (AA), soluble sugars (SS), Theaflavins (TFs), and Thearubigins (TRs) were determined using spectrophotometry. Total catechins (DL-C, catechin; EC, epicatechin; EGC, epigallocatechin; ECG, epicatechin gallate; GCG, gallocatechin gallate; EGCG, epigallocatechin gallate; CG, catechin gallate; GC, gallocatechin), Theobromine (TB), Theophylline (THEO), Caffeine (CAF) contents of the extracts were determined using high performance liquid chromatography (HPLC). The anthocyanin content was determined by the PH difference-in-difference method (Lee et al., 2005).



2.2. Animals and experimental design

C57BL/6 J male mice (20 ± 2 g) were used for this study. Mice were procured from Hunan Slake Jingda Experimental Animal Co., Ltd., animal qualification certificate number SYXK (Xiang) 2020–0008. The animals were housed at 22 ± 2°C and a relative humidity of 55 ± 5 with a 12:12 h light and dark cycle. The animals were acclimatized for a period of two weeks before the study. All operations were performed in accordance with the “Guide for the Care and Use of Laboratory Animals (8th Edition)” issued by the Animal Ethics Committee of the Hunan Provincial Center for Drug Safety Evaluation and Research.

After their acclimatization, the mice were divided randomly into four groups: control group (Con, n = 10), CUMS model group (Mod, n = 10), CUMS mice treated with Ziyan green tea soup at a low dose (ZY-L, n = 10), and CUMS-exposed mice treated with Ziyan green tea soup at a high dose (ZY-H, n = 10). The dose of gavage was based on a previous study (Wenliang et al., 2018), to put it simply, if an adult (average body weight 60 kg) drinks 10 g of tea per day, i.e., 166.67 mg·kg−1·d−1, then the dose of tea for mice should be 1,516.67 mg·kg−1·d−1. The dose of tea powder given = 166.67 × Mulriple × Extraction rate (freeze-dried powder of tea extract, per day), The extraction rate of tea was calculated according to the minimum extraction rate of 17%, the maximum extraction rate of 30%, and the multiplicity was set at 5 and 10 times. 200 g of tea is about the theoretical amount of tea for an adult in mice, so the low and high doses of tea extract for mice were designed to be 200 mg/kg (ZY-L) and 400 mg/kg (ZY-H), respectively, and the volume of gavage was 10 mL/kg for 28d; Cons were given water (10 mL/kg); Mods received CUMS for 4 weeks and were treated with water (10 mL/kg); Fluo received CUMS for 4 weeks and were treated with fluoxetine (2.98 mg/kg/d) (10 mL/kg) (Ministry of Health of the People’s Republic of China, 2003; Zhao and Sun, 2010; Jinhua et al., 2015).



2.3. Chronic unpredictable mild stress procedure

The procedure of CUMS is carried out according to the method of Wang et al. (2020), with slight modifications. In short, the CUMS process included a variety of mild stresses, including tail pinching for 2 min, slanted cage at 45 degrees for 24 h, fasting for 24 h, water deprivation for 24 h, wet Bedding for 24 h, lighting for 24 h, horizontal shaking for 6 min, swimming in ice water (4°C) for 6 min, a total of 8 stimulation methods, one stimulation method was randomly selected at 8:30 am every day, and it was not repeated within 3 days so that the animals could not foresee the stimulation given. The Con group cannot be disturbed and stimulated except for necessary procedures. Fecal sample collection was performed on the last day of the CUMS program.



2.4. Antidepressant-like activity

Anxiety and depression in mice were assessed using SPT, OFT, and FST, and all behavioral experiments were tested by trained observers who were blinded to the intervention.


2.4.1. SPT (sugar preference test)

The sugar preference test (SPT) was used to quantify the loss of interest in rewarding stimuli. During the modeling process, sugar water experiments were carried out on 7d, 14d, 21d, and 29d, respectively. The SPT was performed as described by Yang et al. (2018), and made some modifications, which were divided into a training period and a testing period. The 2 days before the test was used as a training period to fully adapt the animals to drinking water with sucrose. The animals were given two bottles of 1% sucrose water for the first 24 h, and the mice were given one bottle of 1% sucrose water (100 mL) and one bottle of pure water for the second 24 h. After water deprivation for 24 h, the test period was entered, at the same time, the mice were given 1 bottle of 1% sucrose water and 1 bottle of pure water for 2 h. During the test, the positions of the two bottles were interchanged to avoid the effect of positional preference. At the end of the test, the consumption of sucrose solution and pure water was calculated by weighing the bottles.

Preference for sugar water (%) = consumption of sucrose water/(total amount of sucrose water + pure water) × 100%.



2.4.2. OFT (open field test)

An open-field test was conducted to evaluate exploratory behavior and anxiety levels. The OFT is proceeding as described by Li et al. (2021). The apparatus for the open field test was a square wooden box (40 × 40 × 30 cm3) divided into 25 squares at the bottom. All mice were placed in the center of the open field apparatus and allowed to explore freely for 5 min. The number of times each mouse crossed the square (crossing the area with all four paws) and the number of times it stood (raising its front paws) were recorded. After each mouse was tested, the area was wiped with a damp cloth to avoid interference from residual odors from other mice.



2.4.3. FST (forced swimming test)

The FST has been used to identify depressive-like behavior in animals. The FST was performed as previously described by Sun et al. (2018).




2.5. Histopathological examination

After all behavioral examinations were completed, the mice fasted for 12 h, were placed in an anesthetic chamber, and executed using isoflurane inhalation gas anesthesia. The samples were fixed with a 4% paraformaldehyde solution and Nissl staining was performed on the hippocampal tissues of mice.

Nissl staining was performed by placing mouse hippocampal paraffin sections in toluidine blue staining solution for 10 min, followed by 95% ethanol separation for a few seconds, followed by xylene transparency and neutral resin sealing, and scanning under a light microscope for subsequent image analysis. The sections were then scanned under a light microscope for image analysis. The image was opened in Image J software and processed as follows: firstly, it was converted to an 8-bit grey-scale image, then, after correction for optical density, a measurement threshold was selected for subsequent accurate quantification, and finally, the integrated optional density (IOD) was calculated for the range above the threshold. The calculated IOD reflects the total amount of nisin expression (Zhang et al., 2020).



2.6. Biochemical analyses

After the behavioral tests, the mice were sacrificed and the tissue of the brain was rapidly dissected for the biochemical tests. The levels of neurobiochemical factors 5-HT, DA, and BDNF as well as inflammatory factors IL-6 and TNF-α in brain tissues were determined by using mouse 5-HT, DA, BDNF, IL-6 and TNF-α ELISA kits (Cusabio, Wuhan, China).



2.7. 16S rRNA analysis of fecal microbiota

The experiments included extracting the total DNA from samples (n = 6 per group) of the faces. The data were analyzed on the free online Majorbio I-Sanger Cloud Platform. Total DNA was extracted according to the instructions of the E.Z.N.A.® SOIL Kit (Omega Bio-Tek, Norcross, GA, U.S.). The concentration and purity of DNA were measured using a NanoDrop 2000 spectrophotometer, and the quality of the DNA extraction was confirmed by 1% agarose gel electrophoresis. PCR amplification of the V3–V4 variable region was performed using 338F (5′-ACT CCT ACG GGA GCA GCA G-3′) and 806R (5′-GGA CTA CHVGGG TWT CTAAT-3′) primers (Liu et al., 2016). The microbial composition was analyzed via 16S rRNA sequencing by Shanghai Majorbio Bio-pharm Technology (Shanghai, China) according to standard instructions.



2.8. Determination of fecal metabolomics by HPLC-QTOF-MS


2.8.1. Metabolite extraction

50 mg solid samples were accurately weighed, and the metabolites were extracted using a 400 μL methanol: water (4:1, v/v) solution with 0.02 mg/mL L-2-chlorophenylalanin as internal standard. The mixture was allowed to settle at −10°C and treated by High throughput tissue crusher Wonbio-96c (Shanghai wanbo biotechnology co., LTD) at 50 Hz for 6 min, then followed by ultrasound at 40 kHz for 30 min at 5°C. The samples were placed at −20°C for 30 min to precipitate proteins. After centrifugation at 13000 g at 4°C for 15 min, the supernatant were carefully transferred to sample vials for LC–MS/MS analysis.



2.8.2. Metabolite extraction quality control sample

As part of the system conditioning and quality control process, aliquots of all samples are mixed to make a mixed quality control (QC) sample, and the QC sample is handled and tested in the same manner as the analyzed samples. It helps to represent the entire sample set by injecting samples at regular intervals (every 6 samples) to monitor analytical stability.



2.8.3. (UHPLC–MS/MS) analysis

The instrument platform for this LC–MS analysis is the UHPLC-Q Exactive HF-X system of Thermo Fisher Scientific. Chromatographic conditions and MS conditions are referenced by Liu et al. (2023) and Shen et al. (2023).




2.9. Statistical analysis

Purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina NovaSeq PE250 platform (Illumina, San Diego, USA)1 according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). These α diversity index (Shannon, Simpson, Chao, Sobs, Ace) were calculated for our samples using QIIME (See Footnote 1). Additionally, beta diversity was calculated using QIIME. BLAST was used for sequence alignment, and the feature sequences were annotated with the Silva database for each representative sequence. Other diagrams, such as sparse curves were obtained using the R software package (v3.5.2). The metagenomic function was predicted by PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) (Douglas et al., 2020) based on OTU representative sequences.

Spearman’s correlation coefficient analysis, one-way ANOVA, and Student’s t-test were performed using SPSS Statistics Version 25.0 (IBM Corp., Armonk, NY, USA). Principal component analysis (PCA), principal co-ordinates analysis (PCoA), and partial least squares discriminant analysis (PLS-DA) were performed using SIMCA 14.1 software (Umetrics, Umeå, Sweden). A heatmap was generated by MultiExperiment Viewer 4.9.0 (Oracle, Redwood, CA, USA). The Enrichment Analysis and Pathway Analysis was performed by MetaboAnalyst 4.0.2




3. Results


3.1. Chemical constituents of Ziyan green tea aqueous extracts

As can be seen from Supplementary Table S1 and Figure 1, we determined Amino Acid (AA), Tea Polyphenol (TPs), Soluble Sugars (SS), and Total catechins (DL-C, catechin; EC, epicatechin; EGC, epigallocatechin; ECG, epicatechin gallate; GCG, gallocatechin gallate; EGCG, epigallocatechin gallate; GC, gallocatechin), Theobromine (TB), Theophylline (THEO), Caffeine (CAF), Theaflavins (TFs), Thearubigins (TRs), Theabrownins (TBs), and Total anthocyanins (TAs). The highest content of Tea Polyphenol was 49.39%, Thearubigins was 6.77%, Total anthocyanins were 5.55%, Amino Acid was 9.90%, Caffeine was 6.68% and Soluble Sugars was 6.59% in the aqueous extract of Ziyan green tea. Total catechins 25.25%, Theaflavins 0.39%, Theabrownins 6.70%, Theobromine 0.57% and Theophylline the lowest 0.03%.
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FIGURE 1
 Chromatogram of the biochemical composition of aqueous extract of Ziyan green tea.




3.2. Ziyan green tea reduces CUMS-induced depression and improves depression-like behavior

The experimental design steps are shown in Figure 2A. The CUMS induced a significant decrease in body weight as well as food intake growth levels in mice from 0–4 weeks compared to the Con. The body weight and food intake of depressed-like mice increased after ZY-L and ZY-H interventions compared to the Mod (Figures 2B,C).
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FIGURE 2
 Depressive-like behavior induced by CUMS and the protective effect of Ziyan green tea. (A) Experimental flowchart. (B) Body weight. (C) Food intake. (D) Sugar water preference. (E) Immobility time in FST. (F) Number in the OFT. Con, control group; Mod, CUMS group; FLuo, CUMS mice treated with fluoxetine; ZY-L, CUMS mice treated with Ziyan green tea dhool at a low dose; ZY-H, CUMS mice treated with Ziyan green tea dhool at a high dose.


As seen in Figure 2D, mice in the Mod showed significantly lower sugar-water preference compared to the Con. In contrast, the Ziyan green tea intervention group significantly increased the rate of preference for sugar water in mice (p < 0.05).

The results of Figure 2E showed that the resting time of mice in the Mod was significantly longer than that in the Con (p < 0.05); the gavage intervention with ZY-L and ZY-H significantly reduced the immobility time of CUMS mice in the forced swimming test (p < 0.05).

After the intervention of CUMS mice, the number of crossing and standing in the open field experiment increased significantly (p < 0.05), indicating that the behavioral activities and the ability to explore the unknown were restored in depressed mice, so Ziyan green tea could reduce the depression-like behavior of depressed mice in the open field experiment (Figure 2F).



3.3. Protective effect of Ziyan green tea on CUMS-induced hippocampal neurons in mice

In the Con, the hippocampal tissue was intact and clear, with neuronal cells arranged neatly and tightly, and the nuclei were obvious; the Nisin bodies was darker and more numerous. However, after CUMS modeling, the neuronal cells in mice had poor morphology, nuclei appeared solidified, fragmented, or lysed; neuronal cells were loosely arranged or had missing or even detached nuclei, and the Nisin bodies was lighter and the number was reduced. Interestingly, the degree of neuronal damage was restored after Fluo, ZY-L, and ZY-H treatment, and the number of Nisin bodies increased significantly, partially suppressing the histopathological damage (Figures 3A–F). In conclusion, Ziyan green tea inhibited neuronal damage and apoptosis in the hippocampus of CUMS-induced depressed mice to some extent and restored the number of Nisin bodies.
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FIGURE 3
 Results of Nissl staining in the hippocampus. (A) Con. (B) Mod. (C) Fluo. (D) ZY-L. (E) ZY-H. (F) IOD values of nichrome in the hippocampal region (n = 3).




3.4. Effects of Ziyan green tea on neurochemical and pro-inflammatory factors in CUMS-induced depression

5-HT neurotransmitter dysfunction or impairment has important implications in the neurobiological mechanisms of depression. The DA system plays a crucial role in various aspects of brain function, such as motor skills, emotions, and cognition, and is closely linked to reward, pleasure, and motivated behavior. Studies have shown that the levels of DA, 5-HT, and other neurotransmitters in the blood and cerebrospinal fluid of depressed animals and patients are lower compared to non-depressed individuals (Goodwin and Post, 1983; Dunlop and Nemeroff, 2007). The results of this experiment found (Figure 4A) that 5-HT and DA levels in the brain tissues of CUMS mice were significantly reduced compared with the Con; however, 5-HT levels in the brains of CUMS-induced depressed mice intervened with ZY-L and ZY-H were significantly increased (p < 0.05) compared with the Mod, while DA levels in the brains of ZY-L-intervened mice were significantly increased (p < 0.05). BDNF levels were reduced in the brains of depressed animals and patients, and antidepressants restored BDNF levels and reversed their behavioral and cellular effects (Rothenberg and Zhang, 2019). In the present study, ZY-L and ZY-H significantly increased intracerebral BDNF levels compared to the Mod (p < 0.05) (Figure 4A).
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FIGURE 4
 Changes in neurochemical and pro-inflammatory factors levels in the brains of depressed mice. (A) The level of 5-HT, DA, and BDNF in the cerebral. (B) The level of IL-6 and TNF-α.


Elevated IL-6 may lead to HPA axis dysfunction, altered synaptic neurotransmission, and reduced neurotrophic factors, which are indirectly involved in the pathogenesis of depression (Nukina et al., 2001). Postal and Appenzeller (2015) confirmed by Meta-analysis that TNF-α was significantly elevated in patients with chronic insomnia with anxiety and depression and suggested that reducing serum TNF-α levels could improve patients’ depressive symptoms. In this study, we found that IL-6 and TNF-α were significantly elevated in the brains of CUMS mice compared with Con (p < 0.05), and it was known from Figure 4B that the levels of IL-6 and TNF-α in the brains of CUMS mice were reduced to some extent after ZY-L and ZY-H interventions compared with the Mod.

The results showed that Ziyan green tea could improve the depressive symptoms induced by CUMS by increasing the expression of 5-HT, DA, and BDNF in the brain of CUMS-induced mice, and reducing the levels of pro-inflammatory factors IL-6 and TNF-α.



3.5. Ziyan green tea modulates the microbial composition of CUMS mice

Previous research has shown that changes in the gut microbiome affect depression-like behaviors (Lucidi et al., 2021). Therefore, we attempted to determine whether CUMS-exposed mice exhibited alterations in the gut microbiome. It can be seen in Table 1 that the Coverage is >0.99, which proves that the sequencing data in this study reached saturation and the sequencing depth can cover most of the species in the mouse gut microbiome community, which is sufficient to reflect the diversity contained in the given samples. Alpha diversity was analyzed by calculating the Shannon, Simpson, Chao, Ace, and Sobs indices on the OTU level. The results show that compared with the Con, the diversity and richness of the intestinal microbiota were significantly reduced after external stimulation, and the results of Coverage, Shannon, and Simpson indices indicated that the diversity of intestinal microbiota was reduced in the Mod, and the Sobs, Ace, and Chao indices indicated that the richness of intestinal microbiota was significantly lower in the Mod than in the Con. After treatment with Ziyan green tea, the microbial community diversity and richness of CUMS mice was significantly restored.



TABLE 1 Comparison of microbial diversity indices and coverage of 16S rRNA gene libraries at 97% similarity based on the sequencing analysis.
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Beta diversity was analyzed by PCoA plots, and differences in microbial composition (OTU) among the five groups were assessed using the nonphylogenetic Bray-Curtis metric (Figure 5A). The distance between different samples was calculated using the variation in abundance between samples, it could be seen that the microbiota of the five groups was not completely clustered together, on the first principal component (PC1) axis, there is a clear separation between the Mod and Con, and a between-group difference test was performed based on ANOSIM, p = 0.001, a highly significant difference between groups, suggesting that CUMS-induced depression can alter the microbiota structure.
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FIGURE 5
 Effects of Ziyan green tea on the microbial composition of CUMS mice. (A) Principal coordinate analysis. (B) Community barplot analysis on phylum level. (C) Community heatmap analysis on Genus level. (D) Relative abundance of distinguishable genu. (E) Cladogram analysis among different groups. (F) Column chart of linear discriminant analysis (LDA).


To further explore the detailed composition of the intestinal microbiota of the five groups of mice, the relative abundance was analyzed at two taxonomic levels of phylum and genus. At the phylum level, Firmicutes, Bacteroidetes, Actinobacteriota, and Desulfobacterot were the most abundant phylum among all groups, accounting for more than 90% of the total bacterial community (Figure 5B).

At the genus level, the variation in abundance of four bacterial genera, norank_f_Muribaculaceae, Lactobacillus, Bifidobacterium, and Faecalibaculum, was analyzed (Figures 5C,D), and the relative abundance of norank_f_Muribaculaceae, Lactobacillus in Mod was increased compared to Con. The abundance level of the norank_f_Muribaculaceae genus decreased by 35.59% after fluoxetine administration, and the abundance decreased by 30.02% after ZY-L intervention. As for the genus Lactobacillus, it is worth mentioning that the genus abundance level significantly decreased by 63.86% after ZY-H intervention (p < 0.05), and 37.62 and 45.37% for Lactobacillus after Fluo and ZY-L interventions, respectively. In addition, the relative abundance of Bifidobacterium and Faecalibaculum in Mod decreased compared to Con and significantly increased by 58.16 and 69.79% after ZY-L intervention, respectively (p < 0.05), and the relative abundance of Bifidobacterium and Faecalibaculum was also increased after the other Fluo and ZY-H treatments, which could reverse this change.

To explore the specific bacterial taxa associated with CUMS-induced depression and Ziyan green tea intervention, a LEfSe evolutionary branching map was presented between treatments. Firstly, the nonparametric factorial Kruskal-Wallis rank sum test was used to test the characteristics with significant differences in abundance among different samples to determine the groups with significant differences in abundance (LDA > 2). Branching plots showed (Figure 5E) that Verrucomicrobia, Bacteroidetes, Firmicutes, Actinobacteriota, and Proteobacteria at the phylum level were enriched significantly among each group. LEfSe analysis was performed to identify specific bacterial taxa that could distinguish between samples to account for differences in taxa from phylum to genus level on the phylogenetic tree of bacterial communities in the samples. Among them, 28 bacterial branches showed statistically significant differences (Figure 5F), and there were 5 genera with different taxonomic levels in the Con, including c__Coriobacteriia, o__Coriobacteriales, f__Eggerthellaceae, Enterorhabdus, Gordonibacter; however, only two distinguishable bacterial taxa were detected in the Mod, Escherichia-Shigella and g__Muribaculum. The enrichment and abundance of the bacteria were significantly increased after intervention with Ziyan green tea, there was 11 enrichment flora in the ZY-L, p__Proteobacteria, c__Gammaproteobacteria, o__Bacillales, Psychrobacter, Sporosarcina, f__Planococcaceae, Enteractinococcus, o__Burkholderiales, Paenalcaligenes, f__Micrococcaceae, and f__Alcaligenaceae. With 10 genera in the ZY-H, mainly including Dubosiella, o__Verrucomicrobiales, c__Verrucomicrobiae, f__Akkermansiaceae, p__Verrucomicrobiota, Akkermansia, o__Corynebacteriales, Corynebacterium, f__Corynebacteriaceae and Jeotgalicoccus. LEfSe Bar analysis further showed that the enrichment of intestinal flora in mice was reduced after external stimulation and different doses of Ziyan green tea soup intervened to change the enrichment of intestinal flora thus reducing the depressive symptoms.

We used PICRUSt2 functional prediction to predict the functional information of the microbial community in our samples to further our understanding of some potential microbial functional features during disease development through functional composition and abundance. And based on 16S rRNA sequencing data, we analyzed all the samples between different Kyoto Encyclopedia of Genes and Genomes (KEGG) tertiary groups. The results showed that among all KEGG pathways, the abundance of metabolic pathways and biosynthesis of secondary metabolites were the most correlated (Supplementary Figure S1).



3.6. Analysis of metabolite differences among groups after intervention with Ziyan green tea


3.6.1. Identification of differential metabolites in feces of CUMS mice

PCA is an unsupervised multivariate statistical method, which can reveal the internal structure of the overall sample and can visually describe the change trends of different groups by the trajectory of each group on the principal component coordinate graph. PCA clustering analysis was performed on the fecal samples of each group to obtain the trends of fecal metabolism changes shown in Figure 6A, and the results showed that there were significant differences in the distribution of metabolic profiles among the five groups. In order to observe the CUMS-induced fecal metabolic differences in depth, the experiment hoped to model and analyze the samples of each group by PLS-DA to find the metabolic changes associated with CUMS-induced depressive behavior, which can be seen in Figure 6B, the Mod and Con clustered into two distinct independent parts, and there was no crossover in the distribution between their samples, indicating that there were significant metabolic differences between the Mod and Con, the modeling was successful, suggesting that CUMS stimulation changed the fecal metabolic profile of the mice. The model validation results showed that all R2 and Q2 values on the left side were lower than the original points on the right side, and the regression line of Q2 intersected with the vertical axis with values less than 0 (R2Y = 0.2197, Q2 = −0.1604), indicating that the constructed model had high reliability (Figure 6C). Meanwhile, focusing on each dosing group, it can be found that the clustering areas of ZY-L, ZY-H, and Fluo can be distinguished from the Mod, indicating that the aqueous extract of Ziyan green tea also has a therapeutic effect on depression, which is consistent with the results in the previous behavioral evaluation experiments. The clustering area of the Con was relatively farther from the Mod than that of the Ziyan green tea group, suggesting that Ziyan green tea has a lower effect on the recovery of the metabolic network than the positive control drug fluoxetine.
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FIGURE 6
 (A) 3D PCA score chart. (B) PLS-DA among five groups. (C) PLS-DA corresponding of 200 random permutation test plots. (D) Volcano map for differential metabolite screening (Mod vs. Con). (E) Heat map of differential metabolite content in different treatment groups. The left arrow (←) and right arrow (→) represent that the relative content of differential metabolites was significantly down-regulated and up-regulated after the CUMS intervention compared with the Con. The arrows (↑) and (↓) represent that the relative content of differential metabolites was significantly up-regulated and down-regulated after the intervention of different doses of Ziyan green tea compared with the Mod. *p < 0.05, **p < 0.01.


To further identify the differential metabolites among the groups and to clarify the modulating effects of ZY-L, ZY-H, and Fluo on fecal differential metabolites, a total of 20 metabolites with significantly different peak areas were obtained by Volcano map (Figure 6D; Supplementary Figure S2) combined with VIP values (>1) and One-way analysis of variance (p < 0.05): Deoxycholic acid, LysoPC(18:2(9Z,12Z)/0:0), 12-Ketodeoxycholic acid, Cholic Acid, Deoxyinosine, 7-Methylhypoxanthine, 5,8,11- Eicosatrienoic acid, 5-Aminopentanoic acid, 5-Hydroxyindoleacetic acid, L-Glutamate, 10,11-dihydro-20-trihydroxy-leukotriene B4, Oxypurinol, Undecylenic acid, 7-Sulfocholic acid, Indole-3-carboxaldehyde, N-Acetylneuraminic Acid, L-Palmitoylcarnitine, N-Lauroylglycine, LysoPE(18. 1(11Z)/0:0) and Uracil (Figure 6E). Cholic Acid and N-Lauroylglycine levels were significantly higher, while L-Glutamate and Oxypurinol were significantly lower in the fecal samples of the Mod when compared to the Con (p < 0.05). After Fluo intervention, 12-Ketodeoxycholic acid, Cholic acid, 5,8,11-Eicosatrienoic acid, and 7-Sulfocholic acid were significantly lower compared to the Mod, while Deoxyinosine, L-Glutamate, 10,11-dihydro-20-trihydroxy-leukotriene B4, Oxypurinol, Undecylenic acid, LysoPE(18:1(11Z)/0:0) and Uracil were significantly higher. The relative levels of 5,8,11-Eicosatrienoic acid, 10,11-dihydro-20-trihydroxy-leukotriene B4 and Indole-3-carboxaldehyde were significantly higher after ZY-L intervention. After ZY-H intervention, the contents of 12-Ketodeoxycholic acid, Cholic Acid, and 7-Sulfocholic acid were significantly lower compared to the Mod, while the relative contents of L-Glutamate, 10,11-dihydroxy-20-trihydroxy-leukotriene B4 and Indole-3-carboxaldehyde were significantly higher. 10,11-dihydro-20-trihydroxy-leukotriene B4, Undecylenic acid, Indole-3-carboxaldehyde, N-Acetylneuraminic Acid, L-Palmitoylcarnitine and LysoPE (18:1(11Z)/0:0) were significantly elevated.



3.6.2. Metabolic pathway analysis

The pathway analysis can provide biological information on the relevant metabolites, which can help us to further understand the pathogenesis of depression and the antidepressant effect of Ziyan green tea. Based on the identified potential differential metabolites, the relevant metabolic pathways were identified by applying databases such as KEGG3 and HMDB4 as well as enrichment analysis. The results of the enrichment analysis (Figure 7A) showed that Bile Acid was the most relevant in this analysis, and the metabolic pathway analysis identified three metabolic pathways that were most relevant to the depression-like behavior of CUMS mice (Figure 7B; Supplementary Table S1), including Purine Metabolism, Bile Acid Biosynthesis and Cysteine Metabolism. These results suggest that Ziyan green tea mainly affects Purine Metabolism, Bile Acid Biosynthesis, and Cysteine Metabolism in the intestinal tract of CUMS mice.

[image: Figure 7]

FIGURE 7
 Metabolic pathway enrichment analysis. (A) Histogram, the darker the colour, the smaller the value of p, and the more pronounced the enrichment of the corresponding metabolic pathway. (B) Bubble chart, Each bubble represents a metabolic pathway, and the horizontal coordinates of the bubble and the size of the bubble indicate the influence factor of the pathway in the enrichment analysis, the larger the bubble, the larger the influence factor; the vertical coordinates of the bubble and the color of the bubble indicate the value of p of the enrichment analysis (taking the negative common logarithm, i.e., -log10p), the darker the color, the smaller the value of p, the more significant the enrichment.





3.7. Correlation between intestinal flora and metabolites, neurobiochemical factors, and pro-inflammatory factors in mice after intake of Ziyan green tea

The relationship between gut microbes and host metabolism is gaining attention, and to investigate whether gut microbes may mediate the effects of antidepressants on the organism by participating in host metabolism, we further performed Spearman’s rank correlations Heat Map for five groups, selecting the top 20 microbes in terms of genus-level colony abundance with the aforementioned differential metabolites, neurobiochemical and pro-inflammatory factors, to assess the potential contribution to alleviating CUMS-induced depression. The results showed that a total of four microbial communities at the genus level showed significant correlations with neurobiochemical factors, six genera were significantly correlated with inflammatory factors, and 13 genera were significantly correlated with fecal differential metabolites.

From Figure 8A, Corynebacterium showed a significant positive correlation with 5-HT and BDNF, Faecalibaculum showed a significant negative correlation with IL-6 and TNF-α, Enterorhabdus showed a significant negative correlation with IL-6, and Desulfovibrio showed a significant negative correlation with TNF-α. Therefore, Corynebacterium, Faecalibaculum, Enterorhabdus, and Desulfovibrio had a positive intervention effect on CUMS-induced depression. Interestingly, these genera, which were significantly positively correlated with neurobiochemical factors and negatively correlated with pro-inflammatory factors, were significantly increased after Ziyan green tea. In conclusion, these findings reveal that the gut microbiota plays a key role in modulating CUMS-induced depression after Ziyan green tea intervention. A causal relationship may exist between the gut microbiota and the relative abundance of neurobiochemical factors (5-HT, DA, and BDNF in brain tissue) and pro-inflammatory factor indicators (IL-6 and TNF-α).
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FIGURE 8
 Spearman correlation Analysis Heat Map. (A) Spearman’s rank correlation between the intestinal flora and neurobiochemical and pro-inflammatory factors in CUMS mice. (B) Spearman’s rank correlation between the intestinal flora and differential metabolites. (*p < 0.05, **p < 0.01, ***p < 0.001).


As seen from Figure 8B, some intestinal bacteria were significantly associated with only one metabolite, e.g., norank_f__Muribaculaceae was significantly negatively associated with 5-Aminopentanoic acid, Bifidobacterium was significantly positively associated with 5-Aminopentanoic acid; while some were associated with multiple metabolites, such as Corynebacterium with N-Lauroylglycine, 7-Methylhypoxanthine, 5-Hydroxyindoleacetic acid, Indole-3-carboxaldehyde, Undecylenic acid, 10,11-dihydro-20-trihydroxy-leukotriene B4 showed significant positive correlation, on the contrary, N-Acetylneuraminic Acid showed a significant negative correlation. Here we focused on two aspects: first, the metabolites produced by the direct or indirect metabolism of the intestinal flora, and second, a particular intestinal bacterium that correlates with multiple metabolites, which is important to explore the involvement of the intestinal flora in the pathogenesis of the host. It was found that Akkermansia was significantly positively correlated with N-Acetylneuraminic Acid and negatively correlated with Deoxycholic acid; Alistipes was significantly positively correlated with L-Palmitoylcarnitine, 10,11- dihydro-20-trihydroxy-leukotriene B4, Undecylenic acid, LysoPE(18:1(11Z)/0:0) and Deoxyinosine, however, 7-Sulfocholic acid, 12-Ketodeoxycholic acid, and Cholic Acid were significantly negatively correlated with it; Desulfovibrio was significantly positively correlated with Deoxyinosine and Oxypurinol, LysoPC(18:2(9Z,12Z)/0:0), 7-Methylhypoxanthine, 5-Hydroxyindoleacetic acid, Indole-3-carboxaldehyde showed significant negative correlations with it; Enterorhabdus was significantly negatively correlated with LysoPC(18:2(9Z,12Z)/0:0), 5,8,11-Eicosatrienoic acid, 7-Methylhypoxanthine, and Indole-3-carboxaldehyde, while 5-Aminopentanoic acid, L-Glutamate, Deoxyinosine, Oxypurinol, and Uracil were significantly positively correlation.

In addition, Corynebacterium was significantly positively correlated with 5-HT, BDNF, and Corynebacterium showed significant positive correlations with N-Lauroylglycine, 7-Methylhypoxanthine, 5-Hydroxyindoleacetic acid, Indole −3-carboxaldehyde, Undecylenic acid, and 10,11-dihydro-20-trihydroxy-leukotriene B4. It suggests that these metabolites may be inextricably linked to the stimulation, synthesis, or increase of neurotransmitters in the brain of depressed mice. Enterorhabdus and Desulfovibrio were significantly negatively correlated with IL-6, TNF-α, and Desulfovibrio and Enterorhabdus were significantly correlated with the following metabolites LysoPC (18:2(9Z,12Z)/0:0), 5,8,11-Eicosatrienoic acid, 7-Methylhypoxanthine, 5-Hydroxyindoleacetic acid, and Indole-3-carboxaldehyde, suggesting that such metabolites could potentially play an important role in reducing the levels of pro-inflammatory factors.




4. Discussion

Depression is one of the most common mental disorders in the world. The core symptom of depression is a lack of pleasure, which can be reflected by SPT and food intake (Qiao et al., 2020). CUMS has been widely used to induce an animal model of depression that mimics several human depressive symptoms as well as key biochemical signs of depression (Sharma and Thakur, 2015). Our study showed that the body weight, food intake, and sugar-water preference of depressed-like mice were significantly higher after Ziyan green tea intervention than in the Mod, improving the well-being of CUMS-induced depressed mice. After the gavage intervention of ZY-L and ZY-H, the immobility time of CUMS mice was significantly shortened in the compulsive swimming experiment, moreover, the number of crossing and standing in the open field experiment were significantly increased, indicating that the behavioral activities and the ability to explore the unknown were restored in the depression-like mice, and Ziyan green tea could improve the depression-like behavior of CUMS mice.

5-HT plays an important role in modulating mood, emotion, and behavior in stress response (Mayer et al., 2015). People with depression have lower levels of 5-HT and DA compared to healthy individuals (Hu, 2017). The level of BDNF in the brain of depressed animals and patients decreases, and antidepressant drugs can restore the level of BDNF and reverse the devaluation effect of its behavior and cells (Takebayashi et al., 2012). Our study showed that Ziyan green tea significantly modulated the levels of 5-HT, DA, and BDNF in the brain compared to Mod. Nukina et al. (2001) tested whether stress leads to elevated plasma IL-6 in mice and found that plasma IL-6 was elevated in mice after 1 h of stress and that elevated IL-6 may lead to HPA axis dysfunction, altered synaptic neurotransmission, and reduced neurotrophic factors, which are indirectly involved in the pathogenesis of depression. It has been shown that depressive symptoms in depressed patients can be improved by lowering serum TNF-α levels, which in turn improves sleep (Postal and Appenzeller, 2015). In the present study, we found that the brain levels of IL-6 and TNF-α in CUMS mice were significantly reduced and restored to normal levels after Ziyan green tea intervention, indicating that Ziyan green tea could indirectly interfere with the development of depression by reducing the levels of pro-inflammatory factors in CUMS mice.

Green tea polyphenols (GPTs) can promote energy conversion in mammals by modulating gut microbial community structure, gene homologs, and metabolic pathways (Zhou et al., 2020). Dietary supplements with tea had positive effects on maintaining intestinal microecology (Liu et al., 2019). The results of this study showed that the degree of neuronal damage was restored after ZY-L and ZY-H treatment, and the number of Nisin bodies was significantly increased, partially inhibiting histopathological damage. Therefore, Ziyan green tea can inhibit neuronal damage and apoptosis in the hippocampus of CUMS-induced depressed mice to some extent and restore the number of Nisin bodies.

There is growing evidence that dysbiosis of gut microbiota has been associated with a variety of neuropsychiatric disorders including major depressive disorder (MDD) (Chang et al., 2022). In this study, we found that CUMS induced significant changes in intestinal flora by PCoA analysis, while low and high doses of Ziyan green tea reversed the CUMS-induced changes in intestinal flora to some extent, indicating its intervention effect on intestinal flora of CUMS mice. The results of Coverage, Shannon and Simpson indices indicated that the intestinal microbiota diversity was reduced in CUMS-induced mice, and the Sobs, Ace and Chao indices indicated that the intestinal microbiota richness was significantly lower in CUMS-induced mice than in healthy mice. The microbial community diversity and richness of CUMS mice were significantly restored after Ziyan green tea treatment. Studies have shown that in the gut microbiota of alcohol-treated mice, the abundance of the harmful bacteria norank_f_Muribaculaceae increased and the abundance of the beneficial bacteria Akkermansia decreased (Yang et al., 2020; Li et al., 2021). Previous studies have shown that norank_f_Muribaculaceae is strongly associated with HPA axis function, correlates with 5-HT and BDNF in the hippocampus, and that the abundance of norank_f_Muribaculaceae was significantly higher after TG (Total glycosides) treatment compared to CUMS (p < 0.05) (Fan et al., 2021). Studies have demonstrated that HA (heat acclimation) alleviates depression by remodeling the gut flora f_Muribaculaceae and g_Lactobacillus levels were significantly decreased in the EMF (electromagnetic field) group, and HA reversed the equilibrium of gut microbes induced by EMF and significantly increase the proportion of probiotics (g_Lactobacillus) (p < 0.05) (Luo et al., 2021). Jasmine tea has been shown to modulate depressive symptoms by downregulating Lactobacillus (Zhang et al., 2022). Preparation of 100 mg of mixed tea catechins (approximately a cup of green tea) three times daily for three weeks induced a significant increase in Lactobacillus species in broiler chickens (Hara, 1997). More recently, 4% green tea powder supplementation for 22 weeks in HFD mice significantly increased Lactobacillus species, in both number and diversity (Axling et al., 2012). Some studies have shown that psychosocial and psychophysical stress alters the intestinal flora and leads to a decrease in the number of Lactobacillus and Bifidobacterium, an important factor in depression (Gulbins et al., 2018; Zhang et al., 2021). Bifidobacteria and Lactobacillus in the gut have been suggested to have beneficial effects on stress response and depression. Existing studies have demonstrated a reduction in the number of these bacteria in patients with major depressive disorder (MDD) compared to healthy controls (Aizawa et al., 2016; Liu et al., 2016). Fu instant tea improved intestinal microbiota composition reduced the ratio of F/B, and increased the abundance of beneficial bacteria, including Lactobacillus and Bifidobacteria (Yang et al., 2021). EGCG, GCG, and EGCG3′′Me, those tea polyphenols exhibited proliferative effects on the growth of Bifidobacterium and Lactobacillus/Enterococcus groups (Zhang et al., 2013). In our study, the Mod group norank_f_Muribaculacea, Lactobacillus was elevated, and the abundance of these two genera decreased significantly after the intervention of Ziyan green tea. Bifidobacterium has been associated with beneficial psychobiological effects (Rothenberg and Zhang, 2019), Bifidobacterium breve CCFM1025 was validated to have an antidepressant-like effect in mice, supplementation of Bifidobacterium breve CCFM1025 and Bifidobacterium breve Bif11 to depressed patients and animals can alleviate their depressive behaviors, and their antidepressant mechanisms include attenuating over-responsiveness of the HPA axis and inhibiting the expression of inflammatory factors, enhancing the expression of 5-hydroxytryptophan (5-HT) in the intestines and the brain, and ameliorating the damage of intestinal permeability (Tian et al., 2020, 2022; Sushma et al., 2023). Faecalibaculum was associated with NCPB (negative cognitive processing bias) and depressive symptoms, it was demonstrated that NCPB levels were positively correlated with depressive symptoms and anxiety symptoms (p < 0.01). There was a significant difference in the β-diversity of microbiota in young adults between high and low NCPB groups. Faecalibaculum abundance was shown to be significantly higher in the High-status NCPB treatment group (Xu H. et al., 2023). It agrees with our findings; our study showed that the relative abundance of Bifidobacterium and Faecalibaculum significantly increased after Ziyan green tea intervention. The GM (gut-brain axis) plays an important role in initiating signal transduction and communication between the gut and the central nervous system (Chen et al., 2017). It has been found that jasmine tea has a significant restorative effect on microorganisms and has a significant relationship with neurotransmitters. These genera, unclassified_f__Lachnospiraceae, norank_f__Desulfovibrionaceae, et al., had a positive relationship with 5-HT and BDNF in the hippocampus and cerebral cortex (Zhang et al., 2022). Our study found that Corynebacterium showed a significant positive correlation with 5-HT and BDNF, Faecalibaculum showed a significant negative correlation with IL-6 and TNF-α, Enterorhabdus showed a significant negative correlation with IL-6, and Desulfovibrio showed a significant negative correlation with TNF-α. Experiments have shown that Corynebacterium abundance was significantly reduced in chronic variable stress (CVS)-induced depression rats compared to normal controls (Yu et al., 2017). Current research indicates that CUMS stimulation reduced Enterorhabdus abundance, which was reversed by venlafaxine treatment. So Enterorhabdus are the key bacteria responsible for venlafaxine-ameliorated depression in mice (Shen et al., 2023). In a rat model of ACTH-induced depression, chlorogenic acid exerted anti-depressive effects by increasing the relative abundance of Bifidobacterium and reducing the relative abundance of Desulfovibrio (Song et al., 2019). Therefore, Corynebacterium, Faecalibaculum, Enterorhabdus, and Desulfovibrio have a positive intervention effect on depression caused by CUMS.

There is much evidence that gut microbiota composition is closely related to host metabolism (Koh and Bäckhed, 2020). The results of our study showed that Bile Acid was the most enriched, and the metabolic pathway analysis identified three metabolic pathways that were most associated with depression-like behavior in CUMS mice, including Purine Metabolism, Bile Acid Biosynthesis, and Cysteine Metabolism. The size and composition of the bile acid pool appear to be important factors regulating the structure of the human gut microbial community (Ridlon et al., 2014). Bile acids have direct antimicrobial effects on gut microbes, and clinical studies have shown that bile acids are important components of the gut-brain axis, suppress neuroinflammation, and mediate the pathophysiology of Major depressive disorder (MDD) (Begley et al., 2005; Bao et al., 2021). It has been found that serum bile acid concentration was significantly increased in model rats (Xiong et al., 2016). Alistipes have been shown to be pathogenic in colorectal cancer and associated with psychiatric symptoms of depression (Parker et al., 2020). This is consistent with our findings, where we found that Alistipes were significantly and negatively correlated with 7-Sulfocholic acid, 12-Ketodeoxycholic acid, and Cholic acid. Depression leads to a significant decrease in the relative abundance of Corynebacterium, Lactobacillus, and other intestinal flora (Yu et al., 2017). In addition to this, we also found that Corynebacterium was significantly positively correlated with 5-HT, BDNF, and Corynebacterium showed significant positive correlations with N-Lauroylglycine, 7-Methylhypoxanthine, 5-Hydroxyindoleacetic acid, Indole-3-carboxaldehyde, Undecylenic acid, and 10,11-dihydro-20-trihydroxy-leukotriene B4. It suggests that these metabolites may be inextricably linked to the stimulation, synthesis, or increase of neurotransmitters in the brain of depressed mice. Enterorhabdus and Desulfovibrio were significantly negatively correlated with IL-6, TNF-α, and Desulfovibrio and Enterorhabdus were significantly correlated with the following metabolites LysoPC (18:2(9Z,12Z)/0:0), 5,8,11-Eicosatrienoic acid, 7-Methylhypoxanthine, 5-Hydroxyindoleacetic acid, and Indole-3-carboxaldehyde, suggesting that such metabolites could potentially play an important role in reducing the levels of pro-inflammatory factors. Previous studies have found that Enterorhabdus may be related to bile acid metabolism and that elevated Enterorhabdus affects the synthesis of beneficial bile acids (Wang et al., 2022; Xu W. et al., 2023); therefore, the antidepressant effect of Ziyan green tea may be partially mediated by reversing Enterorhabdus in CUMS mice. It is suggested that Ziyan green tea may act as an antidepressant through the gut-microbiota-brain axis or microbial-bile acid axis. In future studies, we will combine various research methods and perspectives, land on the pathways and targets of depression intervention, and further explore the mechanism of Ziyan green tea intervention in depression to alleviate CUMS-induced depression.



5. Conclusion

This study aimed to investigate the improvement of CUMS-induced depression-like symptoms by Ziyan green tea and its possible mechanism of action. Male mice were gavaged with Ziyan green tea. Depression-like behavior was measured by a series of behavioral tests and neurobiochemical factors (5-HT, DA, and BDNF) and pro-inflammatory factors (IL-6 and TNF-α) were measured in brain tissues, combined with Nissl pathological analysis and determination of gut microorganisms. Ziyan green tea intervention significantly attenuated CUMS-induced depression-like behaviors in mice. Corynebacterium showed a significant positive correlation with 5-HT and BDNF. Faecalibaculum and Enterorhabdus showed a significant negative correlation with IL-6, Faecalibaculum and Desulfovibrio showed a significant negative correlation with TNF-α. The microbial community diversity and richness of CUMS mice were significantly restored after Ziyan green tea intervention. Meanwhile, we performed UHPLC–MS/MS metabolomic analysis of mouse fecal samples to detect the content of relevant metabolites produced by intestinal microorganisms, and we identified a total of 20 differential metabolites such as Deoxycholic acid, LysoPC(18:2(9Z,12Z)/0:0), 12-Ketodeoxycholic acid, Cholic Acid, Deoxyinosine, 7-Methylhypoxanthine, 5,8,11-Eicosatrienoic acid, 5-Aminopentanoic acid, 10,11-dihydro-20-trihydroxy-leukotriene B4, 5-Hydroxyindoleacetic acid, L-Glutamate, Oxypurinol, Undecylenic acid, 7-Sulfocholic acid, Indole-3-carboxaldehyde, N-Acetylneuraminic Acid, L-Palmitoylcarnitine, N-Lauroylglycine, LysoPE(18:1(11Z)/0:0) and Uracil. And we found that Alistipes were significantly and negatively correlated with 7-Sulfocholic acid, 12-Ketodeoxycholic acid, and Cholic acid. In conclusion, our findings suggest that both low and high-dose interventions of Ziyan green tea have positive preventive effects on CUMS mice without dose dependence, partly because they mainly affect intestinal Purine Metabolism, Bile Acid Biosynthesis, and Cysteine Metabolism in CUMS mice, thus stimulating brain 5-HT, DA and BDNF, and decreasing the inflammatory factors IL-6, TNF-α, activate the composition of intestinal flora, improve the intestinal flora environment and thus promote the production of intestinal metabolites, which can be used for depression treatment. It is suggested that Ziyan green tea may achieve an antidepressant effect through the gut-microbiota-brain axis.
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Introduction: Heart failure (HF) is usually the end stage of the continuum of various cardiovascular diseases. However, the mechanism underlying the progression and development of HF remains poorly understood. The sigma-1 receptor (Sigmar1) is a non-opioid transmembrane receptor implicated in many diseases, including HF. However, the role of Sigmar1 in HF has not been fully elucidated.

Methods: In this study, we used isoproterenol (ISO) to induce HF in wild-type (WT) and Sigmar1 knockout (Sigmar1−/−) mice. Multi-omic analysis, including microbiomics, metabolomics and transcriptomics, was employed to comprehensively evaluate the role of Sigmar1 in HF.

Results: Compared with the WT-ISO group, Sigmar1−/− aggravated ISO-induced HF, including left ventricular systolic dysfunction and ventricular remodeling. Moreover, Sigmar1−/− exacerbated ISO-induced gut microbiota dysbiosis, which was demonstrated by the lower abundance of probiotics g_Akkermansia and g_norank_f_Muribaculaceae, and higher abundance of pathogenic g_norank_f_Oscillospiraceae and Allobaculum. Furthermore, differential metabolites among WT-Control, WT-ISO and Sigmar−/−-ISO groups were mainly enriched in bile secretion, tryptophan metabolism and phenylalanine metabolism, which presented a close association with microbial dysbiosis. Corresponding with the exacerbation of the microbiome, the inflammation-related NOD-like receptor signaling pathway, NF-kappa B signaling pathway and TNF signaling pathway were activated in the heart tissues.

Conclusion: Taken together, this study provides evidence that a Sigmar1 knockout disturbs the gut microbiota and remodels the serum metabolome, which may exacerbate HF by stimulating heart inflammation.

KEYWORDS
 heart failure, sigma-1 receptor, gut microbiota, untargeted metabolomics, transcriptomics, inflammation


1. Introduction

Heart failure (HF) is a common global heart disease with high morbidity and mortality rates, which is a clinical syndrome characterized by abnormal cardiac structure and function (McDonagh et al., 2022). Recent studies have shown that the inflammatory response (Murphy et al., 2020), myocardial interstitial fibrosis (González et al., 2018), apoptosis (Liao et al., 2022) and calcium signaling (Kubalova et al., 2005) promote the development of HF. Despite recent progress in pharmaceutical development, current therapies are inadequate, and outcomes are unsatisfactory (Rosik et al., 2018). Therefore, investigating the underlying molecular mechanisms of HF for developing novel effective therapeutic targets is urgently needed. Sigma-1 receptor (Sigmar1) was originally proposed as an opioid receptor and is expressed widely in the heart, liver, brain and lung (Martin et al., 1976). Subsequent studies have shown that Sigmar1 is an endoplasmic reticulum (ER) transmembrane chaperone protein that is located mainly in the mitochondria-associated ER membrane (Hayashi and Su, 2007) and regulates ER stress, inflammation (Almási et al., 2020), calcium signaling and cell survival (Abdullah et al., 2022). Sigmar1 promotes angiogenesis by activating the JAK2/STAT3 pathway to improve cardiac remodeling and cardiac function in rodent models of HF (Zhao et al., 2022). Haloperidol aggravates transverse aortic constriction-induced ventricular remodeling and HF by inhibiting Sigmar1 (Shinoda et al., 2016). Currently, only a few studies have examined the role of Sigmar1 in the pathogenesis of HF, and relevant multi-omics data are lacking.

In the physiological state, the balanced gut microbiota plays an important role in maintaining the normal cardiovascular system (Jia et al., 2019). In cardiovascular and other diseases, microbial dysbiosis is defined as a change in the microbiome composition (Velmurugan et al., 2020). The gut microbiota affects pathophysiological mechanisms associated with the progression of HF (Trøseid et al., 2020). Gut microbial dysregulation contributes to intestinal barrier disruption, inflammation, oxidative stress and endotoxemia in patients with HF (Yuzefpolskaya et al., 2020). Improving the gut microbiota with a high-fiber diet has been shown to protect hypertensive mice against HF (Marques et al., 2017).

Metabolomics can detect subtle changes in biological pathways, thus providing insights into the mechanisms of various physiological conditions and disease processes (Johnson et al., 2016). Several metabolites, such as short-chain fatty acids, trimethylamine N-oxide and bile acids, are associated with development of HF (Tang et al., 2019). In this report, we performed untargeted metabolomics to study the functional data of Sigmar1 in the pathogenesis of HF. To further evaluate the involvement of Sigmar1 in the pathogenesis of HF, we also performed a transcriptomic analysis of cardiac tissues.

In short, we explored the role of Sigmar1 in an ISO-induced HF model using multi-omics analysis to provide new insights into the pathogenesis of Sigmar1 in the development of HF.



2. Materials and methods


2.1. Animal models

Male C57BL/6 wild-type (WT) mice (aged 6–8 weeks, certification No. 44826500000653, SPF grade) were purchased from Guangdong Medical Laboratory Animal Center (Guangdong, China). Sigmar1−/− mice on a C57BL/6 background were obtained from Cyagen Biotechnology Co., Ltd. (Guangzhou, China) and bred in the same conditions as WT mice. All mice were maintained in a pathogen-free environment and underwent a 7-day acclimatization period before experiments. Room temperature was maintained at 22°C, and mice were housed in a 12-h light and 12-h dark cycle with food and water ad libitum. All experimental procedures involving mice were approved by the Laboratory Animal Ethics Committee of Southern Medical University (Ethical Committee Approval Code: L2022091) and followed the Guide for Care and Use of Laboratory Animals. For HF disease models, isoprenaline hydrochloride (30 mg/kg; Sigma-Aldrich, St Louis, MO, United States, CAS #: 51–30-9) in saline was infused to the mice of WT-ISO and KO-ISO groups with subcutaneous injection daily for 2 weeks as described previously (Feng et al., 2022), while the mice of WT-Control and KO-Control groups were injected with an equal volume of saline. Two mice in the WT-ISO group died on day 13, and two in the KO-ISO group died on days 8 and 13, potentially due to differing tolerances to ISO. To maintain consistency in sample size, we used a total of 32 mice across the four groups (n = 8 per group): WT-Control, KO-Control, WT-ISO, and KO-ISO.



2.2. Genotype identification

In brief, we excised a small piece of the mouse tail, placed it in 100 μL DNA extraction buffer (Cat #: D7283S, Beyotime, China) and digested this tissue at 55°C for 15 min and 95°C for 5 min. Subsequently, 100 μL termination solution was added to the digestion products and 1 μL was used for amplification after mixing. PCR products were electrophoresed on 2.5% agarose gels and observed under a UV lamp (Cheng et al., 2022). The primer sequences for genotype identification in the experiment are given in Table 1.



TABLE 1 The primers used for genotype identification.
[image: Table1]



2.3. Echocardiography

Before transthoracic echocardiography, mice chest hairs were removed with a topical depilatory agent. M-mode echocardiography was performed to evaluate the left ventricular systolic function of WT and Sigmar1−/− mice after saline or ISO administration. Anesthesia was induced by 3% isoflurane and maintained with 1% isoflurane (RWD, Life Science Co., Ltd., China). The mice were then measured with a Vevo 2,100 echocardiography system (FUJIFILM Visualsonics, Toronto, ON, Canada). Images were collected from the left parasternal short axis, and three consecutive cardiac cycles were measured. Measurements of the left ventricular internal dimension in the diastole (LVIDd), left ventricular internal dimension in the systole (LVIDs), left ventricular diastolic volume (LVdVol) and left ventricular systolic volume (LVsVol) were performed. These measurements were used to calculate the left ventricle ejection fraction (LVEF), left ventricle fractional shortening (LVFS) and stroke volume (SV) (Gao et al., 2011).



2.4. Histopathological examination

After the above treatment, all mice were sacrificed under 0.3% sodium pentobarbital anesthesia (i.p.) (Chen et al., 2021a), and hearts for tissue fixation were rapidly fixed in 10% formalin for 48 h. Sections of paraffin-embedded tissue were cut at 5-μm thickness and mounted on slides. Hematoxylin and eosin (H&E) staining (Cat #: G1120, Solarbio, Beijing, China), Masson’s trichrome staining (Cat #: G1346, Solarbio) and the wheat germ agglutinin (WGA) assay (Cat #: 25530, AAT Bioquest, United States) were used to evaluate general myocardium morphology, myocardial fibrosis and the cardiomyocyte cross-sectional area. Images of stained slides were observed under a light microscope (Leica DM500, Germany) and a laser confocal microscope. LSM 710; Carl Zeiss Microscopy, Thornwood, NY, United States). For Masson and WGA staining, we selected six random fields of view from three different heart samples in each group.



2.5. Biochemical analysis

At 4°C, blood was centrifuged at 3000 g for 15 min to obtain serum samples. The levels of lactate dehydrogenase (LDH) (Cat #: MB-5900A, Jiangsu Meibiao Biotechnology Co., Ltd) and cardiac troponin (cTnT) (Cat #: MB-6288A) in the serum from each sample were detected using ELISA kits, according to the manufacturer’s instructions. Optical densities were measured on a Thermo Scientific Microplate Reader (Thermo Scientific, Waltham, MA, United States) at 450 nm.



2.6. Western blot analysis

Heart tissues stored at −80°C were homogenized in lysis buffer (RIPA lysis buffer: protease inhibitors: phosphatase inhibitors = 100: 1: 1) to obtain the total protein. The Pierce™ BCA Protein Assay Kit (Thermo Scientific) was used to measure the protein concentration. Total protein (15 μg, each sample) was resolved by 12% SDS-PAGE and transferred to 0.22-μm PVDF membranes (Merck Millipore, Darmstadt, Germany). Membranes were blocked with 5% skim milk for 2 h at room temperature and incubated with primary antibodies overnight at 4°C. Membranes were then incubated with relevant horseradish peroxidase-labeled secondary antibodies (room temperature, 2 h). Chemiluminescence reagents (Thermo Scientific) were used to visualize the protein bands. Grayscale was calculated by ImageJ (version 1.52i) software with normalization to that of GAPDH. Primary antibodies and dilutions were: Sigmar1 (1,1,000, CST, Cat #: 61994S) and GAPDH (1,1,000, Proteintech, Cat #: 60004-1-Ig).



2.7. Real-time quantitative polymerase chain reaction analysis

Total RNA in left ventricular tissue stored at −80°C was extracted using TRIzol reagent (Invitrogen, Waltham, MA, United States), and the RNA concentration was measured by an Agilent 2,100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). Messenger RNA (1 μg, each sample) was then used for complementary DNA synthesis with StarScript III All-in-one RT Mix with gDNA Remover (Cat #: A230-10, GenStar, China) on a reverse transcription system (TransGen Biotech, Beijing, China). Augmentation was performed using 2× RealStar Green Fast Mixture (A301-10, GenStar) on a Roche LightCycler 480 (Roche, Shanghai, China). The relative expression of target genes was calculated by normalization to β-actin using the 2–△△Ct method (Table 2).



TABLE 2 Gene-specific primer sequences for RT-qPCR.
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2.8. 16S ribosomal RNA (rRNA) gene sequencing

According to the manufacturer’s certificate, total bacterial DNA from mouse feces was extracted using the E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States). Next, amplification of 16 S rRNA genes was performed using bacterial primers 338 F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806 R (5′-GGAC TACHVGGGTWTCTAAT-3′) spanning the hypervariable regions of V3-V4. The amplification was carried out on an ABI GeneAmp® 9,700 PCR thermocycler (ABI, CA, United States), followed by purification, pooling and sequencing of amplicons using the Illumina MiSeq platform (Illumina, San Diego, CA, United States). The free online tool, Majorbio I-Sanger Cloud Platform,1 was used to analyze the resulting sequence data.



2.9. Untargeted metabolomics analysis

Serum samples (100 μL per sample) were extracted using 400 μL methanol:acetonitrile (1:1, v/v). After mixing thoroughly for 30 s and low-temperature ultrasonic extraction for 30 min (5°C, 40 kHz), the sample was statically placed at −20°C for 30 min and centrifuged at 13,000g and 4°C for 15 min. The supernatant was carefully transferred to new microtubes and evaporated to dryness under nitrogen, and 100 μL compound solution (acetonitrile:water = 1:1) was added. After re-dissolving, the supernatant was extracted by low-temperature ultrasonic extraction (5°C, 40 kHz) for 5 min, centrifuged at 13,000g and 4°C for 5 min and transferred to the injection vial with an inner cannula for analysis. Metabolites of all samples of equal volume were mixed to prepare quality control samples (QC). In instrumental analysis, one QC sample was inserted into every four samples to investigate the repeatability of the whole analytical process. Samples (5 μL per sample) were separated by an HSS T3 chromatographic column (100 × 2.1 mm i.d., 1.8 μm) and detected by mass spectrometry (MS). The positive and negative ion scanning modes were used to collect the sample quality spectrum signal. After MS detection was completed, the raw data of LC/MS were preprocessed by Progenesis QI (Waters Corporation, Milford, United States) software, and a three-dimensional data matrix in CSV format was exported. Concurrently, the metabolites were searched and identified, and the main databases used were HMDB,2 Metlin3 and Majorbio Database. Differential metabolites with VIP > 1.0 and a p value < 0.05 were considered statistically significant. The data after the database search were uploaded to the Majorbio cloud platform for data analysis.4



2.10. RNA-sequencing analysis

We extracted total RNA from the left ventricle using TRIzol and treated the samples with DNase I to deplete genomic DNA, and then, according to TruSeq™ RNA Sample Preparation Kit from Illumina, enriched mRNA (1 μg per sample) was used to synthesize complementary DNA (cDNA). The remaining steps were the same as those in our previous studies (Chen et al., 2021b; Zhang et al., 2021). Briefly, cDNA was purified by Zymo-Spin IC columns (Zymo Research, CA, United States), and the cDNA fragments were amplified using PCR and sequenced with an Illumina HiSeq™ 2,500 platform (Major Biotechnology Company, Shanghai, China). Differentially expressed genes were identified using log2FC (≥ 1) and p value (≤ 0.05) filtering. For the presented analysis, gene function, pathway enrichment and heatmap analyses were performed on the Majorbio I-Sanger Cloud Platform. And all heatmaps and correlation analyses were performed in OmicStudio.5



2.11. Statistical analysis

All quantitative results were expressed as mean ± SEM. To determine whether two groups differed statistically, we used the two-tailed unpaired Student’s t-test or Welch’s t-test (unequal variances), whereas differences across multiple groups were performed with One-way ANOVA with Tukey’s multiple comparisons test or Brown-Forsythe and Welch ANOVA tests with Games-Howell’s multiple comparisons test (unequal variances). p < 0.05 was considered statistically significant. Data analysis was performed using GraphPad Prism 8.0.2.




3. Results


3.1. Chronic ISO induced heart failure and transcriptomic alterations in WT mice

The establishment of an HF model was confirmed by performing transthoracic echocardiography after the last ISO injection. As shown in Supplementary Figures S1A–D, mice injected with ISO showed a significant decrease in cardiac function as indicated by reductions in LVEF, LVFS and SV when compared with the corresponding values of the WT-Control group. In addition, the left ventricular inner diameter and volume at end-diastole did not change significantly in the ISO-treated mice when compared with the corresponding values in the control group, whereas the inner diameter and volume at end-systole increased, suggesting that ISO induced systolic cardiac dysfunction (Supplementary Figures S1F,G). For histomorphology, HE and Masson staining showed inflammatory cell infiltration and collagen deposition in the extracellular matrix of the myocardium in the WT-ISO group (Supplementary Figures S1E,H). In comparison to the WT-Control group, relative fiber area and the mRNA levels of the fibrosis markers, α-SMA (α-smooth muscle actin), Col1a1 (collagen, type I, alpha 1) and Col3a1 (collagen, type III, alpha 1), increased in the WT-ISO group (Supplementary Figures S1I,J). WGA staining in the WT-ISO group showed a larger cross-sectional area of the ventricular myocardium (Supplementary Figures S1K,L). Moreover, treatment with ISO increased the heart weight to tibia length (HW/TL), heart weight to body weight (HW/BW) and the mRNA levels of cardiac failure and hypertrophy markers ANF (atrial natriuretic factor) BNP (brain natriuretic peptide), and hypertrophy marker β-MHC (β-myosin heavy chain) (Supplementary Figures S1M–O). In the serum of ISO-treated mice, LDH and cTnT levels (biomarkers of myocardial injury) were higher than those in the control group (Supplementary Figures S1P,Q). These results showed that ISO induced ventricular remodeling and myocardial injury.

The mechanism of ISO-induced HF was further explored by performing RNA-sequencing of left ventricular tissues from WT mice with or without ISO treatment. Principal component analysis (PCA) showed distinct clustering of gene profiles between the two groups (Figure 1A). We then identified 815 differentially expressed genes (DEGs) through log2FC (≥ 1) and the p value (≤ 0.05). Compared with the WT-Control group, ISO treatment upregulated 383 genes and downregulated 432 genes (Figure 1B), and these DEGs were mainly annotated to the immune system (Figure 1C). Furthermore, KEGG enrichment analysis gave the top 30 significantly enriched pathways, and we found that the NOD-like receptor signaling pathway, which is related to the immune system, was enriched. Notably, the calcium signaling pathway, which is associated with cardiovascular diseases, was also enriched (Figure 1D). The heatmap between the two groups showed that inflammation-related genes were upregulated significantly, whereas calcium signaling-related genes were downregulated significantly in the WT-ISO group (Figure 1E). Therefore, the results suggested that ISO treatment altered the heart transcriptome, which activated inflammatory pathways and altered calcium signaling.
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FIGURE 1
 Transcriptome analysis between WT-Control and WT-ISO group. (A) Principal component analysis (PCA). n = 4 mice per group. (B) Volcano plot of RNA-seq indicating the DEGs in heart samples from WT mice with or without ISO treatment. (C) Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation analysis. (D) The KEGG enrichment analysis revealed the top 30 pathways. (E) The heatmap shows the DEGs of five enriched pathways in WT-Control and WT-ISO groups.




3.2. Chronic ISO induced gut microbiota dysbiosis and metabolite changes in WT mice

To explore the potential relationship between the gut microbiota and metabolites in mediating ISO-induced HF, we performed 16S rRNA gene sequencing and untargeted metabolomics analysis. The Chao index showed that the bacterial species richness in the WT-ISO group was lower than that in the WT-Control group, but the Simpson index did not differ significantly between the two groups (Figures 2A,B), which suggested that the administration of ISO decreased the bacterial species richness and did not altered the bacterial diversity. Principal coordinates analysis (PCoA) showed distinct clustering of microbiota composition in mice treated with saline or ISO (Figure 2C). At the phylum level, Firmicutes and Bacteroidota were dominant in the two groups, with lower abundance of Bacteroidota and Verrucomicrobia, and a higher abundance of Firmicutes/Bacteroidota in the WT-ISO group than in the WT-Control group (Figures 2D–I). At the genus level, changes in gut microbiota composition were observed, as shown in the stacked bar chart (Figure 2J). For six representative taxa, the abundance of Akkermansia, Rikenellaceae_RC9_gut_group and g_norank_f_Muribaculaceae was significantly lower in the WT-ISO group than in the WT-Control group (Figures 2K–M), whereas the abundance of Alistipes, g_norank_f_Oscillospiraceae and Allobaculum showed changing trends but no significant differences (Supplementary Figures S2A–C). Furthermore, correlation analysis based on the Spearman correlation coefficient was performed to explore the correlation between gut microbiota with significantly altered genus-level abundance and cardiotoxicity markers. The analysis illustrated that Akkermansia, Rikenellaceae_RC9_gut_group and g_norank_f_Muribaculaceae positively correlated with the cardiac function indices (EF, FS, and SV) but negatively correlated with the measures of cardiac injury and remodeling (Figure 2N).
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FIGURE 2
 Gut microbiota and metabolic alteration between the WT-Control and WT-ISO groups. (A,B) The Chao and Simpson index were examined to assess alpha diversity in indicated groups. (C) Bray_curtis principal coordinates analysis (PCoA) was used to indicate the β-diversity of gut microbiota. (D) A stacked bar graph of both groups showed differential bacteria at the phylum level. (E–H) Analysis of the relative abundance of the four major bacterial groups at the phylum level. (I) The increased Firmicutes/Bacteroidota ratio indicated ISO-induced bacterial dysbiosis. (J) Relative abundance of gut microbiota genera in each group. (K–M) The abundance of representative bacteria genera. n = 6 mice per group. (N) Spearman correlation analysis for 19 altered genera and nine cardiac-related measures. (O,P) The PLS-DA analysis and the corresponding coefficient of loading plots indicated significant metabolite changes between the WT-Control and WT-ISO groups. n = 8 mice per group. (Q) KEGG enrichment analysis of 182 differential metabolites in both groups. (R) Spearman correlation analysis between 14 metabolites from the top three enriched pathways and nine cardiac-related measures.


In the untargeted metabolic analysis, PLS-DA analysis showed that the two groups of metabolites were clustered separately, and permutation testing (R2 = 0.987, Q2 = 0.819) showed that the PLS-DA models were robust (Figures 2O,P). A total of 186 metabolites in the serum between the WT-Control and WT-ISO groups were detected through screening conditions of VIP > 1 and p value < 0.05, and KEGG functional pathways were primarily enriched in amino acid metabolism, lipid metabolism and the digestive system (Supplementary Figures S2D,E). KEGG enrichment analysis showed augmentation primarily in bile secretion, tryptophan metabolism and nicotinate and nicotinamide metabolism. Notably, similar to the transcriptome, the calcium signaling pathway was also enriched (Figure 2Q). Correlation analysis between differential metabolites from the top three pathways and cardiotoxicity markers showed that niacin and nicotinamide metabolites (nicotinuric acid, niacinamide) and tryptophan metabolites [4-(2-aminophenyl)-2,4-dioxobutanoic acid, 5-hydroxyindoleacetic acid, 3-indoleacetic acid and 5-hydroxyindoleacetylglycine] were negatively correlated with the cardiac function index. Taurocholic acid, which is related to bile secretion, was positively correlated with the cardiac function index (Figure 2R). We further explored the functional correlation between the disturbed gut microbes and major altered metabolites, which revealed that Rikenellaceae_RC9_gut_group, g_norank_f_Muribaculaceae and Akkermansia were positively correlated with taurocholic acid and negatively correlated with tryptophan metabolites (Supplementary Figure S2F).



3.3. Knockout of Sigmar1 caused a decrease in cardiac function at baseline and exacerbated ISO-induced left ventricular systolic dysfunction and ventricular remodeling

We found that Sigmar1 expression was downregulated in the left ventricle of ISO-treated mice by western blot and RT-qPCR analyses (Supplementary Figures S3A,B). To explore the role of Sigmar1 in heart function, WT and Sigmar1−/− mice were treated with ISO (30 mg/kg/day) subcutaneously for 14 days, and the knockout of Sigmar1 was confirmed by PCR (Supplementary Figures S3C,D). Cardiac function measurements in WT and Sigmar1−/− mice were performed by echocardiographic. At baseline, Sigmar1−/− mice showed a decline in EF, FS and SV and an increase in LVIDs and LVsVol when compared with the corresponding values in the WT-Control group, which indicated that the mice in the KO-Control group developed systolic cardiac insufficiency at 9 weeks of age. Moreover, Sigmar1−/− mice treated with ISO showed lower EF, FS and SV than the WT-ISO group and higher LVIDs and LVsVol than the WT-ISO group. These results suggest that the Sigmar1 knockout aggravated ISO-induced ventricular systolic dysfunction (Figures 3A–F).
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FIGURE 3
 Sigmar1 knockout aggravated ISO-induced HF. (A) Representative echocardiographic images in each group. (B–D) Measurements of EF, FS, and SV from M-mode images for each group. (E,F) Analysis of LVIDd, LVdVol, LVIDs, and LVsVol among the four groups. n = 8 mice per group. (G) Representative HE staining of heart sections (scale bars, 100 μm). (H,I) Masson staining and quantitative analysis of fibrotic (blue) areas (scale bars, 100 μm). n = 3 mice per group. (J,K) WGA staining and quantitative analysis of cardiomyocyte areas (scale bars, 50 μm). n = 3 mice per group. (L,M) HW/BW and HW/TL were measured in each group to assess myocardial hypertrophy. n = 8 mice per group. (N) Relative mRNA levels of cardiac fibrosis marker genes (α-SMA, Col1a1, Col3a1) for each group. (O) The mRNA levels of heart failure markers (ANF and BNP) and the cardiac hypertrophy marker (β-MHC) among the four groups. n = 4 mice per group. (P,Q) Serum levels of myocardial injury markers LDH and cTnT in the four groups. n = 8 mice per group.


HE staining and Masson staining showed that compared with the WT-ISO group, mice in the KO-ISO group showed more inflammatory cell infiltration and collagen deposition in the extracellular matrix of the myocardium (Figures 3G–I). WGA staining revealed a significant increase in the cross-sectional area of the ventricular myocardium in ISO-treated mice, and Sigmar1 knockout aggravated the myocardial hypertrophy (Figures 3J,K). Additionally, Sigmar1 knockout further increased the ISO-induced elevation of HW/BW and HW/TL (Figures 3L,M). RT-qPCR showed that the relative mRNA levels of α-SMA, Col1a1, Col3a1, ANF, BNP and β-MHC in the KO-ISO group were higher than those in the WT-ISO group (Figures 3N,O). These results suggested that Sigmar1 knockout aggravated ISO-induced ventricular remodeling. In addition, the levels of LDH and cTnT in the serum of KO-Control group were higher than those in the serum of WT-Control group. Compared with the WT-ISO group, the KO-ISO group exhibited higher levels of LDH and cTnT (Figures 3P,Q). These results showed that Sigmar1 knockout induced myocardial damage at baseline and that Sigmar1 knockout aggravated ISO-induced myocardial damage.



3.4. Microbiome, metabolome and transcriptome alterations between the KO-Control and WT-Control groups

At baseline, Sigmar1−/− mice showed a decrease in cardiac function and an increase in serum LDH and cTnT levels when compared with those in WT mice. We performed 16S rRNA gene sequencing, untargeted metabolomics and RNA-sequencing analysis to investigate the underlying mechanisms. The Chao index showed that the bacterial species richness in the KO-Control group was higher than that in the WT-Control group, but the Simpson index, which represents bacterial diversity, did not differ significantly between the two groups (Figures 4A,B). PCoA analysis showed that the microbiota composition was clearly separated between the two groups (Figure 4C). At the phylum level, the abundance of Bacteroidota, Verrucomicrobiota and Actinobacteriota was lower in the KO-Control group (Supplementary Figure S4A). The abundance of Firmicutes and Firmicutes/Bacteroidota in the KO-Control group was higher than in the WT-Control group (Figures 4D,E). At the genus level, the abundance of Rikenellaceae_RC9_gut_group, g_norank_f_Muribaculaceae, Akkermansia and Alistipes was significantly lower in the KO-Control group (Figures 4F,G), and the abundance of Allobaculum and g_norank_f_Oscillospiraceae was significantly higher in the KO-Control group (Supplementary Figure S4B). The cladogram showed that the compositions of gut microbiota communities varied significantly between the two groups (Supplementary Figure S4C). Linear discriminant analysis (LDA ≥ 3.5) showed that Akkermansia was most enriched in the WT-Control group, and Allobaculum was most enriched in the KO-Control group (Figure 4H). In summary, the gut microbiota results showed that Sigmar1 knockout caused significant dysbiosis at baseline, which was mainly manifested as a decrease in Akkermansia and an increase in Allobaculum.
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FIGURE 4
 At baseline, Sigmar1−/− mice had different gut microbiota, metabolites and transcriptomes compared with WT mice. (A,B) The Chao and Simpson diversity index was examined by 16S-rRNA sequencing. (C) PCoA analysis showed that the gut microbial composition clustered separately in both groups. (D,E) Analysis of species composition at the phylum level and the ratio of F/B showed gut microbiota dysbiosis between WT-Con and KO-Con groups. (F,G) Analysis of species composition at the genus level and the relative abundance of representative genus-level bacteria. (H) Linear discriminant analysis (LDA) histograms reflected significant differences in gut microbial abundance in the WT-Con and KO-Con groups. n = 6 mice per group. (I,J) PLS-DA analysis and the corresponding coefficient of loading plots indicated significant metabolite changes between the WT-Con and KO-Con groups. (K) A total of 217 differential metabolites are shown in the heatmap between the WT-Con and KO-Con groups. (L) KEGG enrichment analysis of differential metabolites in both groups. n = 8 mice per group. (M,N) Volcano plot showing 66 DEGs, and KEGG showing the top 30 enriched pathways. (O) The heatmap shows the gene levels of partial pathways in WT-Con and KO-Con groups. n = 4 mice per group. Con: Control.


The metabolite compositions of the two groups clustered separately, as shown in Figures 4I,J (R2 = 0.99, Q2 = 0.777). The heatmap showed 217 differential metabolites between the WT-Control and KO-Control groups (VIP ≥ 1 and p ≤ 0.05) (Figure 4K), with KEGG functional pathways mainly enriched in amino acid and lipid metabolism and the digestive system (Supplementary Figure S4D). KEGG enrichment analysis revealed enrichment mainly in bile secretion. Moreover, we noticed that the NF-kappa B signaling pathway was enriched (Figure 4L). Furthermore, RNA-sequencing analysis revealed 25 upregulated genes and 41 downregulated genes in the KO-Control group (log2FC ≥ 1) and p value ≤ 0.05 (Figure 4M), with KEGG annotation analysis mainly enriched in signal transduction and the immune system (Supplementary Figure S4E). The enriched pathways by DEGs also included important pathways in developing HF, such as the p53 signaling and calcium signaling pathways. Subsequent heatmaps showed that Gadd45b, which has been shown to reduce cardiac function and induce cardiac fibrosis, was upregulated significantly in the KO-Control group (Figures 4N,O). Combining the metabolic and transcriptomic data, we hypothesized that knockout of Sigmar1 at baseline causes an enhanced tendency toward inflammation, apoptosis and fibrosis.



3.5. Knockout of Sigmar1 exacerbated ISO-induced gut microbiota dysbiosis

To investigate the composition of gut microbiota co-regulated by ISO and Sigmar1, we compared WT-Control, WT-ISO and KO-ISO groups. Compared with the WT-ISO group, the KO-ISO group exhibited a higher Chao index and lower Simpson index, which showed the species richness of the microbiota was increased in the KO-ISO group and the diversity of species was further increased in the KO-ISO group (Figures 5A,B). Bray_curtis PCoA revealed that the KO-ISO group showed a marked difference in microbial composition when compared with the microbial compositions of the WT-Control and WT-ISO groups (Figure 5C). Differences in gut microbiota composition among the three groups at the phylum and genus levels were examined using Sankey diagram (Supplementary Figure S5A) and stacked bar charts (Figures 5D,G). Specifically, the abundance of Verrucomicrobiota and Actinobacteriota was lower in the KO-ISO group at the phylum level, and the abundance of Firmicutes and Firmicutes/Bacteroidota was higher in the KO-ISO group than in the WT-ISO group (Figures 5E,F and Supplementary Figures S5B–D). The relative abundance of 20 altered genera among the three groups is presented in the heatmap (Figure 5K). Specially, the abundance of Akkermansia, g_norank_f_Muribaculaceae, Rikenellaceae_RC9_gut_group and Alistipes were further reduced in the KO-ISO group when compared with the WT-ISO group, g_norank_f_Oscillospiraceae and Allobaculum increased significantly in the KO-ISO group (Figures 5H–J and Supplementary Figures S5E–G). These results suggested that Sigmar1 knockout aggravated gut microbiota dysbiosis induced by ISO. Furthermore, the correlation heatmap based on the spearman analysis illustrated the 20 altered genera strongly correlated with the cardiac function indices and the measures of cardiac injury and remodeling (Figure 5L).
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FIGURE 5
 Sigmar1 knockout further aggravated ISO-induced gut microbiota dysbiosis. (A) The Chao index showed that the species richness of the microbiota was abnormally increased in the KO-ISO group. (B) The Simpson index showed that the diversity of species was further increased in the KO-ISO group when compared with the WT-ISO group. (C) PCoA (Bray_curtis) showed that the microbial composition of the KO-ISO group was clearly separated from that of the other two groups. (D) The stacked bar chart shows differences in species composition at phylum level. (E,F) The relative abundance of Verrucomicrobiota and Firmicutes/Bacteroidota. n = 6 mice per group. (G) The stacked bar chart shows differences in species composition at genus level. (H–J) Relative abundance analysis of a representative gut bacterial genus in the three groups. n = 6 mice per group. (K) Heatmap analysis for 20 altered genera in the three groups. (L) Spearman correlation analysis for 20 altered genera and nine cardiac-related indices.




3.6. Metabolome and transcriptome alterations among the WT-Control, WT-ISO and KO-ISO groups

Untargeted metabolomics and transcriptomics were performed to investigate the alterations in metabolism and transcriptomes co-regulated by ISO and Sigmar1. PLS-DA analysis and a permutation test (R2 = 0.986, Q2 = 0.871) showed a distinct separation among the three groups (Figures 6A,B). The Venn diagram showed that there were 186 ISO-regulated differential metabolites between WT-Control and WT-ISO, 195 Sigmar1-regulated differential metabolites between WT-ISO and KO-ISO, and 74 metabolites that were co-regulated by ISO and Sigmar1 (Figure 6C). Subsequently, a heatmap was used to show the expression levels and HMDB compound classification of 74 differential metabolites (Figure 6D), with KEGG enrichment analysis mainly enriched in bile secretion, tryptophan metabolism, phenylalanine metabolism, cholesterol metabolism and insulin resistance (Figure 6E). We performed a correlation analysis between metabolites enriched in these major pathways and the cardiac index, and found that estrone and taurocholic acid were significantly positively correlated with cardiac function, whereas 5-hydroxyindoleacetylglycine, alpha-N-phenylacetyl-L-glutamine and hippuric acid were significantly negatively correlated with cardiac function (Figure 6F).
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FIGURE 6
 Metabolome and transcriptome alterations among the WT-Control, WT-ISO and KO-ISO groups. (A,B) The PLS-DA models indicated significant metabolic variations among the WT-Con, WT-ISO and KO-ISO groups. n = 8 mice per group. (C) Venn diagram of differential metabolites between WT-Con and WT-ISO mice and between WT-ISO and KO-ISO mice. (D) The heatmap shows 74 differential metabolites and HMDB classification. (E) KEGG enrichment analysis of 74 differential metabolites. (F) Spearman correlation analysis for 12 altered metabolites from the first six enriched pathways and nine cardiac-related measures. (G) Venn diagram of DEGs between WT-Con and WT-ISO mice and between WT-ISO and KO-ISO mice. (H,I) KEGG annotation analysis and enrichment analysis of 74 DEGs.


Venn diagram of the transcriptome showed that there were 815 ISO-regulated DEGs between WT-Control and WT-ISO, 213 Sigmar1-regulated DEGs between WT-ISO and KO-ISO, and 129 DEGs that were co-regulated by ISO and Sigmar1 (Figure 6G). KEGG annotation analysis of the 129 DEGs showed that the immune system was enriched significantly, and the NOD-like receptor signaling pathway, NF-kappaB signaling pathway and TNF signaling pathway were enriched in KEGG enrichment analysis (Figures 6H,I). These results suggest that Sigmar1−/− may exacerbate the development of HF by activating inflammation.

To further verify the involvement of an inflammatory response in the exacerbation of ISO-induced HF caused by Sigmar1 deletion, we evaluated the mRNA levels of inflammatory factors in the heart tissue of the four mouse groups. Our results indicated that relative mRNA levels of IL-1β, IL-6, and TNF-α in the KO-ISO group were significantly higher than those in the WT-ISO group (Supplementary Figures S6A–C). This supports the notion that Sigmar1 deletion intensifies ISO-induced upregulation of cardiac inflammatory factors. Correlation analysis based on the Spearman correlation coefficient was conducted to explore the relationship between heart failure and inflammatory factors. The analysis revealed that IL-1β, IL-6, and TNF-α negatively correlated with cardiac function indices (EF, FS, and SV) but positively correlated with measures of cardiac injury and remodeling (Supplementary Figure S6D).




4. Discussion

In this study, we found that ISO-induced HF was accompanied by gut microbiota dysbiosis, alteration of serum metabolites and upregulation of inflammatory genes, whereas Sigmar1 knockout aggravated ISO-induced cardiac dysfunction, ventricular remodeling and increased the levels of cTnT and LDH in serum. Multi-omics analysis found that Sigmar1 knockout further aggravated ISO-induced gut microbiota dysbiosis and activated inflammation-related pathways. In addition, we found that compared with WT mice, sigmar1−/− mice exhibited reduced cardiac function and higher serum cTnT and LDH levels at baseline. The probiotic g__norank_f_Muribaculaceae and Akkermansia and the anti-inflammatory metabolite taurocholic acid were reduced significantly in sigmar1−/− mice, while inflammatory genes were upregulated significantly in sigmar1−/− mouse heart tissues.

ISO-induced HF is an animal model that comprehensively recapitulates the major aspects of human HF, such as ventricular dysfunction, myocardial fibrosis and myocardial hypertrophy (Oudit et al., 2003; Zhou et al., 2018). In our experiment, ISO treatment induced a decrease in the expression level of Sigmar1. Sigmar1 has been demonstrated to play a protective role in the cardiovascular system (Bhuiyan and Fukunaga, 2011). The Sigmar1 agonist SA4503 can improve cardiac hypertrophy and dysfunction in mice with HF (Hirano et al., 2014). In this study, 2-month-old Sigmar1−/− mice showed reduced myocardial systolic function with elevated myocardial injury indicators cTnT and LDH, but ventricular remodeling was not observed at baseline. The serum cTnT level is raised in patients with HF and correlates negatively with cardiac function (Wang et al., 2021). Serums from patients with chronic cardiac failure have been shown to induce a higher level of LDH and apoptosis (Mammi et al., 2011). In the context of ISO induced HF, Sigmar1 knockout aggravated ISO-induced ventricular remodeling and further reduced cardiac function when compared with WT-ISO mice. The levels of cTnT and LDH in serum were higher in the KO-ISO group than in the WT-ISO group. These results suggest that Sigmar1 plays an essential role in cardiac function and structure under physiological and pathological conditions.

A previous study has revealed changes in the structure and function of gut microbial diversity in an ISO-induced rat HF model (Zheng et al., 2019). Dysbiosis of the gut microbiota, intestinal hypoperfusion and hyperemia may alter intestinal permeability and cause microbial translocation, which may cause low-grade systemic inflammation and, in turn, contribute to the progression of HF (Dicken and Cleland, 2014; Lewis and Taylor, 2020). Akkermansia is associated with structural and functional changes in HF progression (Gutiérrez-Calabrés et al., 2020). Akkermansia muciniphila, a sentinel of intestinal permeability, is important for maintaining intestinal barrier integrity (Ouyang et al., 2020) and reduces inflammation and prevents heart disease in animal models (Bavineni et al., 2019). In this study, the abundance of Akkermansia, Akkermansia muciniphila, g__norank_f_Muribaculaceae, Rikenellaceae_RC9_gut_group and Alistipes were distinctly reduced in the KO-Control group compared with the WT-Control group. In addition, ISO reduced the abundance of Akkermansia, Akkermansia muciniphila, g__norank_f_Muribaculaceae, Alistipes and Rikenellaceae_RC9_gut_group, whereas knockout of Sigmar1 exacerbated ISO-induced microbial dysbiosis. g__norank_f_Muribaculaceae has been shown to maintain intestinal homeostasis and reduce inflammation (He et al., 2022). Fecal microbiota transplantation from normal mice can increase the abundance of Alloprevotella and Rikenellaceae_RC9_gut_group to reduce intestinal damage and improve cardiac function (An et al., 2021). The abundance of Alistipes in HF mice is reduced and correlates positively with cardiac function (Guo et al., 2021). In addition, we found increases in the abundance of Allobaculum and g_norank_f_Oscillospiraceae in Sigmar1−/− mice, regardless of whether ISO was administrated. DOX has been shown to increase the abundance of Escherichia Shigella, Dubosiella and Allobaculum and enhanced the inflammatory state in mice to induce cardiotoxicity (Lin et al., 2021). The abundance of norank_f_Oscillospiraceae was correlated positively with neuroinflammation (IL-1β, IL-6) (Wu Y. et al., 2022). In short, Sigmar1 deficiency caused an increase in the abundance of potentially pathogenic bacteria, and the abundance of beneficial bacteria that maintain intestinal barrier homeostasis and anti-inflammation decreased sharply, which may contribute to systemic inflammation and thus promote HF progression. Fecal microbiota transplantation (FMT) can reduce myocardial injury by restoring gut microbiota composition (Hu et al., 2019). Therefore, methods to use these gut microbiota as therapeutic agents, such as probiotics or FMT, require further investigation.

Metabolomics can detect subtle changes in biological pathways to gain insight into the mechanisms of various physiological conditions and disease processes (Johnson et al., 2016). We found that the differential metabolites between WT-Control and KO-Control groups were mainly enriched in bile secretion, and the level of the main metabolite taurocholic acid decreased significantly in Sigmar1−/− mice. Taurocholic acid, a naturally occurring component of animal bile acids, has been shown to be effective in treating various inflammatory diseases (Wang et al., 2013). In the Sigmar1−/− mice, we observed a reduction in taurocholic acid, which could represent an impairment in anti-inflammatory capability. Notably, the NF-kappa B signaling pathway was also enriched. Thus, Sigmar1 deficiency decreased the level of taurocholic acid, leading to the activation of inflammatory pathways at baseline. The differential metabolites among WT-Control, WT-ISO and KO-ISO groups were also enriched in bile secretion, and taurocholic acid correlated positively with probiotics Akkermansia and g__norank_f_Muribaculaceae, and correlated negatively with potentially pathogenic bacteria Allobaculum and g_norank_f_Oscillospiraceae. In addition, we found significant enrichment in the tryptophan metabolism pathway. Prior research has suggested that cardiac pressure overload can induce gut dysbiosis, contributing to heart remodelling. It has been suggested that tryptophan metabolites could potentially contribute to the prevention and treatment of adverse cardiac remodelling and systolic dysfunction in heart failure (Carrillo-Salinas et al., 2020). Consequently, we propose that both the bile secretion pathway (particularly the role of taurocholic acid) and the tryptophan metabolism pathway are implicated in how Sigmar1 knockout affects the progression of heart failure.

Transcriptome analysis was employed to further explore the underlying molecular mechanisms, and the results showed that the significant DEGs between the WT-Control and KO-Control groups were mainly enriched in the p53 signaling pathway. Specifically, Gadd45b and Serpine1 were upregulated in Sigmar1−/− mice. Increased expression of circNlgn reduces cardiac function and promotes fibrosis by upregulating Gadd45b, Sema4C and RAD50 in the heart (Xu et al., 2022). Overexpression of Gadd45b induces the expression of proinflammatory cytokines significantly (IL-1β, IL-8 and TNF-α), which plays an important role in the innate immune response (Bai et al., 2018). An inflammatory response promotes ventricular remodeling and contributes to the development of HF (Grosman-Rimon et al., 2020). Serpine1, a pro-fibrotic gene involved in ECM regulation in cardiomyocytes (Tsoutsman et al., 2013; Tsai et al., 2021), is important in the pathogenesis of HF and may be used for the diagnosis and treatment of HF (Yu et al., 2016). DEGs among WT-Control, WT-ISO and KO-ISO groups were mainly enriched in the NOD-like receptor signaling pathway, NF-kappa B signaling pathway, necroptosis and TNF signaling pathway. Apoptosis, inflammation and fibrosis of the heart lead to left ventricular hypertrophy and cardiac dysfunction (García et al., 2017). MiR-30a-5P promotes HF by activating the NF-kappa B/NOD-like receptor 3 signaling pathways (Wu Y. X. et al., 2022). Necroptosis and apoptosis are closely associated with HF (Zhang et al., 2016). When NOD-like receptors detect tissue damage or microbial infection, they activate IRE1α to recruit TRAF2 to the ER membrane and initiate an inflammatory response through NF-κB (Keestra-Gounder et al., 2016). ER stress promotes apoptosis, cardiac hypertrophy and HF (Yao et al., 2017). However, stimulation of the Sigma-1 receptor can prevent cardiac hypertrophy and fibrosis by alleviating the IRE1 pathway (Qu et al., 2021). Fluvoxamine, an agonist of Sigmar1, reduces ER stress by inducing Sigmar1 (Omi et al., 2014). These findings suggest that Sigmar1 knockout may be involved in the pathogenesis of HF by promoting inflammation and apoptosis, leading to ventricular remodeling. Targeting Sigmar1 represents a potential therapeutic approach, and further mechanistic verification is needed.



5. Conclusion

In summary, our findings show that Sigmar1 knockout altered the gut microbiota and serum metabolites and exacerbated ISO-induced HF. This study provides valuable insights into the potential of Sigmar1 as a therapeutic target for the treatment of HF.
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SUPPLEMENTARY FIGURE S1 | ISO-induced ventricular remodeling and systolic dysfunction. (A) Representative echocardiogram image for each group. (B-D) Results of ejection fraction (EF), fractional shortening (FS) and stroke volume (SV). n = 8 mice per group. (E) Representative HE staining (scale bars, 100 μm). (F, G) Results of LVIDd, LVdVol, LVIDs and LVsVol for each group. n = 8 mice per group. (H) Representative Masson staining (scale bars, 100 μm). (I) Quantitative analysis of fiber areas (blue). n = 3 mice per group. (J) RT-qPCR showing the mRNA levels of α-SMA, Col1a1 and Col3a1 in heart tissue. n = 4 mice per group. (K) Representative WGA staining (scale bars, 50 μm). (L) Quantitative analysis of the cardiomyocyte areas. n = 3 mice per group. (M, N) Analysis of HW/TL and HW/BW. n = 8 mice per group. (O) mRNA expression levels of ANF, BNP and β-MHC. n = 4 mice per group. (P, Q) Serum LDH and cTnT levels in the WT-Control and WT-ISO groups. n = 8 mice per group.



SUPPLEMENTARY FIGURE S2 | Alterations in gut microbiota and metabolites in WT-Control and WT-ISO group. Relative abundance of (A) Alistipes (B) g_norank_f__Oscillospiraceae (C) Allobaculum at genus level. n = 6 mice per group. (D) Heatmap showed 182 differential metabolites and HMDB compound classification. (E) KEGG functional pathways analysis. (F) Spearman correlation between 18 altered genus and 14 altered metabolites.



SUPPLEMENTARY FIGURE S3 | ISO treatment decreased the expression of sigmar1; electrophoresis results of amplified mouse tail DNA. (A) Western blotting analysis showed significantly lower expression level of sigmar1 in WT-ISO group. n = 3 mice per group. (B) RT-qPCR showing significantly lower mRNA levels of sigmar1. n = 4 mice per group. (C) The F1/R1/R2 primer was used for PCR amplification, and the wild-type allele (sigmar1+/+) showed one band with a size of 470 bp, whereas homozygotes (sigmar1-/-) showed one band with a size of 456 bp. Heterozygotes (sigmar1+/-) showed two bands with sizes of 456 bp and 470 bp; (D) The F1/R2 primer was used for PCR, and wild-type mice showed one band with a size of 470 bp, whereas sigmar1-/- mice showed no band. n = 3 mice per group. (E) Body weight change indicated groups. n = 8 mice per group.



SUPPLEMENTARY FIGURE S4 | Microbiome, metabolome, and transcriptome alterations between the KO-Control and WT-Control groups. Relative abundance of (A) Firmicutes, Bacteroidota, Verrucomicrobiota and Actinobacteriota at phylum level. Relative abundance of (B) Allobaculum, Alistipes and g_norank_f__Oscillospiraceae at genus level. n = 6 mice per group. (C) Comparison of taxonomic abundances using LEfSe. (D) KEGG functional pathways analysis in metabolomics. (E) KEGG annotation analysis in transcriptomics.



SUPPLEMENTARY FIGURE S5 | Microbiome and metabolome alterations among WT-Control, WT-ISO and KO-ISO groups. (A) Sankey diagram was performed to analysis of species composition at the phylum and genus level. Relative abundance of (B) Firmicutes, (C) Bacteroidota and (D) Actinobacteriota at phylum level. Relative bundance of (E) Alistipes (F) g_norank_f__Oscillospiraceae and (G) Allobaculum at genus level. n = 6 mice per group.



SUPPLEMENTARY FIGURE S6 | Sigmar1-/- exacerbated ISO-induced elevated expression of cardiac inflammatory factors. The mRNA levels of (A) IL-1β, (B) IL-6 and (C) TNF-α among the four groups. (D) Spearman correlation analysis for 3 inflammatory factors and 9 cardiac-related indices.
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Acute high-altitude hypoxia can lead to intestinal damage and changes in gut microbiota. Sustained and reliable oxygen enrichment can resist hypoxic damage at high altitude to a certain extent. However, it remains unclear whether oxygen enrichment can protect against gut damage and changes in intestinal flora caused by acute altitude hypoxia. For this study, eighteen male Sprague–Dawley rats were divided into three groups, control (NN), hypobaric hypoxic (HH), and oxygen-enriched (HO). The NN group was raised under normobaric normoxia, whereas the HH group was placed in a hypobaric hypoxic chamber simulating 7,000 m for 3 days. The HO group was exposed to oxygen-enriched air in the same hypobaric hypoxic chamber as the HH group for 12 h daily. Our findings indicate that an acute HH environment caused a fracture of the crypt structure, loss of epithelial cells, and reduction in goblet cells. Additionally, the structure and diversity of bacteria decreased in richness and evenness. The species composition at Phylum and Genus level was characterized by a higher ratio of Firmicutes and Bacteroides and an increased abundance of Lactobacillus with the abundance of Prevotellaceae_NK3B31_group decreased in the HH group. Interestingly, after oxygen enrichment intervention, the intestinal injury was significantly restrained. This was confirmed by an increase in the crypt depth, intact epithelial cell morphology, increased relative density of goblet cells, and higher evenness and richness of the gut microbiota, Bacteroidetes and Prevotellaceae as the main microbiota in the HO group. Finally, functional analysis showed significant differences between the different groups with respect to different metabolic pathways, including Amino acid metabolism, energy metabolism, and metabolism. In conclusion, this study verifies, for the first time, the positive effects of oxygen enrichment on gut structure and microbiota in animals experiencing acute hypobaric hypoxia.
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1. Introduction

Acute exposure is defined as the sudden transition from lowland areas to plateau regions situated at altitudes exceeding 2,500 m above sea level. During acute hypoxic altitude exposure, the body is temporarily unable to adapt to the environment, leading to physiological discomfort. More than 50% of people experience acute reactions, such as nausea, vomiting, diarrhea, and abdominal distension during plateau exposure (Meier et al., 2017). These symptoms appear quickly and show a dose-response relationship, meaning that the more severe the hypoxia, the stronger the response. Additionally, a qualitative change over time may result in acute injury if the body’s compensatory mechanisms are unable to respond in time (Nuss, 2022). Hypoxia is the primary driving force of injury during high-altitude exposure. Reduced inspiratory oxygen levels at high altitudes can affect normal physiological processes throughout the body, leading to irreversible damage. When the body enters a hypoxic environment, the nervous, cardiovascular, respiratory, and digestive systems are damaged to varying degrees (Adak et al., 2014; Abe et al., 2017; Bonkowsky and Son, 2018; Pan et al., 2022).

The external environment affects the gut environment. In particular, the gut microbiota is highly sensitive to hypoxia. Plateau hypoxia leads to severe gastrointestinal dysfunction (Luks et al., 2017). Together, biological, chemical, mechanical, and immune barriers constitute a complete intestinal defense system (Verdu et al., 2015). Among them, the biological barrier dominated by gut microbiota is considered a key “organ” that substantially contributes to the health of the host body and plays an important biological function (Li et al., 2016). In general, the host and gut microbes maintain a dynamic coexistence and a mutually beneficial relationship that may be modified under external pressure. These changes are commonly accompanied by the emergence and development of disease. In recent years, intensive studies of the gut microbiome after exposure to hypoxia have revealed a strong correlation between the composition and diversity of the gut microbiome and the pathological state of the body. Studies have shown that after exposure to high-altitude hypoxia at 5,000 m, rats develop pathological cardiac hypertrophy accompanied by significant changes in the structure and diversity of the gut microbiota (Pan et al., 2022). In a study on the intestinal microbiota of Tibetan people with hypertension and healthy individuals in high-altitude areas, it was found that the gut microbiota of patients with hypertension exhibited high diversity, and the microbiota colonies differed significantly from those of healthy individuals. Additionally, the species composition was significantly different from that of healthy individuals, as demonstrated by the elevation of Verrucomicrobia and Akkermansia (Zhu et al., 2020). A consistent finding of these studies is the strong correlation between the gut microbiome and host health in plateau hypoxia. Therefore, there is a critical need to find effective ways to maintain the homeostasis of gut microbes in hypoxic environments at high altitudes. However, currently, there is no effective method for preventing and treating gut microbiome disturbances in hypoxia-depleted environments.

Oxygen enrichment intervention is a common and effective measure to improve altitude sickness. Existing studies have shown that the equivalent physiological altitude decreases by 300 m for every 1% increase in oxygen concentration (West, 2015). Enriching the air with oxygen can improve cognitive and motor functions, such as reaction time and eye-hand coordination, and enhance the individual’s sense of efficacy and wellbeing (Gerard et al., 2000). In addition, oxygen-enriched physiotherapy may have positive psychological effects on diseases related to plateau hypoxia (Hasler et al., 2020). However, it is unclear whether oxygen enrichment can improve and protect against intestinal damage and microbiota imbalance during acute HH exposure. The objective of this study was to investigate the potential protective effects of oxygen enrichment on intestinal damage and microbiota under acute hypobaric hypoxic conditions.

In this study, a rat model was established in a hypobaric hypoxia chamber simulating an altitude of 7,000 m, and an oxygen-enriched intervention was performed. The effects of oxygen enrichment on the gut tissue and microbiota of the rats were investigated using histomorphological and bioinformatics analyses. The present study aimed to characterize the potential effects of oxygen enrichment on protecting the gut tissue and regulating the intestinal microbiota following acute hypobaric hypoxic exposure.



2. Materials and methods


2.1. Animals and experimental design

The experimental design is shown in Figure 1A. Seven-week-old male Sprague–Dawley rats were obtained from the Animal Center of the Fourth Military Medical University. The experimental procedures were approved by the Institutional Animal Care and Use Committee of the Fourth Military Medical University and were strictly performed according to the guidelines of the Care and Use of Laboratory Animals published by the National Institutes of Health (Kilkenny et al., 2010). The animals were kept at a controlled temperature of 23°C ± 1°C with a light-dark cycle of 12 h. Food and water was freely available to the rats throughout the experiment.
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FIGURE 1
The experimental equipment and scheme used in this study. (A) The flow chart of the experimental scheme used in this study. (B) In a hypobaric anoxic chamber, a local oxygen-enriched environment is constructed by combining a portable oxygen enrichment device with a separately ventilated cage (IVCs). (C) The oxygen concentration of the oxygen enrichment device in the gas produced at the simulated height (7,000 m).


Eighteen rats were randomly divided into the normal control (NN, n = 6), hypobaric hypoxic (HH, n = 6), and hypobaric oxygen-enriched (HO, n = 6) groups. The NN group was placed at normoxic conditions at an altitude of 400 m (Xi’an, China), the group HH was placed at an HH chamber (ProOx-810L, Shanghai Tawang Intelligent Technology Co., Ltd., China), equivalent altitude of 7,000 for 72 h. The HO group used oxygen-enriched equipment (Figure 1B) for oxygen-enriched intervention (12 h per day). The device consists of a portable oxygen-enriched instrument and an independent ventilation cage (IVC) for rats. The temperature, feeding condition and feeding type during molding were consistent with the control group. To minimize experimental errors caused by opening the cabin, we provided ample food and water that the animals could access freely until the end of the modeling. This setup allowed the creation of a local oxygen-enriched environment within the plateau hypoxia simulation chamber. The detailed principle of the device was previously described in the research conducted by Shen et al. (2013). After completing the assembly, an oxygen analyzer (OXYMAT61, Siemens, Erlangen, Germany) was used to measure the oxygen concentration in the IVC. Changes in the oxygen concentration in the local oxygen-enriched environment were then detected at a simulated altitude of 7,000 m. From the beginning of the portable oxygen machine, the oxygen concentration in the IVC was recorded every hour for 12 h (Supplementary Table 1). After three separate trials, the results were plotted as line graphs (Figure 1C). The oxygen-enriched environment test showed that the oxygen concentration in the medium remains stable at 28 ± 0.2% every 12 h.



2.2. Sample collection

Rats were euthanized at designated time points using a sodium pentobarbital solution (1%, 50 mg/kg), and colon tissue and stool samples were collected immediately. Subsequently, these colon tissue and stool samples were transferred to a −80°C refrigerator for short-term storage prior to testing.



2.3. Histological analysis

The colon was cut into 1 mm thick slices, fixed with 4% tricresol at 4°C for 24 h, dehydrated with 95% ethanol, and embedded with paraffin. The sample was then cut into 4 micron slices and the slices were stained with hematoxylin-eosin (H&E). The prepared sections were stained with PAS. Gradient dewaxing of sections with xylene and rehydrated ethanol. After treatment with 1% periodate acid (Servicebio) for 15 min, wash in tap water, wash twice in distilled water, and soak in Schiff’s reagent (Servicebio) for 30 min under photoprotection. Images are obtained using a computer supported imaging system connected to an optical microscope (VS200, Olympus, Japan). Five non-repetitive visual fields were randomly selected for each sample, goblet cell count and crypt depth analysis were performed using Image J.



2.4. DNA extraction and sequencing

The composition of fecal microbiota was analyzed in the NN, HH and HO groups. Fecal samples (n = 6) were collected and immediately placed in a sterile cryopreserved tube at −80°C, and subsequent analysis was carried out immediately after the whole experiment. Microbial DNA was extracted using a HiPure Stool DNA Kit (Magen, Guangzhou, China) following the manufacturer’s protocol. The total DNA was quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The PCR was carried out in a 50 μL reaction volume using TransGen High-Fidelity PCR SuperMix (TransGen Biotech, Beijing, China), 0.2 μM forward and reverse primers, and 5 ng template DNA. The full-length 16S rRNA was amplified by PCR (95°C for 2 min, followed by 35 cycles of 95°C for 30 s, 60°C for 45 s, and 72°C for 90 s, with a final extension at 72°C for 10 min). The primer set targeted the V3 and V4 hypervariable regions of the 16S rRNA gene using 341F (5-CCTACGGGNGGCWGCAG-3) and 806R (5-GGACTACHVGGGTATCTAAT-3) primers.

Using FASTP (version 0.18.0) (Chen et al., 2018) to obtain high-quality clean reads, the paired-end clean reads were then merged into the original tags using FLASH (version 1.2.11) (Magoè and Salzberg, 2011). The noise sequences of the original tags were then filtered under specific conditions (Bokulich et al., 2013) to obtain high-quality clean tags. Subsequently, the clean tags were clustered into operational taxonomic units (OTUs) with a similarity of ≥ 97% using the UPARSE pipeline (version 9.2.64) (Edgar, 2013). Finally, the UCHIME algorithm (Edgar et al., 2011) removed all chimeric labels and obtained valid labels for further analysis. The marker sequence with the highest abundance was selected as the representative for each cluster. Sequencing was performed using the Illumina MiSeq system (Illumina, San Diego, CA, USA), following the manufacturer’s instructions.



2.5. Bioinformatics analysis

Representative OTU sequences were classified into organisms using a naïve Bayesian model, the RDP classifier (version 2.2) (Wang et al., 2007), based on the SILVA database (version 138.1) (Pruesse et al., 2007). The confidence threshold value was set to 0.8. The abundance statistics for each taxon were visualized using Krona (version 2.6) (Ondov et al., 2011). Community composition was visualized using a stacked bar plot in the ggplot2 package (version 2.2.1) of R (Robert et al., 2018). Shannon, Simpson, and Good’s Coverage indices were calculated using QIIME (version 1.9.1). Principal component analysis (PCoA) was performed using Vegan (version 2.5.3) in R software. Kyoto Encyclopedia of Genes and Genomes pathway analysis of OTUs was inferred using PICRUSt (version 2.1.4) (Langille et al., 2013).



2.6. Statistical analysis

Data are expressed as the mean ± standard error of the mean. The figures were prepared using GraphPad Prism 9.4 software; comparisons between groups were performed using GraphPad Prism 9.4 software using a one-way analysis of variance. The Tukey-HSD test was used to compare the differences α-diversity between the three groups. PCoA based on the abundances of each sample was performed to evaluate the degree of similarity between the samples. LEfse software was used to analyze the difference groups. First, kruskal-Wallis test was performed among samples from all groups, and then wilcoxon test was used to compare the selected different species between the two groups. Linear Discriminant Analysis (LDA) was used to select differences whose score ≥ 3. Differences were considered statistically significant at a p-value < 0.05.




3. Results


3.1. Changes in intestinal morphology after acute high-altitude hypoxia exposure and oxygen-enriched intervention

The intestinal morphological damage was assessed during the period of plateau hypoxia exposure, and the results are presented in Figure 2. Hematoxylin and eosin staining (Figure 2A) revealed that the colonic tissue of rats in the NN group exhibited a normal appearance with intact epithelial cells, straight intestinal crypts, and closely arranged intestinal glands, indicating a clear structure. In contrast, the colonic tissue of rats exposed to acute high-altitude hypoxia at 7,000 m showed deformation and reduced depth of crypts (Figure 2B and Supplementary Table 2). This suggests that acute high-altitude exposure resulted in changes in colonic cell morphology and reduced crypt depth, indicating compromised intestinal epithelium.


[image: image]

FIGURE 2
Effects of acute high-altitude hypoxia and oxygen enrichment on colonic histology in rats. (A) HE staining and PAS staining were used to detect the effects of acute high altitude hypoxia and hyperoxia on colon crypt structure and goblet cells in rats. (1) The colonic HE sections of the control group showed normal crypt structure, (2) the colonic HE sections of rats in the 7,000 m acute altitude hypoxia group were stained, and (3) the colonic HE sections of rats in the oxygen enriched group were stained. (4) colonic PAS staining results of the control group, (5) colonic PAS staining results of 7,000 m acute altitude hypoxia group, and (6) colonic PAS staining results of oxygen enriched group. (B) The depth of colon recess in rats, and (C) the relative density of colonic cups in rats. Data were expressed as the mean ± SEM (n = 3). ****p < 0.0001, ***p < 0.001.


The relative density of goblet cells (Supplementary Table 3) was determined after acute plateau hypoxia exposure and oxygen enrichment (Figure 2C). We observed a significant decrease in the relative density of intestinal goblet cells following acute hypoxic exposure compared to the NN group. This reduction in goblet cells indicates a disruption of the mucus layer, worsening intestinal damage. Conversely, after oxygen enrichment, the relative density of goblet cells significantly increased, as shown in Figure 2C. Surprisingly, the oxygen-enriched intervention resulted in neatly arranged and tightly packed colon cells, partial recovery of epithelial cell and crypt morphology, and increased relative density of goblet cells. These results suggest that the oxygen-enriched intervention alleviated intestinal morphology damage to a certain extent under hypoxic conditions at altitude compared to the HH group.



3.2. Sequencing analysis, richness, and diversity of rat gut microbiota

After quality control filtering, a total of 1,971,986 Raw tags were obtained, with an average of 109,555 ± 20,883 sequences per sample, and 1,962,388 Clean tags were obtained, with an average of 109,022 ± 20,779 sequences per sample. After the removal of chimeras, a total of 1,558,956 sequences of Effective tags were obtained, with an average of 86,609 ± 15,990 sequences per sample, 18,960 OTUs were coclustered, with an average of 1,053 ± 155 OTUs per sample (Supplementary Table 4).

The coverage value of the gut microbiota in the three groups of rats (Supplementary Figure 1) approached 1 when the sequencing volume was 1,000. As the sample sequencing reads increased, the coverage value remained unchanged, indicating that each sample was adequately detected, and that the sequencing depth sufficiently covered the species. This suggests that fewer undetected species needed to be identified, thus confirming the reliability of our data. A Venn diagram (Figure 3A) illustrates that 1,695 OTUs were detected at the OTU level. Among these, the HH group had the highest number of unique OTUs (342), followed by the HO group (286), and the NN group had the lowest number (231). The Shannon dilution curve (Figure 3C), Simpson dilution curve (Figure 3D) gradually flattened when the sequencing reads was 1,000 and did not fluctuate with an increase in the sample sequencing reads. The Tukey-HSD test method was used to perform two or two sets of post-test. Shannon index (Figure 3C) and Simpson index (Figure 3D) was not obvious change. This observation reflects the diversity of gut microbiota among the three groups of rats. The difference in curve height indicates the alpha diversity of the communities across different samples. Acute high-altitude hypoxia exposure affected the structure of colonic microbial communities in rats. The species richness of the NN and HO groups was higher than that of the HH group. PCoA at the OTU level (Figure 3B) revealed clear clustering patterns among samples from the NN, HH, and HO groups. This suggests that there were significant differences in the gut microbiota among the three groups of rats, with minimal variation within each group. The similarity between the gut microbiota samples of rats in different groups was low, whereas the similarity between the gut microbiota samples of rats within the same group was high.
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FIGURE 3
Sequencing analysis, richness and diversity of gut microbiota in rats. Wayne diagram analysis is carried out according to OTU abundance information to understand the common or unique information of OTU between different samples or groups (A); PCoA principal coordinate analysis (B) at OTU level. Shannon dilution curve and index (C), Simpson dilution curve and index (D). The box plot of α diversity index was drawn by Tukey-HSD test for two or two groups of post-test after comparing multiple groups.




3.3. Differences in gut microbiota composition in rats after acute high-altitude hypoxia exposure and oxygen-enriched

Based on the species annotation results, the top ten species within each group were selected at the phylum level of the gut microbiota. These species were then represented using a column chart. Figure 4A shows the differences in the percentage composition of the gut microbiota in each group. The top ten bacterial phyla in terms of species abundance at the phylum classification level are Firmicutes, Bacteroidetes, Proteobacteria, Verrucomicrobia, Desulfobacteria, Patescibacteriateria, Actinobacteria, Campybacteria Campylobacterota, Cyanobacteria, and Cloacimonadota. Among them, the ratio of Firmicutes/Bacteroidetes in the HH group increased (Figure 4B). Although it was not statistically significant, it may be related to the imbalance of gut microbiota.
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FIGURE 4
Analysis of gut microbiota structure and differential bacteria in rats. (A) Phylum level; (B) genus level. (C) The Firmicutes/Bacteroidetes ratio, the relative abundance diagrams of genus level Lactobacillus and Prevotellaceae_NK3B31_group, the differences between groups were analyzed using Maaslin2. Differences in microbial taxas was calculated by LEfSe. linear discriminant analysis score ≥ 3. (D) NN vs. HH, (E) HH vs. HO. All data are expressed as mean ± SEM (n = 6). # be used to represent NN vs. HH, * be used to represent HH vs. HO. ##p < 0.01, **p < 0.01.


Based on the results of the species annotation, the species with the top 10 relative abundances at the genus level of the gut microbiota were selected, and the differences in the percentage composition of intestinal bacteria in each group are shown in the column chart in Figure 4C. The top ten species at the genus level were Lactobacillus, Prevotellaceae_NK3B31_group, Ruminococcus, Lachnospiraceae_NK4A-136_group, Romboutsia, Alloprevotella, Escherichia-Shigella, Bacteroides, UCG-005 and Akkermansia. Among these, bacteria with a species abundance of more than 2% were Lactobacillus, Prevotella_NK3B31_group, Ruminococcus, and Lachnospiraceae_NK4A-136_group. The abundance of Lactobacillus was significantly lower in the HO group than in the HH group. Similarly, the species abundance of the Prevotella_NK3B31_group significantly decreased in the HH group compared to the NN group, but increased in the HO group compared to the HH group. Additionally, the abundance of Ruminococcus decreased in the HH group compared to that in the NN group and increased in the HO group, although this difference was not statistically significant.

To further understand the effect of oxygen enrichment on gut microbiota after acute hypoxia exposure at high altitudes, we analyzed the enriched microbiota by LEfSe (Linear discriminate analysis size effect) in order to compare the three groups, so as to find the species with significant differences in abundance between groups, which made the results more biologically significant. At the phylum-to-family level, Prevotellaceae, Rikenellaceae and Campylobacteria were the main taxa in the NN group; Firmicutes, Muribaculaceae, and Negativicutes were the focal taxa in the HH group (Figure 4D); and Desulfobacterota and Prevotellaceae were the core taxa in the HO group (Figure 4E).



3.4. Prediction of gut microbiota function in rats after acute high-altitude hypoxia exposure and oxygen enrichment intervention

Changes in the structure and composition of the gut microbiota are often accompanied by alterations in related biological processes. Accordingly, we utilized the PICRUSt2 software to predict the gene functions of the enriched bacterial communities, and the results revealed distinct differences in the gene function predictions of the gut microbiota in the three groups of rats. Compared to the NN group, the HH group exhibited increased expression abundance of antibiotic synthesis (p = 0.02948) and ketone body synthesis and degradation (p = 0.04842). Conversely, the HH group showed decreased expression in lipoic acid metabolism (p = 0.00174), β-alanine metabolism (p = 0.04013), glycosaminoglycan degradation (p = 0.04777), and phosphonate and hypophosphonate metabolism (p = 0.00174) (Figure 5A). Compared to the HH group, the HO group showed decreased expression of genes associated with primary bile acid metabolism (p = 0.03709) and the secondary bile acid pathway (p = 0.03276). Additionally, there was an increase in the expression abundance of gene functions involved in the biosynthesis of valine, leucine, and isoleucine (p = 0.03132). Furthermore, certain cellular metabolic pathways, such as the biosynthesis of pantothenic acid and coenzyme A (p = 0.03197), tricarboxylic acid cycle (p = 0.04400), and lipoic acid metabolism (p = 0.00398), were significantly enhanced (Figure 5B). These findings suggest that changes in the metabolic pathways mediated directly or indirectly by the gut microbiota may be closely related to the health status of the host.
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FIGURE 5
Functional analysis of the gut microbiota in each group of rats. (A) NN vs. HH, (B) HH vs. HO.





4. Discussion

High altitudes have been shown to influence the composition and diversity of both human and animal gut microbiota (Lan et al., 2017; Zhao et al., 2018; Jia et al., 2020; Bai et al., 2022). However, during field investigations, it is challenging to isolate the impact of geographical environment, diet, species differences, individual variations, and genetic factors on the gut microbiota (Li and Zhao, 2015; Matey-Hernandez et al., 2018; Netto Candido et al., 2018). To address this, researchers have conducted controlled laboratory experiments and found that hypobaric hypoxia significantly affects gut microbiota (Maity et al., 2013; Adak et al., 2014). Despite this, there is limited information on the specific characteristics of intestinal microorganisms during acute hypobaric hypoxia challenges, and less attention has been paid to regulating the gut microbiota to mitigate the risk of acute injury. This study reveals that hypobaric hypoxia disrupts the morphological structure of the gut and alters the gut flora. Following oxygen enrichment intervention, the gut flora exhibited higher uniformity and richness compared to the HH group, indicating successful regulation of the gut flora balance.

The structural integrity of the intestine is fundamental to intestinal health. acute exposure to hypoxia resulted in severe structural damage to the colon tissue. The results demonstrated the reduced depth of the crypt structure, shedding of epithelial cells, and a decrease in goblet cells. Crypt depth is a key indicator of intestinal health (Liu et al., 2019). intestinal glands are responsible for forming new intestinal cells, including epithelial, goblet, and mast cells, which play important roles in maintaining epithelial stability, stabilizing the intestinal environment, and regulating defense responses (Barker et al., 2007; Shi et al., 2017). Our study observed a reduction in the number of goblet cells following acute exposure to high-altitude hypoxia. Previous research has emphasized the crucial role of goblet cells in regulating the intestinal barrier in both healthy and diseased states (Birchenough et al., 2016; Bergstrom et al., 2020; Grondin et al., 2020). The reduction in goblet cells led to a decrease in intestinal mucus secretion, resulting in thinning of the intestinal mucus layer. This thinning increases the permeability of the intestinal barrier, creating more opportunities for colonization by endotoxins and pathogens, and subsequently increasing the risk of infection and disease (Gustafsson and Johansson, 2022). As hypothesized, oxygen enrichment resulted in a notable increase in the relative density of goblet cells. This increase contributes to the fortification of the intestinal epithelium and mucus layer, establishing a physical barrier against potential pathogens. Goblet cells are essential in protecting against toxic substances in the intestinal cavity and lower tissues. Epithelial damage, particularly when it affects the protective properties of the secretory products of goblet cells, has the potential to induce inflammation (Van der Sluis et al., 2006). Morphological studies confirmed the damage to the intestinal mucosa caused by acute hypobaric hypoxia. However, the introduction of oxygen counteracted the injury by preserving the structure of the intestinal crypt and increasing the number of goblet cells compared to the HH group. Oxygen enrichment has demonstrated its ability to alleviate this type of injury.

To explore the potential association between oxygen-enriched protection and the gut microbiome, we employed high-throughput 16s rRNA gene sequencing to investigate the complexity of gut microbial communities, including community diversity, composition, and richness. The results of our study demonstrated that the intestinal microbiota of rats exhibited higher richness and evenness after oxygen enrichment intervention compared to the HH group. This increase in microbial diversity may be associated with the ability to resist imbalances in the intestinal microbiota under acute hypobaric hypoxia. Walker et al. (2011) highlighted that a decrease in intestinal microbiota diversity is indicative of a gut microbiota imbalance. Additionally, Sommer et al. (2017) suggested that high diversity plays a crucial role in microbial resilience. Therefore, our findings suggest that oxygen enrichment may help restore the diversity of the gut microbiota.

Interestingly, phylum-level species analysis revealed that acute high-altitude hypoxia exposure was accompanied by an increase in the ratio of Firmicutes/Bacteroidetes, considered one of the characteristics of ecological disorders. An increase or decrease in the ratio of Firmicutes/Bacteroidetes is usually associated with obesity, and the latter is associated with inflammatory bowel disease (Stojanov et al., 2020); however, due to low temperature and environmental pressure, hypoxia exposure at high altitudes is often accompanied by weight loss. This is inconsistent with our results, and we speculate that this may be a way for the body to resist acute hypoxic injury. Most members of the Bacteroides family are involved in the fermentation of indigestible oligosaccharides and underutilized carbohydrates in the small intestine to synthesize short-chain fatty acids, which are rich sources of energy for the host (Macfarlane and Macfarlane, 2003; Sartor, 2008). In addition, some studies have reported that the ratio of thick-walled bacteria to Bacteroides in Chinese Han people living at high elevations is higher than that in Han people living at low elevations (Lan et al., 2017). Similarly, the gut microbiota of Tibetans changes with increasing altitude, in which Bacteroides increased with increasing altitude (Li and Zhao, 2015). The same results were found not only in humans but also in animals; after exposure to high altitudes, Bacteroides in the feces of Wistar rats increased significantly (Sun et al., 2020). These results support our conjecture that an increase in Bacteroides abundance is one of the characteristics of the gut microbiota after exposure to high altitudes. To resist the imbalance of gut microbiota at high altitudes, oxygen-enriched interventions can regulate the abundance of Bacteroides, increase the energy source of the host, and maintain the balance of microbiota to reduce the disturbance of the gut microbiota caused by acute hypobaric hypoxia.

At the genus level, there was an initial increase, followed by a decrease in the species composition of Lactobacillus. Specifically, the abundance of Lactobacillus significantly increased in the HH group compared with that in the HO group. This trend was contrary to the relative abundances observed for Prevotellaceae_NK3B31_group and Ruminococcus. Similar results were observed in the analysis of the differential microbiota. A higher relative abundance of Lactobacillus was found to contribute to the protection of the intestinal mucosal barrier and enhancement of intestinal function (Xu et al., 2019), indicating that lactic acid bacteria may have a greater ability to adapt to hypoxic environments at high altitudes. To resist adverse effects in a high-altitude hypoxic environment, the gut microbiota of rats may regulate probiotics to maintain species balance. Oxygen enrichment increased the abundance of butyrate-producing bacteria such as Prevotellaceae_NK3B31_group and Ruminococcus. Ruminococcus is a beneficial parasitic microorganism in the cecum and colon that can degrade various polysaccharides and fibers to produce short-chain fatty acids (Hooda et al., 2012; Donaldson et al., 2016). Butyrate is a short-chain fatty acid that produces ketones and carbon dioxide. It is the main source of energy for colon cells, and a lack of it can lead to damage to the intestinal barrier function (Hamer et al., 2012). Prevotella is one of the most abundant species in the gut microbiome (Tett et al., 2021). However, whether its effects on human health are positive or harmful remains controversial. Changes in Prevotella abundance as a pathogen are usually associated with periodontitis and rheumatoid arthritis (Scher et al., 2013; Pianta et al., 2017; Sharma et al., 2022). Conversely, several studies have suggested that it is beneficial as a bacterium for glucose homeostasis and host metabolism by improving glucose regulation and metabolic processes (Asnicar et al., 2021). Further research is needed to enhance understanding of the genetic potential of Prevotella and its interactions with the host and other bacteria to reveal its regulatory properties for health or disease and potential causal relationships. Although the exact role of Prevotella remains to be elucidated, our results suggest that oxygen enrichment can alter the abundance of different microbiota to suit hypobaric hypoxia and regulate the abundance of probiotics to maintain the ecological balance of the gut microbiota.

To further investigate the regulatory effect of oxygen enrichment on the gut microbiota exposed to acute hypobaric hypoxia, we performed a functional prediction of the enriched gut microbiota communities. During acute hypobaric hypoxia, the body undergoes a series of compensatory measures to rapidly adapt to the environment and resist external pressures. These parameters are closely related to physiology and metabolism. The effect of a hypoxic environment on microbial communities at high altitudes is closely linked to energy and cell metabolism. Ketone bodies are primarily used as energy sources in the extrahepatic tissues in the absence of glucose. After ketone bodies are absorbed by extrahepatic tissues, there are two metabolic pathways: one enters the mitochondria for oxidative decomposition, called the oxidative metabolic fate, which is the main metabolic mode, and the other participates in lipid synthesis in the cytoplasm, called the non-oxidative metabolic fate (Newman and Verdin, 2014; Puchalska and Crawford, 2017). Oxygen is the main driving force in high-altitude hypoxic environments, and the use of oxygen is indispensable for energy generation. During acute hypoxia, to meet the normal demand for oxygen, the body uses ketone bodies as the main fuel in the absence of sufficient glycogen supplements, leaving the valuable glucose for red blood cells to maintain the balance of energy metabolism (Veech et al., 2017). The expression of ketone body synthesis and degradation pathway was increased in the HH group, and we obtained the same results as the above study. Westerterp (2001) reported that energy imbalance is associated with reduced food intake and loss of appetite in a high-altitude hypoxic environment, which is a result of metabolic demands exceeding the energy supply and the body trying to cope with acute altitude reactions and other illnesses, resulting in energy imbalance. Notably, the tricarboxylic acid cycle is an essential metabolic pathway. There is growing evidence that this metabolic center plays an important role in counteracting cellular stress by coordinating a wide range of critical biological processes and signaling, and providing metabolites to suppress a wide range of cellular disruptions (MacLean et al., 2023). The expression of tricarboxylic acid cycle pathway genes increased after oxygen enrichment, indicating that oxygen enrichment can meet the energy requirements for metabolism during hypoxia. This intervention helps offset the energy imbalance and reduces hypoxia damage. Amino acids are crucial for nutrition, survival, and development. They also play vital roles in the regulation of material metabolism and information transmission. In a study comparing sterile and conventional mice, researchers found that the latter had a different distribution of free amino acids in the gastrointestinal tract. These findings suggest that the resident species of the gut microbiome are important for maintaining host amino acid homeostasis and overall health (Mardinoglu et al., 2015). Our study showed that oxygen enrichment intervention could potentially rebalance energy and metabolism in individuals exposed to high-altitude hypoxia. This intervention may also help alleviate hypoxic injury by improving energy and amino acid metabolism, which are mediated by the gut microbiota. Notably, various bacteria, including Bacteroides, may play significant roles in amino acid metabolism in the large intestine.

In conclusion, this study demonstrated that oxygen enrichment at high altitudes effectively mitigates intestinal injury caused by acute hypoxia. It protects intestinal morphology and maintains the integrity of the intestinal barrier. Furthermore, oxygen enrichment plays a crucial role in regulating the diversity of gut microbiota. This is achieved by modulating the composition and proportion of the gut microbiota and their associated physiological processes, thereby counteracting the acute altitude injury mediated by the gut microbiota. However, this study has certain limitations. First, the current findings do not explain whether oxygen enrichment can counteract hypobaric hypoxic damage by regulating intestinal flora. Further investigations are required to explore the underlying mechanisms, which will be the focus of our future studies. Additionally, more detailed oxygen enrichment intervention parameters may be necessary for effective protection against acute hypoxic injuries at high altitudes.
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Objective: To investigate the effects of Sanwei sandalwood decoction on improving function of the intestinal flora in doxorubicin-induced heart failure in rats.

Materials and methods: Thirty Sprague–Dawley rats were screened and randomly assigned into a blank group, a model group, and a Sanwei sandalwood decoction group (treatment group). The rat model of heart failure was prepared and established in the latter two groups. After successful model establishment, the treatment group received Sanwei sandalwood decoction by continuous gavage at 2 g/kg, once daily for 4 weeks. The other groups were given an equivalent volume of saline. After the final dose, fecal samples were collected from each group and analyzed by macrogenomics and nontargeted metabolomics to characterize the intestinal flora and associated metabolites.

Results: The composition of gut microbiota was significantly different between the three groups. There were 778,808 common genes between the blank and model groups, while 49,315 genes were lost and 521,008 were gained in the model group relative to the blank group. At the phylum level, all groups of rat fecal samples were dominated by Firmicutes, Bacteroidota, Actinobacteria, and Proteobacteria. At the genus level, the microbial community composition in all experimental groups of rat fecal samples was dominated by Lactobacillus, Bifidobacterium, Limosilactobacillus, Allobaculum, Prevotella, and Ligilactobacillus spp. Interestingly, cluster analysis was performed on the top 30 KEGG ontology (KO) terms displaying significant differences in relative abundance in the rat fecal microbiome among experimental groups. The relative frequency of posttranslational modification, coenzyme transport and metabolism, cell wall, membrane, and envelope biogenesis in the eggNOG and CAZy databases. In the nontargeted metabolomics, the group principal component analysis revealed that the groups were well distinguished from one another. The different metabolites were screened with VIP >1, and the KEGG different metabolite classification and enrichment analysis revealed that there includes 15 metabolites pathway, including loxoprofen, conifery-l-acetate, trichilin A, and others. The arachidonic acid pathway also accounted for a significant portion of the KEGG pathway classification analysis.

Conclusion: Sanwei sandalwood decoction positively affects the intestinal microbial environment of rats with heart failure, improving the gut dysbiosis that is caused by the condition. This treatment intervention inhibits the growth of pathogenic bacteria and promotes the growth of beneficial species.

KEYWORDS
 heart failure, Sanwei sandalwood decoction, intestinal flora, macrogenomics, gut microbiota


1. Introduction

Heart failure is a complex clinical syndrome that represents an advanced stage of development of many cardiovascular diseases (Severino et al., 2020). Many morbidities can ultimately lead to heart failure, including cardiomyopathy, valvular heart disease, diabetes, and obesity (Liang et al., 2020; Xu et al., 2020). It affects an estimated 63 million people worldwide, and about 50% of patients die within 5 years of initial diagnosis, identifying heart failure as a global health burden that surpasses most types of cancer as a leading cause of death (Riehle and Bauersachs, 2019). In recent years, it has mainly been treated using the methods of Western medicine, which are associated with significant side effects such as hyponatremia due to administration of diuretics. This often leads to debilitating symptoms such as confusion, falls, and seizures (Lu et al., 2019). Moreover, reduced cardiac output or elevated central venous pressure in heart failure can lead to gastrointestinal dysfunction, localized ischemia, and edema in the gut. In turn, these changes can result in intestinal epithelial dysfunction and barrier defects, flora translocation, and altered composition and metabolites of the intestinal microbiome (Nagatomo and Tang, 2015). In heart failure patients, perturbation of the intestinal flora and their metabolites may therefore be more closely related to development of the condition than for other cardiovascular diseases.

Microbiological studies have traditionally been conducted in vitro and with isolated cultures (Sonnenburg and Bäckhed, 2016). However, many gut microorganisms only remain viable in the host and cannot be cultured ex vivo, limiting more detailed study of the intestinal flora (Wei et al., 2023). In recent years, contemporary molecular biology techniques such as high-throughput sequencing and real-time quantitative fluorescence polymerase chain reaction (RT-qPCR) (Sender et al., 2016) have been applied for detection and characterization of the intestinal flora. This has enabled the identification of more bacterial species, thus permitting a deeper exploration of the functional spectrum and compositional diversity of the gut microbiome. In this study, the effect of Sanwei sandalwood decoction (i.e., an aqueous extract obtained by boiling) on the intestinal flora investigated in a rat model of heart failure using a macrogenomic approach with the intestinal flora as the entry point. Potential evidence was explored for dysbiosis and altered metabolites in the characteristic gut microflora in heart failure, with the aim of identifying new research directions for treatment of chronic disease.



2. Materials and methods


2.1. Materials

The experimental protocol and animal use were approved by the Animal Use and Management Ethics Committee at the Animal Experimentation Management Center of Inner Mongolia University of Nationalities (Lot No. NM-LL-2019-10-12-01). The experiment was designed and implemented in accordance with the National Institute of Health Guidelines for the Ethical Use of Animals. All rats were acclimatized for 1 week prior to the start of the study.



2.2. Animal experiment

After acclimatization, the rats were assigned to a blank group, model group, or Sanwei sandalwood decoction group (i.e., treatment group) using the random number table method, with 10 rats per group. Animals in the blank group were injected intraperitoneally with saline once a week. To prepare the heart failure model, doxorubicin (saline preparation, 2 mg/mL) was administered intraperitoneally to the remaining rats at a dose of 1.5 mL/kg, once a week for 7 weeks. A combined dose of 21 mg/kg was used to establish the model, in accordance with the literature (Yuhong et al., 2018). After 7 weeks of administration, rats in the treatment group were gavaged with Sanwei sandalwood decoction at a dose of 2 g/kg for 30 consecutive days, while rats in the blank and model groups were given an equivalent volume of saline (Zhou, 2017).



2.3. Sample collection and preparation

Rat feces were collected 24 h after the last dose and transferred to lyophilization tubes, then snap frozen in liquid nitrogen and stored in a −80°C freezer (Shao et al., 2020).

The sample stored at −80°C refrigerator was thawed on ice. A 400 μL solution (methanol: water = 7:3, V/V) containing internal standard was added into 20 mg sample, and vortexed for 3 min. The sample was sonicated in an ice bath for 10 min and vortexed for 1 min, and then placed in −20°C for 30 min. The sample was then centrifuged at 12,000 rpm for 10 min (4°C). And the sediment was removed, then centrifuged the supernatant at 12,000 rpm for 3 min (4°C). A 200 μL aliquots of supernatant were transferred for LC-MS analysis.



2.4. Preprocessing of sequencing results

The FASTP software was used for raw data quality control. Default software parameters were selected to preprocess the raw data obtained by Illumina HiSeq sequencing, and the resultant clean data was used for subsequent analysis (Karlsson et al., 2013). To remove host sequences from the samples, reads were filtered by comparison against the host database using Bowtie2 with the following parameter settings: --sensitive, −I 200, −x 400 (Karlsson et al., 2012; Scher et al., 2013).



2.5. Metagenome assembly

After the above preprocessing steps, metagenome assembly was performed using the MEGAHIT software. The assembly parameters were as follows: --k-min 35, --k-max 95, --k-step 20, --min-contig-len 500. For each sample, the preprocessed clean data was compared against the assembled contigs to identify paired-end reads that were not utilized, using Bowtie2 with the following parameters: −I 200, −x 400 (Karlsson et al., 2013; Nielsen et al., 2014). Unutilized reads from each sample were combined for mixed assembly, with the same assembly parameters as for the single samples.



2.6. Gene prediction and abundance analysis

Based on the assembled contigs (≥500 bp) from initial and mixed assembly, MetaGeneMark was used with default parameters to predict ORFs (open reading frames), and after initial analysis, predicted genes shorter than 100 nt were filtered out (Mende et al., 2012; Li et al., 2014; Oh et al., 2014; Qin et al., 2014). The filtered ORF prediction results of all samples (including mixed assembly) were then combined, and CD-HIT (Li and Godzik, 2006; Fu et al., 2012) was used to remove redundancy and obtain a nonredundant initial gene catalog (with each gene defined by the longest nonredundant continuous nucleic acid sequence corresponding to that gene). The following parameter settings were used: −c 0.95, −g 0, −AS 0.9, −g 1, −d 0 (Li et al., 2014; Qin et al., 2014). By default, 95% identity and 90% coverage were used for clustering; and as mentioned above, the longest sequence for each gene was selected as the representative sequence. Next, Bowtie2 was used to compare the clean data for each sample against the initial gene catalogue (Li et al., 2014), and the number of reads per gene was calculated for each sample, using the following settings: --end-to-end, --sensitive, −I 200, −x 400. Genes with ≤2 reads in each sample were filtered out to obtain a final gene catalog (of Unigenes) that was used for subsequent analysis. Based on the number of reads and gene length, an abundance value was calculated for each gene in each sample, according to the following equation (Cotillard et al., 2013; Le Chatelier et al., 2013; Villar et al., 2015), where R is the number of reads compared to the gene, and L is the length of the gene.



2.7. Species annotation

To generate species annotations, the DIAMOND software (Buchfink et al., 2015) was employed to compare Unigene sequences against those of bacteria, fungi, archaea, and viruses from the NCBI NR database, using the lowest common ancestor (LCA) algorithm with the BLASTP search protocol and E-value ≤10−5. Note that because each sequence may give multiple comparison results, many different species classifications can be obtained. To ensure biological significance, the MEGAN software (Huson et al., 2011) was used again with the LCA algorithm to obtain final species annotation information for the sequences. Based on the results of LCA-based annotation and the gene abundance values, species abundance information was derived for each sample at each taxonomic level (i.e., phylum and genus), and a gene number table for each sample at each level (phylum compendium genus) was also obtained. The abundance of a species in an individual sample was taken as the sum of the annotated gene abundance of that species. The gene number of a species in a sample was defined as the number of genes annotated from that species, for all genes with nonzero abundance. In addition, the following procedures were performed based on the abundance tables at each classification level (genus/species of phylum): Krona analysis (Ondov et al., 2011); relative abundance overview; abundance clustering heat map analysis; principal component analysis (PCA); nonmetric multidimensional scaling (NMDS) dimensionality reduction; analysis of similarities (ANOSIM) inter-/intra-group difference analysis (Rao, 1961); and linear discriminant analysis effect size (LEfSe) multivariate statistical analysis of intergroup differential species.



2.8. Common functions database annotation


2.8.1. Sequence alignment

Unigenes were compared against functional databases using DIAMOND (with BLASTP, E-value ≤10−5). To filter the results for each sequence, the DIAMOND parameter “--max-target-seqs 1” was used to retain unique comparison results. Furthermore, the KEGG database is subcategorized into six functional levels (Kanehisa et al., 2006, 2017), while the eggnog (Huerta-Cepas et al., 2016) and CAZy databases (Cantarel et al., 2009) have three such levels. The comparison results therefore allowed the relative abundance of different functional levels to be calculated (i.e., where the relative abundance of each functional level is equal to the sum of the relative abundance of genes annotated at that functional level). Based on the results of functional annotation and the gene abundance table, the gene number table of each sample at each classification level was obtained. The number of genes with a certain function in a sample was taken as the number of genes with a nonzero abundance among the genes annotated with that function. Based on the gene abundance tables at each classification level and the number of annotated genes, the following procedures were carried out: relative abundance overview; abundance clustering heat map analysis; PCA; NMDS dimensionality reduction; ANOSIM intergroup difference analysis based on functional abundance; and metabolic pathway comparative analysis. Also, Metastate and LEfSe analyses of functional differences between groups were performed.



2.8.2. Resistance gene annotation

The CARD database1 was used in conjunction with the accompanying Resistance Gene Identifier (RGI) software to search for antibiotic resistance ontology (ARO) associations among the Unigenes (using RGI’s built-in BLASTP function, with the default E-value of <10−30) (McArthur et al., 2013). The relative abundance of each ARO was calculated based on RGI and the Unigene abundance information. This allowed construction of an abundance histogram, abundance clustering heat map, and abundance distribution circle map to visualize ARO differences between groups, in terms of resistance genes (i.e., Unigenes annotated with ARO) and species attribution analysis of resistance mechanisms.




2.9. Mass spectrometry conditions

All samples were acquired by the LC-MS system followed machine orders. The analytical conditions were as follows, UPLC: column, Waters ACQUITY UPLC HSS T3 C18 (1.8 μm, 2.1 mm × 100 mm); column temperature, 40°C; flow rate, 0.4 mL/min; injection volume, 2 μL; solvent system, water (0.1% formic acid): acetonitrile (0.1% formic acid); The column was eluted with 5% mobile phase B (0.1% formic acid in acetonitrile) at 0 min followed by a linear gradient to 90% mobile phase B (0.1% formic acid in acetonitrile) over 11 min, held for 1 min, and then come back to 5% mobile phase B within 0.1 min, held for 1.9 min.



2.10. Statistical analysis

The original data file acquisited by LC-MS was converted into mzML format by ProteoWizard software. Unsupervised PCA (principal component analysis) was performed by statistics function prcomp within R.2 The HCA (hierarchical cluster analysis) results of samples and metabolites were presented as heat maps with dendrograms. For two-group analysis, differential metabolites were determined by VIP (VIP >1) and p-value (p-value <0.05, Student’s t test). Identified metabolites and annotated metabolites were annotated and mapped using KEGG Compound and Pathway database (http://www.kegg.jp/kegg/compound/ and http://www.kegg.jp/kegg/pathway.html).

The data was processed using SPSS 22.0 and values are expressed as (x ̅  ± s). The t-test was used for pairwise comparisons between groups if the data met both normality and chi-square; if not, the rank sum test was used. One-way ANOVA was used to compare multiple groups. Differences where p < 0.05 were regarded as statistically significant.




3. Results


3.1. Gene prediction and operational taxon abundance analysis

Basic statistics on the gene catalog are presented in Table 1. Using the gene abundance information, core genome and pan-genome analyses were performed, along with intersample correlation analysis and Venn diagram construction. As depicted in Figure 1A, the core and pan-genome analyses revealed the number of genes after sample dilution. The sparse curve tends to flatten out and approach with increasing data, indicating that the collected samples were suitable for subsequent bioinformatics analysis. The number of genes differed between groups, and there was also variability between groups (Figure 1B). The Venn diagram (Figure 1C) shows that there were 778,808 common genes between the blank and model groups, while 49,315 genes were lost and 521,008 were gained in the model group relative to the blank group, suggesting that heart failure induces changes in the number of microbial genes found in feces. Compared with the model group, this value was also significantly affected by treatment with Sanwei sandalwood decoction. Herein, in the rat heart failure model, the number of genes specific to the intestinal flora increased after the therapeutic intervention. Moreover, we determined the correlation between samples to assess the degree of similarity between them, i.e., in terms of gene expression levels. As shown in Figure 1D, the correlation coefficients for all pairwise comparisons were <1, indicating a low degree of similarity and implying a high number of differential genes between experimental groups.



TABLE 1 Unigenes basic information statistics.
[image: Table1]
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FIGURE 1
 (A,B): Dilution profile of core-pan gene; box plot of gene number differences between groups; (C): Clustering of intestinal flora OTUs in each group of rats Venn diagram; (D): Heat map of correlation coefficients between samples.




3.2. Relative abundance and annotation of rat fecal microorganisms


3.2.1. Results of species relative abundance analysis

To visualize the composition and relative abundance of species at different taxonomic levels of phylum and genus, the annotated sequence information represented by the clustered operational taxon abundance (OTUs) was used to plot cumulative bar charts for the top 10 species in relative abundance, for all samples. At the phylum level (Figure 2A), all groups of rat fecal samples were dominated by Firmicutes, Bacteroidota, Actinobacteria, and Proteobacteria, but there were some differences in proportion and species composition between groups. In the model group, the relative abundance of Firmicutes decreased and that of Actinobacteria and Proteobacteria increased, compared with the blank group. In the treatment group, the relative abundance of Firmicutes and Proteobacteria increased, while that of Bacteroidota and Actinobacteria decreased, compared with the model group. As indicated in Figure 2B, the abundance of samples in each group changed as the taxonomic hierarchy of species changed, and the differences between groups were more pronounced.

[image: Figure 2]

FIGURE 2
 Histogram of relative abundance of species at the phylum level and genus level (group). (A) Histogram of relative abundance at the phylum level; (B) Histogram of relative abundance at the genus level. The horizontal axis indicates the name of the sample; the vertical axis indicates the relative proportion of species annotated to a type; the species categories corresponding to each colour block are shown in the legend on the right.


At the genus level, the microbial community composition in all experimental groups of rat fecal samples was dominated by Lactobacillus, Bifidobacterium, Limosilactobacillus, Allobaculum, Prevotella, and Ligilactobacillus spp., but similarly to the phylum level, some differences in relative abundance were apparent between groups. In terms of species composition, the relative abundance of Lactobacillus, Limosilactobacillus, and Ligilactobacillus spp. decreased, while that of Bifidobacterium, Allobaculum, and Prevotella spp. increased, in the modelgroup compared with the blank group. For the treatment group, the relative abundance of Lactobacillus, Bifidobacterium, and Limosilactobacillus spp. increased compared with the modelgroup, while that of Ligilactobacillus spp. decreased.



3.2.2. Cluster analysis of the relative abundance of the number of annotated genes, and dimensionality reduction of species abundance

The top 35 genera (in terms of abundance and information on their abundance in each sample) from the relative abundance tables, at different taxonomic levels, were used for heat mapping and clustering at the species level. This facilitated visualization of the results and aided information discovery, thereby enabling identification of species that were more aggregated in the samples (Figure 3A). To aid the interpretation of results, PCA, NMDS plot were used as a statistical approach, since it is able to reduce multiple variables into a few principal components through dimensionality reduction. It is one of the most important methods for achieving this, and when applied to the analysis of gut microorganisms, PCA therefore focuses on finding the most relevant combination of species to represent the overall gut microbiome. In the blank group of the current experiment, it can be seen that the samples were clustered and well differentiated. Additionally, in both the model and Sanwei sandalwood decoction groups, the samples were generally discrete and differentiated, but one abnormal sample was seen in each group (Figures 3B–E). This may reflect individual variation in intestinal microorganisms, or perhaps it was a consequence of the small sample size.

[image: Figure 3]

FIGURE 3
 (A): Heat map of gate level abundance clustering; (B-E): Presentation of NMDS results for species based on gate level, presentation of PCA results for species based on gate level.





3.3. Analysis of species differences across groups


3.3.1. Clustering analysis of samples based on species abundance

The Bray–Curtis distance is often used to characterize the degree of similarity between samples, and is one of the most commonly used distance metrics in systematic clustering. Based on the tables of gene abundance for the experimental samples, a Bray–Curtis distance matrix was used to perform intersample clustering. The results are presented with integration of the relative abundance of species at the gate level, for each group (Figure 4A).

[image: Figure 4]

FIGURE 4
 (A) In the BrayCurtis distance-based clustering tree diagram, the Bray-Curtis distance clustering tree structure is shown on the left side; on the right side, the relative abundance distribution of species at the gate level for each sample is plotted. (B) Histogram of the distribution of LDA values for differing species. (C) Evolutionary branching diagrams for divergent species, circles radiating from inside to outside represent taxonomic levels from phylum to genus (or species). Species with no significant differences are uniformly coloured yellow, and differential species Biomarker follows the group for colouring, with red nodes indicating microbial taxa that play an important role in the red group and green nodes indicating microbial taxa that play an important role in the green group.




3.3.2. LEfSe analysis of variance

The LEfSe analysis of variance method uses the Kruskal–Wallis rank sum test and the Wilcoxon rank sum test to screen for species with significant differences in abundance between groups. It then uses linear discriminant analysis to downscale the data and assess the influence of species with significant differences, to find those species or biomarkers that most influence the differences between groups. Using the LEfSe online analysis tool, three such species were identified (Figures 4B,C). It is evident that the class Erysipelotrichia, the order Erysipelotrichales, and the genus Blautia were enriched in the Sanwei sandalwood decoction group. Furthermore, the class Actinomycetia, the order Bifidobacteriales, the families Erysipelotrichaceae and Bifidobacteriales, the genera Bifidobacterium and Ligilactobacillus, and the species Lactobacillus intestinalis were enriched in the model group.




3.4. Analysis of relative abundance and differences in the biological functions of rat fecal microorganisms


3.4.1. Analysis of the relative abundance of functional annotations by class

Analysis using the KEGG PATHWAY database revealed that the KEGG class I metabolic pathways with the highest relative abundance in the rat fecal samples included metabolism, genetic information processing, and environmental information processing (Figure 5A). Through comparative analysis of rat fecal microbiome macrogenomes, based on the eggNOG database, the functional classes replication, recombination, and repair; cell wall/membrane/envelope biogenesis; carbohydrate transport and metabolism; and amino acid transport and metabolism were found to be more abundant in the rat fecal microbiome (Figure 5B). Moreover, comparative macrogenomic analysis using the CAZy database showed that the functional classes of glycoside hydrolases (GHs), glycosyltransferases (GTs), and carbohydrate-binding modules (CBMs) were relatively abundant in the rat fecal microbiome, among the six CAZy functional modules (Figure 5C).
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FIGURE 5
 Histogram of relative abundance of functional annotations on level 1.The results of KEGG, eggNOG, and CAZy are shown in order. (A): Histogram of relative abundance of functional annotations in KEGG; (B): Histogram of relative abundance of functional annotations in eggNOG; (C): Histogram of relative abundance of functional annotations in CAZy. The vertical axis indicates the relative proportion of annotations to a functional class; the horizontal axis indicates the sample name; the functional class corresponding to each colour block is shown in the legend on the right.




3.4.2. Analysis of the differences in the relative abundance of functions

The relative abundance of each functional class—such as KEGG, eggNOG, and CAZy protein families—was compared between rat fecal microbiomes, based on the relative abundance distribution of the underlying functional classes that were assigned using each database, and the differences were evaluated for statistical significance. First, cluster analysis was performed on the top 30 KEGG ontology (KO) terms displaying significant differences in relative abundance in the rat fecal microbiome among experimental groups (Figure 6AI). The level 2 categories amino acid metabolism; energy metabolism; environment information processing: signal transduction; carbohydrate metabolism; and lipid metabolism were significantly higher in the Sanwei sandalwood decoction group than in the blank and modelgroups (Figure 6AII). At level 1, it emerged that the cluster analysis was higher in the same group in terms of metabolism and environment information processing, compared with the blank and model groups (Figure 6AIII).

[image: Figure 6]

FIGURE 6
 Functional abundance clustering heat map. The results of KEGG, eggNOG, and CAZy are shown sequentially. (A): Functional abundance clustering heat map in KEGG (I is for level 1, II is for level 2, III is for level 3); (B): Functional abundance clustering heat map in eggnog (I is for level 1, II is for level 2); (C): Functional abundance clustering heat map in CAZy. Sample information is shown horizontally; functional annotation information is shown vertically; the clustering tree on the left side of the graph is the functional clustering tree; the values corresponding to the heat map in the middle are the Z-values obtained from normalising the relative abundance of the functions in each row.


Based on the relative abundance distribution of each functional class that was annotated from the eggNOG and CAZy databases, we evaluated the relationships between rat fecal microbiomes in the different experimental groups, to assess which functional classes were enriched in each group. In this macrogenomic analysis, assessment of eggNOG functional annotations indicated variations in level 1 classification; level 2 classification; secondary metabolite biosynthesis; transport and catabolism; energy production and conversion; and transmigration. Moreover, energy production and conversion; transcription; amino acid transport and metabolism; signal transduction mechanisms; and nucleotide transport and metabolism were significantly higher in the feces of rats in the Sanwei sandalwood decoction group than for those in the blank and modelgroups. The relative abundance of cell wall/membrane/envelope biogenesis; coenzyme transport and metabolism; posttranslational modification (Figures 6B,C). Functional annotation analysis using the CAZy database showed that CBMs, GTs, polysaccharide lyases (PLs), GHs, and carbohydrate esterases (CEs) had significantly higher relative abundance in the fecal microbiota of rats in the treatment group (Sanwei sandalwood decoction) groups, compared with the blank and model groups.




3.5. Resistance genes are prevalent in both human gut microbes and other environmental microbes

Misuse of antibiotics has induced irreversible changes in human and environmental microbial communities, posing new risks to human health and ecological systems. The study of antibiotic resistance genes (ARGs) has therefore received considerable attention from researchers (Guo et al., 2018). In recent years, the CARD resistance gene database has been developed to assist these efforts. It has the advantages of comprehensive information coverage, user-friendliness, and timely updates and maintenance (Jia et al., 2017). Here, it was used to analyze the abundance of AROs and produce a bar chart of abundance, a heat map of abundance clusters, and a map of abundance circles, as well as identifying ARO differences between groups. It also provided information on the species affiliation of resistance genes (i.e., Unigenes annotated to AROs). The details are shown in Supplementary Figure S1.

To visualize the overall distribution of ARO abundance in each group, the top 10 most abundant AROs were selected and plotted in an overview circle (Supplementary Figures S2, S3A). Additionally, the top 30 AROs were used to generate an abundance clustering heat map; and to test whether between-group differences were significantly greater than within-group differences, ANOSIM analysis of the abundance of resistance genes was performed (Supplementary Figure S3B). To further examine differences between sample groups, box plots were made of differences in the number of resistance genes and the number of AROs between groups (Supplementary Figure S3C).



3.6. Nontargeted metabolomics


3.6.1. Principal component analysis of subgroups

The samples of the subgroups for variance comparison were first subjected to principal component analysis and orthogonal partial least squares discriminant analysis in order to observe the magnitude of variability between the variance subgroups and between the samples within the groups, which is conducive to the search for variance metabolites. From the Figure 7, the group can be clearly distinguished, indicating that there is a difference between the groups, and it can be seen that the position of the Sanwei sandalwood decoction group is close to the normal group, indicating that it has a good regulating effect on heart failure.

[image: Figure 7]

FIGURE 7
 PCA vs. OPLS-DA plots between groups in the negative and positive.




3.6.2. Differential metabolite screening

VIP >1 metabolites were chosen. It is commonly accepted that metabolites with VIP >1 are substantially different. VIP value shows the degree of the influence of between-group differences of the corresponding metabolite in the categorical discrimination of each group of samples in the model. The student’s t-test p-value 0.05-selected metabolites. When there was a statistically significant difference between groups, metabolites were regarded as differing considerably. Table 2 displays some of the results of the differential metabolite screening. Sample-specific subgroups were pooled to assess the multiplicity-of-difference changes in quantitative metabolite information across subgroups following qualitative and quantitative analysis of the discovered metabolites. Along with multiplicity of difference bar charts and volcano plots, the top 20 metabolite findings for each subgroup comparison are displayed (Figure 8). The original relative content of differential metabolites obtained by using the screening standard identification was standardised by rows using unit variance scaling (UV), and the heat map was plotted by R software. The results are shown in Figure 9 and Supplementary Figure S4. These differential metabolites may eventually be involved in potential biomarkers of Sanwei sandalwood decoction cardio-modulation through the gut, laying the groundwork for future research.



TABLE 2 Results of differential metabolite screening.
[image: Table2]
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FIGURE 8
 Differential multiplicity histograms and volcano plots for the first 20 metabolite results for each subgroup comparison.


[image: Figure 9]

FIGURE 9
 Heat map of differential metabolites between the model group and the Sanwei sandalwood decoction group in the negative and positive.




3.6.3. Metabolite function annotation

Different pathways are formed inside the body as a result of interactions between metabolites. The KEGG database was used to annotate various metabolites, and the findings were categorized in accordance with the KEGG pathway types, as shown in the accompanying image. KEGG pathway enrichment was performed based on differential metabolite results, and the size of the dots in the graph represents the number of differential significant metabolites enriched to the corresponding pathway. The top 20 pathways ranked by p-value were selected and shown from smallest to largest (Figure 10; Supplementary Figure S5).

[image: Figure 10]

FIGURE 10
 Results of KEGG pathway enrichment analysis of differential metabolites in the negative and positive.






4. Discussion

The human body contains about 10–100 trillion microorganisms, the majority of which are bacteria (Ursell et al., 2012). This is a huge number that far exceeds the number of somatic cells, and research in recent years has increasingly demonstrated the important role of the gut microbiome for the host, in both health and disease. Under physiological conditions, the intestinal flora is in relative homeostasis, but when this balance is disturbed, pathogenic microorganisms can lead to host diseases including inflammatory bowel disease and colorectal cancer, as well as nonintestinal disorders such as obesity, diabetes, autism, and cardiovascular disease (Jia et al., 2019). Given the key regulatory role of gut microorganisms in a variety of disease areas, researchers have increased their interest in—and exploration of—new therapeutic approaches and strategies based on targeting the intestinal flora.

As outlined above, heart failure is recognized as a multifactorial systemic disease with extremely complex pathology, yet one important mechanism that informs and explains the associated pathological changes is the inflammatory response. It has previously been shown that the development of heart failure leads to intestinal mucosal damage and flora displacement, and that this dysregulated microbiome causes numerous adverse effects in late-stage disease by increasing expression of regulatory factors that mediate the inflammatory response (Guo et al., 2018; Yu and Jinmin, 2019). In view of this, we hypothesized that intervention strategies capable of modulating the composition and diversity of the gut flora, enhancing the intestinal barrier, reducing intestinal permeability, intervening in microbial metabolite changes, and reducing the levels of proinflammatory factors would constitute effective treatments for heart failure.

Moreover, in the context of modern microecological research, the gut is considered to be the largest organ of the body. Intestinal microbial homeostasis has a beneficial effect on normal metabolism, while conversely, an imbalance in the gut flora can negatively impact the endocrine, immune, neurological, and even mental functions of the host, provoking a series of pathophysiological changes that can manifest as cardiovascular disease; the so-called “cardio-intestinal” axis adjustment.


4.1. Relative abundance of intestinal flora species and abundance clustering analysis

The relative abundance of the genera Bacteroides and Prevotella, and the phylum Bacteroidetes, was significantly reduced in the intestinal flora in the rat model of heart failure, while the relative abundance of the genera Bacteroides, Clostridium, and Lactobacillus, and the order Actinomycetales, was markedly increased. After treatment with Sanwei sandalwood decoction, the relative abundance of the phylum Bacteroidota, and the genera Aspergillus and Prevotella, increased significantly in the intestinal flora, while that of Lactobacillus spp. decreased. The intervention also led to a significant reduction in the relative abundance of Aspergillus spp. and the phylum Bacteroidota, while balancing the relative abundance of Lactobacillus spp. and other genera that had been altered by heart failure. The relative abundance of Phyllobacterium spp. in the intestinal flora of rats after heart failure, and the least clustered abundance of these species, were significantly rescued after the treatment intervention; and the gut microbiota became more enriched in Phyllobacterium spp., Lactobacillus spp., and Bifidobacterium spp. These are all important probiotic species in the intestinal flora that play key roles in metabolic processes in vivo.



4.2. Functional annotation distribution and variance analysis

The metabolic functional classes had the highest relative abundance in the intestinal flora, among KEGG class I pathways. Moreover, carbohydrate transport and metabolism, and amino acid transport and metabolism, were more abundant in the gut microbiota of all three experimental groups. Of the six protein functional modules in the CAZy database, the classes GHs, GTs, and CBMs had higher relative abundance; while KO clustering analysis revealed that the Sanwei sandalwood decoction group had a greater degree of energy metabolism, carbohydrate metabolism, amino acid metabolism, and membrane transport compared with the model group. Based on eggNOG functional annotation, the processes of biosynthesis; transport and catabolism of secondary metabolites; energy production and conversion; transcription; amino acid transport and metabolism; signal transduction mechanisms; and nucleotide transport and metabolism were more abundant in the treatment group. The intestinal flora of rats in the dispersion group was significantly higher than that in the model group. In summary, the most abundant functional annotations in the intestinal flora of rats with heart failure, and treated with Sanwei sandalwood decoction, were mainly distributed among CBMs/carbohydrate metabolism, amino acid metabolism, nucleotide transport, energy metabolism, and GTs.



4.3. Analysis of untargeted metabolomics in heart failure

Metabolomics enables qualitative and quantitative assessment of metabolites in living organisms (Guo, 2021). Metabolites are downstream of gene transcription and protein translation and are closely related to phenotypes, especially for multifactorial diseases. In recent years, metabolomics has been increasingly used to identify heart failure biomarkers (Laíns et al., 2019). Compared with conventional biomarkers, metabolomics is more accurate in assessing heart failure-related metabolic disorders, and metabolite changes are more conducive to assessing the prognosis of heart failure (Cheng et al., 2015; Lanfear et al., 2017). Plasma-targeted surrogomics studies in heart failure patients with reduced ejection fraction identified 13 metabolites independently associated with survival, further demonstrating the promise of metabolic impairment and metabolomics in assessing heart failure phenotype and risk stratification and identifying therapeutic targets. In this study, PCA and OPLS-DA S-PLOT found that the three groups were clearly distinguished, while the position of the Sandalwood soup group tended to be the normal group, which could improve the metabolism of heart failure, and the classification of KEGG differential metabolites in enrichment analysis showed that Sandalwood soup may regulate heart failure by regulating 15 metabolites such as Loxoprofen, Conifery-l-acetate, and Trichilin A. It can be concluded that arachidonic acid metabolism pathway occupies an important proportion in the pathway classification chart, and it is known that arachidonic acid (AA) is an important long-chain hyperunsaturated fatty acid in organisms, and its metabolism plays an important role in the occurrence and development of myocardial fibrosis (Zhang et al., 2018). Experiments further show that the issue of the possible effect of Sanwei sandalwood decoction on the diversity of intestinal flora in the body by regulating differential metabolites, such as increasing the expression of AA, is also worth further exploration.



4.4. Others

It is already established that ARGs change in response to variations in the microbiome (Zhao et al., 2021), and that reductions in ARGs generally correlate with reductions in the bacterial community. In particular, research on β-lactam antibiotic resistance genes (ARGs) is an important area of study that cannot be ignored. In this work, resistance genes against other antibiotic classes—such as tetracyclines, macrolides, and quinolones—were identified less frequently. However, in a finding that has not been previously reported, ARGs for some commonly used disinfectants and antiseptics (triC and qacH) were detected in this study.




5. Conclusion

In conclusion, the intestinal flora plays a key regulatory role in the development of heart failure, and its regulation has therefore become a promising therapeutic strategy for the disease. In this study, we used macrogenomic sequencing of fecal samples to investigate the effects of Sanwei sandalwood decoction on the composition, diversity, and structure of the gut microbiota in a rat model of heart failure. The flora composition and structure were altered in the intervention group to some extent, but our analysis also revealed species with differential and predicted functional advantages. These are of interest in designing improved interventions, and consequently represent a valuable reference point with potential for future application.
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Metabolic dysfunction-associated fatty liver disease (MAFLD) is the most common chronic liver disease worldwide. Circadian disruptors, such as chronic jet lag (CJ), may be new risk factors for MAFLD development. However, the roles of CJ on MAFLD are insufficiently understood, with mechanisms remaining elusive. Studies suggest a link between gut microbiome dysbiosis and MAFLD, but most of the studies are mainly focused on gut bacteria, ignoring other components of gut microbes, such as gut fungi (mycobiome), and few studies have addressed the rhythm of the gut fungi. This study explored the effects of CJ on MAFLD and its related microbiotic and mycobiotic mechanisms in mice fed a high fat and high fructose diet (HFHFD). Forty-eight C57BL6J male mice were divided into four groups: mice on a normal diet exposed to a normal circadian cycle (ND-NC), mice on a normal diet subjected to CJ (ND-CJ), mice on a HFHFD exposed to a normal circadian cycle (HFHFD-NC), and mice on a HFHFD subjected to CJ (HFHFD-CJ). After 16 weeks, the composition and rhythm of microbiota and mycobiome in colon contents were compared among groups. The results showed that CJ exacerbated hepatic steatohepatitis in the HFHFD-fed mice. Compared with HFHFD-NC mice, HFHFD-CJ mice had increases in Aspergillus, Blumeria and lower abundances of Akkermansia, Lactococcus, Prevotella, Clostridium, Bifidobacterium, Wickerhamomyces, and Saccharomycopsis genera. The fungi-bacterial interaction network became more complex after HFHFD and/or CJ interventions. The study revealed that CJ altered the composition and structure of the gut bacteria and fungi, disrupted the rhythmic oscillation of the gut microbiota and mycobiome, affected interactions among the gut microbiome, and promoted the progression of MAFLD in HFHFD mice.
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1 Introduction

With a 25% global prevalence rate, metabolic dysfunction-associated fatty liver disease (MAFLD), formerly known as nonalcoholic fatty liver disease (NAFLD), is becoming the most common chronic liver disease worldwide (Younossi et al., 2018; Eslam et al., 2020). The majority of patients with MAFLD remain asymptomatic, although approximately 20–30% progress to develop chronic hepatic inflammation and advanced liver disease (fibrosis, cirrhosis, and hepatocellular carcinoma), and increased mortality.

Although the mechanisms responsible for the progression of MAFLD and its underlying pathogenesis remain unclear, environmental components appear to mediate the disease process. Among the environmental factors, circadian clock disruption has gained increasing interest in recent years. The circadian clock is an endogenous timekeeper system that controls and optimizes biological processes (Buijs et al., 2016). Many metabolic processes demonstrate circadian rhythm and are under the control of the circadian clock (Panda, 2016), thus circadian clock disruption may result in negative consequences for metabolic homeostasis. Evidence suggests that circadian disruption is involved in MAFLD (Mukherji et al., 2020; Saran et al., 2020). The two most common causes of circadian disruption in today’s 7/24 society are jet lag and shift work, and jet lag is considered analogous to shift work (Walker et al., 2020; Faraut et al., 2022), but few controlled studies have addressed the effects of chronic jet lag (CJ) on MAFLD, and its mechanisms remain incompletely understood.

A link between the gut microbiome and MAFLD has been previously suggested (Zhu et al., 2014; Safari and Gérard, 2019). Clinical studies and animal experiments have shown that gut microbiome dysbiosis contributes to the pathogenesis of MAFLD and its associated metabolic diseases (Le Roy et al., 2013; Aron-Wisnewsky et al., 2020a). Also, studies have demonstrated that the gut microbiota exhibits rhythmicity in composition and function, producing oscillations in key metabolic mediators that can be integrated into host circadian rhythms to maintain metabolic homeostasis (Bishehsari et al., 2020; Murakami and Tognini, 2020; Wang et al., 2022). Yet, the influences of circadian disruption on gut microbiota are not clear.

In addition, most studies have mainly focused on gut bacteria, ignoring other components of gut microbes, such as gut fungi. Gut commensal fungi, collectively referred to as the mycobiome, comprise a very small portion of gut microbes, but crosstalk with gut bacteria in many ways regarding growth, nutrition, reproduction, and pathogenicity (Zhang et al., 2022; Maas et al., 2023). Unlike bacteria, fungi are eukaryotes with complex cell structures. They can use more complex biologic processes and produce metabolites that can remain in an organism and cause damage even after they have been eradicated (Fotis et al., 2022; Zeng and Schnabl, 2022). There is agreement that a balanced gut mycobiome contributes to the maintenance of the homeostasis of the gut bacterial composition and host mucosal immune responses (van Tilburg Bernardes et al., 2020; Doron et al., 2021). Changes in fecal fungi have been described in several pathological conditions, and the contributions of the gut mycobiome to liver diseases are increasingly recognized (Kapitan et al., 2019). Recently, Demir et al. reported that non-obese MAFLD patients with advanced disease stages have a distinct composition of fecal fungi and display an increased systemic immune response to Candida albicans, and antifungals alleviate liver damage in mice that received fecal microbial transplants from patients with steatohepatitis (Demir et al., 2022). Mbaye et al. found higher occurrences of fungi. Pichia kudriavzevii, Candida glabrata, Candida albicans, and Galactomyces geotrichum, as well as increased levels of fecal alcohol in patients with steatohepatitis. Further in vitro analysis revealed that Pichia kudriavzevii involves in triglyceride production, and Pichia kudriavzevii, Candida glabrata, and Candida albicans tend to produce more ethanol from fructose (Mbaye et al., 2022). These findings indicate the pathogenic roles of the gut mycobiome in the progression of MAFLD. Nevertheless, research on the gut mycobiome is still in its infancy.

In the present study, we established a model in which mice were subjected to periodic changes in the light–dark cycle to mimic CJ conditions. We aimed to observe the influence of circadian disruption caused by CJ on the development of MAFLD in a high-fat and high-fructose diet (HFHFD)-induced MAFLD mice model, and to explore if the effects on MAFLD were associated with changes in the microbiome and mycobiome in colon contents.



2 Materials and methods


2.1 Animal study

Forty-eight male C57BL6J mice (5-week-old, 18–20 g) were purchased from the Hunan Slac-Jingda Laboratory Animal Co. (Changsha, China). After one week of acclimation, mice were randomly divided into four groups (n = 12 per group) as follow: ① mice were fed a normal diet (ND) and exposed to a normal lighting condition (ND-NC) (ND, fat 12%, carbohydrate 66%, protein 22%, 3.50 kcal/g), ② mice were fed an ND and underwent experimental CJ (ND-CJ), ③mice on an HFHFD and exposed to a normal lighting condition (HFHFD-NC), HFHFD is composed of high-fat diet (Research Diets-USA, D12492, fat 60%, carbohydrate 20%, protein 20%, 5.40 kcal/g) and high fructose (10% g/v) in the drinking water (Park et al., 2020), and ④mice on an HFHFD underwent experimental CJ (HFHFD-CJ). All the mice were housed in one room, and were housed in cages with four individuals per cage, and were provided with ad libitum access to water and food under controlled conditions (22 ± 2°C, 40 ~ 50% humidity). The HFHFD group mice received fructose water as the only drinking water. For the normal lighting condition, the mice were kept under strict light–dark cycles with lights on at 6 AM and off at 6 PM. For CJ, mice were housed for three days per week under normal light conditions and for the remaining four days of the week under an 8-h time difference (lights on at 10 PM and off at 10 AM) (Figure 1A). Experiments performed on CJ mice were performed when the mice were in the same light–dark cycle as control mice, and zeitgeber times (ZTs: the time when the lights were on) were synchronized (i.e., ZT0 of CJ mice corresponded to ZT0 of control mice). Twenty-four-hour food intake and body weight were recorded weekly for all animals throughout the experiment for 16 weeks. Animal protocols were approved by the Animal Use and Care Committee of Central South University and were conducted according to the regulations set by Central South University (No.2020sydw0989).
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FIGURE 1
 Effects of chronic jet lag on body weight and glucose homeostasis in HFHFD-fed mice. (A) Schematic representation of the jet lag model. The light phase is represented in white; the dark phase is represented in black. (B) Calorie intake, (C) water intake, (D) body weight, and (E) representative photographs of mice in each group. (F) IPGTT and AUC of IPGTT at 16th week. Differences were determined using either a one-way ANOVA (B–D) or a two-way ANOVA (F) followed by a Tukey’s multiple comparisons test. Data were expressed as Mean ± SD (n = 12 for B–D, n = 6 for F).ap < 0.05, vs. ND-NC group; bp < 0.05, vs. ND-CJ group; cp < 0.05, vs. HFHFD-NC group. p (diet), main effect of diet; p (jet leg), main effect of jet leg; p (light × jet leg), interaction effect of jet leg and diet.




2.2 Intraperitoneal glucose tolerance test (IPGTT)

The IPGTT was performed at the beginning of the 16th week after a 5-h fast in the afternoon from 3:00 PM to 5:30 PM. Briefly, the mice were weighed and kept in a separate cage, then the mice were given an intraperitoneal injection of 50% D-glucose (2.0 g/kg), blood glucose levels were measured through tail vein sampling at 0, 15, 30, 60, and 120 min after glucose injection using a portable glucose monitor (ACCU-CHEK; Roche Diagnostics, Mannheim, Germany).



2.3 Body composition measurements

Dual Energy X-ray Absorptiometry (DXA, GE Lunar Corp., United States) was used to evaluate body fat rate using small animal software (GE Medical Systems Lunar, Madison, WI, United States).



2.4 Sample collection

After 16 weeks of intervention, mice were sacrificed at 6 h intervals on two consecutive days after fasting overnight, with ZT2 (8 AM) standing for morning, ZT8 (2 PM) for afternoon, ZT14 (8 PM) for evening, and ZT20 (2 AM) for night. Blood was collected from the retro-orbital vein after the mice were anesthetized (1% sodium pentobarbital solution, 50 mg/kg, injected intraperitoneally) and centrifuged at 3000 rpm for 10 min to isolate serum (stored at −20°C). Liver tissues and epididymal fat pads (visceral fat) were collected and weighed. Liver tissues were then either fixed with 4% paraformaldehyde solution or frozen in liquid nitrogen and stored at −80°C until analysis. Colon content samples were collected under a sterile fume to prevent miscellaneous bacterial contamination, frozen in liquid nitrogen, and stored at −80°C.



2.5 Liver pathology

Paraffin-embedded liver sections (4 μm) were stained with hematoxylin and eosin (H&E) or Masson’s trichrome stain. The NAFLD activity score (NAS) was assessed by an experienced physiologist using indices of inflammation, steatosis, and hepatocyte ballooning as previously described (Kleiner et al., 2005).



2.6 Serum analysis

Serum triglyceride (TG), total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) levels were measured using commercial reagents (Serotec Co, Sapporo, Japan) according to the manufacturer’s recommendations. Serum IL-6, IL-1β and TNF-α were measured using a commercial microspecific enzyme-linked immunosorbent assay (ELISA) kit (Cusabio, Wuhan, China).



2.7 Quantitative real time-PCR

Liver mRNA expression of circadian genes (Clock, Bmal1, Cry1/2, Per1/2) was assessed by quantitative real-time PCR. Primer sequences are listed in Supplementary Table S1. Gene expression was quantified using the △△Ct method with glyceraldehyde 3 - phosphate dehydrogenase (GADPH) as an internal control.



2.8 Gut microbiome and mycobiome analysis

The total genomic DNA was extracted from the samples using the CTAB method. DNA concentration and purity were monitored using 1% agarose gels. According to the concentration, DNA was diluted to 1 ng/μL using sterile water. 16S rRNA genes of distinct regions (16S V3-V4) and ITS rRNA genes of distinct regions (ITS 1-5F) were amplified using specific primers (16S: 341F(5’-CCTAYGGGRBG CASCAG-3′), 806R(5’-GGACTACNNGGGTATCT AAT-3′), ITS: ITS5-1737F (5’-GGAAGTAAAAGTCGTAACAAGG-3′), ITS2-2043R (5’-GCTGCGTTCTTCATCGATGC-3′)) with the barcode. All PCR were carried out with 15 μL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs). The same volume of 1 × TAE buffer was mixed with PCR products and electrophoresed on a 2% agarose gel for detection. The PCR products were mixed in equidensity ratios. The mixture of PCR products was purified using a Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States), following the manufacturer’s recommendations, and index codes were added. Library quality was assessed on a Qubit@ 2.0 Fluorometer (Thermo Scientific). Finally, the library was sequenced on the Illumina NovaSeq platform and 250 bp paired-end reads were generated.

Raw data FASTQ files were imported into the format that could be operated by QIIME2 system using qiime tools import program. Demultiplexed sequences from each sample were quality filtered and trimmed, de-noised, merged, and then the chimeric sequences were identified and removed using the QIIME2 dada2 plugin to obtain the feature table of amplicon sequence variant (ASV). The QIIME2 feature-classifier plugin was then used to align the ASV sequences with the pre-trained GREENGENES 13_8 99% database and UNITE database (version 8.3) for bacteria and fungi, respectively. Sequence data analyses were mainly performed using QIIME and R (v.4.2.1) (RR Core Team, 2022). Alpha diversity indices, including Chao1, Shannon, and Observed features were calculated using the core-diversity plugin within QIIME2. PLS-DA was introduced as a supervised model to reveal the microbiota variation among groups using the R package “mixOmics (Rohart et al., 2017).” Analysis of variance (ANOVA) and LEfSe were employed to identify bacteria or fungi with different abundances among samples and groups using the python package (version 1.0.8). Correlation analysis was performed to reveal the association between microbial communities and environmental factors using the R package “vegan (Oksanen et al., 2022).” In addition, microbial functions were predicted by the phylogenetic investigation of communities by reconstructing unobserved states (PICRUSt) based on high-quality sequences. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was utilized to predict functional profiles for bacteria, and the MetaCyc database was used to predict functional profiles for fungi. The rhythmicity of the gut microbiota was assessed using the R package “cosinor2 (Mutak, 2018),” and p < 0.05 indicated a significant rhythm. Correlations between the ASVs were calculated using the R package “pheatmap (Kolde, 2019),” and significant correlations (adjusted value of p <0.05) were incorporated in network analysis. Network-level topological features were quantitatively assessed by calculating a set of metrics using the Gephi platform (version 0.9.2). And the Gephi platform was used for network visualization.



2.9 Statistical analysis

Statistical analyses were performed using SPSS (version 26.0; IBM, Armonk, United States) and GraphPad Prism version 8.0 (GraphPad Software Inc., San Diego, California, United States). Differences in changes of body weight, water intake, and caloric intake among groups were analyzed by a one-way ANOVA followed by a Tukey’s multiple comparisons test. Differences of the final outcome measures among groups were evaluated by a two-way ANOVA followed by a Tukey’s multiple comparison test. Data are shown as mean ± SD or mean ± SEM. Statistical significance was defined as p < 0.05. The statistical tests and sample sizes are indicated in the figure legends.




3 Results


3.1 CJ aggravated obesity and visceral adiposity in HFHFD-fed mice

Body weight in the ND-CJ group was significantly higher than that in the ND-NC group at the 7-11th week and after the 13th week (p < 0.05) (Figure 1D), although there were no significant differences in energy intake or water intake between the ND-NC and ND-CJ groups (Figures 1B,C). In HFHFD-fed mice, the body weight of HFHFD-CJ group was significantly higher than that of HFHFD-NC group after the 7th week (p < 0.05) (Figure 1D), while no differences in caloric intake were noted (Figure 1B). Representative photographs of mice in each group are shown in Figure 1E.

At the end of the experiment, HFHFD-fed mice displayed an increased body weight, liver weight, visceral fat weight, and body fat rate (fat %) than ND-fed mice (Table 1). In ND-fed mice, the body weight and fat % in the ND-CJ group were significantly increased than those in the ND-NC group. Compared to the HFHFD-NC group, the body weight, liver weight, liver %, and fat % were significantly increased in the HFHFD-CJ group (all p < 0.05) (Table 1).



TABLE 1 Characteristics of mice in each group at the end of experiment.
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3.2 Effects of CJ on serum lipid profiles, inflammatory cytokines, and glucose homeostasis

There were no significant differences in serum triglycerides (TG) levels among groups, while serum total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) levels were significantly higher in HFHFD-fed mice than in ND-fed mice [all p (diet) <0.001] (Table 1). Serum IL-6 and TNF-α levels were significantly elevated in the HFHFD-CJ group vs. the ND-NC, ND-CJ, and HFHFD-NC groups (Table 1). Compared to the ND-NC group, the HFHFD-CJ group and HFHFD-NC group had higher FBG [p (diet) <0.001, p (jet lag) <0.05] (Table 1).

Intraperitoneal glucose tolerance test (IPGTT) demonstrated that the blood glucose levels at 15, 30, 60, and 120 min were significantly elevated in HFHFD mice compared to ND mice (all p < 0.05) (Figure 1F). Compared to ND-NC mice, ND-CJ mice had higher blood glucose levels at 30 min during IPGTT (p < 0.05) and increased AUC for IPGTT (Figure 1F). The AUC for IPGTT in the HFHFD-CJ group was higher than those in the ND-NC, ND-CJ, and HFHFD-NC groups, with the significant main effects of both diet (p < 0.001) and jet lag (p < 0.001) (Figure 1F).



3.3 CJ promoted the progression of MAFLD in HFHFD-fed mice and altered liver expressions of core clock genes

Histopathologically, mild steatosis and inflammatory cell infiltration were observed in the liver tissue of the ND-CJ group. In HFHFD-fed mice, hepatic steatosis and inflammatory infiltration were significantly elevated in the HFHFD-CJ group, and the HFHFD-CJ group had increased NAFLD activity scores (NAS) in comparison to the HFHFD-NC group [p (diet) <0.001, p (jet lag) <0.001] (Figures 2A,C). MASSON staining demonstrated a significant increase in collagen accumulation in the HFHFD-CJ group, and the collagen volume fraction was significantly higher in the HFHFD-CJ group vs. the HFHFD-NC group [p (diet) <0.001, p (jet lag) <0.01] (Figures 2B,D). Serum alanine aminotransferase (ALT) was significantly higher in HFHFD-fed mice vs. ND-fed mice [p (diet) <0.001], and serum aspartate aminotransferase (AST) was higher in the HFHFD-CJ group vs. the HFHFD-NC group [p (diet) <0.01, p (jet lag) <0.01, p (diet × jet lag) <0.05] (Figure 2E).
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FIGURE 2
 Chronic jet lag promoted the progression of MAFLD in HFHFD-fed mice and altered core clock gene expression in the liver. (A) Representative pictures of H&E staining (20 × magnifications) in liver tissue, (B) Representative pictures of MASSON staining (40× magnifications) in liver tissue, (C) NAFLD activity score, (D) the collagen volume fraction of MASSON staining. (E) Serum AST and ALS level in each group. (F) Clock, Bmal1, Cry1, Cry2, Per1, and Per2 mRNA expression in the liver. Data were expressed as Mean ± SD (C–E) or Mean ± SEM (F), n = 6 for C,D, n = 8 for E, n = 3 at each time point for F. Differences were determined using a two-way ANOVA followed by a Tukey’s multiple comparisons test, ap < 0.05, vs. ND-NC group; bp < 0.05, vs. ND-CJ group; cp < 0.05, vs. HFHFD-NC group. p (diet), main effect of diet; p (jet leg), main effect of jet leg; p (light × jet leg), interaction effect of jet leg and diet. AST, aspartate aminotransferase; ALT, alanine aminotransferase. Asterisks indicate the mRNA that exhibit significant oscillatory rhythmicity using the Cosinor analysis with a value of p of less than 0.05.


We further analysed the diurnal variation in core clock genes in liver tissues (Figure 2F). Cry1, Cry2, Per1, and Per2 showed a daily rhythm in all groups. Clock mRNA expression showed diurnal rhythmicity in the livers of ND-NC, ND-CJ, and HFHFD-NC mice, but not in HFHFD-CJ mice, whereas Bmal1 mRNA expression showed significant rhythmicity in ND-CJ and HFHFD-CJ mice, but not in ND-NC and HFHFD-NC mice. These mRNA expressions peaked at night in the ND-NC group. However, both Cry2 and Per1 mRNA expression peaked in the afternoon in the ND-CJ group. Compared to the ND-NC group, the ND-CJ group demonstrated a reduced amplitude of Per1 mRNA expression and an increased amplitude of Per2 mRNA expression. In the HFHFD-CJ group, Bmal1, Cry2, Per1, and Per2 mRNA expression all peaked in the afternoon. Compared to the ND-NC group, the HFHFD-CJ group exhibited an increase in the amplitude of Clock, Cry1, and Per2 mRNA expression, while the amplitude of Per1 mRNA expression was reduced.



3.4 Changes in the composition of colon microbiota in mice

The Chao1 and observed features of the gut microbiome were decreased in the HFHFD-CJ group vs. the HFHFD-NC group (Figure 3A). Main effects of diet (p < 0.001) and jet lag (p < 0.001), as well as diet × jet lag interactive effect (p < 0.05) were observed for Chao 1 and observed features. PLS-DA analysis revealed that there were significant differences among groups, indicating that CJ caused significant alterations in the β-diversity of the gut microbiome in mice (Figure 3B). LEfSe analysis showed higher abundances of Turicibacter and Gemmiger genera and lower abundances of Anaerotruncus and Sutterella genera in the ND-CJ group vs. ND-NC group. Compared with the ND-NC group, increased abundance of Enterococcus, Anaerotruncus, Klebsiella, and Bacteroides genera and decreased abundance of Akkermansia, Sutterella, Anaerofustis, Bifidobacterium, Ruminococcus, Clostridium, and Prevotella genera were observed in the HFHFD-NC group. Compared with the HFHFD-NC group, the HFHFD-CJ group had relatively lower abundances of Akkermansia, Lactococcus, Prevotella, Clostridium, and Bifidobacterium genera (Figures 3C,D).
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FIGURE 3
 Chronic jet lag altered the composition of gut microbiota in mice. (A) Alpha diversity-related index: Chao1, Shannon, and Observed features; (B) PLS-DA: Partial Least Squares Discriminant Analysis; (C,D) Cladogram of LEfSe analysis and scores of taxonomic biomarkers identified by linear discriminant analysis (LDA) using LEfSe in ND-fed mice, NC mice and HFHFD-fed mice, LDA value >3 were showed in the figures; (E) the correlation heatmap of the relative abundance of bacteria at genus level and indicators of metabolic abnormalities; (F) KEGG pathway analysis in NC mice and HFHFD-fed mice. Differences were determined using a two-way ANOVA followed by a Tukey’s multiple comparisons test (A). Data were expressed as Mean ± SD, n = 12 per group, ap < 0.05, vs. ND-NC group; bp < 0.05, vs. ND-CJ group; cp < 0.05, vs. HFHFD-NC group, *p < 0.05, **p < 0.01, ***p < 0.001. p (diet), main effect of diet; p (jet leg), main effect of jet leg; p (light × jet leg), interaction effect of jet leg and diet. BW, body weight; VF, visceral fat; BG, blood glucose; NAS, NAFLD activity score; TG, triglyceride; TC, total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; AST, aspartate aminotransferase; ALT, alanine aminotransferase.


The genera Enterococcus and Allobaculum were positively correlated with body weight, serum lipids, and NAS, whereas the genera Prevotella, Akkermansia, Clostridium, Oscillospira, and Ruminococcus negatively correlated with body weight, serum lipids, and NAS (Figure 3E). The genus Bacteroides was positively correlated with serum ALT and AST, whereas Dehalobacterium was inversely correlated with serum ALT and AST levels (Figure 3E).

KEGG analysis showed that HFHFD caused alterations in metabolic pathways of gut microbiota, such as biotin, amino acid, and carbohydrate metabolism (Figure 3F), and CJ upregulated pathways related to chemical carcinogenesis, hepatocellular carcinoma, and steroid biosynthesis in HFHFD-fed mice (Figure 3F).



3.5 Changes in rhythm of colon microbiota in mice

No diurnal variations were observed in the alpha diversity of the colon microbiota (Figure 4A). Bacteroidetes, Firmicutes, Proteobacteria, Verrucomicrobia, and Actinobacteria were the main phyla present in each group. Among them, they did not show rhythmicity in the ND-NC group, whereas CJ caused rhythmic oscillation of Bacteroidetes and Verrucomicrobia, with Bacteroidetes peaking at night and Verrucomicrobia reaching a trough at night. HFHFD feeding caused significant oscillation patterns in Bacteroidetes, Firmicutes, and Proteobacteria, with Bacteroidetes peaking in the morning, Firmicutes reaching a trough in the morning, and Proteobacteria peaking in the afternoon (Figure 4B). In addition, Firmicutes and the ratio of Firmicutes to Bacteroidetes (F/B ratio) acquired rhythmicity in the HFHFD-CJ group and both peaked at night (Figure 4C).
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FIGURE 4
 Chronic jet lag altered the rhythm of gut microbiota in mice. The rhythm of (A) α diversity, (B) the phylum level, (C) ratio of Firmicutes to Bacteroidetes, and (D) the genus level in bacteria. Data are represented as mean ± SEM, n = 3 per group at each time point. Asterisks indicate the phylum or genera that exhibit significant oscillatory rhythmicity using the Cosinor analysis with a value of p of less than 0.05.


At the genus level, Oscillospira exhibited rhythmicity in the ND-NC group, peaking in the morning. In the ND-CJ group, Prevotella, Ruminococcus, and Bifidobacterium showed diurnal rhythmicity, with Prevotella and Ruminococcus peaking at night and Bifidobacterium reaching a trough at night, whereas Allobaculum and Dorea diurnal variation approached significance (p = 0.057, p = 0.057). In the HFHFD-NC group, Allobaculum and Bifidobacterium showed diurnal oscillations and both peaked in the evening. In the HFHFD-CJ group, Lactobacillus exhibited diurnal patterns, peaking at night. Remarkably, Bacteroides, Akkermansia, and Desulfovibrio displayed no significant daily rhythms in any of the groups (Figure 4D).



3.6 Changes in the composition of colon mycobiome in mice

Compared with the HFHFD-NC and ND-NC groups, the Chao1 and observed features of gut fungi were significantly decreased in the HFHFD-CJ group, with significant main effects of diet (p < 0.05) and jet lag (p < 0.001) noted (Figure 5A). There was a structural difference among the groups according to the PLS-DA analysis (Figure 5B). According to LEfSe analysis, no differential genera were found between the ND-NC and ND-CJ groups, while the HFHFD-NC group had increased abundances of Rhodotorula and Cyphellophora genera, and decreased abundances of Aspergillus, Sterigmatomyces, Penicillium, Trichoderme, Tilletia, Vishniacozyma, Sporobolomyces genera vs. ND-NC group. In HFHFD-fed mice, there was an increase in the genera Aspergillus and Blumeria, and a decrease in the genera Wickerhamomyces, Ganoderma, and Saccharomycopsis in the HFHFD-CJ vs. HFHFD-NC groups (Figures 5C,D). The genera Rhodotorula and Wallemia positively correlated with serum AST and ALT, whereas the genera Tilletia, Pyxidiophora, and Trichoderme were negatively correlated with NAS, AST, and ALT. The genera Sterigmatomyces, Mortierella, Sporobolomyces, Vishniacozyma, and Fusarium negatively correlated with body weight, TC, and NAS (Figure 5E).
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FIGURE 5
 Chronic jet lag altered the composition of gut mycobiome in mice. (A) Alpha diversity-related index: Chao1, Shannon, and Observed features; (B) PLS-DA: Partial Least Squares Discriminant Analysis; (C,D) Cladogram of LEfSe analysis and scores of taxonomic biomarkers identified by linear discriminant analysis (LDA) using LEfSe in NC mice and HFHFD-fed mice, LDA value >3 were showed in the figure; (E) the correlation heatmap of the relative abundance of fungi at genus level and indicators of metabolic abnormalities; (F) MetaCyc pathway analysis in NC mice and HFHFD-fed mice. Differences were determined using a two-way ANOVA followed by a Tukey’s multiple comparisons test (A). Data were expressed as Mean ± SD, n = 12 per group, ap < 0.05, vs. ND-NC group; bp < 0.05, vs. ND-CJ group; cp < 0.05, vs. HFHFD-NC group. *p < 0.05, **p < 0.01, ***p < 0.001. p (diet), main effect of diet; p (jet leg), main effect of jet leg; p (light × jet leg), interaction effect of jet leg and diet. BW, body weight; VF, visceral fat; BG, blood glucose; NAS, NAFLD activity score; TG, triglyceride; TC, total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein; AST, aspartate aminotransferase; ALT, alanine aminotransferase.


Pathway analysis of the MetaCyc database showed that pathways related to fatty acid and lipid biosynthesis, nucleotide metabolism, glyoxylate cycle, pentose phosphate pathway (PPP), and NAD (P) / NADPH conversion in gut fungi were altered in the HFHFD-NC group vs. ND-NC group (Figure 5F). CJ further altered the pathways related to the glyoxylate cycle, PPP, and NAD (P) / NADPH conversion in the HFHFD mice (Figure 5F).



3.7 Changes in rhythm of colon mycobiome in mice

There were no rhythmic changes in the alpha diversity of gut fungi (Figure 6A). Ascomycota, Basidiomycota, and Mortierellomycota were the main phyla present in each group. Among them, Basidiomycota showed a diurnal pattern in the HFHFD-NC group, peaking at night (Figure 6B). At the genus level, we focused on highly abundant fungi that were present in all samples (Figure 6C). None of them in the ND-NC group exhibited significant oscillation patterns. In the ND-CJ group, the abundance of Sterigmatomyces, Wallemia, and Talaromyces demonstrated significant fluctuations, with Sterigmatomyces peaking in the morning and Wallemia and Talaromyces peaking in the afternoon. In the HFHFD-NC group, Rhodotorula exhibited daily rhythmicity and peaked at night. In the HFHFD-CJ group, Talaromyces exhibited rhythmicity and peaked at night, and Penicillium rhythmicity approached statistical significance (p = 0.055).
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FIGURE 6
 Chronic jet lag altered the rhythm of gut mycobiome in mice. The rhythm of (A) α diversity, (B) the phylum level, (C) the genus level in fungi. Data are represented as mean ± SEM, n = 3 per group at each time point. Asterisks indicate the phylum or genera that exhibit significant oscillatory rhythmicity using the Cosinor analysis with a value of p of less than 0.05.




3.8 Interactions between the gut fungal and bacterial communities

Microbial abundance correlation networks were constructed to evaluate ecosystem structure. The bacterial networks differed among the groups (Figures 7A,B). A simple network of correlations between the bacteria was observed in the ND-NC group. In comparison, the density of the bacterial correlation network increased in the HFHFD-NC group, as indicated by an increased relative connectedness and a higher number of neighbors. There was no statistically significant difference between the ND-NC and ND-CJ groups for these network density-related parameters, but the network in the ND-CJ group had more nodes (ASV sequences) and edges (connections). Compared to the HFHFD-NC group, the density of the bacterial network was lower in the HFHFD-CJ group. Main effects of diet (p < 0.001) and jet lag (p < 0.001), as well as interactive effect between diet and jet lag (p < 0.001) were observed for number of neighbors in bacterial network. There was no significant difference in the network density among the groups in the fungal interaction network (Figures 7C,D).
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FIGURE 7
 Correlation networks of gut microbiota. Correlation networks among microbiota were built using the Spearman correlation test in the four study groups. (A) Abundance correlation networks among gut bacteria are shown. Each node represents an ASV sequence, and its size is scaled to the number of edges within each network. Edges indicate correlations (positive in red and negative in green). Only ASV sequences present in more than 50% of samples in the group were considered, and only significant correlations (p < 0.05) are shown. The table in the inset shows the network parameters. The relative connectedness is the ratio between the number of edges and the number of nodes in the network. (B) Neighbors of each node within the network among bacteria. (C) Abundance correlation networks among gut fungi are shown. (D) Neighbors of each node within the network among fungi. (E) Abundance correlation networks between gut bacteria and fungi are shown. Each node represents an ASV sequence, with bacteria in blue and fungi in orange. (F) Neighbors of each node within the network between bacteria and fungi. Differences were determined using a two-way ANOVA followed by a Tukey’s multiple comparisons test. Data were expressed as Mean ± SD, ap < 0.05, vs. ND-NC group; bp < 0.05, vs. ND-CJ group; cp < 0.05, vs. HFHFD-NC group. p (diet), main effect of diet; p (jet leg), main effect of jet leg; p (light × jet leg), interaction effect of jet leg and diet.


Abundance correlation networks of bacterial and fungal interactions were constructed to explore the interkingdom interactions (Figures 7E,F). Compared with the ND-NC group, the other three groups had a more complex fungi-bacterial network, as illustrated by increased nodes and edges. Moreover, more neighbors were observed for each node in the HFHFD-NC group than in the other three groups [p (diet) <0.001, p (jet lag) <0.001].




4 Discussion

Proper circadian rhythm is an important feature of normal health, enabling organisms to adapt to daily environmental changes. Jet lag, which leads to repeated phase shifts of circadian clock, is experienced by more than transmeridian travellers. It is also experienced by shift workers, individuals with evening preferences, and those who sleep short on workdays, then stay up later but sleep longer on weekends (which is also coined as social jet lag) worldwide (Roenneberg and Merrow, 2016). In the present animal experiment, the results suggest that CJ, induced by advancing the light–dark cycle over long periods, promotes obesity and MAFLD progression in an HFHFD mouse model, which is consistent with our previous observations that circadian disruption is a novel risk factor for MAFLD progression (Wei et al., 2020). More importantly, this study demonstrated that CJ altered the abundance, composition, and rhythm of the gut microbiome and mycobiome and their interactions. To the best of our knowledge, this is the first study to explore the effects of circadian disruption on gut mycobiome.

Changes in the gut bacterial microbiome in MAFLD have been extensively studied. In the HFHFD-NC group, we found increases in Enterococcus, Anaerotruncus, and Bacteroides genera and decreases in Akkermansia, Bifidobacterium, Ruminococcus, Clostridium, and Prevotella genera in comparison to the ND-NC group, which agrees with previous studies (Pataky et al., 2016; Juarez-Fernandez et al., 2021). Notably, CJ resulted in even lower abundances of Akkermansia, Prevotella, Clostridium, and Bifidobacterium in the HFHFD-CJ group vs. the HFHFD-NC group. Akkermansia, Prevotella, and Clostridium have been associated with improved gut barrier function, and studies have demonstrated their protective effects against metabolic disorders (Everard et al., 2013; Leung et al., 2016; Pan et al., 2019). In MAFLD patients, negative correlations between the severity of MAFLD and the abundance of Akkermansia, Prevotella, and Clostridium have been reported (Pataky et al., 2016; Han et al., 2022). Our animal experiment also demonstrated negative correlations between NAS and the abundance of the genera Akkermansia, Prevotella, and Clostridium.

Studies investigating the gut mycobiome in mouse models are scarce. In the present study, the HFHFD-NC group had increased abundances of Rhodotorula and Cyphellophora genera, and decreased abundances of Aspergillus, Sterigmatomyces, Penicillium vs. ND-NC groups, and CJ resulted in increased abundances of Aspergillus, Blumeria and decreased abundances of Wickerhamomyces, Ganoderma, and Saccharomycopsis in HFHFD-fed mice. Correlation analysis showed that Rhodotorula and Wallemia were positively correlated with AST and ALT, indicating that these genera may be related to liver damage. Among them, Rhodotorula spp. not only has the capability to synthesize saturated long-chain fatty acids such as palmitic acid (Hof, 2017), but also exhibits the ability to synthesize lipids through the utilization of glucose, acetic acid, and propionic acid (Xue et al., 2018). Additionally, Rodriguez et al. related Rhodotorula to metabolic abnormalities linked to lipid alterations (Mar Rodriguez et al., 2015). In line with this, Ricardo García-Gamboa et al. identified a positive correlation between Rhodotorula spp. and weight, BMI, and fat mass (García-Gamboa et al., 2021). These findings may indicate a potential association between Rhodotorula and MAFLD. Wallemia has been considered the primary causative agent of asthma and other allergological problem(Skalski et al., 2018), and MAFLD and obesity influence the incidence rates of asthma(Michalovich et al., 2019; Rastogi, 2020). Pathway analysis of the MetaCyc database in gut fungi revealed that the pentose phosphate pathway (PPP) was upregulated in HFHFD-NC mice and further upregulated in HFHFD-CJ mice. The involvement of the PPP in immunometabolic regulation and fatty acid synthesis has been established (Muri and Kopf, 2020), but whether PPP up-regulation in gut fungi is associated with host immune disorders and metabolic disorders is not clear, and more research is needed in the future.

It has been reported that the gut bacterial composition oscillates in a diurnal pattern (Thaiss et al., 2014), although the exact oscillation regularities of specific phyla are not well studied, and the rhythmic changes in gut microbiota are not consistent among studies. For example, for Bacteroidetes and Firmicutes, some found rhythmicity (Zarrinpar et al., 2014), while others did not (Ye et al., 2020). It should be emphasized that in both human and animal models, the rhythmic OTUs only accounted for a small proportion, generally no more than 20% (Zarrinpar et al., 2014; Reitmeier et al., 2020). Thaiss et al. proposed that non-oscillating species, which are not subject to circadian rhythms and exist in relatively stable abundance in the gut, would represent a population responsible for “housekeeping” functions (Thaiss et al., 2014). In the present study, ND-NC mice did not show rhythmicity in the main phyla, while HFHFD and/or CJ caused cyclical fluctuations, indicating that the stable state exhibited in ND-NC mice was disturbed by HFHFD and/or CJ.

Few studies have examined the rhythms of the gut fungi. Here, we found that gut fungi, like bacteria, showed no circadian rhythm in the ND-NC group, but the abundance of some gut fungi fluctuated in the ND-CJ and HFHFD-fed groups. Fungal cells are 100 times larger in volume than typical bacterial cells, and they provide abundant biomaterials and unique metabolic functions to the microbial community. Moreover, fungi provide the surface area for host–microbe interactions (Huffnagle and Noverr, 2013). Therefore, we speculate that gut fungi in a relatively stable state are beneficial for maintaining the overall gut microbial community homeostasis, while fluctuations of gut fungi may be detrimental to the host. Indeed, modulation of the gut fungal community structure has been associated with gut inflammation, which plays a pivotal role in the pathogenesis of MAFLD (Chehoud et al., 2015). Thus, fungal fluctuations may contribute to the development of MAFLD in the ND-CJ group and HFHFD-fed groups.

Fungi and bacteria coexist and interact with one another. Gut fungi affect bacterial colonization (Kombrink et al., 2019; Fernandez de Ullivarri et al., 2020). In turn, bacteria regulate fungal germination and hyphal growth (Noverr and Huffnagle, 2004; Garcia et al., 2017). Here, we found the existence of a wide range of bacterial and fungal interactions in the gut, both inter- and intra-kingdoms. Interestingly, under the intervention of HFHFD and/or CJ, we found that the fungi-bacteria interaction network became more complex. It has been proposed that microbial communities with lower complexities and weaker interactions are more likely to remain stable (Yonatan et al., 2022). Our data suggest that under the intervention of an HFHFD and/or CJ, gut microbial stability is disrupted and may be more vulnerable to external environmental influences. However, the significance of gut fungi-bacteria interactions is not yet fully understood, and their relationship with the development of MAFLD requires further study.

Although important discoveries were made in our study, there are several limitations. First, it was an observational and descriptive study with a relatively small sample size. Second, we experimented only with male mice. Sex is thought to be an important factor in MAFLD and its outcomes (Zhang et al., 2021). Moreover, it has been reported that there are sex differences in response to circadian disruption recently (Anderson et al., 2023). Future studies are needed to focus on the effects of CJ on gut bacterial and fungal rhythms in female subjects. Finally, there was no comparison between the gut microbiota of mice undergoing CJ and those in recovery. It remains an open question whether the gut microbiota will recover and how long it will take; thus, more experiments are needed to assess the effects of chronic circadian rhythm disruption on gut microbial abundance and rhythm, as well as network organization.



5 Conclusion

Our results revealed that CJ altered the composition and structure of the gut bacteria and fungi, disrupted the rhythmic oscillation of the gut microbiota and mycobiome, affected interactions among the gut microbiome, and promoted the progression of MAFLD in HFHFD mice. Circadian disruptions have become increasingly prevalent in modern society. Our study highlights that circadian disruption is a novel risk factor for MAFLD progression. Circadian disruption or jet lag is sometimes inevitable. With the better understanding of the alterations and roles of gut microbiome and mycobiome in MAFLD, microbiome-targeted interventions (e.g., probiotics, prebiotics, synbiotics, fecal microbiota transplantation, engineered bacteria, et al) and fungi-based therapeutical strategies (e.g., antifungal drugs, fungal prebiotics, fungal products, et al) have been proposed as new approaches for the treatment of MAFLD (Aron-Wisnewsky et al., 2020b; Xue et al., 2022; Szóstak et al., 2023). The work presented here further underscores that modulating the gut microbiota and mycobiome represents a novel and promising strategy for treating diseases related to circadian disruption. Additionally, our study highlights the need to consider the role of gut fungi, timing of sample collection, and timing of intervention for microbiome-targeted therapies for metabolic diseases in scientific research and clinical practice.
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Objectives: Periodontitis is associated with benign prostatic hyperplasia (BPH), whether it related to gut floramicrobiota and metabonomics is unclear.

Methods: We established ligature-induced periodontitis (EP), testosterone-induced BPH, and composite rat models. Fecal samples were collected to detect gut microbiota by 16S rDNA sequencing and metabonomics were detected by liquid chromatography tandem mass spectrometry (LC-MS/MS).

Results: Sequencing results revealed differential gut floramicrobiota composition between EP+BPH group and other three groups. The abundances of Ruminococcus flavefaciens were significantly increased in EP+BPH group compared with other groups. Tenericutes, Mollicutes, RF39 and Ruminococcus gnavus were significantly decreased in EP+BPH group compared with BPH group, while Ruminococcus callidus and Escherichia were significantly decreased compared with EP group. For gut metabonomics, LC-MS/MS showed that fecal metabolites and seven metabolic pathways were changed in EP+BPH group, such as biosynthesis of unsaturated fatty acids, steroid hormone biosynthesis. Correlation analysis showed that the alterations of gut metabolism were significantly correlated with differential gut floramicrobiota, such as Ruminococcus callidus and Ruminococcus flavefaciens.

Conclusion: Our study highlights the relationship of periodontitis and BPH, the alterations of gut floramicrobiota and metabolites may be involved in two diseases, which provides new idea for prevention and treatment of patients with periodontitis concurrent BPH.

KEYWORDS
 periodontitis, benign prostatic hyperplasia, gut microbiota, fecal metabolites, multi-omics analysis


1 Introduction

Periodontitis is a chronic inflammation of periodontal tissue caused by local factors, with oral microbiota being a common cause of inflammation (Hajishengallis and Chavakis, 2021). Bones and teeth can be damaged as periodontitis progresses, thus becoming a major cause of dentition defects in older adults (Tonetti et al., 2018). In addition, periodontal disease has been identified as a risk factor for a variety of systemic diseases and has an important impact on health (Wu et al., 2019; Zhao et al., 2019; Kapila, 2021). A total of 1.1 billion people worldwide suffered from severe periodontitis, according to the study of the Global Burden of Disease in 2019 (Chen et al., 2021; Luo et al., 2021). Benign prostatic hyperplasia (BPH) is one of the most common urinary system diseases in middle-aged and elderly men, mainly manifested as progressive lower urinary tract symptoms (Bauer et al., 2021). It also has an impact on patients’ quality of life, sexual function, and genitourinary health (Zeng et al., 2022). It is increasing with the aging of the global population and seriously affects men’s health and quality of life (Zhu et al., 2021).

In a previous study involving 2,171 participants, we found that periodontitis significantly increases the risk of BPH, and periodontal disease is positively associated with an increased risk of BPH (Wu et al., 2019). Researchers have detected the same bacteria in subgingival plaque and prostatic fluid in patients with periodontitis and BPH (Estemalik et al., 2017). The two diseases have several common risk factors, such as age, metabolic disorders, and psychological factors (Zhao et al., 2020; Fang et al., 2021). Our studies have found that both periodontitis and BPH were linked with gut microbiota and fecal metabolites (Li et al., 2022; Wu et al., 2022). Oxidative stress and inflammation may play a role in the association between two diseases, and we have come up with an oral–prostate axis hypothesis in which periodontitis may interact with prostatic disease in direct or indirect ways (Fang et al., 2021). Gut microbiota, as a general term for a microbial community residing in the human intestinal tract, has been found to be associated with a variety of diseases with the deepening of research in recent years (Clemente et al., 2012; Lynch and Pedersen, 2016; Hou et al., 2022). We proposed an interaction between periodontitis and BPH, and the interaction may be related to gut microbiota.

In this study, we constructed a complex animal model of periodontitis and BPH through rat experiments. The multiomics method was used by 16S sequencing combined with LC–MS/MS. We have explored the alteration of gut microbiota and fecal metabolites under the interaction of periodontitis and BPH. It was found that the interaction between the two diseases might be related to the diversity and abundance of gut microbiota, fecal metabolites, and metabolic pathways. In addition, alteration of the gut microbiota was associated with fecal metabolites. Our study proposed a potential mechanism of the interaction between periodontitis and BPH, provided ideas for research on the interaction between different diseases, and new strategy for the diagnosis and treatment of periodontitis concurrent with BPH.



2 Materials and methods


2.1 Animals and experimental design

The male SPF-grade Sprague–Dawley (SD) rats (7 weeks old, n = 20) weighting 300–350 g were provided by the Beijing Vital River Laboratory Animal Technology Co. Ltd. Rats were housed for 1 week under conditions of constant humidity (55 ± 10)%, temperature (22 ± 2)°C and a 12-h light/dark cycle with unrestricted access to water and food. All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of Wuhan University (IACUC animal approval protocol #2018119).

Rats were randomized and divided into four groups (n = 5/group): healthy control group (control), ligature-induced periodontitis (EP), testosterone-induced BPH (BPH), and composite rat models (EP + BPH). The rats in the control group received no intervention. The rats in the EP group underwent ligation of sterile nylon thread around the cervical of bilateral maxillary first and second molars (Hajishengallis and Chavakis, 2021). The rats in the BPH group were anesthetized and castrated. A week later, testosterone (5 mg/kg) was administered to the rats in the BPH group once a day for 4 weeks (Sudeep et al., 2019). The rats in the EP + BPH group were constructed by the above two modeling methods. Rats were weighed and placed on a sterile workbench. The feces were collected in sterile cryopreservation tubes from each rat after the intervention, then labeled and stored at −80°C.

The experimental procedures were operated according to our previous study (Fang et al., 2021).



2.2 DNA extraction and 16S rDNA sequencing

Microbiota DNA was extracted using MagPure Stool DNA KF kit B (Magen, China). DNA was quantified with a Qubit fluorometer by using the Qubit dsDNA BR Assay Kit (Invitrogen, United States). 16S rDNA amplicon (V3–V4 region) sequencing was performed on the Illumina HiSeq 2,500 platform (BGI, Shenzhen, China). The primers were all processed with the Illumina standard method, and the sequence used was 341F (50-ACTCCTACGGGAGGCAGCAG-30) and 806R (50-GGACTACHVGGGTWTCTAAT-30). A measure of 30 ng of qualified genomic DNA samples and corresponding fusion primers were taken to configure the PCR reaction system. The PCR products were purified and eluted with AMPure XP beads to construct a library.



2.3 LC–MS/MS analysis

Waters 2D UPLC (Waters, Milford, CT, United States) tandem Q Exactive HF high-resolution mass spectrometer (Thermo Fisher Scientific, Waltham, MA, United States) was used to separate and detect metabolites. Waters ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 mm × 100 mm, Waters, USA) was used for chromatographic separation. Q Exactive HF mass spectrometer (Thermo Fisher Scientific, United States) was used for primary and secondary mass spectrometry data acquisition. The samples were analyzed in positive ion (spray voltage was 3.8 kV) and negative ion (spray voltage was 3.2 kV) modes. The mass scanning range was 70–1,050 m/z. The flow rates of sheath gas and auxiliary gas were set to 40 L/min and 10 L/min, respectively.



2.4 Bioinformatic analysis and visualization

Compound Discoverer 3.1 (Thermo Fisher Scientific, United States) was used to process raw data and identify metabolites. The R software package metaX (Wen et al., 2017) was used for data processing and analysis. We used principal component analysis (PCA) and partial least-squares method-discriminant analysis (PLS-DA) to analyze the overall distribution and stability among groups. PICRUST2 was used to predict the function of gut microbe bacterial communities (Douglas et al., 2020). The Kyoto Encyclopedia of Genes and Genomes (KEGG) was used for pathway analysis. KEGG pathway enrichment analysis was performed using MBROLE 2.0 (López-Ibáñez et al., 2016). Spearman’s rank correlation coefficient was used to analyze the correlation between microbiota and metabolites and for visualization through heat maps.



2.5 Statistical analysis

The data were expressed as means ± standard error of mean (SEM). Statistical analysis was performed using SPSS 17.0 software (SPSS, Inc., Chicago, IL, United States). Analysis of Variance (ANOVA) was used to analyze differences among four groups, and least-significant difference (LSD) was further used for multiple testing. Correlations were identified by Spearman’s rank correlation coefficient. GraphPad Prism v8.0 (GraphPad Software Inc., San Diego, CA, United States) and R are used for various analyses and mapping. A p-value of <0.05 was considered significant.




3 Results


3.1 Overview of 16S rDNA microbiome sequencing

Figure 1A shows the grouping and comparison strategies. The OTU rank abundance curve was wide and falling gently, displaying excellent abundance and evenness (Supplementary Figure S1A). Furthermore, the rarefaction curves for all samples tended to be stable, and the number of qualified sequences reached 50,000, indicating that the depth and quantity of sequences met the demands for sequencing and analysis and covered most of the diversity (Supplementary Figure S1B).
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FIGURE 1
 Effect of EP + BPH on the gut microbiota was different from that of EP or BPH (A) Grouping and comparison strategies: we divided all the rats into four groups (control group, EP group, BPH group, and EP + BPH group) and compared between groups. BPH/Control represents the effect of BPH on healthy control rats, EP/Control represents the effect of EP on healthy control rats, EP + BPH/EP represents the effect of BPH on EP + BPH rats, and EP + BPH/BPH represents the effect of EP on EP + BPH rats. (B) Overview of OTUs in different groups: different colors represent different groups, and the overlapping parts of the numbers are common. Principal component analysis (PCA) (C), partial least squares discrimination analysis (PLS-DA) (D), and principal co-ordinates analysis (PCoA) (E) for different groups: different colors represent different groups. (F) The clustering tree of the unweighted pair-group method with arithmetic means (UPGMA): for samples under the same branch, the shorter the branch length between samples, the more similar the two samples are, and the higher the similarity of species composition is.


The OTU data for four groups suggest differences in gut microbiota between groups. A total of 834 OTUs have been detected by clustering the clean reads with a threshold of 97%, as shown in the Venn diagram (Figure 1B). EP, BPH, EP + BPH, and control groups had 478 common OTUs; 31 OTUs were unique in the EP group; 37 OTUs were unique in the BPH group, 33 OTUs were unique in the EP + BPH group; and 9 OTUs were unique in the control group. PCA of the OTU analysis scatter plot showed that gut microbiota in the EP + BPH group was significantly different from that in the other three groups (Figure 1C), suggesting that EP + BPH alters the structure and diversity of gut microbiota compared to EP, BPH, and control.



3.2 Ep + BPH affects the diversity of gut microbiota

Alpha-diversity reflects the species richness and microbiota diversity of individual samples. We estimated gut microbial richness and diversity using the Chao index and the Shannon index, respectively. The analysis showed that compared with the EP group, the EP + BPH group had slightly lower abundance and higher diversity, and compared with the BPH group, the EP + BPH group had slightly higher abundance and lower diversity (p > 0.05, Supplementary Figures S1C,D).

PLS-DA analysis scatter plot showed that the EP + BPH group was well separated from the other three groups, suggesting that the gut microbiota of the EP + BPH group was significantly different from other groups (Figure 1D). Principal coordinate analysis (PCoA) and the UniFrac cluster tree represented structural differences in gut microbiota between groups. We found that the BPH group and EP + BPH group were mostly clustered together, while the EP group and control group were almost self-contained (Figures 1E,F), which further indicated that EP and BPH may have an effect on gut microbiota through interaction.



3.3 EP + BPH influences composition and functional pathways of gut microbiota

To explain the alteration of gut microbiota structure and diversity in four groups, we detected microbial composition and abundance. At the phylum level, there were 11 annotated microbiota (Supplementary Figure S2A), and at the class level, there were a total of 19 annotated microbiota (Supplementary Figure S2B). At the family level, there were 20 annotated microbiota (Figure 2A), and at the genus level, there were a total of 22 annotated microbiota (Figure 2B). They showed the abundance of gut microbiota in four groups, with differences between groups. Compared with the control group, the abundance of Tenericutes, Mollicutes, and RF39 was significantly increased in the BPH group, whereas it significantly decreased in the EP + BPH group when compared with the BPH group (Figures 3A–C). Compared with the control group, the abundance of Ruminococcus callidus, Roseburia, and Ruminococcus in the EP group and BPH group all tended to increase; the EP group increased more significantly, but the EP + BPH group had a more significant decrease compared with the EP group (Figures 3D–F). Compared with the control group, the abundance of Dorea and Escherichia coli in the EP group was significantly increased, while the two bacteria in the EP + BPH group were significantly decreased compared with the EP group (Figures 3G,H). Compared with the control group, the abundance of Ruminococcus gnavus in the EP, BPH, and EP + BPH groups showed an increasing trend, and the increase in the BPH group was more significant (Figure 3I), while compared with the BPH group, it decreased in the EP + BPH group (Figure 3I). Compared with the control group, the abundance of Paraprevotella, Ruminococcus flavefaciens, and Prevotellaceae in the EP, BPH, and EP + BPH groups showed an increasing trend, with the highest abundance in the EP + BPH group (Figure S3A–C), meanwhile, the abundance of Porphyromonadaceae and Parabacteroides also increased in four groups, especially in the EP + BPH group, although there was no statistical difference (p > 0.05; Supplementary Figures S3D,E). Compared with the control group, the abundance of Erysipelotrichaceae and Peptostreptococcaceae in the EP, BPH, and EP + BPH groups showed a decreasing trend, especially in the EP + BPH group (Supplementary Figures S3F,G). The above results suggest that the EP + BPH group elicited dramatic changes and complex linkages in the gut microbiota compared to the EP or BPH groups alone.
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FIGURE 2
 EP + BPH affects the structure of gut microbiota. The species bar chart shows the species composition and proportion of each sample at family level (A) and genus level (B): The X axis is the sample name, and the Y axis is the relative abundance of annotated microbiota species.
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FIGURE 3
 EP + BPH affects the abundance of gut microbiota, which is different from EP or BPH. Comparison of relative abundance of Tenericutes (A), Mollicutes (B), RF39 (C), Ruminococcus callidus (D), Roseburia (E), Ruminococcus (F), Dorea (G), Escherichia coli (H), and Ruminococcus gnavus (I) in different groups. * p < 0.05, ** p < 0.01, *** p < 0.001.


We use the KEGG database to analyze differences between groups of gut microbiota and predict functional pathways. A total of 68 pathways are regulated by EP and BPH. After comparing between groups, it was found that one pathway was specifically regulated by EP + BPH (EP + BPH/BPH and EP + BPH/EP), and neither EP (EP/Control) nor BPH (BPH/Control) alone had any regulatory effect on it. Simultaneously, we found that 29 pathways were jointly regulated by EP (EP/Control) and BPH (BPH/Control), but EP + BPH (EP + BPH/BPH or EP + BPH/EP) lost the regulation effect (Supplementary Figure S4). The above results indicated that gut microbiota function changed significantly in the EP + BPH group compared with the EP or BPH groups alone.



3.4 Overview of gut metabolome

We further analyzed the metabolites of rat feces using LC–MS to assess the effects of EP, BPH, and EP + BPH on the gut metabolome. PCA analysis revealed global metabolic changes in four groups of rats, and the results showed that the EP, BPH, and EP + BPH groups were all separated from the control group, and the EP + BPH group was also separated from the EP or BPH group (Figure 4A). After screening in the KEGG database, we found 960 fecal metabolites were regulated by EP and BPH. Comparing the four groups, 161 metabolites were specifically regulated by BPH (BPH/Control), 170 metabolites were specifically regulated by EP (EP/Control), 149 metabolites were regulated by both EP and BPH, and 12 metabolites were specifically regulated by EP + BPH (EP + BPH/EP and EP + BPH/BPH). The above results suggest that EP + BPH increases the regulation of fecal metabolites compared to EP or BPH alone (Figure 4B).
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FIGURE 4
 EP and BPH may affect fecal metabolites through interaction in rats. (A) Principal component analysis (PCA) for different groups: different colors represent different groups. Petal diagram of metabolites (B) and metabolic pathways (C) in different comparison pairs: different colors represent different pairs, and the overlapping parts of the numbers are common. (D) Intersection of different functional enrichment pathways.




3.5 EP + BPH affects fecal metabolites and metabolic pathways

Compared with BPH/Control, Supplementary Figure S5A shows the effects of EP on fecal metabolites in the EP + BPH group. A total of 45 (6 upregulated, 5 downregulated, and 34 contraregulated) fecal metabolites were coregulated by EP and BPH, and 113 (51 upregulated, 62 downregulated) fecal metabolites were regulated by EP alone in the composite model (Supplementary Figure S5A). Figure 4B shows the effects of BPH on fecal metabolites in the EP + BPH group 143 (72 upregulated, 20 downregulated, and 5 contraregulated) fecal metabolites were coregulated by EP and BPH, and 222 (181 upregulated and 87 downregulated) fecal metabolites were regulated by BPH alone in the composite model (Supplementary Figure S5B). We used a heat map to compare the abundance of the above fecal metabolites (Supplementary Figure S6). When compared with the BPH or EP group alone, fecal metabolites are altered in the EP + BPH group, which further showed that EP or BPH may have an effect on fecal metabolites.

PEA identified 26 pathways regulated by EP and BPH (p < 0.05), including 3 specific to BPH (BPH/Control or EP + BPH/EP), 10 specific to EP (EP/Control or EP + BPH/BPH), and the remaining 13 intersection pathways (inner pathway) (Figure 4C). Additionally, 420 of the 960 regulatory metabolites had KEGG numbers and could be assigned to 104 metabolic pathways (Supplementary Table S1). Pathways of interest with ≥5 matched metabolites were selected (KEGG mapper), and then a total of eight effective pathways were found through crossover between the KEGG mapper pathway and the inner pathway from Figure 4C, as shown in the Venn diagram (Figure 4D). In addition to the metabolic pathway, we selected seven metabolic pathways for further analysis. Figure 5 shows the changes in metabolites in seven metabolic pathways in each comparison group.
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FIGURE 5
 Alteration in metabolites in metabolic pathways that may be related to the interaction between EP and BPH. Alteration of related metabolites in the biosynthesis of unsaturated fatty acids (A), steroid hormone biosynthesis (B), nicotinate and nicotinamide metabolism (C), tyrosine metabolism (D), primary bile acid biosynthesis (E), prostate cancer (F), and pathways in cancer (G).




3.6 Correlation between gut microbiota and fecal metabolites

To further understand the relationship between gut microbiota and fecal metabolites, we performed a correlation analysis between gut microbiota and metabolites in seven metabolic pathways we focused on (Figure 6). Results showed that hydroquinone was significantly correlated with Ruminococcus callidus. Succinic acid, propionic acid, indole-3-acetic acid, salidroside 1,4,5,6-tetrahydro-6-oxonicotinic acid, and dehydroepiandrosterone were significantly correlated with Ruminococcus flavefaciens. Androstenedione and skatole were significantly correlated with Erysipelotrichi, Erysipelotrichaceae, and Erysipelotrichales. Eicosapentaenoic acid, L-aspartic acid, nicotinic acid, 4-coumarate, picolinic acid, and oleate were significantly correlated with Mollicutes, Tenericutes, and RF39. 4-coumarate was significantly correlated with Ruminococcus gnavus. Oleate was significantly correlated with Peptostreptococcaceae. Cortisol was significantly correlated with Paraprevotella.
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FIGURE 6
 Changes in gut microbiota are correlated with the changes in metabolites. Heat map of correlations between gut microbiota and metabolites in metabolic pathways: X axis is the changed gut microbiota, and the Y axis is the metabolites in the metabolic pathway. * p < 0.05, ** p < 0.01.





4 Discussion

Periodontitis and BPH are two common age-related diseases with a high prevalence. Studies have shown a link between periodontitis and BPH (Boland et al., 2013; Estemalik et al., 2017; Fu et al., 2021), and we have previously demonstrated that periodontal disease is positively associated with an increased risk of BPH (Wu et al., 2019); and periodontitis could promote the development of BPH through the regulation of oxidative stress and inflammation (Fang et al., 2021). Both periodontitis and BPH have been proven to be related to gut microbiota (Albuquerque-Souza and Sahingur, 2022; Russo et al., 2022). In this study, we found periodontitis and BPH may interact with each other to affect gut microbiota and metabolites.

We found that the diversity of gut microbiota in EP + BPH was different from other groups. Gut microbiota, such as Paraprevotella, Ruminococcus flavefaciens, Peptostreptococcaceae, and Ruminococcus gnavus, have significantly changed in the EP + BPH group. The fecal metabolites and metabolic pathways, such as the biosynthesis of unsaturated fatty acids and steroid hormone biosynthesis, have also changed in the EP + BPH group. These results suggest that BPH and EP may interact with each other to affect the gut microbiota and metabolism. Correlation analysis showed that changes in metabolites are correlated with the gut microbiota.

For Escherichia coli, the abundance was significantly increased in the EP group compared with the control group, but insignificantly increased in the BPH and EP + BPH groups (Supplementary Figure S4H). Estemalik et al. have detected Escherichia coli in dental plaque and prostatic secretion samples from periodontitis patients with prostatic hyperplasia/inflammation through RT-PCR (Estemalik et al., 2017). It has been suggested that the etiology of BPH is due to repeated colonization followed by Escherichia coli destruction in the prostatic transition zone (Roper, 1998, 2017). When Escherichia coli are destroyed, phospholipase D is released and affects prostate cells (Roper, 2017). Jain et al. have found that Escherichia coli could activate nuclear factor kappa-B and induce DNA damage in prostate epithelial cells (Jain et al., 2020). Furthermore, the abundance of Ruminococcus was significantly altered in our study. Henke et al. have found that Ruminococcus gnavus synthesizes and secretes a complex glucorhamnan, which could induce inflammatory cytokine (TNFα) secretion by dendritic cells (Henke et al., 2019). A recent study reported that it could convert androgen precursors into active androgens to promote the development of prostate cancer (Henke et al., 2019), and Ruminococcus could also promote the progression of prostate cancer by upregulating the expression of LPCAT1 and DNA repair proteins in prostate tissues (Liu et al., 2021). Our result suggests BPH and EP may jointly alter the gut microbiota, Escherichia coli, and Ruminococcus may play an important role in the development of BPH and EP and their interactions. In our previous study, we proposed an oral–prostate axis hypothesis, an oral–genitourinary axis, and gut–genitourinary axis (Fang et al., 2021; Yuan et al., 2021). It has been suggested that the host has an oral–gut axis, which plays an important role in regulating the pathological processes of diseases (Kitamoto et al., 2020; Park et al., 2021). So we hypothesized that there could be an oral–gut–prostate axis.

Figure 5 shows metabolic pathways enriched in the EP + BPH group. Hutcherson et al. (2016) have reported that the nicotinate and nicotinamide metabolism pathways may be involved in the process of Porphyromonas gingivalis causing periodontal disease. The metabolic pathway in cancer may be involved in the pathological process of peri-implantitis (Zhang et al., 2021). Our previous study also found that tyrosine metabolism may be associated with both periodontitis and BPH (Li et al., 2022; Wu et al., 2022). In addition, the biosynthesis of unsaturated fatty acids, steroid hormone biosynthesis, and the primary bile acid biosynthesis pathway may play an important role in the development of BPH (Li et al., 2022). Therefore, combined with our previous study, we think that the body may mediate the interaction between EP and BPH diseases through the above pathways.

Correlation analysis showed that metabolites involved in metabolic pathways were significantly correlated with the gut microbiota, especially Ruminococcus flavefaciens, Mollicutes, Tenericutes, and RF39 (Figure 6). Mollicutes have been found in dental plaque and may be associated with periodontitis (Hutter et al., 2003; Shiba et al., 2021). Our previous study also found a correlation between Mollicutes and BPH (Li et al., 2022), suggesting that Mollicutes may mediate the interaction between BPH and EP. Tenericutes, as a representative bacteria in the oral microbiota (Wade, 2013), may be associated with periodontal disease (Vengerfeldt et al., 2014; Zhang et al., 2020). Miranda-Rius et al. (2021) have reported that Tenericutes may also be associated with adverse pregnancy, suggesting that periodontal disease may have an impact on other systems, such as the urinary system and gastrointestinal tract, through Tenericutes. These evidence suggest that Mollicutes and Tenericutes play an important role in the interaction between BPH and EP.

Gut microbiota and host have a close symbiotic relationship, and they could appear to have a bidirectional impact. Studies have found that the imbalance of the microbiota is involved in the pathogenesis of many diseases, such as cardiovascular disease, colon cancer, Crohn’s disease, diabetes, irritable bowel syndrome, obesity, hepatic encephalopathy, mental disorders, and many other diseases (Lynch and Pedersen, 2016; Young, 2017; Witkowski et al., 2020; Hou et al., 2022; Won et al., 2022; Crudele et al., 2023; Wong and Yu, 2023). Gut microbiota can cause diarrhea, gastrointestinal inflammation, and the malignant progression of colon cancer through direct or indirect action (Garrett, 2019). It could also affect the host by altering intestinal metabolites. Experiments have shown that gut microbiota increases appetite by affecting the level of acetate in the gut, which in turn increases ghrelin secretion and enhances fat storage by promoting insulin secretion (Perry et al., 2016). Gut microbiota also induce metabolic reprogramming of osteoclasts, resulting in enhanced glycolysis at the expense of oxidative phosphorylation and regulating osteoclasts by downregulating TRAF6 and NFATc1, thereby affecting bone homeostasis (Lucas et al., 2018). Various experimental studies in germ-free animals have shown that gut microbes promote carcinogenic effects in various organs, such as the lungs, skin, and breasts (Illiano et al., 2020).

The microbiota is also affected by factors such as health status, diet, drugs, medications, and lifestyle habits (Fan and Pedersen, 2021). Most people in developed countries have a lower diversity and number of gut microbes than people in East Africa or the Amazon (Fan and Pedersen, 2021). Obesity is associated with alteration in gut microbiota; a high-fat diet could reduce gut bacteria density, increase the relative proportion of Bacteroidales and Clostridiales, and affect the diversity of the microbiota (de La Serre et al., 2010; Beam et al., 2021; Tong et al., 2021). Patients with type 2 diabetes have dysbiosis, and the markers of the gut microbiota could be used to classify type 2 diabetes (Wang et al., 2017; Gurung et al., 2020). The study investigated the relationship between different drugs and the abundance of the gut microbiota, as well as their relationship to disease severity, and revealed the drug–host–microbiome association in which patients taking drugs to treat disease can significantly affect the gut microbiota (Forslund et al., 2021). Clinical studies have shown that people with obesity and type 2 diabetes have altered microbiota composition, suggesting that metabolism-related diseases may affect the composition of the gut microbiota (Karlsson et al., 2013; Illiano et al., 2020). Many studies have confirmed bidirectional interactions among the brain, the gut, and the gut microbiota. The gut–brain axis has clearly been established in irritable bowel syndrome (Ford et al., 2020; Mayer et al., 2022). The above evidence suggests that there is a bidirectional relationship between gut microbiota and disease. Therefore, it is of great significance for us to further understand the gut microbiota and its related diseases to find out the relevant factors affecting the intestinal microbiota.



5 Conclusion

We found that EP and BPH may interact with each other, and alteration of gut microbiota and metabolites is associated with the interaction of the two diseases, which lays the foundation for further research and provides a new idea for the prevention and treatment of patients with periodontitis concurrent with BPH.
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Guinea pigs have historically been used as a food source and are also an important model for studying the human intestines. Fasting is the act of temporarily stopping the intake of food. This process can alter the microbiota of various animals. This study is the first to investigate the impact of fasting on the cecum microbiome of three guinea pig breeds. We investigated the impact of fasting on the microbiome population structure in the cecum of three guinea pig breeds. This was done by sequencing and analyzing the V4 hypervariable region of the 16S rRNA gene in bacterial communities found in cecum mucosa samples. To achieve this, we established two treatment groups (fasting and fed), for each of the three guinea pig breeds: Andina, Inti, and Peru. The study involved twenty-eight guinea pigs, which were divided into the following groups: Andina-fed (five), Andina-fasting (five), Inti-fed (four), Inti-fasting (five), Peru-fed (five), and Peru-fasting (four). The results indicated a significant difference in beta diversity between the treatment groups for the Peru breed (P-value = 0.049), but not for the treatment groups of the Andina and Inti breeds. The dominant phyla across all groups were Firmicutes and Bacteroidetes. We observed variations in the abundance of different taxa in the cecum microbiota when comparing the treatment groups for each breed. Additionally, there was a higher number of unique taxa observed in the fasting groups compared to the fed groups. We discovered that the genus Victivallis was the only one present in all fasting groups across all breeds. Despite the findings, the resilience of the gut microbiome was not challenged in all three breeds, which can lead to disruptive changes that may affect the overall maintenance of the cecum microbiome. Based on the observed differences in the treatment groups of the Peru breed, it can be suggested that fasting has a greater impact on this particular breed.

KEYWORDS
cecum microbiome, Guinea pig, Andina breed, Inti breed, Peru breed, fasting


1 Introduction

Fasting is a process that can generate several changes in the human and animal body. Since the 1920s, it has been known that fasting has an impact on the composition of the microbiome (Benedict, 1915); however, the direct relationship is still uncertain. The process of fasting can cause a reduction in nutrient availability since the microbiome can be affected (McCue et al., 2017). During fasting, bacteria that use host-derived substrates, such as mucins, shed epithelial cells and proliferate. Still, bacteria that depend on food substrates decrease their abundance because of the food intake irruption (Ducarmon et al., 2023). Another factor associated with the microbiome change during fasting is intestinal tissue remodeling. This process is known as transient atrophy of the intestinal tissue. It is characterized by a decrease in mitosis in crypts and an increment in the rate of apoptosis and autophagy (Habold et al., 2004). For example, in rats, the mucosal mass decreases by 50% during fasting (Dunel-Erb et al., 2001).

Guinea pigs (Cavia porcellus) have been used for different motives such as a food source and popular pets by humans (Buela et al., 2022). Another human utility of this animal is human intestinal research (Hildebrand et al., 2012). As a food resource, its meat has a big amount of protein and a reduced percentage of fat content (Avilés et al., 2014). Over the years, the National Institute for Agricultural Innovation (INIA) of Peru developed three breeds of guinea pigs (Andina, Inti, and Peru). These breeds are consumed commonly in the Peruvian gastronomy (Rubio Arias, 2018; Chauca Francia, 2023). Andina breed stands out for its remarkable prolificity (litter size = 3.4), boasting a fertility rate of 98.5% (Rubio Arias, 2018). Inti breed achieves a weight of 0.9 kg at 56 days and a meat carcass yield of 71.1%. Lastly, Peru breed has a great ability to gain weight and meat carcass yield compared to the Andina and Inti breeds (Reynaga Rojas et al., 2020). Peru breed have meat-oriented characteristics, boasting high precocity, fast growth, and prolificity (litter size = 2.8) (Rubio Arias, 2018).

In animal production, the “control” of food intake can influence general aspects of meat and milk composition, quality, and characteristics. Diet alterations in animals will affect muscle composition, fat development, and protein and lipid quality. On the other hand, the health of production animals can be altered by the microbiome of the gastrointestinal tract (GIT), besides is a key component of the development, nutritional absorption, metabolism, and productivity of these animals (Yeoman and White, 2014; Zhang et al., 2021). Therefore, the study of GIT microbiome can generate information and knowledge that allows the improvement of meat. This is one of the reasons for the increasing number of studies about GIT microbiome of production animals, including different guinea pig breeds (Hildebrand et al., 2012; Phillips Campbell et al., 2016; Al et al., 2017; Crowley et al., 2017; Lucking et al., 2018; Palakawong Na Ayudthaya et al., 2019; Shin et al., 2021; Tang et al., 2022; Wada et al., 2022; Frias et al., 2023).

The gut microbiome can be influenced by various factors. For instance, factors such as the host's genetics, diet, fasting, age, and use of antibiotics can all play a role (Francino, 2015; Kurilshikov et al., 2017; Angoorani et al., 2021; Maifeld et al., 2021; Ducarmon et al., 2023; Frias et al., 2023). On the other hand, fasting can impact the gut microbiome in rodents (Angoorani et al., 2021). Additionally, research has shown that host genetics can also influence the effect of fasting on the gut microbiome within the same species (Yan et al., 2021).

The investigation into the effects of fasting on the gut microbiome of guinea pigs remains unexplored thus far. It has been demonstrated by Turley and West (1976) that a 24-h fasting period can lead to a reduction in sterol synthesis in the ileum of guinea pigs at the age of 4 months. Numerous studies have highlighted the potential of sterols in modulating the composition of gut microbiota, resulting in a range of beneficial health effects (Le et al., 2022; Manoppo et al., 2022). Additionally, Langley and Kelly (1992) found that adult guinea pigs, aged 6 months or older, experienced a 9% reduction in body weight following a 48-h fasting period. Weight loss has been found to be linked to alterations in the diversity of the gut microbiota (Jian et al., 2022; Koutoukidis et al., 2022). Based on the aforementioned information, it can be suggested that a 24-h period has the potential to impact the gut microbiome of guinea pigs. The benefits of fasting has been demonstrated in the dietary practices of numerous livestock animal species. The utilization of intermittent fasting as a feeding strategy for chickens is widely acknowledged for its capacity to improve flock uniformity by increasing portion sizes, thereby prolonging feeding periods and reducing feed competition (Lindholm, 2019; Lindholm and Altimiras, 2023). The incorporation of fasting as a pre-slaughter practice for pigs has the potential to enhance carcass hygiene (Faucitano et al., 2010), pork quality, and animal welfare (Driessen et al., 2020). In the context of rabbits, fasting offers several benefits, including enhanced digestive function, a shift in the body's energy allocation from fat to protein, and a decrease in mortality and morbidity associated with digestive issues (Abou-Hashim et al., 2023). Based on the aforementioned information, providing additional information about the impact of fasting on the gut microbiome of guinea pigs can deepen our comprehension and assist in making well-informed decisions regarding the implementation of enhanced feeding strategies that incorporate fasting periods for guinea pigs.

The impact of fasting on the microbiome of livestock animals, specifically guinea pigs, has not been extensively investigated in comparison to studies conducted on humans or mice. The impact of these animals on meat production is currently unknown. Therefore, the present study aims to characterize the microbiome of the cecum in three distinct breeds of guinea pigs (Andina, Inti, and Peru) belonging to two separate groups: a control group (fed group) and a group subjected to a time-restricted fasting regimen (fasting group). The objective is to compare the impact of fasting on the composition of their microbiome. The understanding of these variations and similarities in the circumstances of food limitation can contribute to the advancement of more effective feeding strategies for guinea pigs and enhance the exploration of particular taxa that may be associated with fasting.



2 Materials and methods


2.1 Ethics statement

The experimental protocol (CIEI-N°005) has received approval from the Institutional Committee on Research Ethics (CIEI) of the National University Toribio Rodriguez de Mendoza (UNTRM).



2.2 Criteria for selection, treatment, and sampling of animals

The facilities of the small animal shed of the experimental research center of the Institute of Livestock and Biotechnology (IGBI) of the UNTRM were used for the breeding of the guinea pigs, and the Molecular Physiology Laboratory was used for the molecular procedures.

This study explored whether fasting could modify the population structure of the microbiome of the cecum of three breeds of guinea pigs, To achieve this, we established two treatment groups: fasting and fed, for each of the three guinea pig breeds: Andina, Inti, and Peru. Thirty samples of guinea pig cecum mucosa were used. Still, one of the samples from the Inti breed and one of the samples from the Peru breed did not show enough sequences during the filtering performed and were removed from the analysis, determining 28 samples downstream. The global sample size was 28 male guinea pigs, divided into 10 specimens for the Andina breed (five of the fed group; five of the fasting group), nine specimens for the Inti breed (four of the fed group; five of the fasting group) and nine specimens for the Peru breed (five of the fed group; four of the fasting group). The study involved 70–90-day-old guinea pigs fed with 80% alfalfa and 20% balanced food and a fasting treatment with 24-h fasting before his euthanasia. The bromatological analysis of the alfalfa (Medicago sativa) and the balanced food that has been used to feed the guinea pigs was carried out in the Laboratory of Animal Nutrition and Food Bromatology of the UNTRM, where the parameters of humidity (H°), crude protein, ashes, crude fiber, ethereal extract, nitrogen-free extract, according to the protocols established by the same laboratory (Table 1). Guinea pigs were euthanized by cervical dislocation, and microbial samples were obtained from mucosal samples of the cecum.


TABLE 1 Bromatological analysis of alfalfa (Medicago sativa) and balanced food.

[image: Table 1]

The protocol for collecting samples was modified from Hu et al. (2021). Using sterile swabs, we extracted microbial samples from the cecum. Flushing sterile PBS buffer was used to obtain these samples. After carefully locating the respective body site for each sample, we cut a 1–1.5 cm hole there, collected the contents with sterilized spoons, and then put the contents into sterile microcentrifuge tubes. For each gastrointestinal site (cecum) sample, we used a new, sterilized spoon. We repeatedly gently kneaded 1–2 ml PBS buffer samples for 2 min after flushing them with a sterile syringe. Fifteen milliliter sterile centrifuge tubes were used to collect the lavage fluid, which was then chilled to 4°C. Each sample needed between 5 and 10 ml of lavage fluid, which was then gathered, centrifuged at 4,000 × g for 30 min at 4°C to form a pellet, and then transferred into a 2 ml sterile centrifuge tube. The pellet was kept at −80°C until DNA extraction.



2.3 DNA extraction, amplification, and sequencing of the 16S rRNA gene

DNA was extracted using the PureLink Genomic DNA Extraction MiniKit (Invitrogen) according to the manufacturer's instructions for Gram-Positive Bacterial Cell Lysate, with a few minor modifications. The “DNA Clean and Concentrator ®-5” kit (Zymo Research) was used to purify the extracted genomic DNA. DNA concentration and purity were evaluated using a NanoDrop® Thermo Fisher Scientific Spectrophotometer (Waltham, Massachusetts, USA). Agar gel electrophoresis was used to verify the results.

The DNA samples were sent to the Argonne Laboratory for the amplification and sequencing of the V4 hypervariable region of the bacterial 16S rRNA. The Argonne Laboratory (Argonne, IL, USA) used the MiSeq Reagent Kit V2 with primers 515 F and 806 R created for the Illumina MiSeq platform (Illumina Inc., San Diego, CA) to amplify the V4 hypervariable region of the bacterial 16S rRNA gene from genomic DNA (Caporaso et al., 2011). Degeneracy was added to both the forward and reverse primers to correct known biases against the marine and freshwater Alphaproteobacterial clade SAR11 [806R, (Apprill et al., 2015)] and Crenarchaeota/Thaumarchaeota [515F, also known as 515F-Y, (Parada et al., 2016)].



2.4 Sequence and bioinformatics analyses

The Quantitative Insights Into Microbial Ecology 2 (QIIME2) software (v. 2022.11) was used to analyze the microbiome of the cecum of the guinea pigs with the evaluation of the sequences of the V4 hypervariable region of the 16S rRNA gene (Bolyen et al., 2019), on the bioinformatics server of the Molecular Physiology Laboratory of the National University Toribio Rodrguez de Mendoza using Python programming. We used the “DADA2” plugin (v. 1.26.0) (Callahan et al., 2016) to follow the QIIME2 pipeline to execute the demultiplexing of the reads, the trimming process of the sequence adapters, and the deletion of ambiguous, duplicate, low-quality, chimeric, and other sequences. From then, we were only able to continue the analysis up to positions 225 and 193 of the forward and reverse reads, respectively. Additionally, sequences with insufficient amplicon sequence variants (ASVs) per sample were eliminated using alpha rarefaction.

The taxonomic categorization using the SILVA v. 138 database (Quast et al., 2013) and the sklearn classifier was applied to the representative and high-quality sequences to produce the taxonomy tables and ASVs. The data was filtered using the software phyloseq (McMurdie and Holmes, 2013) in R (R Core Team, 2022) to eliminate any ASVs that were unassigned, assigned as being of Archaea, Chloroplast, or Mitochondrial origin, or had no assigned bacterial phylum.

The software R version 4.2.2 (R Core Team, 2022) was used to do all statistical analyses, and a number of packages and techniques were used. Plotting alpha rarefaction curves was done using the vegan package (Oksanen et al., 2022). Utilizing metrics from the indices Shannon diversity (Shannon, 1948), Chao1 richness (Chao, 1984), Abundance-based Coverage Estimator (ACE) of species richness (Chao and Lee, 1992), and Observed operational taxonomic units (OTUs) in the R statistical program, the alpha diversity indices were assessed in the phyloseq package (McMurdie and Holmes, 2013) to compute bacterial diversity. The box plots were created using the MicrobiotaProcess package, and the Alpha diversity box-and-whisker plots were created using the same package (Xu et al., 2023). Analysis of variance (ANOVA; α < 0.05) and the Tukey's honestly-significant-difference (HSD) post hoc test were used to compare the index values for the three breed types (Andina, Inti, and Peru) (R Core Team, 2022).

Beta diversity was examined for variations in community structure between different treatments for each breed using the canonical analysis of principal coordinates [CAP; (Anderson and Willis, 2003)] and non-metric multidimensional scaling [NMDS; (44)] methods. These methodologies were used, respectively, in the packages phyloseq (McMurdie and Holmes, 2013) and vegan (Oksanen et al., 2022). A deeper analysis using Permutational Multivariate Analysis of Variance (PERMANOVA) was conducted to assess the differences of the communities among different treatments for each breed with the aid of the function adonis2 from the vegan package (Oksanen et al., 2022) and all the metrics mentioned above over 1,000 permutations. An analysis of similarities (ANOSIM) and an analysis of the multivariate homogeneity of group dispersions were also carried out using the functions anosim and betadisper, respectively. Post hoc tests were run in pairs using the pairwise function. Additionally, we used the Euclidean method and Bonferroni correction with the pairwiseAdonis package's adonis to determine the statistical significance of these tests (Martinez Arbizu, 2020).

To compare taxonomic bar plots with relative and absolute abundance at the phylum and genus levels, the microbial composition in the stacked bar plots was analyzed using the R packages qiime2R (Bisanz, 2018) and ggplot2 (Wickham, 2009). The Firmicutes to Bacteroidetes ratio (F/B ratio) was calculated by dividing the relative abundance of Firmicutes by the relative abundance of Bacteroidetes, and then the Mann-Whitney U test was used to identify significant statistical differences between the treatment groups for each breed. Through the use of the software microeco (Liu C. et al., 2021), a linear discriminant analysis (LDA) effect size (LEfSe) analysis was conducted to identify the taxa with an LDA of ±2 for effect size among the treatment groups for each breed and their relative abundances. Taxonomic abundance was represented as a differential heat tree using the R package metacoder (Foster et al., 2017), with a Wilcox rank sum test and Benjamin-Hochberg (False discovery rate: FDR) correction for multiple comparisons. Furthermore, lists of the distinct and shared taxa between the treatment groups (for each breed) were created using the packages MicrobiotaProcess (Xu et al., 2023), zoo (Zeileis and Grothendieck, 2005), and VennDiagram (Chen and Boutros, 2011) as well as a Venn diagram showing the different treatments for each breed. The methodology of the present article was based on the methodology described previously in one of our previous articles: Frias et al. (2023).



2.5 Data availability

The DNA sequences of the samples used in this investigation can be found in the NCBI SRA repository under the project names BioProject PRJNA956576 (for samples from guinea pigs in the fed groups) and BioProject PRJNA982863 (for samples from guinea pigs in the fasting groups).




3 Results


3.1 Summary of breeds and sequencing

We used 28 samples of guinea pig cecum's mucosa, 10 samples of the Andina breed (five for the fed group and five for the fasting group), nine samples of the Inti breed (four for the fed group and five for the fasting group), and nine samples of the Peru breed (five for the fed group and four for the fasting group).

A total of 785,617 sequences (Andina), 640,893 sequences (Inti), and 784,554 sequences (Peru) were obtained from sequencing the guinea pig cecum mucosa samples in the V4 region of the 16S rRNA gene. These sequences were used for downstream analyses relevant to the study of the structure and composition of the cecum microbiota of guinea pig breeds treatment groups. On the other hand, the number of reads per sample was: 78,561.700 ± 22,020.000 (mean ± SD) reads/sample (Andina); 71,210.333 ± 25,540.382 (mean ± SD) reads/sample (Inti), and 87,172.667 ± 17,509.425 (mean ± SD) reads/sample (Peru). The median length for all reads was 252.85 bp (Andina), 252.82 bp (Inti), and 252.85 bp (Peru). Overall, 1,716 (Andina), 1,466 (Inti), and 1,680 (Peru) taxa identified were used in the analyses.



3.2 Alpha diversity of the cecum microbiota of the guinea pig breeds treatment groups

Rarefaction curves showed that all of the samples had reached the saturation plateau, demonstrating that the volume of sequencing data was sufficient and could accurately represent the vast majority of the microorganisms in the samples (Supplementary Figure S1 in Supplementary Presentation 1). To determine if there were any differences among the sample groups, richness (Chao1 index) and diversity (Shannon index) were examined. The Shannon and Chao1 indices did not differ statistically by treatment group within samples (Tables S1–S9 in Supplementary Data Sheet 1). There was a tendency for a higher Chao1 index and the number of Observed OTUs of the fed group in comparison to the fasting group in the Inti and Peru breeds, but not in the Andina breed. On the other hand, there was a tendency for a higher Shannon index of the fasting group in comparison to the fed group in the Inti and Peru breeds, but not in the Andina breed.

Interestingly, we observed in the figures that there were slight changes in the structure of alpha diversity among samples of all breeds. The Andina breed increased the richness index (Chao1) and decreased sample diversity (Shannon). On the other hand, the Inti and Peru breeds had a slight decrease in richness and an increase in diversity. This demonstrates that statistically fasting does not change alpha diversity, but the graphical data show a slight change (Figure 1).


[image: Figure 1]
FIGURE 1
 Box plots representing alpha diversity indices for the comparison of guinea pig breeds treatment groups. Different colors indicate different treatments (red: fed and green: fasting) for each breed: Andina (left), Inti (center), and Peru (right). The horizontal line inside the boxes represents the median, the box indicates the interquartile range, and the thin vertical black line represents the rest of the distribution.




3.3 Differences in microbial composition among groups based on beta diversity

CAP and NMDS were used to investigate the beta diversity of microbial communities. The CAP in Figure 2 illustrates how the treatment groups differ from one another in each breed (Andina, Inti, and Peru). A clear separation of the treatment groups was found in the Andina and Peru breeds, but a slight separation for Inti.


[image: Figure 2]
FIGURE 2
 Canonical Principal Coordinate Analysis (CAP) of the guinea pig breeds treatment groups. The forms indicate the types of treatment: a triangle for the fasting group and a circle for the fed group in each breed: Andina (left), Inti (center), and Peru (right). The arrangement of the arrows illustrates the formation of groups of individuals selected in different coordinates, indicating the dissimilarity and similarity of microbiota composition among the independent samples and groups of treatments within breed groups. The CAP was built on an unweighted UniFrac distance. CAP, Canonical Principal Analysis; NMDS, Non-metric MultiDimensional Scaling.


However, we only found a significant difference between the treatment groups of the Peru breed (P-value < 0.05), but not for the Andina and Inti breeds (Supplementary Tables S10–S12 in Supplementary Data Sheet 1). Following qualitative ecological data of the various bacterial species grouped, the intestinal microbiota of the Peru breed varies between the treatment groups. The treatment groups of each breed were separated based on unique fraction metric (Unifrac) unweighted distances (which take into account the presence or absence of a species) and Unifrac weighted distances (which take into account information about species abundance), as shown in the Supplementary Figures S2, S3. These distances are based on phylogenetic distance measurements and were used in the NMDS plots. The NMDS plots showed no evident clustering of treatment groups for each breed. Based on unweighted Unifrac distances, only the treatment groups of the Peru breed displayed significant similarity, with an even distribution of high and low ranks within and between groups, in the NMDS plot (ANOSIM: R2 = 0.3563; P-value = 0.04).



3.4 Differences in the composition of the cecum microbiota of the guinea pig breeds treatment groups

The microbial compositions present in the cecum microbiota of guinea pigs from different treatment groups within breeds are shown in Figures 3–6. The figures of the absolute microbiota composition are displayed in Supplementary Figures S4–S6.


[image: Figure 3]
FIGURE 3
 Relative abundance of the main phyla in the guinea pig breeds treatment groups. The 10 main phyla of the cecum microbiota present in the treatment groups (fed and fasting groups) within guinea pig breed groups: Andina (A), Inti (B), and Peru (C). Representation of the relative abundance percentages of the two main phyla present in all the treatment breed groups (D). d, domain. The subfigure (D) was created with BioRender.com.


In Figure 3, among the 10 main phyla that we found in the cecum microbiota of the guinea pig breeds treatment groups, we found that Firmicutes and Bacteroidetes were the 2 most abundant phyla for all the guinea pig breeds treatment groups.

In Figure 4, we found an increase in the F/B ratio in the fasting groups of the Andina and Inti breeds but not for the Peru breed, in this case, we found an opposite effect. Denote, that the animals were maintained in the same environment and received the same food/fasting procedures.


[image: Figure 4]
FIGURE 4
 The ratio of Firmicutes to Bacteroidetes in the guinea pig breed treatment groups. The P-values were obtained from the Mann–Whitney U-test. The box and whisker represent the mean ± standard deviation (SD).


We found that the most dominant genus in all groups was Muribaculaceae (Muribaculaceae), with variable rates of 15.85% and 9.24% for the Andina-fed and Andina-fasting groups; 14.53% and 17.06% for Inti-fed and Inti-fasting groups; 18.78% and 13.65% for the Peru-fed and Peru-fasting groups, respectively (Figure 5).


[image: Figure 5]
FIGURE 5
 Relative abundance of the 35 main genera present in the guinea pig treatment breed groups. The relative abundance of the 35 main genera present in the cecum microbiota of the treatment groups (fed and fasting groups) within guinea pig breed groups: Andina (A), Inti (B), and Peru (C). d, domain.


Also, in the majority of the samples of all groups, the most dominant genus was Muribaculaceae (Muribaculaceae; Figure 6). The other two predominant genera after Muribaculaceae were Prevotella (7.99%) and Oscillospiraceae (UCG-005) for the Andina-fed group, Ruminococcus (7.36%) and Prevotellaceae (Prevotellaceae UCG-004; 5.69%) for the Andina-fasting group, Prevotella (11.93%) and Prevotellaceae (Prevotellaceae UCG-004; 8.26%) for the Inti-fed group, Prevotellaceae (Prevotellaceae UCG-001; 8.17%) and Ruminococcus (7.70%) for the Inti-fasting, Prevotella (8.62%) and Ruminococcus (7.55%) for the Peru-fed group, Ruminococcus (10.03%) and Oscillospiraceae (UCG-005; 6.75%) for the Peru-fasting group. The values of the whole taxa relative abundance have been stored in the Supplementary Data Sheet 2.


[image: Figure 6]
FIGURE 6
 Relative abundance of the 45 main genera of the cecum microbiota present in the samples. The relative abundance of the 45 main genera present in the cecum microbiota of the treatment groups (fed and fasting groups) within guinea pig breed groups: Andina (A), Inti (B), and Peru (C). d, domain; INT, Inti breed; AND, Andina breed; P, Peru breed; AL, fed treatment; AY, fasting treatment.


We identified an enrichment of 59 taxa in the Andina breed, 43 taxa in the Inti breed, and 57 taxa in the Peru breed (Figure 7). Four taxa were enriched in all the fasting groups: Clostridia (genus Clostridia vadinBB60 group), Rikenellaceae (dgA-11 gut group), Helicobacter, and Oscillospirales (genus UCG-010). Also, we found 28 taxa that have a significant enrichment (P < 0.05; LDA score >2; LDA score < -2) with the LefSe comparison in some of the treatment groups. For the Andina-fed group, the significantly enriched taxa were Muribaculaceae (Muribaculaceae), Prevotellaceae (Prevotellaceae UCG-001), Blautia, Ruminobacter, Streptococcus, Butyricicoccaceae (UCG-008), Veillonella, and Caproiciproducens. For the Andina-fasting group, the significantly enriched taxa were Gastranaerophilales (genus Gastranaerophilales), Victivallales (genus vadinBE97), Helicobacter, Kiritimatiellae (genus WCHB1-41), Oscillospirales (genus UCG-010), Izemoplasmatales (genus Izemoplasmatales), Peptococcus, and Erysipelatoclostridiaceae (UCG-004) were the enriched taxa. For the Inti-fasting group, the significantly enriched taxa were Ruminococcus. For the Peru-fed group, the significantly enriched taxa were Clostridia (genus Clostridia UCG-014) and Oscillospiraceae (NK4A214 group). For the Peru-fasting group, the significantly enriched taxa were Prevotellaceae (Prevotellaceae UCG-004), Kiritimatiellae (genus WCHB1-41), Monoglobus, Elusimicrobium, Bacteroides, Butyricicoccaceae (UCG-009), Frisingicoccus, and Victivallales (genus vadinBE97). The complete data of the LefSe comparison has been stored in the Supplementary Data Sheet 3.


[image: Figure 7]
FIGURE 7
 Linear discriminant analysis (LDA) effect size (LEfSe) comparison of the guinea pig breeds treatment groups. LefSe comparison of differentially abundant bacterial taxa between the treatment groups (fed and fasting groups) within the breeds of the guinea pig: Andina (A), Peru (B), and Inti (C). Horizontal bars represent the effect size for each taxon. LDA score cutoff of 2.0 was used to determine an enrichment in a bacterial taxon. One red asterisk (P < 0.05) and two red asterisks (P < 0.01) denote taxa with statistically significant differences between the abundances of treatment groups within breed groups.


The heat tree analysis showed 45 taxa with a significant difference between the treatment groups in the Andina breed, six taxa between the treatment groups of the Inti breed, 23 taxa between the treatment groups of the Peru breed (Figure 8, Supplementary Data Sheet 4).


[image: Figure 8]
FIGURE 8
 Differential heat tree comparison between the guinea pig breeds treatment groups. The differential heat trees show the taxonomy and the comparison between the taxa of the treatment groups (fed and fasting groups) within the breed groups: Andina (A), Inti (B), and Peru (C). The color and the size of the nodes and edges correlate with the richness or number of operational taxonomic units (OTUs) of organisms within the community in which they are found. Color intensity is related to the log2 ratio of the difference in median proportions and the Wilcoxon test applied to the readings in each treatment group (fed and fasting groups) for each breed group. The brown taxa show an enhancement in the fasting group, and the green taxa show the opposite in the other comparative group (fed group) within the breed groups: Andina (A), Inti (B), and Peru (C). In gray, the nodes are equally present in both compartments. OTUs, operational taxonomic units.


We found several differences between the treatment groups in the Andina breed: in the phylum level: Campylobacterota: Campylobacteria (Campylobacterales); Cyanobacteria: Vampirivibrionia [Gastranaerophilales (family and genus Gastranaerophilales)]; and Verrumicrobiota: Kiritimatiellae (order, family, and genus WCHB1-41) and Lentisphaeria [Victivallales (family and genus vadinBE97)]. In the order level: Izemoplasmatales (family and genus Izemoplasmatales); Oscillospirales [family and genus UCG-010, Butyricicoccaceae (UCG-008)]; Peptococcales: Peptococcaceae (Peptococcus); and Eubacteriales (Eubacteriaceae). In the family level: Veillonellaceae (Veillonella); Helicobacteraceae (Helicobacter); Erysipelatoclostridiaceae (UCG-004); Streptococcaceae (Streptococcus); Muribaculaceae (Muribaculaceae); and Prevotellaceae (Prevotellaceae UCG-001). In the genus level: Desulfovibrio, Mailhella, Ruminococcus, Caproiciproducens, and Blautia.

We found several differences between the treatment groups in the Inti breed: in the phylum level: Spirochaetota (Spirochaetia). In the family level: Weeksellaceae (Chryseobacterium). In the genus level: Ruminococcus. In the species level: Trichinella pseudospiralis.

We found several differences between the treatment groups in the Peru breed: in the class level: Clostridia (order, family, and genus Clostridia UCG-014) and Kiritimatiellae (order, family, and genus WCHB1-41). In the order level: Eubacteriales (Eubacteriaceae); Peptococcales (Peptococcaceae); Monoglobales: Monoglobaceae (Monoglobus). In the family level: Butyricicoccaceae (UCG-009); Ruminococcaceae (Incertae Sedis); Oscillospiraceae (NK4A214 group); Lachnospiraceae (Lachnospiraceae ND3007 group and Frisingicoccus); Bacteroidaceae (Bacteroides); and Prevotellaceae (Prevotellaceae UCG-004).

The Venn diagram shows that most of the taxa were shared between the treatment groups within the breed groups (Andina: 116 taxa, Inti: 112 taxa, and Peru: 111 taxa). Furthermore, we found a greater number of unique taxa in the fasting groups in comparison with the fed groups of the different breeds. Also, the only unique genus that the fasting groups of the three breeds have in common is Victivallis (Figure 9). The shared taxa between treatment groups of each breed group were specified in the Supplementary Data Sheet 5.
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FIGURE 9
 Venn chart illustrating unique and shared genera among different guinea pig breeds treatment groups. The Venn charts illustrate the comparison of the unique and shared genera present in the treatment groups (fed and fasting) for each breed group (Andina, Inti, and Peru). The numbers inside the subsets on the Venn diagrams represent the number of genera identified for each subset (unique breed-fasting subset, unique breed-fed subset, and shared subset). On the right side of the Venn diagrams, the frames are labeled with the colors of their respective subsets and show each unique genus that has been cataloged for their subsets. Some genera may have the same name but different amplicon sequence variants (ASVs).





4 Discussion

The cecum microbiota of the guinea pig plays a key role in the fermentation of the vegetal material eaten by the animal (Tang et al., 2022; Frias et al., 2023). To the best of our knowledge, this is the first study that explores the effect of fasting on the cecum microbiome of the guinea pig Andina, Inti, and Peru breeds. The alpha diversity between the samples of the fasting and fed groups showed an observational difference between the samples and beta diversity demonstrated that the Peru breed may be the most affected by the fasting period. For the composition of the microbiota, we identified notable changes or fluctuations in the taxonomy, with the Firmicutes to Bacteroidetes relationship possibly being the most affected. However, the family Muribaculaceae, being the most abundant, was the most present among the breeds and the most resilient to the fasting period. We also found a higher number of unique genera in the fasting groups of the breeds.

In the analysis of the alpha diversity, we found that there was an increase in the richness for the fasting group in the Andina and Inti breeds, but not in the Peru breed. Also, there was an increase in the diversity for the fasting group in the Inti and Peru breeds, but not for the Andina breed. Some studies have found that intermittent fasting can increase the gut microbiome richness (Observed OTUs) and the gut microbiome diversity (Simpson index) in a diabetic model and diet-induced obese mice, respectively (Deng et al., 2020; Liu et al., 2020). In the analysis of the beta diversity, we found a significant difference between the bacterial communities of the treatment groups of the Peru breed, but not for the other breeds. Based on these findings we could argue that the fasting treatment can have a significant effect on the bacterial communities of the cecum microbiota of the Peru breed, but not in the other breeds. These findings are related to other studies in humans and mice: Ali et al. (2021) identified that fasting can significantly change the beta diversity in the gut microbiome of humans. Also, Daas and de Roos (2021) report that multiple studies that investigated the effects of fasting on the gut microbiome of mice have similar results regarding the increase of beta diversity.

There are several phenotypic differences between the guinea pig breeds: Andina, Inti, and Peru. For example, the Peru breed has a major meat carcass yield and weight gain in comparison with Andina and Inti, when fed with the same feeding system (Reynaga Rojas et al., 2020). These phenotypic differences between the Peru breed with the Andina and Inti breed could be associated with the compositional differences in the microbiota of the cecum that the Peru breed presents in his fasting state and fed state, as detailed in the present study.

The phyla that dominated all guinea pig breeds treatment groups were Firmicutes and Bacteroidetes, normally found in the cecum microbiota of guinea pigs (Tang et al., 2022; Frias et al., 2023), and several studies detailed their importance for fatty acid production through the fermentation of different substrates (Thomas et al., 2011; Rowland et al., 2018; Parada Venegas et al., 2019; Stojanov et al., 2020). These two phyla are important for fatty acid production through fermentation. However, these phyla are the ones that may have fluctuated the most during the fasting period, this was assessed in this study with the analysis of the F/B ratio. The F/B ratio is associated with intestinal homeostasis. The balance of the intestinal ecosystem is critical for maintaining normal body function and significant changes in the ratio F/B can be meaningful to the health aspect of the organism (Stojanov et al., 2020). The F/B ratio was calculated by dividing the relative abundances of Firmicutes by the relative abundance of the Bacteroidetes, like in previous studies (Houtman et al., 2022; Tang et al., 2022). We found a reduction of the F/B ratio in the fasting group of the Peru breed, and in the long term, this could influence the transformation of nutrients into the necessary fat (Deng et al., 2020; Angoorani et al., 2021). Based on the aforementioned, we could suggest that the Peru breed has a higher susceptibility to the fasting treatment.

Furthermore, we observed an increase in the relative abundance of the genera Akkermansia and Bacteroides in the fasting groups of all three breeds. Members of the genus Akkermansia are mucolytic bacteria and do mucin forage and use host-derived substances, similar to members of Bacteroides that have a growth advantage over the other populations of bacteria that rely strictly on dietary substrates (Sonoyama et al., 2009; Ducarmon et al., 2023). Furthermore, we also observed an increase in the relative abundance of the genera from the family Desulfovibrionaceae. The majority of the members of this family are sulfate-reducing bacteria (Spring et al., 2019), and the increase in this family could be related to the fact that the increased mucin foraging during the fasting treatment can cause the proliferation of sulfur-reducing bacteria (Ducarmon et al., 2023).

The LefSe analysis contributed to the identification of four taxa that were enriched in all the fasting groups of the three breeds: Clostridia (genus Clostridia vadinBB60 group), Rikenellaceae (dgA-11 gut group), Helicobacter, and Oscillospirales (genus UCG-010). Furthermore, Maifeld et al. (2021) found that members of Clostridia showed an opposite effect with the fasting treatment in the gut microbiome of humans. An enrichment in the family Rikenellaceae was already found in the gut microbiome of rodents after a fasting treatment: Zhang et al. (2020) determined an increase of Rikenellaceae in the intermittent energy fasting group in the gut microbiome of a colitis mouse model and Su et al. (2022) found similar results in the gut microbiome of BALB/c mice after Ramadan fasting. We could argue that the increase in the abundance of the members of Helicobacter in the fasting groups could be related to a reduction in the microbiome-mediated colonization resistance against potential pathogens of the gut microbiota of the guinea pig (Ducarmon et al., 2023). On the other hand, Liu J. et al. (2021) found that an intermittent fasting treatment in mice can cause a significant reduction in the abundance of Helicobacter. Some members of the order Oscillospirales can metabolize sugars and produce short-chain fatty acids (SCFAs) as fermentation products (Yang et al., 2021).

We found several abundance differences between the treatment groups in different taxonomic ranks with the Heat tree analysis. The fasting treatment significantly increased the abundance of Bacteroidetes, Bacteroidia, Lachnospirales, and Lachnospiraceae in the Inti and Peru breeds, but not in the Andina breed, in this breed decreased. Mesnage et al. (2019) found that the Buchinger fasting treatment led to an increase in the abundance of Bacteroidetes, which uses derived energy substrates. Also, Su et al. (2021) discovered that the Ramadan fasting treatment increased the amount of Lachnospiraceae, a family of bacteria that break down dietary polysaccharides (Angoorani et al., 2021).

The fasting treatment significantly increased the abundance of Firmicutes, Clostridia, and Oscillospirales in the Inti breed, but not in the Andina and Peru breeds, in these breeds, some inferior taxonomic ranks showed an increased or decreased abundance. Angoorani et al. (2021) reported that the Ramadan fasting treatment led to a decreasing trend in the abundance of Firmicutes. Sonoyama et al. (2009) found that the fed active group led to an increase in the abundance of Clostridia (compared with a fasting active group, which fasted for 96 hours) in the cecum microbiome of hamsters. Kohl et al. (2014) found that the fasting treatment led to an increase in the abundance of Oscillospirales in the cecum microbiome of mice, tilapia, and quail.

The fasting treatment significantly increased the abundance of Ruminococcaceae in the Inti breed, but not in the Andina and Peru breeds, in these breeds decreased. Mesnage et al. (2019) found that a Buchinger fasting treatment reduced the abundance of Ruminococcaceae. On the other hand, Su et al. (2021) found the opposite effect with a Ramadan fasting treatment.

There are several reports that host genetics can influence the differences in the abundance of the microorganisms present in the gut microbiota of guinea pig breeds (Frias et al., 2023), pig breeds (Bergamaschi et al., 2020), chicken breeds (Sun et al., 2018; Yan et al., 2021), dog breeds (Morelli et al., 2022), and mice breeds (Campbell et al., 2012). These differences then could have an impact on the effect of a fasting treatment or a feed restriction treatment such as that observed in the cecal microbiome of different chicken breeds (Yan et al., 2021). Furthermore, fasting has been shown to elicit weight loss and inhibit sterol synthesis in the ileum of guinea pigs (Turley and West, 1976; Langley and Kelly, 1992). These two effects have also been observed in conjunction with alterations in the gut microbiome of other animal species (Jian et al., 2022; Koutoukidis et al., 2022; Le et al., 2022; Manoppo et al., 2022). Hence, based on the aforementioned evidence, it can be argued that the differences in the impact of fasting among guinea pig breeds at different taxonomic levels may be attributed to a potential genetic influence of the host on the cecum microbiota.

Finally, we found unique genera in all the treatment groups within the three breeds of guinea pigs. The fasting group has more unique genera than the fed group in all three breeds, this could be related to the finding made by another study that identified an increase in the richness of the fasting group in the gut microbiome of humans (Ozkul et al., 2020). The only unique genus that the fasting groups of the three breeds shared was Victivallis. This genus has members that are cellobiose-degrading, produce SCFAs, and are positively associated with fat-derived energy from dietary intake in humans (Zoetendal et al., 2003; Ali et al., 2021).

As we explained, fasting seems to direct to a more homogeneous group of microbes. However, there are lots of different strategies for fasting that could lead to different changes in the composition of the microbiome, for example, the most representative are Buchinger fasting (calorie-restricted regimen) and Ramadan fasting (time-restricted regimen) that have some different effects in the gut microbiota of several animals and humans (Angoorani et al., 2021). However, there are no reports of the effect of fasting on the cecum microbiota of guinea pigs. Therefore, the interaction between fasting and the cecum microbiome from guinea pigs can be further clarified by our research. But understanding more of the effects of prolonged fasting or intermittent fasting should be applied, expecting a long-term reflection of the microbiome and a more complex understanding. Intermittent fasting promotes microbial fermentation, forming several bioproducts with beneficial effects on metabolic disorders (Li et al., 2017). This could be one future approach led by this research since the microbiome, as it is known, can influence several biological aspects in humans and animals. Additionally, future research endeavors may contemplate the inclusion of extended fasting durations preceding euthanasia or delve into the examination of feeding strategies that encompass intermittent fasting.



5 Conclusions

Ceasing food intake can modify the structure of the microbiome. The current study discovered a different effect of fasting on the cecum microbiome of the guinea pigs: Andina, Inti, and Peru breeds. The analysis of the beta diversity shows significant differences only between the treatment groups of the breed Peru, but not for the other breeds. We found that two main phyla were shared between all the guinea pig breeds treatment groups: Bacteroidetes and Firmicutes, with fluctuations in the bacterial count after fasting. Additionally, we discovered that the Peru breed was the only breed that demonstrated that the fasting treatment reduced the F/B ratio. Although we found unique genera in all the guinea pig breeds treatment groups, the only unique genus that the fasting groups of the three breeds shared was Victivallis. Finally, this study is the first to elucidate how fasting can affect the cecum microbiome of different breeds of guinea pigs. Despite the results found, the resilience of the gut microbiome was not challenged, causing disruptive changes that can influence the general maintenance of the cecum microbiome. Although, based on the several differences found in the treatment groups of the Peru breed, we could suggest that the fasting treatment has a bigger effect on this breed.
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Purpose: The senescence-accelerated prone mouse 8 (SAMP8) is a widely used model for accelerating aging, especially in central aging. Mounting evidence indicates that the microbiota-gut-brain axis may be involved in the pathogenesis and progression of central aging-related diseases. This study aims to investigate whether Bazi Bushen capsule (BZBS) attenuates the deterioration of the intestinal function in the central aging animal model.

Methods: In our study, the SAMP8 mice were randomly divided into the model group, the BZ-low group (0.5 g/kg/d BZBS), the BZ-high group (1 g/kg/d BZBS) and the RAPA group (2 mg/kg/d rapamycin). Age-matched SAMR1 mice were used as the control group. Next, cognitive function was detected through Nissl staining and two-photon microscopy. The gut microbiota composition of fecal samples was analyzed by 16S rRNA gene sequencing. The Ileum tissue morphology was observed by hematoxylin and eosin staining, and the intestinal barrier function was observed by immunofluorescence. The expression of senescence-associated secretory phenotype (SASP) factors, including P53, TNF-α, NF-κB, IL-4, IL-6, and IL-10 was measured by real-time quantitative PCR. Macrophage infiltration and the proliferation and differentiation of intestinal cells were assessed by immunohistochemistry. We also detected the inflammasome and pyroptosis levels in ileum tissue by western blotting.

Results: BZBS improved the cognitive function and neuronal density of SAMP8 mice. BZBS also restored the intestinal villus structure and barrier function, which were damaged in SAMP8 mice. BZBS reduced the expression of SASP factors and the infiltration of macrophages in the ileum tissues, indicating a lower level of inflammation. BZBS enhanced the proliferation and differentiation of intestinal cells, which are essential for maintaining intestinal homeostasis. BZBS modulated the gut microbiota composition, by which BZBS inhibited the activation of inflammasomes and pyroptosis in the intestine.

Conclusion: BZBS could restore the dysbiosis of the gut microbiota and prevent the deterioration of intestinal barrier function by inhibiting NLRP3 inflammasome-mediated pyroptosis. These results suggested that BZBS attenuated the cognitive aging of SAMP8 mice, at least partially, by targeting the microbiota-gut-brain axis.

KEYWORDS
 intestinal barrier function, microbiota-gut-brain axis, inflammasome, pyroptosis, SAMP8


1 Introduction

Aging is the cause of many age-related diseases, which can lead to gradual decline in body function and increase the risk of age-related diseases (Gavrilov and Gavrilova, 2017). One of the key components of the body that is affected by aging is the intestinal barrier, which consists of the intestinal epithelium that protects the body from the external environment and adapts to various stimuli, including aging (El Maï et al., 2023; Salazar et al., 2023). Many studies have shown that aging has a significant impact on the structure and function of the intestine (Branca et al., 2019). It has been suggested that impaired intestinal barrier function is a major sign of aging (Suzuki et al., 2022; El Maï et al., 2023). Furthermore, intestinal barrier dysfunction and the resulting pathological damage are believed to be important mechanisms underlying aging (Funk et al., 2020; Salazar et al., 2023). Therefore, maintaining the integrity of the intestinal barrier could be an effective way to delay aging.

The senescence-accelerated prone mouse 8 (SAMP8) is a widely used model for aging research (Roig-Soriano et al., 2022), especially for brain cognition (Cristòfol et al., 2012). Interestingly, some studies have found that the intestine of SAMP8 mice shows signs of aging before the brain does (Ben Othman et al., 2020; D'Antongiovanni et al., 2021). However, the exact changes that occur in the intestine of SAMP8 mice are still unclear. To explore this issue, we conducted a study on the intestinal aging process in SAMP8 mice. Previous studies have suggested that the aging of the gastrointestinal tract involves the degeneration of villi and the reduction of tight junction proteins, which are essential for maintaining the intestinal barrier (Soenen et al., 2016). However, the causes of intestinal barrier dysfunction due to aging are still unknown (Ma et al., 2020). Gut dysbiosis, or the imbalance of gut bacteria, can impair the intestinal barrier and trigger systemic inflammation, as shown by increased damage to the colon and liver and elevated levels of inflammatory markers (Haran and McCormick, 2021; Zhao et al., 2023). Moreover, endotoxins produced by gut bacteria, such as lipopolysaccharides (LPS), can also leak into the bloodstream (Li T. et al., 2023), which may activate the inflammasomes mediated by the NOD-like receptor family pyrin domain-containing 3 (NLRP3) pathway (Li Y. et al., 2023). Inflammasomes are protein complexes that regulate inflammation and cell death. Previous studies have shown that inhibiting the NLRP3 inflammasome can extend lifespan (Marín-Aguilar et al., 2020). Inflammasome activation can also induce pyroptosis, which is a type of cell death that involves inflammation and tissue damage (Zheng and Kanneganti, 2020; Barnett et al., 2023). Therefore, we hypothesize that NLRP3 inflammasome activation and pyroptosis may play roles in intestinal barrier damage caused by aging. We aim to test this hypothesis in SAMP8 mice.

Bazi Bushen (BZBS) is a traditional Chinese medicine (TCM) that contains 16 herbs (Semen Cuscutae, Fructus Lycii, Epimedii Folium, Fructus Schisandrae Sphenantherae, Fructus Cnidii, Fructus Rosae Laevigatae, Semen Allii Tuberosi, Radix Morindae Officinalis, Herba Cistanches, Fructus Rubi, Radix Rehmanniae Recens, Radix Cyathulae, Radix Ginseng, Cervi Cornu Pantotrichum, Hippocampus, and Fuctus Toosendan), including the seeds of eight plants and other herbs such as ginseng and Cistanche. BZBS contains a variety of bioactive compounds with potential anti-aging properties. These compounds include ginsenosides, polyphenols, and crude polysaccharides (Hao et al., 2022), which have been shown to regulate oxidative stress, apoptosis, inflammation, and the microbe-gut-brain axis. Additionally, Cistanche deserticola polysaccharides, one of the key anti-aging compounds in BZBS, have been shown to alleviate cognitive decline in aging model mice by restoring the gut microbiota-brain axis (Gao et al., 2021). Furthermore, Fructus Lycii, another important constituent of BZBS, has been demonstrated to alleviate age-related bone loss by targeting BMPRIA/BMPRII/Noggin (Sun et al., 2023). These findings suggest that BZBS has the potential to delay the aging process by targeting multiple pathways that contribute to age-related decline. It is based on the ancient theory of kidney-tonifying, which is believed to enhance vitality and longevity. BZBS has been shown to mitigate epigenetic aging and extend health span in naturally aging mice (Mao et al., 2023). Furthermore, BZBS has demonstrated beneficial effects on aging-related diseases in various organs, especially in improving cognitive function (Ji et al., 2022; Wang et al., 2023). However, the potential of BZBS to delay aging by repairing intestinal damage caused by accelerated aging has not been explored yet.

Here, we studied how BZBS affects the aging and damage of the intestines in SAMP8 mice, which are a model of accelerated aging. We discovered that SAMP8 mice had cognitive problems and severe intestinal damage as they got older, and they lost their normal intestinal barrier function. BZBS improved their overall health and cognition and restored their intestinal barrier function. BZBS also reduced inflammation and senescence, increased intestinal cell growth and differentiation, changed the gut microbiota composition, and prevented pyroptosis, a type of cell death caused by inflammasomes. Our results suggest that BZBS could slow down aging by reversing the aging and damage of the intestines.



2 Materials and methods


2.1 Animal models and drugs

The 8-week-old male SAMP8 mice were provided by Peking University Health Science Center, and senescence-accelerated mouse resistant 1 (SAMR1) mice were selected as the control group. The mice were kept at constant environmental conditions of 22 ± 2°C, 55 ± 10% relative humidity and a 12 h/12 h light/dark cycle. All mice were adaptively fed for 1 week. Then, the SAMP8 mice were randomly divided into four groups consisting of 10 mice each, including the model group, the BZ-low group, the BZ-high group and the RAPA group. The BZ-low group and the BZ-high group were given 0.5 g/kg/d and 1 g/kg/d BZBS, respectively. The RAPA group was given 2 mg/kg/d rapamycin. Medicated feed was adopted as a drug delivery method. BZBS was provided by Hebei Shijiazhuang Yiling Pharmaceutical Co., Ltd. The study lasted for 6 months. The animal protocol was approved by the Ethics Commission of the Hebei Yiling Chinese Medicine Research Institute (N2021087).



2.2 Hematoxylin and eosin staining

The mice were anesthetized by pentobarbital sodium and sacrificed. Then ileum tissue samples from each mouse were separated. And the samples were fixed with 4% paraformaldehyde. Then they were cut into slices with a thickness of 5 μm, and stained with hematoxylin and eosin (H&E). Finally, the pathological change was observed under a light microscope (Leica Microsystems, Wetzlar, Germany). The length of intestinal villi was calculated by Image Pro Plus 6.0 software. The protocol was performed as previously described (Xu et al., 2023).



2.3 Nissl staining

According to the manufacturer’s instructions, the Nissl staining kit (Beyotime, Shanghai, China) was used for staining (Ji et al., 2022). In brief, the sections were placed in toluidine blue at 60°C for 40 min. Then the sections were washed by distilled water. After being placed in 95% ethanol for rapid differentiation, the sections were transferred to anhydrous ethanol for rapid dehydration. Finally, the results were observed under a light microscope (×400 magnification).



2.4 Immunofluorescence staining

For immunofluorescence (IF), the ileum tissue samples were fixed in 4% paraformaldehyde, and then sectioned. The sections were repaired by microwave heating with 0.01 M sodium citrate antigen retrieval buffer. After incubated with hydrogen peroxide solution, the sections were sealed with 5% BSA at room temperature for 30 min. Then the sections were incubated with ZO-1 (Servicebio, GB111402, 1:500 dilution, China) and Occludin (Servicebio,GB111401, 1:500 dilution, China) overnight at 4°C. After being washed with PBS, the sections were incubated with Alexa Fluor 488 (Servicebio, GB25303, 1:500 dilution, China) and Coralite594 (Proteintech, SA00013-3-100, 1:300 dilution, China). Finally, images were captured with an inverted fluorescence microscope (Leica Microsystems, Wetzlar, Germany). Quantification of the positive area was performed using Image Pro Plus 6.0 software. The standard procedure was the same as that used in our previous study (Mao et al., 2023).



2.5 Immunohistochemistry staining

For immunohistochemistry (IHC), the sections were incubated with primary antibodies at 4°C overnight. Then, the reacted sections were incubated with the corresponding secondary antibody. After that, the sections were treated with the newly prepared DAB solution. Here, primary antibodies against F4/80 (Abcam, ab300421, 1:5000 dilution, United States), Ki67 (Abcam, ab15580, 1:1000 dilution, United States) and Lgr5 (Affinity, DF2816, 1:200 dilution, United States) were probed, respectively. Finally, the results were observed under a light microscope. All experiments followed the manufacturer’s instructions (Yang X. et al., 2020; Yang H. H. et al., 2020).



2.6 Real-time quantitative PCR

Total RNA from the ileum tissues was extracted using the TransZol Up Plus RNA Kit (TransGen Biotech, ER501-01, China) followed by cDNA synthesis using the GoScript™ Reverse Transcription System (Promega, A5001, United States). Then, the quantitative real-time PCR was performed using the MonAmp™ ChemoHS qPCR Mix kit (Monad, MQ00401S, China). All experiments followed the manufacturer’s instructions. The primers were shown in the Table 1. The standard procedure was the same as that used in our previous study (Ji et al., 2022).



TABLE 1 Sequences of primers used for qRT-PCR in this study.
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2.7 Western blotting assay

The total protein of ileum tissues for western blotting was extracted, and the protein concentration was determined by a BCA protein assay kit following the manufacturer’s instructions. Then the protein was separated by SDS-PAGE. After being separated, the protein was transferred onto PVDF membrane. Subsequently, the membrane was blocked with 5% BSA, and incubated with primary antibodies. Here, Cleaved caspase-1 (Affinity, AF4005, United States), NLRP3 (Servicebio, GB114320, China), Cleaved GSDMD (Abcam, ab255603, United States) and GAPDH (Servicebio, GB11002, China) antibodies were used and blots were quantified using ImageJ Software (NIH, Bethesda, MD, United States). Each group was tested using three samples. The results were normalized to the GAPDH band. The standard procedure was the same as that used in our previous study (Yang X. et al., 2020; Yang H. H. et al., 2020).



2.8 Enzyme-linked immunosorbent assay (ELISA)

According to the manufacturer’s instructions, the expression level of LPS in the liver was measured using the ELISA kit (Cusabio, CSB-E13066m, China). First, the standards and the samples were added to the reaction wells (100 μL/well), and then, a negative control was set up, incubated for 1.5 h. To each well, horseradish peroxidase (HRP)-labeled streptavidin (100 μL/well) was added, followed by 30 min of incubation. Then, the plate was incubated for 30 min in the dark with the chromogenic solution. After that, the termination solution was added to terminate the reaction. Eventually, the OD values of the wells were evaluated using a microplate reader (Beckman, Germany) at 450 nm.



2.9 In vivo two-photon imaging assay

To assay the permeability of the blood–brain barrier (BBB), the mice were anesthetized and placed on a head-fixing apparatus under a custom-modified two-photon microscope (Scientifica, Uckfield, United Kingdom). A dye mixture containing 12.5 mg/mL fluorescein isothiocyanate (FITC)-conjugated dextran (70 kDa molecular weight, Sigma-Aldrich, US) and 6.25 mg/mL tetramethylrhodamine (TRITC)-conjugated dextran (40 kDa molecular weight, Thermo Fisher Scientific, United States) was administered via tail vein injection. In vivo image stacks were then acquired. The protocol was performed as previously described (Lee et al., 2018).



2.10 16S rRNA gene sequencing

Fresh fecal samples of the three groups (the control group, the model group and the BZ-high group) were collected for 16S rRNA gene sequencing (n = 10). The procedure was performed as previously described (Bolyen et al., 2019).



2.11 Statistical analysis

The data were expressed as mean ± SD, and all statistical analyses and graphing were performed using SPSS 26.0 (SPSS, Armonk, United States) and GraphPad Prism 8.0.2 (GraphPad, San Diego, United States). Differences among groups were determined using the one-way analysis of variance (ANOVA), and Tukey’s test was used for post hoc comparisons. p < 0.05 was considered as a significant difference.




3 Results


3.1 BZBS improved the cognitive function in SAMP8 mice

To measure the number of neurons, Nissl staining was used in our study. The results showed that the number of neurons in the cortex and hippocampus of the model group was significantly decreased compared with that in the control group. Furthermore, BZBS treatment increased the neuronal numbers in the SAMP8 mice (Figures 1A,B). To assay the integrity of the BBB in the SAMP8 mice, we performed in vivo two-photon imaging to detect extravasation in the cerebral cortex. We observed extravasation of 40 kDa TRITC-conjugated dextranin in the model group, signifying increased BBB leakage. Consistent with our hypothesis, BZBS treatment reduced the extravasation in the cerebral cortex (Figure 1C). These results fully reflected the protective effect of BZBS on the cognitive function in the SAMP8 mice.

[image: Figure 1]

FIGURE 1
 Effects of BZBS on the cognitive function in SAMP8 mice. (A) The result of Nissl staining in the cortex. (B) The result of Nissl staining in the hippocampus. (C) The result of in vivo two-photon imaging assay (*p < 0.05; **p < 0.01; ***p < 0.001).




3.2 BZBS ameliorated the intestinal barrier function in SAMP8 mice

In our study, the morphological change was assessed by H&E and IF staining. The results of H&E staining showed that the intestinal barrier of SAMP8 mice was damaged with reduced amounts of intestinal villi in the model group when compared with this in the control group. And BZBS treatment could reduce damage to intestinal barrier function and repair intestinal villus structure (Figure 2A). Consequently, the increased protein expression of ZO-1 and occludin in ileum tissues of BZBS-treated mice were further confirmed by IF imaging, respectively, (Figures 2B,C).

[image: Figure 2]

FIGURE 2
 Effects of BZBS on the intestinal barrier function in SAMP8 mice. (A) The result of H&E staining. (B) The result of ZO-1 expression level by immunofluorescence staining. (C) The result of occludin expression level by immunofluorescence staining (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).




3.3 BZBS inhibited the secretion of SASP factors and macrophage infiltration in SAMP8 mice

In this study, the gene expression level of SASP markers, including P53, TNF-α, NF-κB and IL-6, all increased in the model group compared with the control group. In addition, the gene expression level of IL-4 and IL-10 decreased in the comparison between the model group and the control group. Moreover, these parameters were normalized by BZBS administration. These results clearly demonstrated that BZBS administration inhibited the secretion of SASP factors in the SAMP8 mice (Figure 3A). In addition, the sections were used to detect the expression level of F4/80 by IHC in the SAMP8 mice. The results indicated that F4/80 expression was increased in the model group. And these parameters were normalized by BZBS administration (Figure 3B).
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FIGURE 3
 Effects of BZBS on the SASP in SAMP8 mice. (A) The result of mRNA expression level, including P53, TNF-α, NF-κB, IL-4, IL-6, IL-10. (B) The result of F4/80-positive macrophages in ileum sections in the SAMP8 mice (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).




3.4 BZBS contributed to the regulation of intestinal cell proliferation and differentiation in SAMP8 mice

Intestine undergoes a continual process of proliferation and differentiation. In our study, we observed decreased proliferation of intestinal cell in the model group as noted by decreased expression of Ki67. Moreover, these parameters were normalized by BZBS administration (Figure 4A). As BZBS promoted crypt cell proliferation, we postulated that BZBS might also play a role in regulating intestinal stem cell (ISC) activity. To investigate this hypothesis, we next determined the effect of BZBS on ISC marker. Compared with those in the control group, the levels of the ISC marker Lgr5 were downregulated in the model group. Moreover, these parameters were normalized by BZBS administration (Figure 4B). These results indicated that BZBS may contribute to the processes of intestinal cell proliferation and differentiation.
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FIGURE 4
 Effects of BZBS on regulation of proliferation and differentiation. (A) The result of proliferation level, and the molecular indicator of proliferation is Ki67. (B) The result of differentiation level, and the molecular indicator of proliferation is Lgr5.




3.5 BZBS treatment altered gut microbiota composition in SAMP8 mice

In this study, we analyzed the effect of BZBS on the gut microbiome by 16S rRNA gene sequencing. There was no significant difference between the model group and the BZ-high group in α-diversity (Figure 5A), whereas β-diversity analysis showed significant differences in the composition and abundance of the microbiome (Figure 5B). Linear discriminant analysis effect size (LEfSe) analysis revealed that the phylum Bacteroidetes, the families Atopobiaceae, Bacteroidaceae, Mutibaculaceae and Prevotellaceae, the genera Atopobium, Bacteroides, Duncaniella, Muribaculum, Alloprevotella and Prevotella were enriched in the model group, whereas the phylum Firmicutes, the families Ruminococcaceae and Lachnospiraceae, the genera Ruminnococcaceae_UCG_014, Ruminnococcaceae_UCG_004, Ruminiclostridium_9, Ruminiclostridium_5, Ruminiclostridium, Oscillibacter, Neglecta, Intestinimonas, Peptococcus, Roseburia, Eubacterium_xylanophilum_group, Anaerotignum, Acetatifactor and Eubacterium_ brachy_group were enriched in the BZ-high group (Figures 5C,D). The relative abundance of Firmicutes/Bacteroidetes ratio was significantly decreased in the model group, while the relative abundance was increased in the BZ-high group (Figure 5E). In detail, Firmicutes was the dominant bacteria in the BZ-high group, while Bacteroidetes was the dominant bacteria in the model group (Figure 5F). These results indicated that the BZ-high group had a unique intestinal microbiome composition compared with the model group.
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FIGURE 5
 Effects of BZBS on theintestinal microbiota homeostasis in SAMP8 mice. (A) α diversity by Chao 1 index. (B) β diversity by PCA. (C) LDA score representing the taxonomic data with significant difference between the model group and the BZ-high group. (D) Taxonomic cladogram generated from LEfSe analysis of 16 s rRNA gene sequencing. (E) Results of comparison between Bacteroidetes and Fimicutes. (F) Results of dominant bacteria among different groups (*p < 0.05; **p < 0.01).




3.6 BZBS inhibited inflammasome-mediated pyroptosis to reduce the intestinal damage in SAMP8 mice

To determine the mechanism of BZBS in prevention of intestinal barrier damage, the relative abundance of KEGG pathway was predicted by phylogenetic reconstruction of unobserved states 2 (PICRUSt2) and the functional change of gut microbiota after BZBS treatment was identified. The results revealed that lipopolysaccharide biosynthesis proteins were significantly enhanced in the model group (Figures 6A,B). To clarify the role of LPS in resulting in the intestinal damage, we tested the level of LPS in the liver by ELISA. The results indicated that LPS translocation due to intestinal barrier damage was reduced by BZBS (Figure 6C). Next, we measured the expression of NLRP3 and cleaved caspase-1, two markers of inflammasome activation, and the level of cleaved GSDMD, a marker of pyroptosis, in each group. As shown in the results, BZBS inhibited the expression of NLRP3 and cleaved caspase-1, in a concentration-dependent manner as evidenced by western blot analysis (Figure 6D). In addition, the results also showed that BZBS could inhibit pyroptosis (Figure 6E). Moreover, the inhibitory effect of BZBS on the release of IL-1β and IL-18 was further confirmed by real time PCR (Figures 6F,G).
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FIGURE 6
 Effects of BZBS on inflammasome and pyroptosis in SAMP8 mice. (A) The result of KEGG enrichment analysis. (B) Comparison result of LPS related pathways. (C) The result of LPS level in the liver tissue. (D) The expression level of NLRP3 and cleared caspase-1 in the ileum tissue. (E) The expression level of cleaved GSDMD in the ileum tissue. (F) The result of mRNA expression level about IL-18. (G) The result of mRNA expression level about IL-1β (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).





4 Discussion

SAMP8 is a common model for studying accelerated aging (Morley et al., 2012; Cheng et al., 2014). In line with previous studies, we found that the SAMP8 mice had significantly fewer neurons, as shown by Nissl staining (Figures 1A,B) (Yang X. et al., 2020; Yang H. H. et al., 2020; Zhang N. et al., 2022; Zhang Y. et al., 2022). This result, together with the two-photon analysis, indicated that the SAMP8 mice show significant neuroinflammation and BBB disruption (Figure 1C). Moreover, we observed that the intestinal barrier function of the SAMP8 mice was impaired, as evidenced by the damage of the villous structure (Figure 2A). Our previous research has identified a wealth of bioactive compounds in BZBS that directly influence intestinal barrier function and the gut-brain axis (Huang et al., 2021). Chlorogenic acid, a prominent constituent, has been shown to enhance intestinal barrier integrity by alleviating endoplasmic reticulum stress and inhibiting ROCK/MLCK signaling pathways (Song et al., 2022). Additionally, flavonoids found in BZBS have been demonstrated to modulate the gut-brain axis, potentially improving age-related cognitive decline (Chu et al., 2023). These findings highlight the potential of BZBS to exert beneficial effects on intestinal health and cognitive function through its unique blend of bioactive compounds. In this experiment, we confirmed that BZBS treatment improved the integrity of the gut epithelial barrier by increasing the expression of tight junction proteins, and reduced neuroinflammation and enhanced cognitive function (Figures 2–4). Specifically, BZBS reshaped the gut microbiota community in SAMP8 mice, which in turn strengthened the intestinal integrity and suppressed inflammation (Figure 5). Mechanistically, we detected that BZBS treatment markedly prevented the cell pyroptosis by inhibiting the formation of inflammasome in the intestinal tissues of SAMP8 mice (Figure 6).

SAMP8 mice are a common model of accelerated aging that have cognitive and intestinal problems as they age (Yamamoto et al., 2015; Ben Othman et al., 2020; Chen et al., 2021). The gut-brain axis, which is the bidirectional communication between the gut and the brain (Xie et al., 2020; Chen et al., 2021; Zhang N. et al., 2022; Zhang Y. et al., 2022), may be involved in these problems (Xie et al., 2020; Yang X. et al., 2020; Yang H. H. et al., 2020; Yang D. et al., 2023; Yang X. Q. et al., 2023). Many studies have shown that gut dysbiosis, which is the imbalance of the gut microbiota, is associated with not only gastrointestinal diseases, but also the physiology and inflammation of the central nervous system (Ma et al., 2019; Rutsch et al., 2020; Morais et al., 2021). Some studies suggest that the gut dysbiosis may precede and affect the brain health in SAMP8 mice (Pellegrini et al., 2020; D'Antongiovanni et al., 2021). Similar gut-brain connections have been found in other models of Alzheimer’s disease (AD), such as APP/PS1 and 5xFAD mice (Stoye et al., 2020; Guilherme et al., 2021), as well as in normal aging mice (Li T. et al., 2023). Therefore, the gut-brain axis may be a key factor for both cognitive function and longevity (Dumic et al., 2019; Li et al., 2021; Hodge et al., 2022), and SAMP8 mice are a useful model to study how the gut-brain axis works and how drugs that target this axis can improve health and lifespan. We have previously shown that BZBS could effectively improve the cognitive aging caused by D-galactose exposed mice (Ji et al., 2022). Since the gut-brain axis plays an important role in central aging, we wanted to see if BZBS improves central aging through this axis.

Consistent with previous results, we found that SAMP8 mice not only showed increased BBB disruption with age, but also severe intestinal damage (Figures 1, 2). Here, we demonstrated that the SAMP8 mice, as an accelerated aging model, exhibit increased secretion of SASP accompanied by gut dysbiosis (Figure 3), which is consistent with previous studies that aging can lead to gut dysbiosis (Ling et al., 2022). Considering that gut dysbiosis causes central nervous inflammation through the gut-brain axis, we prioritized the detection of gut microbiota changes in the SAMP8 mice, finding a decrease in the ratio of Firmicutes to Bacteroides (F/B) with aging (Vaiserman et al., 2017). Compelling evidence shows that the ratio imbalance of F/B may activate inflammasome in the intestine by increasing the level of LPS, a bacterial toxin (Yu et al., 2017; Paik et al., 2021; Zhang N. et al., 2022; Zhang Y. et al., 2022). Furthermore, the activated inflammasome induces pyroptosis, a type of cell death that releases inflammatory cytokines, and causes intestinal injuries (Kovacs and Miao, 2017). The intestinal barrier damage would allow excessive LPS to enter the bloodstream, fallen into a vicious circle to accelerate systemic aging (Ising et al., 2019; Yang X. et al., 2020; Yang H. H. et al., 2020; de Carvalho Ribeiro and Szabo, 2022; Toldo et al., 2022). BZBS could reshape the decrease in the ratio of F/B and enhance intestinal integrity (Figure 5). Moreover, the KEGG pathways of gut microbiota revealed that LPS biosynthesis proteins was enhanced significantly in SAMP8 mice, and BZBS treatment restored the increased the LPS biosynthesis pathway (Figures 6A,B). LPS translocation owning to intestinal barrier damage was reduced by BZBS by detecting the level of LPS in the liver among groups (Figure 6C).

NLRP3 inflammasome activates pyroptosis, a type of cell death that releases inflammatory cytokines (Elliott and Sutterwala, 2015; Paik et al., 2021). When NLRP3 inflammasome is overactivated, it can cause chronic inflammation in the intestine and disrupt the balance of intestinal cell proliferation and differentiation (Lamkanfi et al., 2007). To further explore the underlying mechanism of BZBS in prevention of intestinal barrier damages, the biomarkers of inflammasome and pyroptosis were measured in each group. We found that BZBS modulated the gut microbiota and its metabolites, and inhibited NLRP3 inflammasome-mediated pyroptosis in the intestine of SAMP8 mice. We measured the expression of NLRP3 and cleaved caspase-1, two markers of inflammasome activation, and the levels of IL-1β and IL-18, two cytokines released by pyroptosis, in each group. We showed that BZBS reduced the expression of NLRP3 and cleaved caspase-1, and the levels of IL-1β and IL-18, in a dose-dependent manner (Figure 6). We also assessed the expression of Ki67 and Lgr5, two indicators of intestinal stem cell activity, and found that BZBS enhanced the processes of intestinal cell proliferation and differentiation (Figure 3). Therefore, our study suggested that BZBS protected the intestine and cognition of SAMP8 mice by suppressing NLRP3 inflammasome-mediated pyroptosis via altering the gut microbiota and its metabolites.

This study explored the therapeutic potential of the compound TCM formula BZBS for age-related cognitive decline. By investigating its effects on the gut-brain axis, we demonstrated that BZBS significantly improved cognitive function and reduced central inflammation associated with accelerated aging. These findings suggest promising therapeutic potential for BZBS in managing age-related cognitive impairment and neuroinflammation. While this study provides valuable insights, it is important to acknowledge its limitations. Our focus on the overall effectiveness based on phenotypes limited the investigation of specific active components and their mechanisms of action. Additionally, a deeper exploration of the advantages of BZBS’s multi-pathway and multi-target approach compared to single-target drugs is crucial to understand its full therapeutic potential. Further research is needed to elucidate the specific active components and their mechanisms of action within BZBS, conduct robust clinical trials to assess the safety and efficacy of BZBS in human populations, and compare the effectiveness of BZBS’s multi-pathway and multi-target approach against single-target drugs for age-related cognitive decline.



5 Conclusion

Here, we present a study on the therapeutic effects of BZBS, a traditional Chinese medicine, in intestinal damage caused by accelerated aging. We found BZBS protected the deterioration of the intestinal barrier function by modulating the gut microbiota and its metabolites, and by inhibiting the NLRP3 inflammasome-mediated pyroptosis. These results suggest the therapeutic effect of BZBS on aging-related central diseases, at least partially, targets the gut-brain axis. Meanwhile, our results also confirm the advantages and applications of SAMP8 mice for studying aging-related central aging-related diseases and developing drugs targeting the microbiota-gut-brain axis.
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Object: To investigate the pathogenesis of diarrhea with kidney-yang deficiency syndrome by examining characteristic changes in intestinal microorganisms, enzyme activities, oxidative stress, and metabolism indices.

Methods: Twenty mice were randomly and equally divided into control group (NC) and model group (NM). Mice in NM group received adenine suspension at a dosage of 50 mg/(kg⋅day) by gavage, 0.4 mL/time, once a day for 14 days, and Folium sennae decoction at a dosage of 10 g/(kg⋅day) by gavage, 0.4 mL/time, once a day for 7 days, starting on 8th day. Mice in NC group were administered an equivalent amount of sterile water by gavage once a day for 7 days, and twice a day from the 8th day. After modeling, assessments encompassed microbial culture, organ index calculation, microbial and enzyme activity detection, malondialdehyde (MDA) content determination, superoxide dismutase (SOD) activity, blood biochemical tests, and observation of kidney tissue pathological changes.

Results: The results showed that in NM group, a reduction in the number of Lactobacillus and Bifidobacteria was noted, accompanied by an increase in the number of bacteria and E. coli. Xylanase activity in the intestinal contents and mucosa, protease activity in the intestinal mucosa, and intestinal mucosa microbial activity were diminished. Conversely, the activities of amylase, sucrase, and lactase increased in intestinal mucosa. Additionally, there was an elevation in the level of MDA. Renal tubular dilatation and inflammatory cell infiltration were observed in the renal interstitium.

Conclusion: These dysfunctions in intestinal microorganisms and enzyme activities suggest potential involvement in diarrhea with kidney-yang deficiency syndrome.
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1 Introduction

Diarrhea is a prevalent global health issue. In 2016, the global incidence of diarrhea exceeded 4.4 billion cases, resulting in over 1.6 million deaths and ranking eighth among common causes of mortality. Diarrhea causes huge medical and healthcare costs for patients and has a huge economic impact on society (Wang et al., 2021). The diagnosis of diarrhea is mainly based on abnormal stool morphology, while frequent defecation with normal stool morphology is called pseudo-diarrhea (Schiller et al., 2017). Severe acute diarrhea or chronic diarrhea can have a significant impact on human health through dehydration, malnutrition, a compromised immune system, and socio-economic burden. Mounting evidence suggests that an imbalance in gut microbiota is a significant factor contributing to increased susceptibility to various pathogens and subsequent onset of diarrhea.

The relationship between gut microbiota and diarrhea is complex, involving multiple regulatory mechanisms. Invading pathogens suppress the growth and decimation of beneficial intestinal bacteria, resulting in an imbalance that renders the host more susceptible to a variety of diseases and conditions, including diarrhea. Additionally, certain pathogens produce toxins that disrupt normal intestinal function, triggering an immune response that can lead to diarrhea (Li Y. X. et al., 2021). Several factors contribute to the imbalance of gut microbiota, and one such factor is dietary habits. High-fat and high-protein diets have been observed to impact the composition of intestinal microorganisms. These diets decrease the abundance of beneficial lactic acid bacteria, crucial for maintaining intestinal health. A high-fat diet increases the number, diversity, and richness of Operational Taxonomic Units in mouse intestinal contents, resulting in structural and compositional modifications in the gut microbiota. Fatigue in combination with a high-fat diet disturbs the microbiota, leading to an increase in harmful bacteria and a decrease in beneficial ones. This disruption contributes to elevated inflammatory factors, decreased immune factors, and ultimately the onset of diarrhea. Specifically, the presence of certain bacteria, such as Corynebacterium, Gemella, and Methylobacterium, increases, while beneficial bacteria like Pediococcus decrease. Gemella is found to be significantly negatively correlated with total cholesterol, highlighting the connection between gut microbiota imbalance, dysregulated lipid metabolism, and diarrhea induced by high-fat diets under fatigue conditions (Li et al., 2022c; Zhou et al., 2022a; Liu et al., 2023; Qiao et al., 2023a). Changes in the microenvironment of intestinal microecological can also contribute to gut microbiota dysbiosis. High temperature and humidity have detrimental effects on the gut microbiota, particularly causing a reduction in the population of Lactobacillus, which may be a significant cause of hot and humid diarrhea (Qiao et al., 2023b). Beneficial bacteria play a crucial protective role within the intestine by regulating the composition of the gut microbiota, inhibiting excessive growth of harmful bacteria, and reducing oxidative stress. They achieve this through various mechanisms such as metal ion chelation ability, antioxidant system, regulation of signaling pathways, ROS enzyme production, and modulation of gut microbiota. Lactobacillus and Bifidobacterium, are well-established probiotics producing lactic acid, acetic acid, and propionic acid, which contribute to maintaining a balanced gut microbiota and suppressing the proliferation of various pathogenic bacteria (Wang et al., 2017). The diversity and richness of the gut microbiota, as well as the interactions between microbes, play crucial roles in regulating intestinal health.

The diversity of gut microbiota correlates with the occurrence of diarrhea. It was observed that the Shannon index, which indicates bacterial diversity, decreased in mice with diarrhea following Folium sennae treatment (Zhang et al., 2020). Antibiotic-associated diarrhea (AAD) is also associated with reduced diversity of intestinal mucosal flora (Li et al., 2022a). The diversity of gut microbiota in patients with diarrhea is lower, which may be related to the destruction of the stability of gut microbiota. Metabolites produced by the gut microbiota, such as short-chain fatty acids (SCFAs), play a crucial role in maintaining intestinal health. They contribute to regulating water and electrolyte balance, modulating the equilibrium of the gut microbiota, enhancing intestinal function, exerting anti-inflammatory and anti-tumor effects, and regulating gene expression (Li C. R. et al., 2023). Diarrhea may induce changes in the metabolites of gut microbiota, subsequently affecting intestinal function (Masuda et al., 2023). In the adenine and Folium sennae-induced animal model of diarrhea, alterations occurred in the structure and function of the gut microbiota in mice. Signature bacteria, including Lactobacillus intestinalis and Bacteroides acidifaciens, were enriched, and these were associated with SCFAs, intestinal inflammation, and renal function (Li et al., 2022b). The study found that jujube polysaccharides have a significant ability to restore the dysbiosis of the gut microbiota caused by AOM/DSS, including an increase in the abundance of acetate-producing bacteria (Ji et al., 2020). Ferulic acid from Dendrobium officinale can enhance the expression of tight junction proteins, including ZO-1, Occludin, and Claudin-1, to restore intestinal mucosal barrier function. It can also effectively regulate dysbiosis of the gut microbiota, enhance the production of short-chain fatty acids, contribute to maintaining intestinal homeostasis, inhibit inflammation, and restore intestinal barrier integrity (Wang et al., 2023). With the in-depth exploration of the gut microbiota theory and the advancements of modern technology, adjusting gut microbiota emerges as a strategy for diarrhea treatment. Approaches such as probiotics or fecal microbiota transplantation (FMT) can ameliorate symptoms by increasing beneficial bacteria and restoring the balance of gut microbiota (Wei et al., 2016; Lai et al., 2019; Zhong et al., 2019; Li Q. H. et al., 2023; Masuda et al., 2023).

The dysregulation of intestinal microorganisms and enzyme activity is implicated in the occurrence of diarrhea. Therefore, we hypothesize that the imbalance in intestinal microorganisms and enzyme activity is one of the mechanisms underlying the development of diarrhea with kidney-yang deficiency syndrome. In this experiment, we employed microbiological culture techniques, enzyme activity assays, and microbiota viability measurement techniques to validate this hypothesis. By exploring the changes in gut microbiota and enzyme activity in mice with diarrhea with kidney-yang deficiency syndrome, the aim is to elucidate the underlying mechanisms of diarrhea occurrence from the perspective of gut microbiota and enzyme activity. The results of this study will provide new theoretical insights into understanding diarrhea with kidney-yang deficiency syndrome, offering a scientific basis for clinical treatment.



2 Materials and methods


2.1 Materials


2.1.1 Animals and feed

Twenty SPF male Kunming mice, weighing 18–22 g, aged 4 weeks, were purchased from Hunan Slix Laboratory Co., LTD., the certificate number of laboratory animal quality: ZS-202106150014. The mice were housed in the Laboratory Animal Center of Hunan University of Chinese Medicine. The experiment was carried out in a barrier environment, with a room temperature of 23–25°C, relative humidity of 50–70%, light/dark cycle for 12 h, and free diet and water. Ordinary mouse feed was provided by Hunan Slaike Jingda Experimental Animal Co., LTD. [No.: SYXK (Xiang)2020-0006]. The experiment complied with the standards of the Animal Ethics and Welfare Committee of the Hunan University of Chinese Medicine (permission number: LLBH-202106120002).



2.1.2 Medicine and preparation

Adenine (Changsha Yaer Biotechnology Co., LTD., batch number: EZ2811A135) was dissolved in sterile water according to the body weight of mice every day and prepared into a suspension of 50 mg/(kg⋅day) of adenine. Folium sennae (Anhui Puren Traditional Chinese Medicine Decoction Pieces Co., LTD., batch number: 2005302). We took 28 g Folium sennae, soaked it in water for 30 min, decocted it, concentrated the liquid into Folium sennae decoction with a crude drug concentration of 1 g/mL, and stored it at 4°C for use.



2.1.3 Reagents and kits

O-nitrobenzene β-D-galactoside pyranoside (ONPG)reagent, 3,5-dinitrosalicylic acid (DNS) reagent, and five substrate solutions were prepared in the lab. Foline-phenol (Hefei Bomei Biotechnology Co., Ltd), Fluorescein diacetate (FDA, Shanghai Yuanye Biotechnology Co., Ltd), Acetone (Hunan Huihong reagent Co., Ltd). MDA kit: Beijing Leagene Biotechnology Co. SOD kit: Beijing Leagene Biotechnology Co.




2.2 Methods


2.2.1 Grouping and modeling

After 3 days of adaptive feeding, twenty mice were divided into the NC and NM groups by random number table method, with ten mice in each group. NM group mice were given adenine suspension 50 mg/(kg⋅day) by gavage every morning, 0.4 mL/time, once a day for 14 days. From the 8th day, the mice in NM group were treated with Folium sennae decoction 10 g/(kg⋅day) by gavage every afternoon, 0.4 mL/time, once a day for 7 consecutive days. The mice in NC group were given the same amount of sterile water by gavage once a day for 7 consecutive days, and twice daily from the 8th day. The administration time was consistent with that of NM group.



2.2.2 Intestinal contents collection

After all, mice were sacrificed by cervical dislocation, the jejunum to ileum segments were dissected out, and the intestinal contents were scraped with sterile forceps under a sterile environment. The intestinal contents were grouped into 50 mL sterilized centrifuge tubes with glass beads, labeled and weighed, and stored at −20°C for use (Zhou et al., 2022b).



2.2.3 Intestinal mucosa collection

After removal of the intestinal contents from the jejunum to the ileum, the intestinal tract was cut longitudinally with sterile ophthalmic scissors, the residual intestinal contents were washed away in normal saline, and the excess water on the intestinal wall tissue was drained with filter paper. The intestinal mucosa was scraped with a sterile coverslip, grouped into 50 mL sterilized centrifuge tubes with glass beads, labeled and weighed, and stored at −20°C for use (Li X. Y. et al., 2023).



2.2.4 Blood sample collection and detection

Mice in each group were sampled after 12 h of fasting and dehydration. Blood was collected by the eyeball extraction method, and the blood was allowed to stand for 4 h before centrifugation at 3000 rpm for 15 min to separate serum. The levels of uric acid, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and lactate dehydrogenase (LDH) in serum were analyzed by automatic blood biochemistry analyzer (Li et al., 2022c).



2.2.5 Organ collection and organ index calculation

After the mice were weighed, the mice were sacrificed by cervical dislocation on a sterile operating table. The intact spleen, thymus, and liver were removed, and the attached surface fascia and adipose tissue were removed. Spleen, thymus, and liver indexes calculation: organ index = organ weight (mg)/body weight (g) (Li et al., 2022a).



2.2.6 Determination of microbiota in intestinal contents

Bacteria were cultured in beef extract-peptone agar medium. Lactobacillus was cultured on deMan Rogosa Sharpe agar medium. Bifidobacteria were cultured in a Bifidobacteria agar medium. E. coli was cultured on eosin-methylene blue agar medium. Sterile water was added to the centrifuge tube in which the intestinal contents were collected in a sterile environment. The centrifuge tube was placed in a thermostatic oscillator and shaken for 30 min to fully release microorganisms from the intestinal contents. The microorganisms were cultured and counted using the dilution plate culture counting method. Three dilutions were made for each group and each dilution was repeated three times to calculate the number of bacteria per gram of intestinal contents, unit CFU/g. Bacteria and E. coli were incubated aerobically at 37°C for 24 h before colony counting. Lactobacillus and Bifidobacteria were incubated anaerobically for 48 h at 37°C for colony counting (Wu et al., 2021; Qiao et al., 2022).



2.2.7 Determination of intestinal enzyme activity

Under sterile conditions, sterile water was added to the centrifuge tube that collected the intestinal contents and mucosa. The centrifuge tube was shaken in a constant temperature oscillator for 30 min to completely release the enzymes in the intestinal contents and mucosa and then centrifuged at 3000 rpm for 10 min. The DNS colorimetric method was used for amylase, sucrase, and xylanase, and the Folin-phenol method was used for protease, for lactase, the ONPG method was used. Enzyme activities in the supernatant were analyzed with a UV spectrophotometer and calculated per gram of intestinal contents or mucosa in unit U/g (Wu et al., 2021; Qiao et al., 2022).



2.2.8 Determination of intestinal microbial activity

Under sterile conditions, sterile water was added to the centrifuge tube that collected intestinal contents and mucosa in proportion. The centrifuge tube was placed in a constant temperature oscillator and shaken for 30 min to completely release the enzymes in intestinal contents and mucosa, and then centrifuged at 3000 rpm for 10 min. One blank tube and three sample tubes were set up in each group. Blank tube: 2 mL of FDA reaction solution, 2 mL of acetone, and 10 μL of sample were added to a dry sterilized tube, and the mixture was incubated at 24°C for 90 min. Sample tube: 2 mL of FDA reaction solution and 10 μL of sample were added to a dry sterilized tube, the mixture was incubated at 24°C for 90 min before removal, and the reaction was terminated by adding 2 mL of acetone. Finally, the absorbance value was measured with a UV spectrophotometer at a wavelength of 490 nm (Li C. R. et al., 2023).



2.2.9 Determination of MDA and SOD levels in kidney tissues

Malondialdehyde was detected by the thiobarbituric acid microplate method. After the kidney tissue was homogenized and lysed with phosphate buffer, the mice were centrifuged at 1600 rpm for 10 min at 4°C, and the supernatant was removed and placed on ice until measured. MDA content in kidneys was measured strictly according to the manufacturer’s instructions, the absorbance at 535 nm was measured using a microplate reader, and MDA concentration was calculated.

Superoxide dismutase was detected by the nitro-blue tetrazolium riboflavin microplate method. According to the ratio of 500 μL SOD extract per 100 mg tissue, the tissue was homogenized by a tissue homogenizer at 4°C, centrifuged at 4000 rpm for 10 min, and the supernatant was measured strictly according to the manufacturer’s instructions. At the end of the reaction, the absorbance at 560 nm was measured by a microplate reader, and the SOD activity was calculated.



2.2.10 Histological observation of kidneys

The mice were sacrificed by cervical dislocation and dissected immediately. The kidney tissues were removed and fixed immediately in 4% paraformaldehyde solution and stored at room temperature or 4°C. The fixed tissues were dehydrated and transparent in ethanol and xylene, then embedded in paraffin, sectioned, and stained with hematoxylin and eosin. The histopathological changes in the kidney were observed under a light microscope (Zhu et al., 2022).



2.2.11 Statistical analysis

SPSS 25.0 software was employed for data processing and statistical analysis. The measurement data for each group were presented as mean ± standard deviation (mean ± SD) following a normal distribution. Normality tests were applied for samples with normal distribution, while the Mann-Whitney U-test was utilized for non-normally distributed data. In cases of comparing more than two groups, a one-way analysis of variance was conducted for samples with normal distribution and homogeneity of variance. The LSD method was employed for subsequent comparisons, and the Kruskal-Wallis test was used for non-normally distributed or heterogeneous variance samples. Categorical data were presented as percentages (%), and intergroup comparisons were performed using the chi-square test. The significance level (α) was set at 0.05. A P-value less than 0.05 was considered statistically significant.





3 Results


3.1 Effects of diarrhea with kidney-yang deficiency syndrome on organ indexes in mice

The indexes of the spleen, thymus, and liver can reflect the strength of immune function to a certain extent. According to Figure 1, there was no significant difference in the indexes of the spleen, thymus, and liver between the NM and NC groups (P > 0.05), and the spleen index of NM group showed a downward trend.
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FIGURE 1
Effects of diarrhea with kidney-yang deficiency syndrome on organ index in mice. (A) Spleen index. (B) Thymus index. (C) Liver index. (NC: control group, NM: model group).




3.2 Effects of diarrhea with kidney-yang deficiency syndrome on blood biochemical indexes in mice

Aminotransferase and AST are important indicators for evaluating liver function. Figure 2 shows that ALT in NM group was lower than that in NC group (P < 0.05), and there was no significant difference in AST (P > 0.05). Uric acid is the end product of purine metabolism, which can reflect the metabolic function of the kidney to a certain extent. In this experiment, there was no significant difference between the two groups (P > 0.05). LDH is a cytoplasmic enzyme widely expressed in tissues, and its activity level can reflect the tissue’s oxygen supply and energy metabolism status. An elevated level of LDH in the serum is an important indicator of tissue and cell damage. The relationship between yang deficiency and energy metabolism is closely related. A decrease in LDH indicates abnormal energy metabolism, with inhibited glucose oxidation for energy supply (Xue et al., 2001). Therefore, animals in a yang deficiency state may exhibit symptoms such as decreased body temperature and aversion to cold. In this experiment, there was no significant difference between the two groups (P > 0.05).
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FIGURE 2
Effect of diarrhea with kidney-yang deficiency syndrome on blood biochemical indexes in mice. (A) Uric acid. (B) Lactate dehydrogenase. (C) Alanine aminotransferase (ALT). (D) Aspartate aminotransferase (AST) (NC: control group, NM: model group, *P < 0.05).




3.3 Effects of diarrhea with kidney-yang deficiency syndrome on kidney tissue in mice

According to Figure 3 of the kidney tissue section, the morphology and structure of nephrons in NC group were normal, and no pathological changes were observed. The kidney tissue of mice in NM group had changes such as renal tubular dilatation and renal interstitial inflammatory cell infiltration.
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FIGURE 3
Effect of diarrhea with kidney-yang deficiency syndrome on kidney tissue in mice (NC: control group, NM: model group, 100 × :100 times magnification, 200 × :200 times magnification).




3.4 Effects of diarrhea with kidney-yang deficiency syndrome on MDA and SOD in the kidney of mice

Malondialdehyde is a natural product of lipid oxidation in organisms. Some fats are gradually decomposed into a series of complex compounds including MDA after acidification and oxidation. The level of MDA can be measured to detect the level of lipid oxidation, so it is often used as an indicator of lipid oxidation. SOD is an important antioxidant enzyme in the organism, which can catalyze the dismutation of superoxide anion to produce hydrogen peroxide and oxygen. Figure 4 shows that compared with NC group, the MDA content of NM group was significantly increased (P < 0.05), and the SOD activity only showed an upward trend (P > 0.05).
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FIGURE 4
Effects of diarrhea with kidney-yang deficiency syndrome on MDA and SOD in the Kidney of Mice. (A) Malondialdehyde (MDA). (B) Superoxide dismutase (SOD). (NC: control group, NM: model group, **P < 0.01).




3.5 Effects of diarrhea with kidney-yang deficiency syndrome on intestinal microorganisms in mice

The occurrence of diarrhea is usually associated with a decrease in beneficial bacteria and an increase in harmful bacteria. The results showed that the number of Lactobacillus and Bifidobacteria decreased (P < 0.05) and the number of bacteria and E. coli increased (P < 0.05) in NM group, as shown in Figure 5. It is suggested that diarrhea with kidney-yang deficiency syndrome affects the gut microbiota of mice, resulting in the reduction of the number of beneficial bacteria and the increase of harmful bacteria, and the original gut microbiota balance is broken.
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FIGURE 5
Effects of diarrhea with kidney-yang deficiency syndrome on gut microbiota in mice. (A) Lactobacillus. (B) Bifidobacteria. (C) E. coli. (D) BacteriaL. (NC: control group, NM: model group, *P < 0.05).




3.6 Effects of diarrhea with kidney-yang deficiency syndrome on intestinal enzyme activities in mice

The activity of intestinal enzymes is closely related to the digestion and absorption function of the intestine. Lactase, sucrase, and xylanase can be produced by intestinal microorganisms, and their activity levels reflect the state of these microorganisms. In this experiment, depicted in Figure 6, the activities of protease, amylase, lactase, and sucrase in intestinal contents showed no significant differences between the two groups (P > 0.05). In contrast, amylase, lactase, and sucrase activities in intestinal mucosa were notably higher in NM group compared to NC group (P < 0.05), while the protease activity was significantly lower in NM group than in NC group (P < 0.05). Xylanase activity in both intestinal contents and mucosa was significantly lower in NM group compared to NC group (P < 0.05). The results suggest that the activities of protease, amylase, lactase, and sucrase in intestinal contents of mice with diarrhea with kidney-yang deficiency syndrome do not change significantly, but these enzyme activities notably differ in the intestinal mucosa. Alterations in xylanase activity were observed in both intestinal contents and intestinal mucosa.
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FIGURE 6
Effects of diarrhea with kidney-yang deficiency syndrome on intestinal enzyme activities in mice. (A) Protease. (B) Lactase. (C) Sucrase. (D) Amylase. (E) Xylanase. (NC: control group, NM: model group, *P < 0.05).




3.7 Effect of diarrhea with kidney-yang deficiency syndrome on intestinal microbial activity in mice

The FDA hydrolysis method can be used to detect the activity of microorganisms in the intestinal tract, which can reflect the overall metabolism of intestinal microorganisms. In this experiment, there was no significant difference in microbial activity in the intestinal contents between the two groups of mice (P > 0.05), but the microbial activity in the intestinal mucosa was lower in NM group than in NC group (P < 0.05), as shown in Figure 7. These results indicated that there was no significant change in the overall microbial metabolism level in the intestinal contents of mice with diarrhea with kidney-yang deficiency syndrome, but the overall microbial metabolism level in the intestinal mucosa of NM group mice was decreased.
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FIGURE 7
Effect of diarrhea with kidney-yang deficiency syndrome on intestinal microbial activity in mice (NC: control group, Mucosal: NM: model group, **P < 0.01).





4 Discussion


4.1 Effects of diarrhea with kidney-yang deficiency syndrome on intestinal microorganisms and enzyme activities in mice

The results revealed that diarrhea with kidney-yang deficiency syndrome had a notable impact on the composition and enzyme activities of intestinal microorganisms in mice. Specifically, a reduction in the abundance of two beneficial bacteria, Lactobacillus and Bifidobacteria, was observed in the intestinal contents of mice with diarrhea caused by kidney-yang deficiency. Concurrently, there was an increase in the quantity of E. coli, recognized as harmful bacteria. Lactobacillus and Bifidobacteria, both belonging to the lactic acid bacteria genera, are closely related to human health. They represent the most prevalent probiotics, demonstrating potential therapeutic efficacy in various gastrointestinal disorders, including inflammatory bowel disease (IBD) (especially intestinal bursitis), AAD, Clostridium difficile toxin-induced colitis, infectious diarrhea, irritable bowel syndrome (IBS), and allergy (Elzouki, 2016). Research indicates a significant reduction in Bifidobacterium levels in the feces of IBS patients. Nevertheless, this decrease is considered a consequence rather than a cause of IBS (Kerckhoffs et al., 2009). Dietary factors can adversely influence gut microbiota composition. Notably, a lard-based diet was found to impede the growth of Lactobacillus and Bifidobacterium. This altered gut microbiota abundance may contribute to an elevated risk of obesity, non-alcoholic fatty liver disease, and atherosclerosis. The depletion of probiotics disrupts intestinal homeostasis and mucosal barrier function, and promotes endotoxin production and growth, thereby leading to intestinal inflammation (Qiao et al., 2022). E. coli is a Gram-negative bacterium commonly found in the intestines of humans and animals and can produce toxins during infection, causing symptoms such as diarrhea, fever, urinary tract infections, pain, and bowel cancer. It also plays a crucial role in the occurrence and development of IBD (Khan et al., 2019). The found uncovered that Folium sennae-induced diarrhea was associated with the remodeling of intestinal bacteria characteristics and metabolic abnormalities. Notably, there was a significant increase in the abundance of certain bacterial communities, including Paraprevotella, Streptococcus, Epulopiscium, Sutterella, and Mycoplasma, while others such as Adlercreutzia, Lactobacillus, Dehalobacterium, Dorea, and Oscillospira were significantly reduced in abundance (Zhang et al., 2020).

Probiotic supplementation with different strains of Lactobacillus and Bifidobacterium was beneficial in treating infectious diarrhea in young children caused by rotavirus (Boronat et al., 2020). In the case of IBS, Bifidobacterium Breve in combination with Lactobacillus Plantarum reduces pain and symptom severity in patients with IBS (Saggioro, 2004). Additionally, prebiotics, oligofructose, and inulin can selectively stimulate Bifidobacterium, and increase bowel movement frequency, which has a positive effect on IBS with constipation (Gibson et al., 1995). It is important to note that chronic alcohol consumption can alter the composition of gut microbiota. Alcohol promotes the growth of Gram-negative bacteria, reduces Bacteroidetes and Firmicutes, and increases Actinobacteria and Proteobacteria. Probiotic use, on the other hand, promotes the growth of anaerobes and Gram-positive bacteria while limiting the growth of Gram-negative bacteria. This helps prevent pathogen attachment and reduces liver damage caused by the production of endotoxins and other toxic compounds by bacteria (Malaguarnera et al., 2014). A review on the therapeutic use of probiotics, specifically Bifidobacterium, highlighted various health benefits associated with their consumption. These benefits include anti-infective activity, antiviral activity, anti-tumor activity, anti-inflammation, promotion of mental health, reduction of fat accumulation, improved nutrient absorption, promotion of bone health, and regulation of the host immune system (Chen et al., 2021).

In the present study, the effects of diarrhea with kidney-yang deficiency syndrome on the gut microbiota were found to be consistent with previous findings in diarrhea cases. This includes an increase in the number of harmful bacteria E. coli and a decrease in the number of beneficial bacteria such as Lactobacillus and Bifidobacterium. It is worth noting that various factors, such as individual differences, diet, and environment, can also influence the composition of gut microbiota. Therefore, further research is necessary to better understand the complex interactions between gut microbiota and diarrhea with kidney-yang deficiency syndrome, as well as the potential therapeutic significance of modulating microbiota for this disease.

Furthermore, in mice with diarrhea with kidney-yang deficiency syndrome, the activity of microbial in intestinal mucosa was found to be decreased. Microbial activity often represents the overall activity of microbial hydrolases and serves as an important indicator of the decomposition ability of microbial matter. it is also a typical indicator used to study the characteristics of microbial communities in natural samples (Li X. Y. et al., 2021). Our group has successfully applied FDA hydrolase activity to assess the overall activity of gut microbiota in animals and humans, although this method was initially developed for soil microbial activity evaluation (Li C. R. et al., 2023). FDA is hydrolyzed by non-specific enzymes (esterases, proteases, lipases, etc.) in bacteria and fungi, and its hydrolysis activity is directly proportional to the number of microbial populations (Yi et al., 2023). Intestinal mucosal microbial activity was found to be decreased in mice with diarrhea induced by a high-fat and high-protein diet (Zhou et al., 2023). However, chronic exposure to high doses of cadmium was found to increase the microbial activity of the intestinal mucosa (Li X. Y. et al., 2021). This experiment observed a reduction in microorganism activity within NM group’s intestinal mucosa. This suggests that diarrhea with kidney-yang deficiency syndrome affected the material decomposition ability of intestinal microorganisms in mice. Additionally, it indirectly signifies a decrease in the overall decomposition ability of microorganisms, specifically esterase, protease, and lipase, in the intestinal mucosa.

Subsequently, alterations in enzyme activities were observed in the intestinal contents and mucosa of mice experiencing diarrhea with kidney-yang deficiency syndrome. Intestinal microorganisms actively participate in lactase and sucrase synthesis. Imbalances in the gut microbiota during diarrhea result in reduced production of lactase and sucrase-producing bacteria, consequently diminishing the activity of these enzymes (Li X. Y. et al., 2023). Bacillus, a prominent intestinal microorganism, synthesizes proteases and xylanases and serves as a precursor for cellulase produced by Bacteroides, Clostridium, and prebacteroides. Sustained consumption of vegetable oil or lard leads to the accumulation of acidic metabolites generated by intestinal microorganisms. This accumulation lowers the intestinal pH, subsequently decreasing the activity of proteases, xylanases, amylases, and cellulases (Qiao et al., 2022). Notably, cellulases and xylanases are excreted by intestinal microorganisms, and high doses of aflatoxin B1 can significantly augment the activity of xylanases and cellulases (He et al., 2018a). The well-known formula Qiwei Baizhu San improved diarrhea by increasing lactase activity, primarily by enhancing the abundance of lactase-producing bacteria with key lactase genes (He et al., 2018b). The activity of digestive enzymes can partially indicate alterations in intestinal microorganisms. The xylanase activity in intestinal contents of mice with diarrhea with kidney-yang deficiency syndrome decreased. Conversely, the activities of amylase, sucrase, and lactase in intestinal mucosa increased, while protease activity decreased. These results indicate alterations in the digestive and absorption function of the intestine in mice with diarrhea with kidney-yang deficiency syndrome. These changes result from alterations in the gut microbiota of mice with diarrhea with kidney-yang deficiency syndrome. Furthermore, the intestinal contents and mucosa flora exhibit differences, indicating varied changes in isoenzyme activity across different regions.

In summary, diarrhea, intestinal microorganisms, and enzyme activities exhibit interrelated dynamics. Various diarrhea syndromes induce distinct effects on the structure and composition of gut microbiota. The characteristic bacteria, abundance, and diversity of gut microbiota, as measured by high-throughput sequencing technology vary. Additionally, the affected enzymes exhibit different emphases. These findings lay the experimental foundation for the theory that “different bacteria treat different bacteria.”



4.2 Effects of diarrhea with kidney-yang deficiency syndrome on the functions of various organs in mice

The organ index denotes the organs’ weight as a percentage of body weight and serves as an indicator reflecting organ development and health to some extent. Following an injury to the animal body, changes in internal organ mass occur, impacting the organ index. The spleen and thymus, vital immune organs, play crucial roles spleen serves as the site for immune cell settlement and response, while the thymus is the primary site for T cell development. Increased body mass is observed in hypersensitivity reactions. Consequently, the spleen and thymus indexes can be fundamental metrics for assessing drug-inhibitory effects on immune organs. An enlarged organ index may signify hyperemia, edema, hyperplasia, hypertrophy, and other lesions. Conversely, a diminished organ index suggests organ atrophy or other damage. In this experiment, although the spleen, thymus, and liver indexes of mice in NM group did not exhibit significant change, the spleen index displayed a declining trend. This suggests that diarrhea with kidney-yang deficiency syndrome inflicted specific damage on the spleen of mice. According to Traditional Chinese Medicine (TCM), diarrhea is associated with spleen function, and kidney-yang deficiency syndrome mostly occurs in the predawn, also known as “ predawn diarrhea,” often occurs during the predawn hours due to the fire of the gate of life deficiency, the fire is not warm, the spleen’s transportation and transformation dysfunction and the inability of the intestinal tract to retain and absorb water. The syndrome of spleen deficiency in TCM was just presented by the decrease of spleen index in this experiment, bridging the perspectives of traditional and modern medicine. Merely attributing spleen deficiency syndrome to a decline in the immune organ index is overly simplistic. Therefore, researchers, through a literature review, have made progress in confirming the quality of spleen deficiency from diverse perspectives using modern medical methods. This paper meticulously elucidates spleen deficiency syndrome as a comprehensive manifestation of reduced functions of the immune system, endocrine system, nervous system, blood system, water and salt metabolism, energy conversion, and digestive system. Simultaneously, it points out that there are too many biological indexes of spleen deficiency syndrome studied by modern medicine, without specificity and pertinence, and correlation between the indexes (He et al., 2015).

The intestinal microbiota plays a crucial role in the occurrence of diarrhea, and it is particularly sensitive to oxidative stress (Guo et al., 2020). When the balance between pro-oxidation and antioxidation is disrupted, the excessive generation of free radicals leading to lipid peroxidation can cause damage to biological membranes. This process is closely associated with the pathological reasons for deficiency in kidney-yang. Oxidative stress may contribute to the development of diarrhea with kidney-yang deficiency syndrome by inducing dysbiosis in the intestinal microbiota and damaging the intestinal epithelial barrier (Wang et al., 2016). Oxidative stress arises when the concentration of reactive oxygen species surpasses the body’s inherent antioxidant defense (Burton and Jauniaux, 2011). MDA is the end product of lipid peroxidation. It serves as a versatile biomarker for assessing oxidative stress in diverse bodily fluids, including blood, urine, and exhaled condensates, across various diseases such as cancer, cardiovascular, pulmonary, and neurodegenerative diseases (Pérez-Hernández et al., 2017; Cordiano et al., 2023). SOD is the sole enzyme with the capability to directly neutralize free radicals, functions as the primary defense against oxidative stress, and is integral to various biological processes (Balamurugan et al., 2018; Borgstahl and Oberley-Deegan, 2018). Both SOD and MDA are widely employed indicators of physiological stress and cellular oxidative damage (Liu et al., 2023). Elevated biomarkers of oxidative damage do not consistently signify heightened oxidative stress; they may also result from malfunctioning repair or replacement systems (Halliwell, 2007). Research indicates that the Tianhuang formula can enhance Lactobacillus abundance, along with its metabolite 5-methoxyindole acetic acid, thereby reducing oxidative stress and ameliorating Non-alcoholic fatty liver disease (NAFLD) through the regulation of gut microbiota (Luo et al., 2022). L. paracasei Jlus66 (Jlus66), a probiotic isolated from “milk bumps,” enhances the abundance of Gram-positive bacteria like Firmicutes in the gut microbiota. It diminishes Gram-negative bacteria such as Bacteroidetes, Proteobacteria, and Fusobacteria, lowers endotoxin concentration in serum, enhances the structure of gut microbiota, and boosts SOD activity in serum by 29.1%. The protective efficacy of Jlus66 against high-fat diet-induced oxidative damage in rats is affirmed by reductions in serum and liver MDA concentrations, thus mitigating oxidative stress and inflammation and ameliorating NAFLD (Wang et al., 2019). We assessed oxidative stress levels by quantifying MDA level and SOD activity. In this experiment, the MDA level in kidney tissue of NM group was significantly elevated compared to NC group, while the SOD activity exhibited an upward trend. This indicates an increased level of oxidative stress in the kidney of mice with diarrhea with kidney-yang deficiency syndrome, potentially indicating a malfunction in the kidney’s repair or replacement system.

Lactate dehydrogenase is a cytoplasmic enzyme widely expressed in tissues, and its activity level can reflect the tissue’s oxygen supply and energy metabolism status. An elevated level of LDH in the serum is an important indicator of tissue and cell damage. The relationship between yang deficiency and energy metabolism is closely related. A decrease in LDH indicates abnormal energy metabolism, with inhibited glucose oxidation for energy supply. Therefore, animals in a yang deficiency state may exhibit symptoms such as decreased body temperature and aversion to cold. In addition to the symptoms of diarrhea, the animal model used in this experiment also exhibited decreased body temperature and huddling behavior. Therefore, in this experiment, LDH is used to reflect the energy metabolism status of mice with diarrhea with kidney-yang deficiency syndrome.

Adenine is commonly employed in establishing animal models for chronic kidney disease and kidney-yang deficiency syndrome (Khan et al., 2022; Li et al., 2022b). In this study, we investigated the impact of diarrhea with kidney-yang deficiency syndrome on the murine kidneys by assessing serum uric acid levels. The majority of uric acid is endogenously produced, primarily originating in the liver and subsequently in the small intestine. Endogenous uric acid production is influenced by purine diet uptake, de novo biosynthesis of purine bases, and degradation and recycling of corresponding nucleotides. The kidney plays a pivotal role in regulating circulating uric acid levels, reabsorbing approximately 90% of filtered uric acid. Urate reabsorption is generally considered a tertiary active transport process, contingent on sodium reabsorption. Moreover, the kidneys are responsible for 60–70% of total uric acid excretion (Bobulescu and Moe, 2012). Uric acid homeostasis refers to the state of relatively stable uric acid levels in the body, determined by the delicate equilibrium between uric acid production and excretion. Excessive uric acid production or inadequate excretion leads to elevated circulating levels, resulting in hyperuricemia. Beyond saturation limits, leads to the deposition of uric acid in the blood, joints, tissues, and urine. Conversely, low serum uric acid causes hypouricemia, prompting the deposition of xanthine and hypoxanthine crystals in joints, muscles, and/or kidneys. Both hyperuricemia and hypouricemia are associated with various chronic diseases, including chronic kidney disease (Dissanayake et al., 2020). Experimental studies have revealed a U-shaped relationship between uric acid levels and measured glomerular filtration rate, demonstrating that lower uric acid levels are not necessarily better for renal function (Jung et al., 2020). In the examined model, no significant change in serum uric acid was observed in NM group compared with NC group. This may be attributed to the unaffected renal filtration and secretion function of uric acid in mice with diarrhea with kidney-yang deficiency syndrome, possibly due to the modeling drugs or a balanced state of uric acid secretion and excretion in the model mice.

When liver cells are damaged or destroyed, liver enzymes such as ALT, present in liver cells are released into the blood, resulting in an elevated ALT level in the blood. Therefore, the measurement of ALT levels in the blood is often utilized to assess liver health and functional status—severe necrosis and destruction of the liver further result in an increased serum concentration of AST. In a study investigating the protective effect of protocatechuic acid on metabolic-associated fatty liver disease, it was demonstrated that catechuic acid could reduce the relative abundance of Enterococcus. Correlation analysis indicated a positive correlation between Enterococcus and serum liver injury indicators ALT and AST. Overgrowth of Enterococcus faecalis exacerbated alcoholic liver disease in mice, promoting inflammation. To comprehend the role of Enterococcus faecalis in fatty liver development, investigators conducted FMT experiments, revealing that Enterococcus faecalis caused liver inflammation, fat deposition, insulin resistance, as well as decreased carnitine palmitoyltransferase-1α expression (Tan et al., 2023). On the one hand, the gut microbiota plays a crucial role in influencing the occurrence and progression of metabolic liver diseases. Conversely, it impacts hepatocyte regeneration by intricately modulating key cytokines, including interleukin-6, tumor necrosis factor-α, and hepatocyte growth factor, among others, and the levels of essential metabolites in the liver’s metabolic processes, such as bile acids, lipopolysaccharide, and short-chain fatty acids (Xu et al., 2022). In this experiment, we measured serum ALT and AST levels to scrutinize the impact of modeling drugs on the liver. The findings revealed that the serum ALT concentration in NM group was lower than that in NC group, while AST exhibited no significant change between the two groups. This suggests that the modeling drugs did not cause significant damage to the liver, the pivotal detoxification organ. Notably, alterations in gut microbiota in mice with diarrhea with kidney-yang deficiency syndrome demonstrated minimal impact on the liver through the gut-liver axis.

In this experiment, the effect of diarrhea with kidney-yang deficiency syndrome in mice primarily manifested in alterations to intestinal microorganisms and enzyme activities, exhibiting limited immune function, oxidative stress, and the functionality of the liver and kidney. Future investigations should delve into the mechanism through which kidney-yang deficiency syndrome affects intestinal microorganisms and enzyme activities in mice. Additionally, a thorough exploration of immune function and oxidative stress level of kidney-yang deficiency syndrome is warranted to unravel potential pathogenic pathways leading to diarrhea associated with kidney-yang deficiency syndrome. These endeavors aim to lay the necessary experimental groundwork for developing effective treatments. Further experiments could potentially involve comparing the study of intestinal microbiota with reference databases of healthy intestinal microbiota, such as the mouse gut microbiobank (mGMB). This would allow for a more in-depth exploration of information regarding microbial community changes.




5 Conclusion

In this investigation, we utilized microbial culture, enzyme activity detection, and microbial activity detection technology to substantiate alterations in the intestinal microorganisms and enzyme activities among mice with diarrhea with kidney-yang deficiency syndrome. The findings indicate a reduction in beneficial bacteria, an elevation in harmful bacteria, and a disruption of the intestinal microecological balance. Consequently, there is a discernible decrease in xylanase activity in intestinal contents and an escalation in amylase, sucrase, and lactase activities in intestinal mucosa. Concurrently, protease activity witnessed a decline, and overall microorganism activity diminished. The observed shifts underscore the pivotal role of intestinal microbial dynamics in the progression of diarrhea with kidney-yang deficiency syndrome, offering a foundational framework for potential interventions such as probiotics or fecal microbiota transplantation. This, in turn, facilitates a deeper comprehension of the mechanisms governing the onset and evolution of diarrhea, thereby guiding clinical approaches.
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Ulcerative colitis (UC) is a chronic and recurrent inflammatory disease of the gastrointestinal tract. This study aimed to determine the effect of cathelicidin-related antimicrobial peptide (Cramp) on dextran sulfate sodium (DSS)-induced acute experimental colitis in mice and to investigate the underlying mechanisms. Acute UC was induced in C57BL/6 mice with 3% DSS for 7 days, 4 mg/kg b.w. synthetic Cramp peptide was administrated once daily starting on day 4 of the experimental period. Mice were evaluated for body weight, colon length, colon histopathology, and inflammatory cytokines in colon tissue. Using 16 s rRNA sequencing, the composition structure of gut microbiota was characterized. Metabolomic profiling of the serum was performed. The results showed that DSS treatment significantly induced intestinal damage as reflected by disease activity index, histopathological features, and colon length, while Cramp treatment significantly prevented these trends. Meanwhile, Cramp treatment decreased the levels of inflammatory cytokines in both serum and colonic tissue on DSS-induced colitis. It was also observed that DSS damaged the integrity of the intestinal epithelial barrier, whereas Cramp also played a protective role by attenuating these deteriorated effects. Furthermore, Cramp treatment reversed the oxidative stress by increasing the antioxidant enzymes of GSH-PX and decreasing the oxidant content of MDA. Notably, compared to the DSS group, Cramp treatment significantly elevated the abundance of Verrucomicrobiota at the phylum level. Furthermore, at the genus level, Parasutterella and Mucispirllum abundance was increased significantly in response to Cramp treatment, although Roseburia and Enterorhabdus reduced remarkably. Metabolic pathway analysis of serum metabolomics showed that Cramp intervention can regulate various metabolic pathways such as α-linolenic acid, taurine and hypotaurine, sphingolipid, and arachidonic acid metabolism. The study concluded that Cramp significantly ameliorated DSS-induced colonic injury, colonic inflammation, and intestinal barrier dysfunction in mice. The underlying mechanism is closely related to the metabolic alterations derived from gut microbiota.
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1 Introduction

Inflammatory Bowel Disease (IBD) is a group of disorders causing chronic inflammation disorders of the intestinal tract, including Crohn’s disease (CD) and ulcerative colitis (UC), in which patients suffer from pain, vomiting, diarrhea, and other symptoms (Ananthakrishnan, 2015). In recent years, the incidence of IBD has developed into a global disease (Kaplan and Ng, 2017), which is caused by multiple interactions of genetic, microbial, and immunological factors. Although the specific underlying mechanism of IBD is still not clear at present (Kaplan and Ng, 2016), but commonly associated with aberrant immune responses, excessive oxidative stress, and unbalanced gut microbiota (Li et al., 2023). The gastrointestinal tract is the largest, highly complex and dynamic micro-ecosystem in the human, consisting of various types of epithelial cells and commensal microorganisms (Bengmark, 1998). Studies suggests that the intestinal structure and luminal environment work together to maintain intestinal homeostasis. Disruption of this balance is thought to play a role in the pathogenesis of IBD (Chang, 2020). Antimicrobial peptides (AMPs) are a diverse group of biologically active compounds that play a key role in host defense and maintenance of tolerance to commensal microorganisms (Cunliffe and Mahida, 2004; Chung and Raffatellu, 2019).

Mouse cathelin-related antimicrobial peptide (Cramp) and its homologue human cathelicidin (LL-37), as one of the AMPs, plays an important role in intestinal microbe ecosystems (Yoshimura et al., 2018). As reported earlier, Cramp has a wide range of anti-microbial and immunomodulatory functions, and plays a role in maintaining the integrity of the epithelial barrier (Otte et al., 2009; Koon et al., 2011). It has been reported that cathelicidin mediated immune responses in intestinal colitis (Ho et al., 2013). LL-37 expression is elevated in the colonic mucosa of patients with UC but not in those of patients with CD (Schauber et al., 2006). Cramp knockout mice were previously demonstrated to develop more severe colitis in response to DSS than WT mice (Koon et al., 2011), which was associated with more mucosal disruption, higher levels of proinflammatory cytokines production, and increased infiltration of intestinal inflammatory, culminating in decreased mouse survival (Yoshimura et al., 2018). Furthermore, intrarectal administration of exogenous CRAMP attenuates DSS-induced colitis by protecting the mucous layer, decreasing the production of proinflammatory cytokine, and suppressing apoptosis of epithelial (Tai et al., 2007). In addition, the maintenance of epithelial barrier integrity by Cramp is mainly achieved by increasing the expression of tight junction proteins (Marin et al., 2019). The interaction between the gut microbiome and colon mucosa is well-established to cause inflammatory bowel disease and impaired healing. Notably, UC is known to be associated with dysbiosis in the gut microbiota of patients and mice (Imhann et al., 2018; Walujkar et al., 2018; Parada Venegas et al., 2019; Paramsothy et al., 2019), and CRAMP expression may be regulated by gut microbiota and metabolites such as short-chain fatty acids or proteases (Potempa and Pike, 2009; Sun et al., 2015). Furthermore, a study shows that Cramp alters the composition of the gut microbiome in celiac disease mice (Ren et al., 2021). Collectively, these suggest that Cramp attenuates colitis associated with inflammation, intestinal tight junctions, and intestinal microbiome. However, the mechanistic basis of these observations remains unclear.

Studies have shown that IBD can lead to abnormalities in multiple metabolic pathways, including fatty acids, amino acids, and bile acids. The gut microbiota can influence host metabolites and is detected in a wide range of biological tissues. Extensive changes in the fecal, serum, and urinary metabolomes have been documented in IBD, which has provided a means of classifying patients with IBD, as well as insights into putative mechanisms and the discovery of novel associations (Lavelle and Sokol, 2020). In addition, to our knowledge, no studies have investigated the mechanism of Cramp on DSS-induced colitis by metabolomic analysis.

In the present study, we investigated the protective effects of Cramp against DSS-induced colitis in mice and for the first time explored the underlying mechanism from the metabolic perspective. The study demonstrated the protective effect of Cramp on a mouse model of DSS-induced colitis and its mechanism, highlighting the modulatory effects on inflammation and intestinal barrier. In addition, the 16S rRNA sequencing and metabolomics analysis were performed to reveal new insights into the features of cramp applications in colitis treatment.



2 Results


2.1 Cramp alleviates signs and symptoms of DSS-induced colitis in mice

The effects of Cramp on weight loss, colonic injury, and inflammation were investigated in a DSS-induced mice model of acute colitis. Mice were provided with drinking water containing 3% DSS for 7 days, and synthetic Cramp peptide was injected intraperitoneally at 4 mg/Kg/day/mouse from the fourth day (Figure 1A). Compared with the CON group, mice in the DSS group exhibited significant weight loss (Figure 1B) and increased disease activity index (DAI) score (Figure 1C) starting from the sixth day. Shortened colon (Figures 1D,E) and small intestinal (Figure 1F) lengths were observed in DSS-induced colitis mice at the end of the experiment compared with the CON group. Furthermore, DSS-induced colitis mice exhibited significantly higher myeloperoxidase (MPO) activity in comparison to the CON group (Figure 1G). In contrast, the group treated with Cramp significantly ameliorated DSS-induced colitis, as evidenced by improved weight loss (Figure 1B), DAI score (Figure 1C), colonic shortening (Figures 1D,E), and MPO activity (Figure 1G) compared with the DSS group.
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FIGURE 1
 Cramp ameliorated clinical symptoms of DSS-induced colitis in mice. (A) Schematic diagram of an experimental design. (B) Body weight was recorded daily for three groups of mice. (C) Disease activity index (DAI) scores. (D) Representative image of the colon. (E) Colon length. (F) Small intestine length. (G) Colon myeloperoxidase (MPO) enzymatic activity.




2.2 Cramp ameliorates colonic lesions and DSS-induced colitis

At the end of the experiment, the entire colon and small intestine of the mice were collected and histologically examined. DSS-induced colitis is characterized by ulceration, epithelial cell death, crypt distortion, and inflammatory cells infiltrating into the lamina propria and submucosa based on histological assessment of the colonic tissue. Cramp treatment significantly improved the severity of colonic mucosal lesions, reduced the infiltration of inflammatory cells into the mucosa and submucosa, preserved the integrity of the colonic mucosa, and reduced the histological score (Figures 2A,D). Cramp had a similar effect on the small intestinal lesions associated with DSS-induced colitis, but there was no difference in pathology score (Figures 2B,E). However, the villi height/crypt depth ratio of ileal was significantly reduced in the DSS group and significantly increased in the DSS + Cramp group (Figure 2F).

[image: Figure 2]

FIGURE 2
 Cramp improved the histopathological injury of DSS-induced colitis in mice. Representative images of colon (A) and small intestinal (B) damage by H&E staining. (C) Representative images of E-cadherin immunohistochemical staining. Colonic (D) and small intestinal (E) histology score. (F) Ileum villus height/crypt depth ratio. (G) Immunoblots (left) and quantification (right) of colonic Claudin 1, Occludin, and ZO-1. β-actin served as a loading control.


Tight junction (TJ) is an important permeable intercellular barrier that plays a key role in the integrity of the intestinal epithelial barrier. In this study, we detected the expression of TJ proteins, such as occludin, ZO-1, and E-cadherin. As shown in Figure 2C, the immunohistochemical of E-cadherin served to confirm that the mucosa was lost in the colonic tissue from the DSS group. Cramp treatment maintained the integrity of the TJ by increasing the expression of E-cadherin. Furthermore, we observed that the expressions of occludin remarkably reduced in the colonic tissues of the DSS group. After Cramp treatment, the reduced expressions of occludin proteins were counteracted (Figure 2G), which provided another strong evidence for the protective effects of Cramp against colitis in mice.



2.3 Cramp ameliorates immune regulation in DSS-induced colitis in mice

Since colitis is a systemic inflammatory disease, in addition to colonic tissues, we also examined serum levels of cytokine and C-reactive protein (CRP). As shown in Figure 3A, the levels of IL-6, MCP-1 and CRP in the serum were significantly increased in the DSS group, while their levels were significantly decreased in the Cramp group. In addition, to evaluate the inflammatory status in colon tissues, we detected the concentrations of inflammatory cytokine in the distal colon by ELISA. The results were shown in Figure 3B, the protein levels of IL-6, TNF-α, MCP-1, and IL-1β were significantly increased in the DSS group compared with those in the CON group. As expected, the levels of IL-6 and MCP-1 were remarkably decreased after Cramp treatment. Furthermore, colonic inflammatory cytokine expression was examined by RT-qPCR. DSS markedly up-regulated the mRNA levels of TNF-α, IL-6, and MCP-1 in colonic tissues, while Cramp remarkably reversed this trend (Figure 3C). These data demonstrated that Cramp reduced the level of inflammatory factors in serum and colonic tissue of DSS-induced colitis.

[image: Figure 3]

FIGURE 3
 Cramp attenuated inflammation of DSS-induced colitis in mice. (A) Serum levels of inflammatory mediators (IL-6, TNFα, MCP-1, and CRP). (B) Inflammatory mediator secretion in colon tissue culture (IL-6, TNFα, MCP-1, and IL-1β). (C) mRNA expression of inflammatory mediators in colon tissue (IL-6, TNFα, and MCP-1).




2.4 Cramp relieved oxidative stress in DSS-induced colitis in mice

As seen in Figure 4, DSS significantly decreased the activities of antioxidants (SOD and GSH-PX), while significantly increasing the content of oxidant (MDA). Conversely, Cramp treatment reversed this effect and led to a significant increase in the activities of GSH-PX (Figure 4A), while significantly decreasing the content of MDA (Figure 4C). These results demonstrate that Cramp intervention alleviates oxidative stress in DSS-induced colitis in mice.

[image: Figure 4]

FIGURE 4
 Cramp inhibits oxidative stress of DSS-induced colitis in mice. (A) Activity of GSH-PX in the serum. (B) Activity of SOD in the serum. (C) MDA level in the serum.




2.5 Cramp alters the gut dysbiosis in DSS-induced colitis

Alterations in the gut microbiota may contribute to the development of IBD. To investigate whether Cramp could reverse DSS-induced dysbiosis, we assessed the composition of the colonic microbiota. The variation in operational taxonomic units (OTUs) of the three groups is depicted in Venn diagrams. A total of 4,162 OTUs were obtained. The Venn diagram shows that 598 OTUs coexisted in all three groups; 708 OTUs coexisted between the CON and DSS group, and 845 OTUs coexisted between the DSS and the DSS + Cramp group. The data showed different diversity of OTUs in each group (Figure 5A). As shown in Figure 5B, the rarefaction curve for each group tended to be flat, indicating that the sequencing results are credible. Principal-coordinate analysis (PCoA) analysis showed separation between CON and DSS groups, which was also observed between the DSS + Cramp and DSS groups (Figure 5C).

[image: Figure 5]

FIGURE 5
 Cramp treatment modulated gut microbiota structure in DSS-induced colitis. (A) Venn diagram indicating the differential numbers of OTUs in each group. (B) Rarefaction curves of feces samples. (C) Principal Co-ordinates Analysis (PCoA) of gut microbiota. (D) Linear discriminant analysis (LDA) score in each group (left). Cladogram of gut microbiota in each group (right).


In order to discriminate the gut bacterial communities among these three groups, The LEfSe analysis was then used to identify the significant features of microflora associated with Cramp treatment. As shown in Figure 5D, Bacteroidetes were abundant in the CON group. The abundance of Actinobacteria was overrepresented in the DSS group, while the higher abundance of Verrucomicrobiota at the phylum level and enrichment of Akkermansia at the genus level were observed in the DSS + Cramp group.



2.6 Cramp affects microbial abundance in DSS-induced colitis

At the phylum level, the colonic microbiota was dominated by Bacteroidetes, Firmicutes, and Proteobacteria (Figure 6A). Moreover, as shown in Figure 6B, the abundance of Actinobacteria significantly increased, while the abundance of Bacteroidetes significantly decreased in the DSS group. Furthermore, compared to the DSS group, Cramp treatment did not affect the abundance of Actinobacteria and Bacteroidetes. However, Cramp induced a remarkable increase in the abundance of Verrucomicrobiota. The top thirty most abundant microbial genera were chosen for analysis. Lactobacillus, Bifidobacterium, Akkermansia, Lachnospiraceae_NK4A136_group, and Dubosiella were the top five predominant genera (Figure 6C). In addition, DSS significantly suppressed, the relative abundance of Lachnospiraceae_NK4A136_group and Alistipes in the colon. However, Cramp was unable to restore the dysbiosis of these genera. It is worth noting that Parasutterella and Mucispirllum abundance was increased significantly in response to Cramp treatment, although Roseburia and Enterorhabdus reduced remarkably (Figure 6D).
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FIGURE 6
 Cramp treatment regulated the gut microbiota composition in DSS-induced colitis. (A) Relative abundance of gut microbiota at the phylum level in each group. (B) Comparison of the relative abundance at the phylum levels among each group. (C) Heatmap of the gut microbiota at the genera level in each group. (D) Comparison of the relative abundance at the genus levels among each group. (E) PICRUSt predicted analyses.


We then used the PICRUSt analysis and the KEGG pathway orthology to investigate the effect of Cramp on potential metabolic pathways in the gut microbiota of colitis mice. As shown in Figure 6E, several pathways of the gut microbiome changed significantly among the three groups, especially the pathways of amino acid metabolism, carbohydrate metabolism, energy metabolism, membrane transport, and replication and repair, respectively.



2.7 Serum metabolome profile and biomarker annotation

To discover the potential metabolites and pathways induced by Cramp, an untargeted metabolomic analysis of serum was performed using UHPLC-Q-Orbitrap/MS. Figures 7A,B demonstrates the base peak chromatograms of the different groups. The peaks differed significantly in terms of retention time and peak intensity. However, because each chromatogram contains many ions, identification of metabolites requires multivariate statistical analysis. After data processing using MS-Dial, a scoring plot was created based on the LC–MS data of the serum extracts in both positive and negative ion modes as shown in Figure 7C. We can observe that there is a clear distinction between the CON group and the DSS group. After Cramp treatment, although the DSS + Cramp group still partially crossed over from the DSS group, there was a trend toward separation between the two groups, suggesting that Cramp treatment could partially restore the metabolic changes in the DSS group.

[image: Figure 7]

FIGURE 7
 Effects of Cramp on the serum metabonomic profiling by LC–MS. Representative base peak chromatograms of serum samples acquired from organic extracts [(A) ESI+ and (B) ESI−]. (C) PCA score plots of the CON group, DSS group, and DSS + Cramp group based on the data acquired from 50% methanol in water extracts (left, ESI+, and right, ESI-). (D) OPLS-DA score plots/Volcano plots/S-plot of CON group and DSS group based on the data acquired from 50% methanol in water extracts (left, ESI+, and right, ESI−). (E) Heatmap of the changes in the intensities of biomarkers and bubble plot (B) of the metabolic pathway analysis. (F) The pathway analysis is visualized by a bubbles plot (the color represents the p value, and the darker the color, the more significant it is; the size of the circle represents the percentage of differential metabolites in the enrichment results, and the larger the number, the larger the circle).


As shown in Figure 7D, VIP > 1 characterized markers were selected for screening to specify the serum metabolites that contributed most to the separation of samples from the CON and DSS groups. These biomarkers were identified through a database search using precision mass spectrometry and tandem mass spectrometry information. A total of 79 ions were identified based on the above procedure and are listed in Supplementary Table S1.



2.8 Metabolic pathway analysis

The results of serum differential metabolites are shown in Supplementary Table S1, where a total of 79 biomarkers were identified between the CON and DSS groups. Among the 79 differential metabolites, DSS-induced colitis upregulated 51 metabolites and downregulated 28 metabolites. These differential metabolites were plotted with a heatmap as shown in Figure 7E, most of the DSS-induced changes in metabolite intensities were negatively regulated after Cramp treatment. Pathway analysis of the identified biomarkers resulted in multiple metabolic pathways as shown in Figure 7F, including alpha-linolenic acid (ALA) metabolism, taurine and hypotaurine metabolism, sphingolipid metabolism, arachidonic acid (AA) metabolism, etc. This suggests that Cramp might mitigate DSS-induced metabolic changes by modulating these pathways.



2.9 Correlations between serum metabolome profile and gut bacteria

As mentioned previously, we putatively identified a total of 79 differential metabolites between the CON and DSS groups. Notably, treatment of Cramp significantly improved 18 metabolites when compared to the DSS group. To explore the relationship between serum metabolome and gut microbiome, a correlation analysis was performed between differential serum metabolite levels and gut microbiota at the genus and OTU levels. Results showed in Figure 8, Parasutterella was negatively correlated with Normetanephrine, Mucispirllum was negatively correlated with sebacic acid, thiazolidine-4-carboxylic acid, and beta-Carboline, while Roseburia was positively correlated with hyodeoxycholic acid, thiazolidine-4-carboxylic acid, and beta-Carboline.
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FIGURE 8
 Correlation analysis among differential serum metabolites and gut microbiota.





3 Discussion

IBD is a complex inflammatory disorder of the colon that affects millions of people worldwide (Kaplan, 2015). However, its pathogenesis is still unclear. Recent studies have shown that the possible mechanisms of UC, one of the typical inflammatory gastrointestinal diseases, include inflammatory responses, structure disorder of the intestinal microbiome, and intestinal barrier dysfunction (Wlodarska et al., 2015; Britton et al., 2019). It has been shown that Cramp expression was increased in the DSS-induced colitis mice model and that genetic deletion of Cramp in mice resulted in more severe forms of DSS-induced colitis (Koon et al., 2011). Fabisiak et al. (2021) showed that intraperitoneal injection of Cramp reduced ulcerations and macroscopic scores in both DSS and TNBS-induced colitis models. In the present study, the 3% DSS-induced mice model of colitis was consistent with the pathologic changes and clinical signs of UC patients. As expected, we found Cramp treatment significantly improved the clinical manifestations of UC, such as diarrhea, bloody stool, and weight loss. Various studies have confirmed the role of AMPs in UC, with potential involvement via regulating intestinal barrier function (Shang et al., 2021), upregulation of anti-inflammatory factors, and downregulation of pro-inflammatory factors. It has also been shown that higher serum LL-37 is associated with a reduced risk of inflammation and clinical recurrence in patients with colitis (Gubatan et al., 2020). In contrast, Cramp treatment significantly reduced DSS-induced elevated colonic inflammatory cytokine levels in experimental colitis (Huynh et al., 2019). Our results suggested Cramp treatment has a significant protective effect against anti-inflammatory effects in UC mice. These findings suggest a beneficial effect of Cramp in the treatment of UC and encouraged us to further explore the potential mechanisms by which Cramp alleviates UC.

The intestinal epithelium forms a physical barrier that regulates microbial colonization and prevents them from infiltrating the epithelium (Allaire et al., 2018). Disruption of the intestinal barrier has been reported to be a marker of intestinal inflammation and contributes to the pathogenesis of IBD (Zhao et al., 2020; Salimi et al., 2023). In our study, the expression of gut barrier-related genes was evaluated. As shown in Figure 2G, DSS significantly reduced the protein expression levels of E-cadherin and Occludin, while the effects of Cramp were reversed to varying degrees. Previous study has reported the effect of Cramp treatment on the intestinal barrier. Similar to the present study, Ren et al. reported that Cramp increased the expression of ZO-1, ZO-2, claudin-1, and occludin, thereby counteracting gluten-induced gut barrier dysfunction (Ren et al., 2021). The above-mentioned results indicated that DSS disrupts the integrity of the intestinal epithelial barrier and that Cramp exerts a protective effect by reversing these trends. A significant increase in oxidative stress is associated with diminished colonic mucosal barrier function due to a sharp decline in tight junction proteins (Seo et al., 2014). Indeed, an imbalance of redox homeostasis is a crucial inducing factor in the development and progression of IBD, causing oxidative stress in the gastrointestinal tract through increased production of reactive oxygen species (ROS) (Tian et al., 2017). Our previous findings indicate that Cramp knockout mice have increased hepatic ROS production, which revealed a possible mechanism of Cramp alleviating DSS-induced colitis from an antioxidant perspective (Li et al., 2020). In this study, the DSS treatment significantly increased the MDA contents in the serum, a biomarker of oxidant. However, Cramp treatment reduced the MDA levels (Figure 4C). Moreover, the intracellular enzymatic antioxidants of GSH-PX and SOD in the serum of DSS group were highly decreased compared with the CON group (Figures 4A,B). The treatment of Cramp significantly increased the GSH-PX activity, indicating that the Cramp could enhance antioxidant ability.

Gut ecology consists of host intestinal tissues, gut microbiota and their derived metabolites, all of which contribute to be maintenance of a balanced intestinal environment. Increasing evidence strongly suggests that IBD is caused by an inflammatory response to abnormal changes in gut microbiota (Elzayat et al., 2023). Research has reported that the abundance of Proteobacteria is increased in the feces of IBD patients, whereas members of the Bacteroides phylum are decreased (Hourigan et al., 2015; Matsuoka and Kanai, 2015). The changes in the gut microbiota composition and function were observed after Cramp treatment of IBD (Pound et al., 2015). Paradoxically, intrarectal Cramp administration did not alter the intestinal microbial imbalance although it reduced the severity of DSS-induced colitis in mice (Gubatan et al., 2020). Therefore, to further explore the potential mechanism of intraperitoneal injection of Cramp for the treatment of UC, in this study, 16S rRNA sequencing was used to detect the composition of fecal gut microbiota in mice. In our study, PCoA analysis showed that the gut microbiota communities in mice were remarkably different between the three groups. At the phylum level, the DSS challenge induced abnormal changes in gut microbiota, such as a significant increase in the relative abundance of Actinobacteria and Proteobacteria (Cheng et al., 2022) and a significant decrease in the relative abundance of Bacteroidota compared with the CON group, however, the change caused by DSS cannot be relieved via Cramp treatment. Notably, Cramp treatment significantly elevated the abundance of Verrucomicrobiota compared to the DSS group. Verrucomicobiota has been reported to be one of the phyla present in the human gut, which has only one cultivated intestinal representative, Akkermansia muciniphila (Derrien et al., 2017). Studies have shown that the abundance of Verrucomicrobiota was significantly lower in UC patients with active phase, while significantly higher in the remission phases than that of the healthy control group at the phylum level (Zhu et al., 2022; Liu J. et al., 2023). Therefore, Verrucomicrobiota may offer potential prospects for future treatment of human UC. These results indicate that the Cramp treatment significantly altered the structure of gut microbiota.

Furthermore, at the genus level, DSS significantly reduced the relative abundance of the Lachnospiraceae_NK4A136_group and Alistipes in our study. The same as at the phylum level, cramp treatment did not improve the abundance of these genes. In addition, Cramp treatment increased the relative abundance of Parasutterella and Mucispirillum, while decreasing the relative abundance of Roseburia and Enterorhabdus, although DSS did not affect their abundance. Mucispirillum, a species reported to be protective against DSS-induced UC in mice (Nan et al., 2023) is identified as a marker of spontaneous colitis in mouse models of IBD (Vereecke et al., 2014). The increase in the relative abundance of Parasutterella following Cramp treatment in our study might relate to the potential role of Parasutterella in bile acid maintenance and cholesterol metabolism (Ju et al., 2019). In contrast to our findings, various studies reported a positive correlation between Roseburia abundance and IBD disease. However, in my results, Cramp treatment significantly reduced the abundance of Roseburia. This controversial result necessitates future investigation to elucidate the role of Roseburia in the IBD.

The gut microbiota can influence host health by educating and shaping host metabolism (Lavelle and Sokol, 2020). In the current study, changes in serum metabolome were explored by an untargeted metabolomics strategy to contribute to a better understanding of the mechanisms by which Cramp administration alters the gut microbiota of colitis. By combining univariate statistics analysis, we hypothesized that a total of 79 differential metabolites were identified between the CON and DSS groups. Notably, treatment of Cramp significantly improved eighteen metabolites when compared to the DSS group. Enrichment analysis indicated that these metabolites were involved in multiple metabolic pathways, including α-ainolenic acid metabolism, taurine and hypotaurine metabolism, sphingolipid metabolism, arachidonic acid metabolism, etc. All four metabolic pathways have been reported to be closely associated with inflammatory responses (Wang et al., 2019; Hadas et al., 2020; Linghang et al., 2020; Yuan et al., 2022). Notably, there was a significant correlation between the differential serum metabolome and gut microbiota.



4 Materials and methods


4.1 Animal experimental methods

Eight to ten weeks male C57BL/6 J mice were obtained from Jilin GENET-MED Biotechnology Co., Ltd. (Jilin, China). Mice were housed under standard laboratory conditions at constant temperature and humidity. After one week of acclimatization feeding, the mice were randomly divided into three groups: control (CON) group, DSS-treated (DSS) group, and DSS-treated group supplemented with 4 mg/kg/day Cramp (DSS + Cramp). The CON group was administered distilled water. The DSS and DSS + Cramp groups were administered 3% DSS (wt/vol; MW 36–50 kDa, MP Biomedicals, Solon, OH, United States) for 7 days. The CRAMP peptide was synthesized by ChinaPeptides Co., Ltd. (Shanghai, China) and injected intraperitoneally once daily starting on day 4 of the experimental period as described previously (Li et al., 2020; Fodor et al., 2022). Changes in body weight were measured daily during the experimental period. DAI was assessed as an average of the scores for the parameters mentioned, DAI = [weight loss (%) + stool consistency+rectal bleeding]/3 as previously described (Liu L. et al., 2023). At the end of the experimental, the colon and small intestine were carefully isolated and measured for length. The sample of colonic content was collected for gut microbiome analysis. The sample of blood was collected for biochemical assays and metabolomics analysis.



4.2 ELISA and oxidative stress markers assay

Mouse blood samples were placed at 4°C to precipitate serum, which was carefully aspirated after centrifuged at 2,500 rpm for 30 min.

Details of colon organ culture are described previously (Greten et al., 2004; Ismail et al., 2011). Briefly, the distal 2 cm of the colon was resected and recorded the wet weight. The colon tissue was longitudinally sliced open and rinsed with PBS containing penicillin/streptomycin, and further cut into 1 cm2 sections. Colon sections were incubated in RPMI 1640 media containing PS for 24 h, and cell-free supernatants were used to detect inflammatory cytokines.

Then, following the manufacturer’s instructions, the serum/colonic levels of interleukin-1β (IL-1β), IL-6, tumor necrosis factor-α (TNF-α), or monocyte chemotactic protein-1 (MCP-1) (BD Biosciences, San Diego, CA, United States) were measured using ELISA kit.

The levels of serum C-reactive protein (CRP) in serum were analyzed using a Mouse C-Reactive Protein ELISA kit (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) following the manufacturer’s instructions. The Malondialdehyde (MDA) content, superoxide dismutase (SOD) and Glutathione peroxidase (GSH-Px) activity in serum were detected following the kit instructions (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China).



4.3 Histological assessment

To observe the histological changes, 4% paraformaldehyde-fixed colon and small intestine tissues were stained with hematoxylin and eosin (H&E). The morphological characteristics of the stained sections were examined using an Olympus CX23 microscope (Olympus, Tokyo, Japan). The calculation method for histological damage evaluation is as described previously (Ma et al., 2022).



4.4 Statistical analysis

Differences in quantitative data, expressed as mean ± SEM with statistical significance denoted by * p < 0.05, ** p < 0.01, *** p < 0.001. Group differences were assessed by Kruskal-Wallis test or ANOVA using Graph Pad Prism 7. Spearman’s correlation coefficients were computed for the relationships between differential serum metabolite levels and the relative abundances of gut microbiota at the genus and OTU levels, and a heatmap was designed for the correlation matrix using the Novogene Magic Cloud Platform.

The Supplementary materials include descriptions of additional methods.




5 Conclusion

In conclusion, our investigation demonstrated that Cramp treatment ameliorates DSS-induced colitis by decreasing the expression of inflammatory factors and improving intestinal barrier function. Meanwhile, our study revealed the alteration of the gut microbiome and serum metabolome by Cramp, suggesting a potential mechanism of Cramp in altering metabolism by modulating the gut microbiota.
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Background: With the development of healthcare services, drug efficacy, and safety have become the focus of drug use, and processing alters drug toxicity and efficacy, exploring the effects of processing on Evodiae fructus (EF) can guide the clinical use of drugs.

Methods: Fifty male Kunming mice were randomly divided into the control group (CCN), raw small-flowered EF group (CRSEF), raw medium-flowered EF group (CRMEF), processing small-flowered EF group (CPSEF), and processing medium-flowered EF group (CPMEF). The CRSEF, CRMEF, CPSEF, and CPMEF groups were gavaged with aqueous extracts of raw small-flowered EF dry paste (RSEF), medium-flowered EF dry paste (RMEF), processing small-flowered EF dry paste (PSEF) and processing medium-flowered EF dry paste (PMEF), respectively, for 21 days at 5 times the pharmacopeial dosage. Upon concluding the experiment, histopathological sections of liver and kidney tissues were examined. Additionally, levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), serum creatinine (SCr), and blood urea nitrogen (BUN) were determined. DNA from the intestinal contents of the mice was extracted, and 16S rRNA full-length high-throughput sequencing was performed.

Results: After fed EF 21 days, mice exhibited a decreasing trend in body weight. Comparative analysis with the CCN group revealed an upward trend in SCr, BUN, AST, and ALT levels in both CRSEF and CRMEF groups. The CRMEF group displayed notably elevated BUN and AST levels, with an observed increasing trend in Scr and ALT. Kidney sections unveiled cellular edema and considerable inflammatory cell infiltrates, whereas significant liver damage was not evident. Compared with CRSEF, Bun levels were significantly lower while AST levels were significantly higher in the CPMEF group. Additionally, the intestinal microbiota diversity and the relative abundance of Psychrobacter decreased significantly, and the relative abundance of Staphylococcus, Jeotgalicoccus, and Salinicoccus increased significantly in the CPMEF group. AST, ALT, and SCr were positively correlated with Staphylococcus, Jeotgalicoccus, and Salinicoccus.

Conclusion: In conclusion, PMEF significantly increased harmful bacteria (Staphylococcus, Jeotgalicoccus, and Salinicoccu) and decreased beneficial bacteria. SEF with 5 times the clinical dose showed nephrotoxicity and SEF nephrotoxicity decreased after processing, but EF hepatotoxicity was not significant, which may be due to insufficient dose concentration and time.

Keywords
 Evodiae fructus; nephrotoxic; hepatotoxicity; intestinal microbiota; toxicity


1 Introduction

Traditional Chinese Medicine (TCM) is widely used because of its low side effects and good curative effect. In recent years, with the development and application of TCM, the safety issues of its medication have become increasingly prominent. As herbal medicine involves the use of natural compounds, its active ingredients are complex and have different degrees of side effects, there have been extensive literature reports that improper use of Chinese herbal medicine can lead to liver and kidney damage (Yang B. et al., 2018; Wu et al., 2019). Evodiae fructus (EF) is the dried, nearly ripe fruit of Euodia rutaecarpa (Juss), which is generally classified according to fruit size as small-flowered EF (SEF), and medium-flowered EF (MEF), and is a herb with the effects of dispersing cold and relieving pain, relieving nausea, and reinforcing Yang to prevent diarrhea (National Pharmacopoeia Commission, 2020). The main chemical composition is alkaloids, terpenoids, flavonoids, phenolic acids, steroids, and phenylpropanoids (Li and Wang, 2020). EF alkaloids contain a variety of chemical components particularly evodiamine (EVO), rutaecarpine, and dehydroevodiamine (Chen et al., 2023). EVO is a natural quinolone alkaloid, which has been widely studied for its extensive pharmacological activities such as anti-tumor, anti-Alzheimer’s disease, anti-pulmonary hypertension, anti-fungal and anti-inflammatory (Li D. et al., 2022). According to the 2020 edition of Chinese Pharmacopoeia (National Pharmacopoeia Commission, 2020), EF mainly enters the liver, spleen, and kidney meridians. Modern studies have proved that EF was mainly used for the treatment and prevention of gastrointestinal diseases (Tan and Zhang, 2016), and can treat diarrhea of kidney-yang deficiency syndrome. The kidney structure, energy metabolism, and intestinal mucosal microbiota diversity and structure were improved (Zhu et al., 2023).

Some studies have shown significant hepatotoxicity and nephrotoxicity of EF. Compounds of EF can increase the activity of aspartate aminotransferase (AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), and alkaline phosphatase (ALP) with potential liver damaging effects (Li et al., 2019). EF hepatotoxicity is mainly associated with oxidative stress, mitochondrial damage and dysfunction, endoplasmic reticulum stress, hepatic metabolic disorders, and apoptosis (Yan et al., 2023). In terms of nephrotoxicity, the LDH release, renal cell morphology changes, and autophagy-related protein expression of cells treated with EVO at different concentrations increased, suggesting that EVO renal cytotoxicity may be associated with cellular autophagy-related pathways (Yan et al., 2017). The Chinese Pharmacopoeia (National Pharmacopoeia Commission, 2020) recorded that EF has a small toxicity. Therefore, improper use of EF not only fails to achieve therapeutic effect but will cause body damage.

The composition of the intestinal microbiota is susceptible to dietary and pharmacological influences and can have both beneficial and detrimental effects on the host organism (Li C. et al., 2022). It has been found that EF has a good modulating effect on intestinal microbiota, and changes in intestinal microbiota can respond to changes in intestinal function. Studies have found that adhesion and biofilm formation are key factors in the persistence of Campylobacter jejuni under adverse environmental conditions and that EF can weaken adhesion and inhibit the growth of harmful bacteria (Bezek et al., 2016). EVO can balance the levels of Escherichia coli and Lactobacillus levels to reduce intestinal inflammation (Shen et al., 2019). EVO also promotes enrichment, reduces intestinal inflammation, promotes the enrichment of Short-chain fatty acids (SCFAs) producing bacteria, reduces pro-inflammatory bacteria, regulates intestinal microbiota metabolites, and inhibits the development of intestinal inflammation (Wang et al., 2021). Therefore, appropriate intake of EF can change the intestinal microbiota and thus affect the health of the organism. However, the effects of raw EF and processing EF on the intestinal microecological mechanisms are unclear, and there are few studies on the effects of processed factors on the regulation of EF on the intestinal microbiota. A large number of studies have found that disorders of the intestinal microbiota are closely related to the development of disease. The microbiota regulates the immune and hormone levels of the liver or kidneys by sending signals to distant organs and tissues in the body. The interaction between the intestinal and the kidney and the liver is called the “liver-gut axis” and the “kidney-gut axis” (Schroeder and Bäckhed, 2016; Yang T. et al., 2018). Based on the above, we hypothesize that EF may regulate the metabolism of the liver, kidney, and intestinal microbiota through the “liver-gut axis” and “kidney-gut axis.”

A summary of relevant literature found that EF exhibited significant time-and dose-dependent hepatotoxicity (Li and Sun, 2015). We hypothesized that EF toxicity is mainly related to the concentration and time of administration, and processing can reduce the toxicity of the drug and change its properties of the drug. At present, the study of EF is limited to the extraction of the active ingredient, but the study of toxic concentration and processing methods to reduce toxicity is not clear.



2 Materials


2.1 Medicines and feed

Raw small-flowered EF and raw medium-flowered EF: purifying processing. 1.8 kg of liquorice is boiled to produce 12.6 kg of liquorice juice, which is then combined with 30 kg of raw EF. After thorough mixing and absorption of the liquorice juice, the mixture is gently stir-heated until dry, resulting in the creation of processed small-flowered EF and processed medium-flowered EF (Zhang et al., 2018). One kg samples of the above four EF variants are individually weighed, combined with 12 times their respective water content, and subjected to three reflux extractions, each lasting 40 min. The two filtrates were combined and concentrated to an infusion with a relative density of 1.23 (tested at 60°C) and dried under vacuum at 55°C to form an aqueous extract of raw small-flowered EF dry paste (RSEF), aqueous extract of raw medium-flowered EF dry paste (RMEF), aqueous extract of processing small-flowered EF dry paste (PSEF), and aqueous extract of processing medium-flowered EF dry paste (PMEF). Table 1 provides details on the yield of the four aqueous EF dry paste extracts, along with the content of Limonin and EVO in each.



TABLE 1 The yield rate and the contents of Limonin and EVO in aqueous extracts of different EF.
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The experimental animal common feed, comprising crude protein, crude fiber, crude fat, crude ash, calcium, phosphorus, lysine, methionine, cysteine, and so on, was sourced from the Experimental Animal Center of Hunan University of Chinese Medicine and manufactured by Jiangsu Medison Biomedical Co., Ltd.



2.2 Animal

In this study, to exclude the effect of sex on gut microbiota (Wu et al., 2022), 50 SPF-grade Kunming male mice (20 ± 2 g) were used. The animals were provided by Hunan Slaughter Jingda Laboratory Animal Co., Ltd. (license number: SCXK2019-0004), and fed at the Animal Experiment Center of Hunan University of Chinese Medicine. All animal operations were performed by the Guide for the Care and Use of Laboratory Animals of the Hunan University of Chinese Medicine and were approved by the Animal Experimentation Ethics Committee of the Hunan University of Chinese Medicine (ethics number: LL2022112302).




3 Methods


3.1 Preparation of EF solution

It was found that the toxicity of EF gradually increased with the increase of drug concentration and time, and hepatotoxicity appeared when the dose was five times the clinical equivalent dose (Zhang et al., 2018). Based on the Chinese Pharmacopoeia (National Pharmacopoeia Commission, 2020) at the usual clinical dosage of EF (5 g/d for 70 kg adults) and reference (Zhang et al., 2018), the toxicological effect of EF was studied at 5 times the pharmacopeial dosage (25 g/d). The daily doses of EF aqueous extracts were converted to mice based on the yield of different EF aqueous extracts and the body surface area of mice, and the converted doses were 0.91 g/(kg.d) RSEF, 1.35 g/(kg.d) RMEF, 1.58 g/(kg.d) PSEF, and 1.17 g/(kg.d) PMEF for mice. An appropriate amount of water extract of EF dry paste with distilled water was prepared into different concentrations of EF solution.



3.2 Animal grouping and drug administration

After adaptive feeding, 50 SPF-grade KM male mice were randomly divided into control group (CCN), raw small-flowered EF group (CRSEF), raw medium-flowered EF group (CRMEF), processing small-flowered EF group (CPSEF), and processing medium-flowered EF group (CPMEF). The CRSEF, CRMEF, CPSEF and CPMEF groups were gavaged with 0.91 g/(kg.d) raw small-flowered EF (RSEF), 1.35 g/(kg.d) raw medium-flowered EF (RMEF), 1.58 g/(kg.d) processing small-flowered EF (PSEF) and 1.17 g/(kg.d) processing medium-flowered EF (PMEF), 0.35 mL at a time, twice a day for 21 days. The CCN group was given sterile water gavage in equal frequency during the period. During the experiment, the mental state, activity level, hair color changes and diet of the mice were mainly observed, and the weight of the mice was recorded, as shown in Figure 1.
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FIGURE 1
 Experimental flow chart. CCN: control group, CRSEF: raw small-flowered EF group, CRMEF: raw medium-flowered EF group, CPSEF: processing small-flowered EF group, CPMEF: processing medium-flowered EF group. RSEF: aqueous extract of raw small-flowered EF dry paste, RMEF: aqueous extract of raw medium-flowered EF dry paste, PSEF: aqueous extract of processing small-flowered EF dry paste, PMEF: aqueous extract of processing medium-flowered EF dry paste.




3.3 Biochemical index testing

After 12 h of fasting after the last dose, whole blood was collected from the eye. The blood stood at room temperature for 2 h, centrifuged at 3,000 r/min for 10 min, and serum was taken for use. According to the instructions of the ELISA test kit, add samples, add antibodies, incubate, wash plates, develop colors, and terminate the reaction in turn. Finally, use the Rayto RT-6100 enzyme-labeled analyzer to detect the OD values of AST and ALT in serum samples at 450 nm. The determination of Bun and SCr is divided into control tube, standard tube, and sample tube according to the instructions of biochemical kit. After adding distilled water, standard substance, and sample to be detected respectively, SCr adds enzyme solution A and incubates at 37°C for 5 min, then determines the absorbance value, and then adds enzyme solution B and incubates at 37°C for 5 min. Bun is mixed with buffered enzyme solution, and the absorbance is measured after water bath at 37°C for 10 min. Then phenol chromogenic agent and alkaline sodium hypochlorite are added and mixed thoroughly, and the absorbance of each tube is measured after water bath at 37°C for 10 min. According to the formula, the contents of SCr and Bun in serum were calculated, and the standard curve equation was drawn to calculate the contents of AST and ALT in each sample.



3.4 Pathological sections

Under aseptic conditions, the livers and kidneys were dissected and removed, and the impurities on the surface of the organs were washed with saline and cut into 1–2 cm tissue clumps with scalpel, fixed in 4% paraformaldehyde solution and stored at room temperature. According to gradient dehydration, xylene was transparent and paraffin was embedded. After dressing the wax blocks, the wax blocks were cooled on a −20°C frozen table and sliced in a paraffin slicer (thickness 4 μm). The slices were floated in warm water at 40°C in a sheet spreading machine to flatten the tissues, and the tissues were picked up by slides, roasted in an oven at 60°C, and stored at room temperature for later use. The paraffin section samples were soaked in xylene at one time and then transferred to anhydrous ethanol for dewaxing. After dewaxing, the sections were dyed in HE dye solution in dyeing tank, and then added to concentration gradient ethanol and xylene successively for dehydration, and finally sealed with neutral gum (Liu et al., 2023).



3.5 Intestinal contents sample collection

After 21 days, the mice were cervically dislocated and executed, and the small intestine was immediately removed by opening the abdominal cavity on an ultra-clean bench. Under aseptic conditions, the intestinal tissue from the pylorus to the ileocecal region was incised longitudinally with sterile scissors and the intestinal contents were removed with sterile forceps and collected from each mouse in an EP tube and stored at −80°C (Li X. et al., 2022).



3.6 Total DNA extraction, PCR amplification, and high-throughput sequencing

Total microbial genomic DNA was extracted from each sample tube according to the OMEGA Soil DNA Kit instructions. The quantity and quality of extracted DNA were measured by using a NanoDrop NC2000 spectrophotometer and agarose gel electrophoresis, respectively. PCR amplification of the bacterial 16S rRNA genes V3–V4 region was performed using the forward primer 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Thermal cycling consisted of initial denaturation at 98°C for 5 min, followed by 25 cycles consisting of denaturation at 98°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 45 s, with a final extension of 5 min at 72°C. PCR amplicons were purified with Vazyme VAHTSTM DNA Clean Beads and quantified using the Quant-iT PicoGreen dsDNA Assay Kit. After the individual quantification step, amplicons were pooled in equal amounts, and pair-end 2,250 bp sequencing was performed using the Illlumina NovaSeq platform with NovaSeq 6000 SP Reagent Kit at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China) (Li X. et al., 2022; Qiao et al., 2023).



3.7 Bioinformatics

The original sequence data is decoded by the demux plug-in, the primer is excised by cutadapt plug-in, and then the sequence is processed by DADA2 plug-ins, such as quality filtering, denoising, splicing, and chimera removal. Merge the above-mentioned sequences according to 100% sequence similarity, and generate characteristic sequence ASVs and abundance data table. ASV-level alpha diversity indices were calculated using the amplicon sequence variant (ASV) table in QIIME2 and visualized as box plots. ASV-level ranked abundance curves were generated to compare the richness and evenness of ASVs among samples. Beta diversity analysis was performed to investigate the structural variation of microbial communities across samples using Bray-Curtis metrics and visualized via principal coordinate analysis (PCoA) and nonmetric multidimensional scaling (NMDS). A Venn diagram was generated to visualize the shared and unique ASVs among samples or groups using the R package “VennDiagram,” based on the occurrence of ASVs across samples/groups regardless of their relative abundance. Linear discriminant analysis effect size (LEfSe) was performed to detect differentially abundant taxa across groups using the default parameters. The metabolic function of microbial microbiota was analyzed by PICRUSt2 to obtain functional units and then predicted on the KEGG1 database to obtain the abundance value of metabolic pathways (Kanehisa and Goto, 2000; Li L. et al., 2022).



3.8 Correlation analysis

Pearson’s correlation coefficient was used when the data satisfied normality, and Spearman’s correlation coefficient was used when it did not satisfy normality. SPSS 21.0 statistical software was used to calculate Spearman correlation coefficients and heat maps were plotted in the cloud platform.2 The correlation between two variables is expressed by using the correlation coefficient, and the closer the correlation coefficient is to 1 or −1, the greater the correlation between the two elements, and the closer the correlation coefficient is to 0, the more independent the two elements are.



3.9 Statistical analysis

The experimental data were expressed as mean ± standard deviation. The SPSS 21.0 statistical package was used for the statistical analysis of all data. Comparisons between multiple groups, satisfying normality and homoscedasticity, were performed by one-way ANOVA, and comparisons between multiple groups were performed by LSD test. The rank sum test was used if normality and homoscedasticity were not satisfied, and Tamhane’s T2 (M) test was used for comparison between multiple groups. p < 0.05 indicates a significant difference.




4 Results


4.1 Effects of different EF on body weight and liver and kidney functions in mice

Compared with the CCN group, the weight of mice increased slowly after EF intervention (Figure 2A; p > 0.05). The main detectors of nephrotoxicity were SCr and BUN. The changes in SCr content were not significant in all groups after EF feeding (Figure 2B; p > 0.05). Compared with the CCN group, BUN was significantly higher in the CRMEF group (p < 0.05). Compared with the CRMEF group, BUN was significantly lower in the CPMEF group (Figure 2C; p < 0.05). The main tests of liver function are AST and ALT. Compared to the CCN group, ALT increased after EF intervention (Figure 2D; p > 0.05), and AST in both the CRMEF group and CPMEF group increased significantly (Figure 2E; p < 0.05). Compared with CRSEF, AST was significantly higher in the both CRMEF and CPMEF groups (Figure 2E; p < 0.05).

[image: Figure 2]

FIGURE 2
 (A) Changes in body weight of mice in different groups after 21 days of different EF interventions. (B) Serum levels of SCr. (C) Serum levels of BUN. (D) Serum levels of ALT. (E) Serum levels of AST. CCN: control group, CRSEF: raw small-flowered EF group, CRMEF: raw medium-flowered EF group, CPSEF: processing small-flowered EF group, CPMEF: processing medium-flowered EF group. *p < 0.05, **p < 0.01.




4.2 Effect of different EF on the histomorphology of the liver and kidney of mice

We further evaluated the toxic effects of EF by observing tissue inflammation and injury in combination with histopathological sections of the liver and kidney. The results of light microscopic observation of kidney pathological sections in each group of mice: The kidney tissues of mice in the CCN group had intact peritoneum, clear cortical and medullary demarcation, intact glomerular, tubular, interstitial structures, and uniform distribution (Figure 3A). The renal tubular lumen was heterogeneous with tubular cell edema in both CRSEF and CRMEF groups. A large number of inflammatory cells were infiltrated in the CRMEF group (Figures 3B,C). Glomeruli, tubules, and interstitial structures were intact in both CPSEF and CPMEF groups, with scattered hemorrhages (considering nonspecific injury due to sampling), and partial glomeruli atrophic sclerosis in the CPSEF group (Figures 3D,E).
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FIGURE 3
 (A) Kidney tissue section of CCN group. (B) Kidney tissue section of CRSEF group. (C) Kidney tissue section of CRMEF group. (D) Kidney tissue section of CPSEF group. (E) Kidney tissue section of CPMEF group. (F) Liver tissue section of CCN group. (G) Liver tissue section of CRSEF group. (H) Liver tissue section of CRMEF group. (I) Liver tissue section of CPSEF group. (J) Liver tissue section of CPMEF group. CCN: control group, CRSEF: raw small-flowered EF group, CRMEF: raw medium-flowered EF group, CPSEF: processing small-flowered EF group, CPMEF: processing medium-flowered EF group.


The results of light microscopic observation of liver pathological sections of mice in each group: In the liver lobules of mice in the CCN group, the hepatocytes were arranged compactly and neatly, with polygonal hepatocytes, pink-stained cytoplasm and rounded nuclei of different sizes, radiating from the central vein (Figure 3F). Scattered blebs were seen in both CRSEF and CRMEF groups (considering nonspecific injury due to sampling), and petechial hemorrhage was present within the CRSEF group (Figures 3G,H). In the CPSEF and CPMEF groups, hepatic lobules with normal hepatocyte morphology and no obvious pathological damage were seen (Figures 3I,J).



4.3 Effects of different EF on intestinal contents microbiota of mice


4.3.1 Different EF change the diversity of intestinal contents microbiota in mice

As the number of sequencing increased, the growth rate of ASV number decreased, and the Shannon dilution curve gradually flattened, indicating that the sequencing data in this experiment was sufficient (Figure 4A). The species accumulation curve gradually increased with increasing sample size, and the sequencing depth of the experiment was sufficient to reflect the microbial diversity contained in the community samples (Figure 4B). It was found that compared with the CCN group, Chao1 index and Observed species index in the CPMEF group were significantly decreased (p < 0.05, Figures 4C,D), and the Simpson and Shannon indices have no significant difference (p  > 0.05, Figures 4E,F). Compared with the CPMEF group, Chao1 index and Observed species index in the CRSEF and CRMEF groups were significantly increased (p < 0.05, Figures 4C,D). Our study further evaluated beta diversity based on the Bray-Curtis distance algorithm. Distance matrix PCoA and NMDS analysis shows that the CRSEF and CRMEF groups and the CPSEF and CPMEF groups showed better separation at PCo1 = 30.7%, PCo2 = 15.7%, and Stress = 0.181 (Figures 4G,H).

[image: Figure 4]

FIGURE 4
 (A) Shannon dilution curve for each group of mice. (B) Species accumulation curves for each group of mice. Alpha diversity index: (C) Chao1 Index. (D) Observed species Index. (E) Shannon Index. (F) Simpson Index. Beta diversity based on Bray-Curtis distance algorithm: (G) Distance matrix PCoA analysis. (H) Distance matrix NMDS analysis. CCN: control group, CRSEF: raw small-flowered EF group, CRMEF: raw medium-flowered EF group, CPSEF: processing small-flowered EF group, CPMEF: processing medium-flowered EF group. *p < 0.05, **p < 0.01.




4.3.2 Different EF altered the structure of intestinal contents microbiota in mice

The CCN, CRSEF, CRMEF, CPSEF, and CPMEF groups had 1,011, 1,364, 1,028, 1,144, and 657 unique ASVs, respectively, with a total of 190 identical ASVs in the five experimental groups (Figure 5A). The analysis of intestinal microbiota composition within the group showed that the intestinal content microbiota of the six classification levels changed after the EF intervention (Figure 5B). We further analyzed the composition of the intestinal content microbiota at different taxonomic levels between groups. At the phylum level, the intestinal contents microbiota was dominated by Firmicutes, Proteobacteria, Bacteroidetes, TM7, and Actinobacteria, with Firmicutes accounting for the largest proportion (Figure 5C). Compared with the CCN, CRSEF, and CRMEF groups, the relative abundance of Bacteroidetes was significantly decreased in the CPMEF group, while the relative abundance of Firmicutes was significantly increased (p < 0.05, Figures 5D,E). Compared with the CRSEF group, the relative abundance of Firmicutes was significantly increased in the CPSEF group (p < 0.05, Figure 5E).
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FIGURE 5
 (A) ASVs Venn diagram. (B) Number of classification units in each group. (C) Composition of the intestinal contents microbiota at the phylum level. (D) Relative abundance of groups of Bacteroidetes. (E) Relative abundance of groups of Firmicutes. (F) Composition of the intestinal contents microbiota at the genus level. (G) Phylogenetic tree plot. (H) Relative abundance of groups of Jeotgalicoccus. (I) Relative abundance of groups of Salinicoccus. (J) Relative abundance of groups of Staphylococcus. (K) Relative abundance of groups of Psychrobacter. CCN: control group, CRSEF: raw small-flowered EF group, CRMEF: raw medium-flowered EF group, CPSEF: processing small-flowered EF group, CPMEF: processing medium-flowered EF group. *p < 0.05, **p < 0.01, ***p < 0.001.


At the genus level, Staphylococcus, Candidatus Arthromitus, Lactobacillus, Adlercreutzia, Desulfovibrio, etc., were predominant, with Staphylococcus accounting for the largest proportion (Figure 5F). According to the Phylogenetic tree plot, we found that Staphylococcus and Jeotgalicoccus belonged to Firmicutes (Figure 5G). Compared with the CCN group, the relative abundance of Jeotgalicoccus, Salinicoccus, and Staphylococcus was significantly increased in the CPMEF group (p < 0.05, Figures 5H–J). Compared with the CPMEF group, the relative abundance of Jeotgalicoccus and Salinicoccus, was significantly lower in both CRSEF and CRMEF groups (p < 0.05, Figures 5H–J). The relative abundance of Psychrobacter was significantly lower in the CRMEF and CPSEF groups compared to the CCN group (p < 0.05, Figure 5K).



4.3.3 Different EF altered the characteristic microbiota and potential functional genes of intestinal contents microbiota in mice

Based on LEfSe analysis, we identified the characteristic bacteria with different changes in each group. When the LDA score was greater than 3, there were differences in the microbiota abundance of CCN, CPSEF, CPMEF, and CRSEF groups, among which 13 bacteria were identified as key discriminators. At the genus level, Enterococcus is characteristic of the CCN group, Staphylococcus is characteristic of the CPSEF group, and Jeotgalicoccus, Salinicoccus is characteristic of the CPMEF group (Figures 6A,B). Based on the KEGG database (Kanehisa and Goto, 2000; Kanehisa, 2019; Kanehisa et al., 2023), we predicted the metabolic pathways related to intestinal contents microbiota by PICRUSt2 analysis and further determined the effect of EF feeding on the potential metabolic function of intestinal contents microbiota in mice. We screened the top 20 metabolic pathways in relative abundance, mainly Cellular Processes, Environmental Information Processing, Genetic Information Processing, and Human Diseases, with the highest abundance of the Metabolism pathway (Figure 6C).
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FIGURE 6
 (A) Histogram of LDA to identify bacterial species with different levels. (B) The cladogram generated from the LEfSe analysis indicates the phylogenetic distribution from phylum to species of the intestinal contents microbiota. (C) Prediction of metabolic function of intestinal contents microbiota based on PICRUSt2. The left side is the primary KEGG metabolic pathway, and the right side is the secondary KEGG metabolic pathway. The line thickness represents the relative abundance of the KEGG metabolic pathway. (D) Prediction of metabolic function of intestinal contents microbiota based on PICRUSt2. The ordinate shows the classification of KEGG functional pathways: the second-order KEGG metabolic pathway on the left, the third-order KEGG metabolic pathway on the right, and the abscissa shows the abundance of KEGG functional pathways. (E) The difference box diagram of the third-order KEGG metabolic pathway in each group’s top 20 relative abundances. CCN: control group, CRSEF: raw small-flowered EF group, CRMEF: raw medium-flowered EF group, CPSEF: processing small-flowered EF group, CPMEF: processing medium-flowered EF group. *p < 0.05, **p < 0.01, ***p < 0.001.


We further analyzed the top 20 level 3 metabolic pathways in terms of relative abundance. The results showed that the potential metabolic functions of the mouse intestinal contents microbiota were dominated by the Biosynthesis of ansamycins, D-Glutamine and D-glutamate metabolism, D-Alanine metabolism, Peptidoglycan biosynthesis Fatty acid biosynthesis was predominant (Figure 6D). Compared to the CCN group, the relative abundance of Biosynthesis of ansamycins, D-Glutamine and D-glutamate metabolism, Peptidoglycan biosynthesis, Mismatch repair, Aminoacyl-tRNA biosynthesis, Ribosome, Secondary bile acid biosynthesis, Protein export, Biosynthesis of vancomycin group antibiotics, Cell cycle - Caulobacter and Homologous recombination were significantly decreased in the CRMEF group. The relative abundance of Thiamine metabolism was significantly increased (p < 0.05, Figure 6E).




4.4 Correlation analysis of the characteristic microbiota of intestinal contents microbiota with liver and kidney function and potential functional genes

Based on the above analysis, we found that EF affects liver and kidney function and can regulate intestinal microbiota dysbiosis. We further used correlation analysis to explore the correlation between altered intestinal microbiota, liver and kidney function, and potentially functional genes. AST was significantly negatively correlated with Enterococcus and positively correlated with Staphylococcus. AST, ALT, and SCr were positively correlated with Staphylococcus, Jeotgalicoccus, and Salinicoccus, but negatively correlated with Enterococcus (Figure 7A). Staphylococcus, Jeotgalicoccus, and Salinicoccus were significantly positively correlated with lipoic acid metabolism, and thiamine metabolism, and negatively correlated with Biosynthesis of ansamycins, D-Glutamine and D-glutamate metabolism, Peptidoglycan biosynthesis, Mismatch repair, Aminoacyl-tRNA biosynthesis, Ribosome, Secondary bile acid biosynthesis, Protein export, Biosynthesis of vancomycin group antibiotics, Cell cycle - Caulobacter, Homologous recombination. Enterococcus, on the other hand, was the opposite (Figure 7B).
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FIGURE 7
 Heat map of correlation analysis: Blue represents a negative correlation, red represents a positive correlation, the closer the color is to blue, the stronger the negative correlation between the two parameters, the closer the color is to red, the stronger the positive correlation between the two parameters. (A) Heat map of correlation between characteristic microbiota of intestinal contents microbiota and liver and kidney function (B) Heat map of correlation between characteristic microbiota of intestinal contents microbiota and potential functional genes. *p < 0.05, **p < 0.01, ***p < 0.001.





5 Discussion


5.1 Effects of processing factors on EF liver and kidney toxicity

Drug-related liver and kidney injury is mainly due to the potential toxicity of drugs excreted by the liver and kidneys and their metabolites, which directly or indirectly cause damage to the organs, resulting in liver and kidney function and/or structural disorders. Drugs and their metabolites are mostly excreted from the urine through glomerular filtration and renal tubule secretion, so the kidneys are particularly vulnerable to the toxic effects of drugs (European Association for the Study of the Liver, 2019; Dobrek, 2023). Aristolochic acid and alkaloid compounds in some of these herbs are known to cause nephrotoxicity (Yang B. et al., 2018). The chemical composition of EF varies from size to size and from processing to processing, which may have an impact on the toxicity of EF. In this study, the content of limonin decreased significantly after processing of EF, EVO in PSEF decreased significantly and EVO in PMEF increased significantly. Studies have confirmed that EVO and its derivatives enhance thermogenesis and lipid oxidation and play a role in weight management and therapy (Gavaraskar et al., 2015). Limonin can reduce the weight of mice fed with high fat (Wang S. W. et al., 2022). In this study, it was found that the weight of mice after different EF feeding showed a decreasing trend, but the difference among groups was not significant, which may be related to the different contents of EVO and limonin.

Scr and Bun are metabolites in the body, mainly produced by muscle metabolism and cleared by the kidneys, and increased concentrations of Scr and Bun reflect decreased renal function, so the measurement of Scr and Bun can determine changes in renal function (Zhao et al., 2022; Hong et al., 2023). This study showed that Scr showed an increasing trend after feeding by different EF, Bun significantly increased in RMEF groups, and Bun significantly decreased in the PMEF group. However, due to the high metabolic capacity of the kidney, the Scr concentration generally does not increase in the early stage of kidney injury and only increases significantly when the glomerular filtration function is seriously reduced (Hong et al., 2023). Considering the metabolic characteristics of Scr, combined with histopathological sections, RMEF may have certain nephrotoxicity, and licorice processing can reduce nephrotoxicity. However, in this study, the kidney injury was not obvious, which may be due to insufficient feeding time or too low concentration. In the early stage of kidney injury, the glomeruli were not involved. In this study, AST significantly increased in the RMEF and PMEF groups. Although EVO is hepatocyte toxic, the mechanisms of its toxicity may involve lipid peroxidation damage, apoptosis, and cholestasis (Li et al., 2019; Gao et al., 2021). However, ALT mainly exists in hepatocytes and is the most sensitive detection index of liver function damage. AST usually exists in the mitochondria of cardiomyocytes and hepatocytes, with the highest content in myocardium, followed by the liver. AST will increase only when liver tissue is seriously damaged (Kalas et al., 2021; Lala et al., 2023). In combination with tissue sections, liver tissue sections in the PMEF group showed no obvious damage and ALT changes were not significant. Thus, elevated AST here may be a non-hepatic injury (hemolysis, myopathy, thyroid disease, exercise) rather than an EVO induced liver injury.



5.2 The influence of processing factors on EF regulation of intestinal microbiota

Intestinal microbiota directly or indirectly affects the metabolism and efficacy of many drugs, leading to drug activation, drug inactivation, or toxicity (Abdelsalam et al., 2020). The large microbial community in the intestine plays an important and complex role in drug absorption and health status of the liver. Most natural herbs, including EF, are administered orally, and intestinal microbiota first contacts the drug ingredients after entering the intestine (Džidić-Krivić et al., 2023). Intestinal ecological imbalance can indirectly or directly regulate the progress of renal diseases, among which the changes in the abundance and proportion of intestinal Bacteroidetes and Firmicutes can reflect renal diseases. Herbal alleviates renal diseases by regulating intestinal microbiota, which can reduce Bacteroidetes and increase Firmicutes, showing a direct correlation with renal function parameters (Chen et al., 2021; Saranya and Viswanathan, 2023). This study showed that after the processing of EF feeding, the diversity of Bacteroidetes in the intestinal contents of mice decreased, and Firmicutes increased significantly, while renal toxicity decreased significantly. Therefore, we hypothesize that the attenuated PEF nephrotoxicity may be associated with a significant decrease in Bacteroidetes and a significant increase in Firmicutes.

Staphylococcaceae covers a large group of Gram-positive bacteria, including Jeotgalicoccus, Macrococci, Nosocomicocus, Salinicoccus, and Staphylococcus, which are considered the pathogens of several serious diseases (Tang et al., 2015). Staphylococcus is a common pathogenic bacterium, the most common of which is Staphylococcus aureus, that promotes inflammation leading to infectious threats to global public health and is a major pathogen causing a range of diseases (Chand et al., 2023; Subramanian and Natarajan, 2023) Psychrobacter is a kind of bacteria resistant to low temperature, dryness, and starvation pressure, and it grows in low temperature by down-regulating energy metabolism (Kim et al., 2012). This study found that Staphylococcus was the characteristic bacteria of PSEF, and Jeotgalicoccus, and Salinicoccus were the characteristic bacteria of PMEF. In this study, CPMEF significantly decreased the diversity of intestinal microbiota and increased Staphylococcus, Jeotgalicoccus, and Salinicoccus. Compared with the CPMEF group, CRMEF significantly increased the diversity of intestinal microbiota and significantly decreased the relative abundance of Staphylococcus, Jeotgalicoccus, and Salinicoccus. Studies have found that limonin can significantly increase the richness of colon microbiota, significantly inhibit bacterial toxins and Staphylococcus aureus infection markers, improve intestinal injury and ulcers, and have a protective effect on the intestine (Gu et al., 2019; Jia et al., 2023). Some studies have found that adenine induced damage extends beyond the kidneys to affect the intestine as well, and the intestinal microbiota is a key mediator of the chemical’s toxicological effects. The correlation between chemical toxicity, intestinal microbiota, and organ-specific damage reveals the complex interaction between chemical toxicity and intestinal microbiota (Li et al., 2023). On the one hand, we speculate that EF components may have toxic effects on specific microbiota, leading to the reduction or proliferation of microbiota, for example, the RMEF group has a higher limonin content, and compared with the PMEF group, the intestinal harmful bacteria are reduced and their diversity is increased. Therefore, REF increased microbial diversity and decreased harmful bacteria, which may be related to higher limonin content. On the other hand, changes in intestinal microbiota may affect the metabolism and absorption of EF in the intestine, thereby regulating its toxicity. For example, the increase of harmful bacteria in the PMEF group may affect intestinal mucosal permeability, and thus the physiological and metabolic processes of EF.



5.3 Effect of processing factors on potential functional genes of intestinal contents microbiota

The liver plays a key role in the homeostasis of most amino acids and determines whether specific amino acids are absorbed by the liver or circulated throughout the body, whereas hepatic amino acids are metabolic substrates for a variety of essential compounds (Paulusma et al., 2022). Disturbances in amino acid metabolism are associated with the progression of hepatotoxicity. The amino acid metabolic pathways, metabolic pathways of energy, glutathione, and porphyrin are downregulated after liver injury, and Staphylococcus abundance increases and is associated with liver injury (Wang C. et al., 2022). SCFAs, bile acids, and fatty acids are common metabolites of the microbiome that regulate intestinal permeability, glucose and lipid metabolism, the immune system, and inflammatory responses (Xiao et al., 2021; Min et al., 2022). Glutamate is a key hepatic amino acid metabolite produced through transamination during the catabolism of several amino acids (Pfennig et al., 2013).

This study showed that after RMEF feeding, D-Glutamine and D-glutamate metabolism, Peptidoglycan biosynthesis, Aminoacyl-tRNA biosynthesis, Secondary bile acid biosynthesis, Protein export, Biosynthesis of antibiotics were significantly reduced. It is negatively correlated with Staphylococcus, Jeotgalicoccus, and Salinicoccus, while Lipoic acid metabolism and Thiamine metabolism, AST, ALT, and Scr were positively correlated with Staphylococcus, Jeotgalicoccus, and Salinicoccus. The results indicated that the changes in intestinal microbiota after EF feeding may affect the amino acid metabolism of hepatocytes and regulate the changes of related liver amino acid metabolism pathway, among which the abundance of Staphylococcus, Jeotgalicoccus, and Salinicoccu are closely related to liver function. Liver injury was not obvious in this study, but the results of bacterial microbiota showed that the increase of harmful bacteria was correlated with the decrease in liver metabolic function. Therefore, EF may have some liver damage too, but the toxicity concentration was not determined in this study for the time being because the concentration gradient and time gradient were not set up in this study, which is a shortcoming of the study.




6 Conclusion

In conclusion, PMEF significantly increased harmful bacteria (Staphylococcus, Jeotgalicoccus, and Salinicoccu) and decreased beneficial bacteria. SEF with 5 times the clinical dose showed nephrotoxicity, and SEF nephrotoxicity decreased after processing, but EF hepatotoxicity was not significant, which may be due to insufficient dose concentration and time.
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Shengu granules ameliorate ovariectomy-induced osteoporosis by the gut-bone-immune axis
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Introduction: Postmenopausal osteoporosis (PMOP) is a common chronic disease, and the loss of bone density and bone strength after menopause are its main symptoms. Effective treatments for PMOP are still uncertain, but Chinese medicine has some advantages in slowing down bone loss. Shengu granules are often used clinically to treat PMOP. It has been shown to be an effective prescription for the treatment of PMOP, and there is evidence that gut flora may play an important role. However, whether Shengu granules attenuate PMOP by modulating gut flora and related mechanisms remains unclear.

Methods: In this study, we mainly examined the bone strength of the femur, the structure of the intestinal microbiota, SCFAs in the feces and the level of FOXP3 cells in the colon. To further learn about the inflammation response, the condition of the mucosa and the level of cytokines in the serum also included in the testing. In addition, to get the information of the protein expression, the protein expression of OPG and RANKL in the femur and the protein expression of ZO-1 and Occludin in the colon were taken into account.

Results: The osteoporosis was significantly improved in the SG group compared with the OVX group, and the diversity of intestinal flora, the secretion level of SCFAs and the expression level of FOXP3 were significantly increased compared with the OVX group. In terms of inflammatory indicators, the intestinal inflammation scores of the SG group was significantly lower than those in the OVX group. Additionally, the serum expression levels of IL-10 and TGF-β in the SG group were significantly increased compared with the OVX group, and the expression levels of IL-17 and TNF-α were significantly decreased compared with the OVX group. In terms of protein expression, the expression levels of ZO-1, Occluding and OPG were significantly increased in the SG group compared with the OVX group, and the expression level of RANKL was significantly decreased compared with the OVX group.

Discussion: Shengu granules treatment can improve the imbalance of intestinal flora, increase the secretion of SCFAs and the expression of FOXP3, which reduces the inflammatory response and repairs the intestinal barrier, as well as regulates the expression of OPG/RANKL signaling axis. Overall, Shengu granules ameliorate ovariectomy-induced osteoporosis by the gut-bone-immune axis.
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 Gut microbiota; Shengu granules; PMOP; SCFAs; Inflammatory factors; Traditional Chinese medicine; The gut-bone-immune axis
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1 Introduction

Postmenopausal osteoporosis (PMOP) is a common systemic metabolic bone disease in elderly women, characterized by the decline of ovarian function and insufficient secretion of estrogen (E2) after menopause, resulting in bone loss and bone microstructural deterioration. With aging and a decline in E2 secretion, postmenopausal women lose 15% to 20% more bone than men (Huidrom et al., 2021). Nearly 30%–50% of menopausal women will bring about osteoporosis, and its incidence will increase with the prolongation of menopausal time (Arceo-Mendoza and Camacho, 2021). Osteoporosis can also be called a “silent killer” because patients often have no discomfort or symptoms until serious consequences like fractures happen. The rapid decline in estrogen in postmenopausal older women has led to a rapid increase in the incidence of PMOP, which has become an significant global public health issue (Clynes et al., 2020). Currently PMOP is mostly treated and prevented with medication (Johnston and Dagar, 2020). Current mainstream drugs include dual-acting agents, bone resorption inhibitors, osteogenesis promoters, and medications with different mechanisms (Ayariga et al., 2022). Prolonged use of these medications can easily result in a wide range of negative effects (Johnston and Dagar, 2020), therefore there is an urgent need for innovative preventative and therapeutic approaches. In recent years, the “gut-bone” axis has been put out as a novel approach for the prevention and treatment of PMOP. Hormones, immunity, nutrient metabolism, gut flora metabolites, and intestinal permeability have been recognized as potential mechanisms linking gut flora and PMOP (Xu et al., 2022). The gut flora and its byproducts play a major role in the development and incidence of disease (Zhou et al., 2020; Ibrahim et al., 2022). When dietary fiber is broken down and fermented by the beneficial bacteria in the colon, a particular type of metabolite known as SCFAs is produced (Wallimann et al., 2021). It has been found that SCFAs have immunomodulatory attribution, and there is a close relationship between immune function and bone homeostasis. It has been demonstrated that propionate (C3) and butyrate (C4) induce metabolic reprogramming in osteoclasts, which downregulates the expression of osteoclast genes such as TRAF6 and NFATc1 and promotes glycolysis at the expense of oxidative phosphorylation (Lucas et al., 2018). Osteocytes are impacted by numerous immune cells, either directly or indirectly, through OPG/RANKL and other mechanisms. In a normal state, osteoblasts secrete RANKL, a cytokine receptor activator of NF-κB ligand, which precisely controls osteoclast activity (McDonald et al., 2021). Numerous signaling molecules increase the synthesis of RANKL, which binds to RANK on osteoclast precursors to promote osteoclast development; These molecules include TNF-α, IL-6, IL-17, and others (Fischer and Haffner-Luntzer, 2022). By stimulating the synthesis of SCFAs, gut flora may reduce intestinal inflammation and thereby osteoporosis.

According to traditional Chinese medicine theory, Shengu granule are a commonly prescribed medication for treating PMOP of spleen deficiency and dampness trapped type. It also has the effect of strengthening tendons and bones and tonifying the kidney and spleen (Xuyan et al., 2023).

The active components of Shengu granules extract include Luteolin, Sitosterol, Soybean Sterol, Kaempferol, Icariin, and others. Of these, Quercitrin plays a significant regulatory role in bone transformation through a variety of action mechanisms, such as stimulating and inhibiting the osteocyte population, inhibiting matrix metalloproteinase (MMP-9), controlling mesenchymal cell differentiation, and controlling gene expression (RANK; Inchingolo et al., 2022). Mitogen-activated protein kinase (MAPK), NF-ĸb, Wnt/β-catenin, and bone morphogenetic protein2/SMAD (BMP2/SMAD) signaling pathways are all impacted by Luteolin, Kaempferol, and other Flavonoids. Apoptosis pathways also have an impact on bone remodeling (Ramesh et al., 2021).

Zhong Zhuobei’s clinical research has demonstrated that Shengu granules can boost calcium and phosphorus levels, which in turn increases bone metabolism and density (Bei, 2019), however exact mechanism of action of these granules is yet unknown. In our clinic, we found that PMOP patients in South China are often accompanied by gastrointestinal problems, and taking Shengu granules can frequently decrease gastrointestinal problems while improving PMOP, so we hypothesize that Shengu granules may improve PMOP through the gut-bone-immune axis.



2 Animals and materials


2.1 Production of Shengu granules

Shengu granule herbs were purchased from Guangdong Second Traditional Chinese Medicine Hospital. Prescription as follows:

Dangshen (Dangshen, Lot No.220300721, Origin: Gansu, China),

Gusuibu (Gusuibu, Lot No.220100081, Origin: Zhejiang, China),

Baizhu (Baizhu, Lot No.220160791, Origin: Zhejiang, China),

Xuduan (Xuduan, Lot No.220201, Origin: Sichuan, China),

Fuling (Fuling, Lot No.211204171, Origin: Hunan, China),

Yiyiren (Yiyiren, Lot No.220403291, Origin: Guizhou, China),

Huangbai (Huangbai, Lot No.220103871, Origin: Sichuan, China),

Cangzhu (Cangzhu, Lot No.2203005, Origin: Neimenggu, China),

Niuxi (Niuxi, Lot No.221202641, Origin: Sichuan, China),

Mudanpi (Mudanpi, Lot No.211200139, Origin: Anwei, China),

Shanzhuyu (Shanzhuyu, Lot No.211001601, Origin: Zhejiang, China),

Yanhusuo (Yanhusuo, Lot No.220107, Origin: Zhejiang, China),

Biejia (Biejia, Lot No.220305732, Origin: Hubei, China).

The above herbs by ultra-centrifugation, ultrafiltration to remove impurities, made Shengu granule concentrated granules.



2.2 Animal models and group

12-week-old Sprague–Dawley female rats (SCXK(YUE)2013-0002) were purchased from the Guangdong Medical Laboratory Animal Center (Lot No.44007200100399), which were housed at a specialized pathogen-free environment with conventional laboratory settings (25°C ± 2°C, 50% ± 5% humidity, and a 12/12 h light/dark cycle). Following a week of adaptation to their new surroundings, Three groups (n = 12 per group) were randomly assigned to all the mice: the Sham group, the Ovariectomy (OVX) group, and the SG group. Sham group is as blank control group, OVX group is as PMOP model group, and SG group is as taking Shengu granules group. Rats in the SG and OVX groups underwent bilateral ovariectomy, while the rats in the Sham group only underwent removal the same size of fat near the ovary. Beginning on the tenth day after the bilateral ovariectomy procedure and ending with sacrifice, the rats in the SG group were given Shengu granules (12 g/kg.d) orally for 14 weeks. Rats were administered the concentration using the conversion method of body surface area, which was based on the concentration of Shengu granules used in the clinic for adults weighing 60 kg. Rats in both the Sham group and the OVX group were given the same volume of regular distilled water. Rats’ body weight was recorded once a week, and the body surface area was used to modify the gavage dosage. Every group of rats had unrestricted access to food and water. Following a 14-week treatment period, the rats underwent a 12-h fast, followed by weighing and an injection of a 2% sodium pentobarbital solution (40 mg/kg). All rats’ femur, colon tissue, serum, and feces samples were collected for further analysis.



2.3 Chemicals and reagents

The purity of the standards: Acetic acid (Aladdin, United States), Butyric acid (Sigma, United States), Hexanoic acid (Dr. Ehrenstorfer, United States), Isobutyric acid (Toronto Research Chemicals, Canada), Isovaleric acid (Shanghai yuanhe Bio-Technology Co., Ltd., China), Pentanoic acid (NU-CHEK, United States), Propionic acid (Sigma, United States), is above 99% according to the gas chromatography (GC) assay.

Other chemical reagents: Methyl alcohol (Fisher, United States), Purified water (Hangzhou Wahaha Group Co., Ltd., China), Formic acid (Fisher, United States), Acetonitrile (Fisher, United States), 3-nitrophenylhydrazine hydrochloride (Sigma, United States), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (Aladdin) are at chromatographic grade purity.



2.4 Biochemical analysis

Commercial ELISA kits were used to measure the serum levels of bone turnover markers (BTMs) and inflammatory markers. The kits used in this study were ELISA for blood β-CTX and PINP (Elabscience Biotechnology Co., Ltd., China). Additionally, the serum inflammatory markers like TNF-α, TGF-β, IL-10 (Elabscience Biotechnology Co., Ltd., China), and IL-17 (ELK Biotechnology Ltd., China) were included.



2.5 Bone analysis

The mouse right femurs were collected and removed the muscles around the bone. After fixed with 4% paraformaldehyde solution, the right femurs were fixed in a Micro-CT sample detection plate. A Quantum GX μ-CT system (Bruker micro-CT, United States) scanned them. To obtain sequential planar μCT images of the distal femur, the distal femur was scanned at a resolution of 10 μm along its long axis at an angle of 360°. After scanning, a 1.5 mm area of the distal femur was selected as the region of interest on the mainframe. Three-dimensional image reconstruction of the trabecular were performed, which were analyzed by the DataViewer software.



2.6 Analysis of gut microbiota sequencing

Fresh fecal samples per group were gathered and put in liquid nitrogen-sealed tubes. According to the manufacturer’s instructions, the HiPure fecal DNA kit (Ma River, Guangzhou, China) was used to extract DNA from feces samples, and gel electrophoresis was used to identify the bacterial genomic DNA. The study of 16S rDNA genes was used to identify the composition of the gut flora. Through the use of barcode-specific primers during sample DNA amplification, the 16S V3-V4 rRNA region of bacteria was enriched. Test every sample twice in parallel. The UPGMA technique is used to cluster the data and create a sample clustering tree so that the similarity between various samples can be examined. The PICRUSt 2 program projected the community’s function, and the KEGG pathway data of the genes was used to estimate the pathway state of the entire community. Detailed instructions for sequencing rat feces are available in Supplementary material.



2.7 SCFAs analysis

The SCFAs (Acetic acid, Butyric acid, Hexanoic acid, Isobutyric acid, Isovaleric acid, Pentanoic acid) in the feces of the rats were identified by GC analysis. Gas chromatography is performed after combining the proper amounts of feces by centrifuging and spinning five times the volume of water. After that, the supernatant was combined with one-tenth of the formic acid’s volume. A 0.45 μm-diameter microporous membrane was used to filter the mixture. The Nexera High-performance liquid chromatography LC-30A gas chromatograph was used to fill the filter. A fused silica gel column (100*2.1 mm, 1.7 μm, ACQUITY UPLC BEH C18, Waters Corporation) was utilized to separate SCFAs. To obtain a standard curve for SCFAs, we carried out a comprehensive methodological analysis. The target’s peak size, peak form, and retention time were all measured in addition to its peak area. The Supplemental material include the detailed procedures.



2.8 Histological evaluation

After the colon was fixed in 10% neutral formalin fixative for 48 h, the tissues were routinely dehydrated, embedded in paraffin, sectioned, and stained with H&E. the H&E-stained sections of the colon tissues were scored for histological damage. The evaluation was done in the dark. Three criteria were used to determine the score: the severity of inflammation (0–3: none, mild, moderate, severe), degree of damage (0–3: none, mucosal, mucosal and submucosal, transmural), and crypt damage (0–4: none, 1/3 basal invasion damage, 2/3 basal invasion damage, surface epithelium intact only, loss of the entire crypt and epithelium). The scores were finally summed up as the histological damage score for H&E stained sections. Supplementary Table 1 contain a detailed explanation of the scoring rules.



2.9 Immunofluorescence

Colon sections were paraffin dewatered and restored for antigen. Sections were rinsed with PBS, incubated overnight at 4°C with FOXP3 antigen (1:200; Servicebio Technology Ltd., China), and then incubated with secondary antibody (Servicebio Technology Ltd., China) for 30 min at 37°C. Sections were rinsed again with PBS and color developed by adding a drop of DAB colorant. Sections were washed again with PBS and color developed dropwise with DAB color solution. Colon sections were counterstained with hematoxylin at 25°C for 30 s. The expression of FOXP3 in the colon was observed. A fluorescence microscope (Olympus BX43 + DP27, Japan) was used for observation under different wavelengths of light sources.



2.10 Western blotting

The total protein of colon and femur tissue were separately extracted using Rapid In-Process Lysis of Cellular Tissues (RIPA). The BCA technique, Protein Assay Kit (Thermo Technology Ltd., United States), were used to determine the protein concentration. Gel preparation was performed according to the Accutane Gel Rapid Preparation Kit. Protein samples were divided, a polyvinylidene difluoride membrane was transferred, and the membrane was sealed. Total protein samples extracted from colon tissue were incubated with ZO-1 (Servicebio Technology Ltd., China) and Occludin (Servicebio Technology Ltd., China) primary and secondary antibodies, and total protein samples extracted from femur tissue were incubated with OPG (Servicebio Technology Ltd., China) and RANKL (Servicebio Technology Ltd., China) primary and secondary antibodies. Then they were exposed to color development, and the intensity of the bands was quantified by ImageJ software, which was used for data analysis.



2.11 Statistical analysis

The data was reported as mean ± SD. The statistical software SPSS 25.0 was used for the analyses. One-way ANOVA was used to analyze statistical differences, and the Tukey test was then performed. Pearson’s correlation was used to show the correlations among the parameters. p < 0.05 was deemed statistically significant.




3 Result


3.1 The effect of Shengu granules on the expression of bone microarchitecture, bone metabolism biomarkers, and inflammatory factors

The micro-CT results of femur (Figure 1A) showed that the bone trabeculae in Sham group were homogeneously spread, arranged regularly, organized and intertwined into a mesh. The OVX group’s bone trabeculae had an elongated shape, were loosely organized, and had a notable decrease in both number and density as well as an increase in luminal space. After the intervention of Shengu granules, the number and shape of the bone trabeculae were remarkably increased compared with OVX group (Figures 1B–F). The SG group enhanced bone density (BMD) and tissue density (TMD) compared to the VOX group (Figure 1B). Comparing SG group to OVX group, SG group’s the ratio of bone volume/tissue volume (BV/TV) increased (Figure 1C), and the proportion of bone trabecular area enhanced (Figure 1F). The concentrations of pro-inflammatory factors, IL-17 and TNF-α, significantly decreased in the SG group compared to the OVX group (Figures 1J,K, Sham), and the concentrations of anti-inflammatory factors IL-10 and TGF-β, increased remarkably in SG group relative to OVX group (Figures 1I,L), which showed that Shengu granules could regulate the balance of pro-inflammatory and anti-inflammatory factors. Additionally the bone formation marker PINP, increased significantly in SG group compared to OVX group (Figure 1G), and the bone degeneration marker, β-CTX, was notably decreased in SG group compared to OVX group (Figure 1H). In summary, Shengu granules can increase the density of bone trabeculae and decrease osteoporosis, and at the same time, the anti-inflammatory factors are raised and the pro-inflammatory factors are decreased.
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FIGURE 1
 The effect of Shengu granules on the expression of bone microarchitecture, bone metabolism biomarkers and inflammatory factors. Transverse, sagittal, and coronal views of every group rats femur micro-CT (A). Bone mineral density (B), bone volume/tissue volume ratio (C), average thickness of bone trabecular (D), average width of medullary cavity between trabecular bone (E), number of trabecular bone (F). Content of PINP (G), β-CTX (H), IL-10 (I), IL-17 (J), TNF-α (K), and TGF-β (L), in serum. n = 7, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data are represented as mean ± SD.




3.2 The effect of Shengu granules on OVX rats’ intestinal microbiota

The alpha diversity is calculated as the diversity index of the sample flora, which is commonly expressed as Chao1, Shannon, Simpson and observed_species. Chao1 represents the total number of species (Figure 2A). The total number of flora in the OVX group was significantly lower than that in the Sham group, while the Shengu granules group was significantly higher than the OVX group (Figure 2A). observed_species indicates species type (Figure 2C). The OVX group had significantly lower flora species than the Sham group, while the SG group was significantly higher than the OVX group (Figure 2C). Simpson and Shannon indicated the diversity of microbial species (Figures 2B,D). The diversity of flora in the OVX group was significantly lower than that in the Sham group, while the SG group was significantly higher than the OVX group (Figures 2B,D). Therefore Shengu granules can recover the structure of gut microbiota to normalization.
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FIGURE 2
 The effect of Shengu granules on OVX rats’ intestinal microbiota. The diversity indices, such as Chao1 (A), Shannon (B), observed_species (C) and Simpson (D); 15 most abundant bacteria at phylum (E), family (F) and genus (G) levels. Cladogram (H): node diameter size is in proportion to relative abundance size, node in each layer represents phylum/class/order/family/genus from inside to outside. LDA (I) score diagram: the Sham group is red bars indicate species with relatively high abundance, the OVX group is green bars indicate species with relatively high abundance, and the SG group is blue bars indicate species with relatively high abundance. n = 5, *p < 0.05; **p < 0.01. Data are represented as mean ± SD.


In order to explore the ways in which Shengu granules influence certain modifications in the gut microbiota, we analyzed the top 15 bacterium at various classification levels. At the phylum level, as shown in Figure 2E, the trend of Bacteroidota, Firmicutes, Proteobacteria and Desulfobacterota in the SG group was the same as that in the Sham group. Of these, Bacteroidota, Firmicutes and Proteobacteria increased in comparison to the OVX group, while Desulfobacterota decreased. Bacteroidota, Firmicutes were the most abundant phylum among all microbial groups in fecal samples. It is well known that the ratio of Firmicutes to Bacteroidota (F/B ratio) is used as a commonly used parameter to assess the influence of gut microbes in many diseases (such as obesity, gene expression). It was found that the OVX group had a remarkably higher F/B ratio compared to the SG group. At the family level, as shown in Figure 2F, the change trend of Muribaculaceae, Prevotellaceae, Lachnospiraceae, and Oscillospiraceae in SG group is similar to that in Sham group. In OVX group, the relative abundances of Muribaculaceae, Lachnospiraceae, and Oscillospiraceae were lower than those of the Sham and SG groups, and the relative abundances of Bacteroidaceae in SG group were higher than those in Sham and OVX groups. At the genus level, as shown in Figure 2G, Muribaculaceae, [Eubacterium]_coprostanoligenes_group decreased in OVX group compared to Sham group, while SG group reversed these changes, the relative abundance of Alloprevotella was much lower in SG group than in Sham and OVX groups.

To further analyze the significant bacterial community markers of postmenopausal osteoporosis regulated by Shengu granules, LefSe analysis (Linear discriminant analysis Effect Size) was performed on the results (Figures 2H,I), and there were 16 dominant bacterial communities in the Sham group: f_Oscillospiraceae, g_Oscillibacter, g_Colidextribacter, g_Desulfovibrio f_Peptococcaceae, o_Peptococcales, o_Fusobacteriales, p_Fusobacteriota, f_Fusobacteriaceae, c_Fusobacteriia, g_Fusobacterium, f_Bacteroidales_RF16_group, g_Peptococcus, g_Anaerovorax, g_Tuzzerella, g_Harryflintia. There were 7 dominant bacterial groups in the OVX group, including p_Proteobacteria, F_Enterobacteriaceae, o_Enterobacterales, g_Escherichia_Shigella and o_Clostridiales f_ Clostridiaceae, g_Clostridium_sensu_stricto_1. The SG group has 11 dominant bacterial groups: g_Oscillospira, o_Eubacteriales, g_Anaerofustis, f_Anaerofustaceae, g_Frisingicoccus g_Shuttleworthia,g_Lachnospiraceae_UCG_004,g_Butyricicoccus,g_Collinsella, f_Coriobacteriaceae, g_Lachnospiraceae_NK4B4_group. And 11 genera in the SG group can be used as biomarkers for Shengu granules to improve osteoporosis.



3.3 The effect of Shengu granules on the production of SCFAs

SCFAs are important metabolites of intestinal microorganisms, which not only help intestinal mucosal cells to convert energy and promote cellular metabolism (van der Hee and Wells, 2021), but also regulate various inflammatory responses in intestinal epithelial cells and intestinal mucosal tissues, thus maintaining intestinal barrier homeostasis. In our study, we found that the OVX group decreased the content of SCFAs compared with the Sham group. Besides, the SG group increased the content of SCFAs compared with the OVX group, Which showed different degrees in Acetic acid, Butyric acid, Hexanoic acid, Isobutyric acid, Isovaleric acid, Pentanoic acid and Propionic acid (Figure 3). The administration of Shengu granules improved such decreases to different degrees. This indicates that the administration of Shengu granules can reverse the changes in SCFAs.
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FIGURE 3
 The effect of Shengu granules on the production of SCFAs. Acetic acid (A), Butyric acid (B), Hexanoic acid (C), Isobutyric acid (D), Isovalerate acid (E) and Pentanoic acid (F), Propionic acid (G) in the feces of rats. n = 5, *p < 0.05; **p < 0.01; ***p < 0.001. Data are represented as mean ± SD.




3.4 The effects of Shengu granules on intestinal barrier, FOXP3 cells and OPG/RANKL signaling pathway protein expression

In recent years, relevant studies have found (Zhou et al., 2023) that the decline in human bone mass is frequently associated with the deterioration of the intestinal barrier and the increasing in inflammatory substances generated by the immune system. In our study, representative H&E-stained histological sections and histopathology showed focal erosions and a higher amount of lymphocyte infiltration in HE-stained intestinal tissue sections in OVX group compared to SG group, accompanied by significant epithelial cell damage/loss or cellular mucin consumption (Figure 4A). According to the colitis score, Shengu granules repaired ovariectomy-induced morphological damage to colonic tissue (p < 0.05; Figure 4C). FOXP3 regulatory T (Treg) cells maintain immune homeostasis by producing anti-inflammatory factors like IL-10 and the transforming growth factor TGF-β to suppress excessive immune responses, and their dysregulation has been associated with a wide range of human diseases, such as autoimmune disorders allergies and cancer (Jung et al., 2017). FOXP3 cells expression were notably lower in the OVX group compared to the Sham group (Figures 4B,D). FOXP3 cells were remarkably higher in the SG group compared to the OVX group (p < 0.05; Figure 4D). From this we learn about that Shengu granules can promote the repair of FOXP3 cells in the colon epithelium.
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FIGURE 4
 The effect of Shengu granules on intestinal barrier, FOXP3 cells and OPG/RANKL Signaling pathway protein expression. The colon pathological sections of the Sham, OVX and SG group, the former one (magnification, 40X), the latter one (magnification, 200X) (A). Necrosis and exfoliation of mucosal epithelial cells (brown arrow), lymphocyte infiltration (red arrow), and nuclear fragmentation (black arrow) in Sham group; Nuclei were fragmented (black arrow), and more lymphocytes were found in the lamina propria (red arrow) in OVX group. Small focal infiltration of lymphocytes (red arrows) in SG group (A). The Immunofluorescence results of each group (magnification, 200X) (B). Histological score (C). Percentage of mean Immunofluorescence intensity of FOXP3 cells in the three groups (D). Protein blot analysis, semiquantitative analysis of protein blotting results of ZO-1 and Occludin in colon biopsy, OPG and RANKL in tibia tissue (E). The ZO-1 and Occludin protein expression in colon tissue (F,G). The OPG and RANKL protein expression ratio (H). The OPG and RANKL protein expression in tibia tissue (I,J). Statistical significance was evaluated using one-way ANOVA procedure and Tukey test. Different letters represent significant differences between groups (p < 0.05) vs. OVX group. n = 5, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Data are represented as mean ± SD.


According to previous studies, postmenopausal osteoporosis patients develop an imbalance of intestinal flora, which often manifests the destruction in the intestinal structure and a risen trend in inflammatory indicators. We chose to observe the effect of Shengu granules on intestinal structure by using structural connectivity proteins ZO-1 and Occludin in colon biopsy. From the data, we can know about that ZO-1 and Occludin protein expression of the Sham group was remarkably higher than the OVX group (Figures 4F,G). Besides, ZO-1 and Occludin protein expression of the SG group was remarkably higher than the OVX group, which shows that Shengu granules can restore intestinal barriers by reversing intestinal structural disruption. OPG/RANKL is an important pathway for the induced osteoblastic cell differentiation. And after restoring the intestinal barrier by taking Shengu granules, the OPG protein expression of SG group was elevated compared with OVX group, and the RANKL protein expression of SG group was remarkably reduced compared to OVX group (Figures 4I,J). OPG could competitively bind with RANK, blocking the interaction between RANKL and RANK, thus inhibiting the activation, differentiation and maturation of osteoclasts (Kenkre and Bassett, 2018). As we all know, the ratio of OPG and RANKL protein expression plays an important role in osteoclast differentiation. The ratio of OPG and RANKL protein expression of SG group was remarkably higher compared with OVX group (Figure 4H). Apparently, Shengu granules increased the OPG and decreased the RANKL protein expression. Therefore, Shengu granules reversed the intestinal barrier disruption caused by ovariectomy, reduced intestinal inflammation, and decreased bone protein loss (Figure 4E).



3.5 Correlation analysis between important differential intestinal species and SCFAs, immune factors, and bone metabolism

Overall, these results indicated that Shengu granules regulated the gut microbiota in OVX rats (Figure 5). To further understand the potential role of each essential gut microbiota, pearson correlation analysis was performed to verify the essential flora, SCFAs, inflammatory factors and bone metabolism.
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FIGURE 5
 Correlation analysis between important differential intestinal species and SCFAs, immune factors, and bone metabolism. Heat map shows the correlation values between important differential intestinal species and biomarkers. Correlation coefficient |R| ≥ 0.5 indicates strong correlation. Red indicates a positive correlation and blue indicates a negative correlation. The darker the color, the stronger the correlation. Each row shows information about the bacterial taxa (phylum, class, family, and genus).


In these species, [Eubacterium]_coprostanoligenes_group and Isovaleric acid, PINP had strong positive correlation (|R| ≥ 0.5 or higher). Muribaculaceae was significantly positive correlated with Propionic acid, Acetic acid, Butyric acid, Isovaleric acid, Pentanoic acid, Hexanoic acid, PINP and IL-10, while shown a quite strong negative correlation (|R| ≥ 0.5 or higher) with β-CTX, TNF-ɑ and IL-17. It is shown that there was a noticeable positive correlation (|R| ≥ 0.5 or higher) between Clostridiacea and Propionic acid, Acetic acid, Butyric acid, Isovaleric acid, Pentanoic acid, IL-10. Between Oscillibacter and TNF-ɑ, IL-17 shown a quite strong negative correlation (|R| ≥ 0.5 or higher). When considered collectively, these results suggest that correlation analysis further reveals that potential significant bacterial changes play a significant role in improving osteoporosis which induced by Shengu granules, and that further studies are necessary to figure out how these bacterium play the effect on the host and participate in amelioration osteoporosis.




4 Discussion

Up to now, Shengu granules have been used and about 7,000 people take them every year in the Guangdong Provincial Second Hospital of Traditional Chinese Medicine, China. In the preliminary clinical trial, we collected clinical data to provide objective data support for verifying the role of Shengu granule in improving PMOP symptoms and bone metabolism, but the mechanism has not yet been clarified. The study of the intestinal flora and its metabolites in osteoporotic rats received Shengu granules, we confirmed that Shengu granules associated with regulation of gut microbiota and its metabolite SCFAs to restore intestinal immune-skeletal signaling axis, thus improving bone loss.

The homeostasis of PMOP is closely related to the intestinal flora and also has a complex relationship with inflammatory cytokines. More and more evidence proves the gut-bone-immune axis is an important research direction in osteoporosis (Chen et al., 2023). As we all know, the treatment of PMOP is mainly based on the administration of western medicines such as calcium agents that promote bone growth. The drugs that promote osteogenesis and inhibit bone resorption in order to control the occurrence of osteoporosis. With the in-depth study of Chinese traditional medicine, there are many studies show that Chinese herbal formulations can restore the intestinal barrier and thus ameliorate osteoporosis by the gut-bone-immune axis (Tang et al., 2021; Sun et al., 2022; Xie et al., 2022). This study focused on the anti-osteoporosis mechanism of Shengu granule by the gut-bone-immune axis.

In our results, we analyzed that the structural populations of intestinal flora of rats taking Shengu granules differed from the rats in OVX group, and the diversity of intestinal microbial communities were increased after taking Shengu granules, and at the same time osteoporosis indexes in the SG group were decreased compared with the OVX group. According to the LefSe results, we analyzed the changes of significant bacterium in each group. Proteobacteria, Enterobacteriaceae, Enterobacterales, Escherichia_Shigella are intestinal pathogenic bacterium, these pathogenic bacteria can trigger inflammatory response, which will lead to intestinal disruption of the mucosal barrier in OVX group (Lupp et al., 2007; Veziant et al., 2016; Peng et al., 2020). This suggests that Shengu granules can reduce intestinal inflammatory bacteria in osteoporotic rats. Eubacteriales, the dominant group in SG group, is a core group of Gram-positive bacteria in the intestinal tract, which Bacterium affiliated may produce large amounts of butyrate, propionate, and acetate. In addition, Oscillibacter is strongly associated with obesity and intestinal diseases, which is the main microorganism producing butyrate, and inversely associated with the development of colitis. An increase in the relative abundance of Oscillibacter positively ameliorates the inflammatory response and attenuates osteoporosis (Ng et al., 2014; Gamallat et al., 2019; Xu et al., 2019, 2021). Oscillospira, a plentiful component of the human gut flora, can decrease inflammation response through fermentating the complex of plant carbohydrates to produce butyrate, thereby ameliorating the inflammatory response (Carding et al., 2015). Lachnospiraceae family are abundant and widespread bacteria in the intestinal microbiota of healthy individuals, and they are the main butyrate producers (Hamer et al., 2008). In turn, butyrate is an essential energy source for intestinal epithelial cells, which strengthens the intestinal epithelium and reduces the risk of inflammation and carcinogenesis (Zhang et al., 2021). In a related study, Lachnospiraceae_UCG_004 was found to increase the concentration of intestinal SCFAs (Ma et al., 2022). Butyricoccus is a probiotic known bacteria to produce SCFAs, especially butyrate, and has significant intestinal immunomodulatory property, which can significantly ameliorate intestinal damage and intestinal mucosal disorders; Thus Butyricoccus has become a popular bacterial group to analyze the host’s intestinal stationary for beneficial effects (Houtman et al., 2022). Eubacteriales, Oscillibacter, Oscillospira, Lachnospiraceae_UCG_004 and Butyricoccus are as the important component of the intestinal flora in the SG group. They are the dominant flora that promote the production of SCFAs. Apparently, the Shengu granules may promote an increase in the number of dominant flora that produce SCFAs. SCFAs interact with G-protein-coupled receptors to regulate inflammation, intestinal barrier integrity, glucose response, energy homeostasis, and other host responses (van der Hee and Wells, 2021). Additionally, SCFAs can be utilized to lower the risk of intestinal inflammation by inhibiting NSAIDs, which have the potential to trigger inflammatory reactions in the gastrointestinal tract; Specifically, SCFAs reduce inflammation mainly by blocking the NF-κB pathway and/or histone deacetylase function (HDACI; Lucas et al., 2018). This lead to the downregulation of pro-inflammatory molecules like TNF-α, IL-6, IL-12, and IFN-γ and the upregulation of anti-inflammatory factors like IL-10 and TGF-β (Mukherjee et al., 2020). Therefore, the ability of Shengu granules to promote the production of SCFAs by intestinal flora may be a potential mechanism for Shengu granules to ameliorate inflammation response.

Furthermore, SCFAs produced in the gut which have immunomodulatory and anti-inflammatory capabilities, inhibit pathogen growth by maintaining low pH, and stimulate butyrate-producing bacteria to enhance the intestinal immune barrier (Smith et al., 2013). Butyrate regulates IL-10 receptor junction protein claudin-1 transcription, decreases the permeability of epithelial tissue, and increases the thickness of the intestinal mucosal layer (Wang et al., 2012; Zheng et al., 2017). Considering the results of intestinal sections, epithelial cell damage/loss or cellular mucin consumption in the OVX group provided evidence for inflammatory factor production and intestinal barrier disruption. The SG group greatly decreased the damage to the intestinal mucosal barrier compared to the OVX group, because the increasing of SCFAs in the intestines and protein expression of Occludin (membrane integrative protein) and ZO-1 (scaffolding protein). In addition, pro-inflammatory factors like IL-17 and TNF-α were reduced, and anti-inflammatory factors like TGF-β and IL-10 were elevated, which decrease inflammatory responses. Shengu granules play a significant role in reducing inflammatory response and restoring intestinal barrier. In the gut-bone-immune axis, FOXP3 is an important cytokine that promotes the transformation of Treg, which is an anti-inflammatory and pro-inflammatory factor (Round and Mazmanian, 2010). Some studies have found that the production and function of Treg are closely related to the regulation of bacterial flora, whereas SCFAs promote the differentiation of naïve T-lymphocytes into Treg (Round and Mazmanian, 2010; Furusawa et al., 2014; Park et al., 2015). Some related studies have shown that butyrate and propionate increase the acetylation of the FOXP3 promoter in the transcript; Promoter acetylation is critical for promoting Treg differentiation (Round and Mazmanian, 2010; Furusawa et al., 2014). In the SG group, the rise of the SCFAs content was accompanied by an increase in mucosal regulatory FOXP3 T cells and was consistent with the corresponding upregulation of IL-10. SCFAs decrease IL-17 production in T cells (including Th10, Th1, and Treg cells), and the cytokine milieu directly promote the conversion of naïve T cells into Th1 or Th17 (Park et al., 2015), and IL-17 is a significant cytokine that induces Th17 production (Gaffen, 2011). Bone immune disorders caused by the cellular imbalance of the Th17/Treg axis and the associated cytokines are a major risk factor of osteoporosis (Okamoto, 2017). These may indicate that the Shengu granules may have increased FOXP3 expression regulating treg conversion and increased SCFA regulating Th17 conversion, thus ameliorating the effect of the Th17/treg axis on osteoporosis. According to related studies, the balance of inflammatory cytokines produced by the Th17/Treg axis regulates the OPG/RANKL signaling axis (Yang et al., 2015). The OPG/RANKL ratio is an important differentiation indicator of osteoblast and osteoclast (Boyce and Xing, 2008). The RANKL is blocked and bound by OPG which can enhances osteoblast differentiation and inhibits osteoclast differentiation (Boyce and Xing, 2008). In the SG group, the levels of pro-inflammatory factors IL-17 and TNF-α decreased, the levels of anti-inflammatory factors IL-10 and TGF-β increased, the expression of OPG proteins increased, the expression of RANKL proteins decreased, and the OPG/RANKL ratio increased. The results showed that Shengu granules decreased bone loss by enriching SCFAs-producing probiotics, decreasing intestinal epithelial permeability, and restoring the balance of IL-10 and TGF-β with IL-17 and TNF-α inflammatory factors that regulated the balance of the OPG and RANKL signaling axis. In summary, Shengu granules ameliorate ovariectomy-induced osteoporosis by the gut-bone-immune axis.

Correlation analysis revealed that osteoporosis serum indicators, essential intestinal flora (Muribaculaceae, [Eubacterium]_coprostanoligenes_group, Oscillibacter, Epulopiscium), inflammatory factors, and SCFAs were associated with bone metabolism in the function of Shengu granules. There was a significant relationship among inflammatory factors, SCFAs and bone metabolism. To a certain extent, the anti-osteoporosis mechanism of Shengu granules in the gut-bone-immune axis was verified.

In total, Experimental basis for the clinical application of Shengu granules is provided by the present study in PMOP and demonstrates that modulation of the gut-bone-immune axis may be a potential strategy for the treatment of PMOP. However this study has some limitations. This experiment did not directly measure Treg and Th17 cells, and only verified the relevant inflammatory factors, which may be slightly insufficient experimental data, so we will investigate the effect of Treg/Th17 axis in a follow-up study to add a more strong proof of the experiment data.



5 Conclusion

In conclusion, our study found that Shengu granules improved osteoporosis by improving intestinal flora and its metabolites which attenuated intestinal immune response. The experimental results verified that Shengu granules ameliorate ovariectomy-induced osteoporosis by the gut-bone-immune axis. It not only provides a molecular mechanism for elaborating Shengu granules to treat PMOP, but also provides a pharmaceutical candidate for PMOP treatment.
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Slow transit constipation (STC) is a common and debilitating condition characterized by delayed colonic transit and difficulty in fecal expulsion, significantly impacting patients’ physical and mental wellbeing as well as their overall quality of life. This study investigates the therapeutic potential of Liqi Tongbian Decoction (LTD) in the treatment of STC, especially in cases involving the context of Qi stagnation, through a multifaceted approach involving the modulation of intestinal flora and short-chain fatty acids (SCFAs). We employed a rat model of STC with Qi Stagnation Pattern, established using the “loperamide + tail-clamping provocation method,” to explore the effects of LTD on fecal characteristics, intestinal motility, and colonic pathology. Importantly, LTD exhibited the ability to increase the richness, diversity, and homogeneity of intestinal flora while also modulating the composition of microorganisms. It significantly increased the production of SCFAs, especially butyric acid. Moreover, LTD exerted a substantial influence on the synthesis of serotonin (5-HT) by modulating the expression of tryptophan hydroxylase (TPH) and interacting with the 5-HT4 receptor (5-HT4R), resulting in enhanced colonic motility. Correlation analyses revealed a positive correlation between certain bacterial genera, such as Lachnospiraceae_NK4A136 spp. and Clostridiales spp. and the concentrations of butyric acid and 5-HT. These results suggest a mechanistic link between microbiome composition, SCFAs production, and 5-HT synthesis. These findings highlight the potential of LTD to alleviate STC by facilitating a beneficial interplay among intestinal flora, SCFAs production, and 5-HT-mediated colonic motility, providing novel insights into the management of STC with Qi Stagnation Pattern.
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Introduction

Slow transit constipation (STC) is a common subtype of functional constipation (FC), primarily characterized by reduced colonic transit capacity and decelerated transit speed. Clinically, it is characterized by infrequent bowel movements (>3 days/times; more than 3 days between movements?) and dry feces (Bharucha and Lacy, 2020). The incidence of STC is increasing due to society’s aging population and changes in dietary and lifestyle habits (Wang et al., 2022). Epidemiological data reveal that FC affects up to 15.3% of adults, and STC accounts for approximately 55% of FC (Barberio et al., 2021). STC is universally recognized as a condition that not only significantly impairs the physical and mental wellbeing of patients but also places a substantial financial burden on the healthcare system (Sharma and Rao, 2017).

In clinical practice, various laxatives are used to provide immediate relief from constipation symptoms, but they often lead to recurrence when discontinued. Furthermore, prolonged laxative use can result in drug dependence and worsen constipation symptoms, a phenomenon known as “laxative colon.” It is estimated that more than $800 million is expended annually on laxatives in the United States, with 20–30% of individuals aged 60 and older using laxatives on a weekly basis (Tanner et al., 2021). Therefore, the development of effective preventive and therapeutic strategies for STC is crucial for improving patient life quality and reducing healthcare costs.

Recent studies have shown that the pathogenesis of STC may be associated with anomalies in the enteric nervous system, Cajal interstitial cells, 5-hydroxytryptamine signaling, and the structural or functional aspects of colonic smooth muscle (Tillou and Poylin, 2017). Emerging evidence also implicates that an imbalance in gut flora plays a crucial role in the development of STC (He et al., 2020). Gut microflora, which are integral for maintaining gastrointestinal tract homeostasis, are involved in various physiological functions, such as food digestion, vitamin synthesis, bile acid transport, defense against pathogens, modulation of gastrointestinal immune responses, and regulation of epithelial cell metabolism (Sommer et al., 2017). Alterations in the relative abundance of beneficial and pathogenic bacteria in the gut flora can disrupt intestinal homeostasis, influencing the development and progression of STC (Wang and Yao, 2021). In 1998, a study discovered significant variations in gut flora between healthy individuals and those with constipation (Zoppi et al., 1998). Another study showed a reduction in the relative abundance of Bifidobacteria and Lactobacillus in constipated patients, accompanied by an increase in the relative abundance of the Desulfovibrio family (Zhuang et al., 2019). Furthermore, patients with constipation exhibited a significant decrease in short-chain fatty acid-producing bacteria, including Faecalibacterium and Ruminococcaceae, which corroborates the reduced levels of short-chain fatty acids, particularly butyric acid (He et al., 2020).

Metabolites produced by intestinal flora may play a key role in the interaction between intestinal flora and STC. Among these metabolites, short-chain fatty acids (SCFAs), primarily butyric acid, are important indicators for studying the relationship between intestinal microecology and constipation (Zhang et al., 2021). SCFAs, primarily butyric acid, have been shown to stimulate the synthesis of 5-hydroxytryptamine (5-HT) in enterochromaffin cells (ECs), thereby modulating intestinal motility. Certain intestinal flora have the ability to metabolize tryptophan into 5-HT, which in turn activates cAMP-dependent chloride channels in the colonic epithelium, thereby promoting intestinal secretion and transit (Bhattarai et al., 2018). These findings suggest that modulating intestinal flora and its metabolite SCFAs may be a new potential therapeutic approach for STC.

The Liqi Tongbian Decoction (LTD) is a traditional Chinese medicine formula comprising 10 herbs, including Magnolia officinalis Rehd. et Wils, Aurantii Fructus Immaturus, Huomaren Cannabis sativa L., Semen Pruni, Trichosanthes kirilowii Maxim, Raphani Semen, Radix Bupleuri, Paeoniae Radix Alba, Citrus reticulata, and Natrii sulfas (Supplementary Table S1). Clinical studies have demonstrated that LTD effectively alleviates constipation symptoms, increases spontaneous bowel movements, and improves colonic transit in STC patients, particularly those with gas-stagnation syndrome (Liu et al., 2021). Furthermore, our previous study indicated that LTD modulates brain-gut peptide secretion in the treatment of functional constipation in rats with the Qi Stagnation Pattern (Tang et al., 2021). However, the effects of LTD on intestinal flora and metabolites in Qi stagnation STCs remain unexplored.

In this study, we induced the Qi Stagnation Pattern STC model using “loperamide hydrochloride + tail pinch stimulation” and investigated the therapeutic effects and underlying mechanism of LTD through the analysis of intestinal microorganisms and quantification of intestinal metabolites.



Materials and methods


Chemicals and reagents

Loperamide (Item No. H10910085) was obtained from Xian Janssen Pharmaceutical Co., Ltd. (Xi’an, China). Prucalopride succinate tablets (PST, Item No. H20183482) were purchased from Jiangsu Hansoh Pharmaceutical Group Co., Ltd. (Jiangsu, China). 5-HT ELISA kit was purchased from Jiangsu Enzyme Immunity Industry Co., Ltd. (Jiangsu, China). Antibodies specific to 5-HT (Item No. BS-1126R) and 5-HT4R (Item No. BS-2127R) were provided by Beijing Bo Aosen Biotechnology Co., Ltd. (BIOSS, Beijing, China). Primary antibodies specific to TPH1 (Item No. 41508) and TPH2 (Item No. 43424) were provided by Signalway Antibody LLC Co., Ltd. (SAB, USA). GAPDH (Item No. ABL1021) was used as an internal reference that was obtained from Abbkine Scientific Co., Ltd. (Wuhan, China).



Preparation of Liqi Tongbian decoction

The medicinal liquid of LTD was obtained from the Chinese Medicine Preparation Room of the Second People’s Hospital affiliated with Fujian University of Traditional Chinese Medicine, and the chemical composition of this medicinal liquid was confirmed by ultra-high-performance liquid chromatography–tandem mass spectrometry (UHPLC-QE-MS), and the results of UHPLC-QE-MS are shown in Supplementary Table S2. Among the chemical constituents of LTD, flavonoids are the most abundant.



Experimental animals and grouping

Thirty-six Wistar female rats, aged 6 weeks and weighing between 150 and 170 g, were purchased from the Beijing Huafukang Biotechnology Co., Ltd., Animal License: SCXK (Beijing) 2019-0008. The experimental rats were housed in cages in the Laboratory Animal Center of the Fujian University of Traditional Chinese Medicine. The rats were adaptively fed for 7 days in an environment with relative humidity of 40–60%, a 12-h light/dark cycle, and temperature of 22 ± 3°C. All animal experiments were performed in strict accordance with the guidelines of the Animal Management and Use Committee of Fujian University of Traditional Chinese Medicine (FJTCM IACUC 2022075).

After 1 week of adaptive feeding with a standard diet, the rats were randomly divided into six groups, each containing six rats. The groups were designated as follows: Ctrl (control) group, STC (model) group, LTD-LD group (low-dosage, 5.15 g/kg LTD), LTD-MD group (median-dosage, 10.3 g/kg LTD), LTD-HD group (high-dosage, 20.6 g/kg LTD), and positive control group (prukapril succinate tablet, PST).



STC with Qi Stagnation Pattern model establishment and treatments

The STC rat model was induced by administering loperamide intraperitoneally at a dose of 3 mg/kg body weight twice daily for 14 days in all groups except the Ctrl group. Simultaneously, the tail-clamping stimulation method was employed to establish the Qi Stagnation Pattern model, inducing irritability and agitation in the rats. This stimulation was applied once daily for 30 min over a period of 14 days. The rats were observed for signs of agitation, irritability, dry and hard stools, and reduced defecation frequency during normal feeding. These signs indicated the successful modeling of constipation with the Qi Stagnation Pattern (Li et al., 2020). On the 15th day, the LTD-LD, LTD-MD, and LTD-HD groups received oral gavage of LTD at different dosages (5.15 g/kg, 10.3 g/kg, and 20.6 g/kg, respectively) 1 h after each loperamide administration for 14 days. The PST group was given prucalopride succinate tablets at a dose of 0.18 mg/kg·day by oral gavage 1 h after each loperamide administration for 14 days. The normal control group and model group were administered the same volume of sterile water via gavage at 1 mL/100 g body weight. One day before the end of the treatment period, rat fecal samples were collected, placed in sterile freezing tubes, and stored at −80°C for preservation for the detection of intestinal flora and SCFAs. Isoflurane inhalation anesthesia was administered, and samples of rat abdominal aortic artery blood and colon tissue were collected for subsequent experiments.



Determination of water content in feces

At the end of the final treatment, rats were individually placed in metal cages, and fresh feces were collected every hour for 6 h. The feces were immediately weighed and then dried at 60°C for 6 h. The water content of the feces was calculated using the formula: (wet weight − dry weight)/wet weight × 100%.



Measurement of intestinal transit rate

Colonic motility in rats was evaluated by tracking the movement of carbon ink through the intestines, and the small intestinal transit (%) was quantified. Each rat received 3 mL of intragastric gavage of 10% activated carbon 30 min after the final treatment. After 10 min, the rats were euthanized, and the small intestines between the pylorus and ileocecal region were collected and immediately extended to calculate the small intestinal transit. The intestinal transit rate was calculated as the percentage of the distance traveled by the activated carbon relative to the total length of the small intestine.



Histopathological analysis of the colon

Colon tissues were fixed in 4% paraformaldehyde for 48 h, followed by dehydration, embedded in paraffin, and cut into slices of 4 μm thickness. Following deparaffinization, the sections were stained with hematoxylin and eosin (H&E) to observe the morphology of colon tissues. Additionally, Alcian Blue-Periodic Acid Schiff’s staining (AB-PAS staining) was used to detect the number of colonic goblet cells.



Immunohistochemical staining analysis

Colon tissue slides, 4-μm-thick, were subjected to heat-induced antigen retrieval after dewaxing and hydration. Subsequently, the slides were incubated with primary antibody against 5-HT (1:100) or 5-HT4R (1:100) overnight at 4°C, followed by incubation with HRP-labeled secondary antibody and the addition of streptavidin–alkaline phosphatase solution for reaction. The reaction was developed with DAB and counterstained with hematoxylin. Five random fields on each slide were observed, and the optical density values were determined. Image analysis was conducted using Image-Pro Plus software (Media Cybernetics, Inc.).



ELISA

At the end of the experiment, the blood from each rat was collected from the abdominal aorta. Serum 5-HT levels were determined using a Rat 5-HT ELISA kit following the manufacturer’s instructions. All the samples were analyzed in triplicate.



Western bolt analysis

Total proteins were extracted from colon tissues using RIPA lysis buffer (Beyotime, Beijing, China), and protein concentrations were determined using the BCA protein assay kit (Vazyme, Nanjing, China). The samples were separated by 10% SDS-PAGE, transferred onto polyvinylidene fluoride (PVDF) membranes, and blocked with 5% skim milk for 2 h at room temperature. Subsequently, the samples were incubated with primary antibodies overnight at 4°C. The samples were then incubated with secondary antibodies for 2 h at room temperature. The protein expression was detected using a chemiluminescence detection system, and the band intensity was quantified using ImageJ. GAPDH was used as an internal reference.



16S rDNA sequencing and analysis

DNA was extracted from fecal samples using the E.Z.N.A.® Stool DNA Kit (D4015, Omega, Inc., USA) according to the manufacturer’s instructions. The V3-V4 region was then amplified using the universal primers (341F: 5′-CCTACGGGNGGCWGCAG-3; 805R: 5′-GACTACHVGGGTATCTAATCC-3′). The samples were submitted to Shanghai Biotree Biotech Co., Ltd. (Shanghai, China) for pooling and paired-end sequencing on an Illumina MiSeq sequencer (Illumina). Samples were sequenced on an Illumina NovaSeq platform according to the manufacturer’s recommendations. Paired-end reads were assigned to samples based on their unique barcodes and trimmed by removing the barcode and primer sequence. Paired-end reads were merged using FLASH. Quality filtering was applied to the raw reads under specific criteria to obtain high-quality clean tags according to the fqtrim (v0.94) protocol. Chimeric sequences were removed using Vsearch software (v2.3.4). After dereplication with DADA 2, we obtained the feature table and feature sequence. Alpha diversity and beta diversity were calculated by normalizing the same sequences randomly. Feature abundance was normalized based on the relative abundance of each sample using the SILVA (release 132) classifier. Alpha diversity was assessed to analyze the complexity of species diversity within each sample, utilizing five indices: Chao1, observed species, goods coverage, Shannon, and Simpson. These indices were calculated using QIIME2. Beta diversity was calculated by QIIME2, and the graphs were generated using the R package. Blast was used for sequence alignment, and the feature sequences were annotated with the SILVA database for each representative sequence. Other diagrams were generated using the R package (v3.5.2).



Fecal SCFA analysis

Fecal samples were dissolved in an EP tube containing 500 μL of methanol solution, allowed to stand for 5–10 min, and then shaken and mixed to make a fecal suspension. The pH of the suspension was adjusted to 2–3 with sulfuric acid and allowed to stand for 5 min with intermittent shaking and mixing. After the EP tubes were centrifuged at 5,000 r/min for 20 min, the supernatants were collected and centrifuged at 5,000 r/min for 5 min. And then the collected supernatants were used for gas chromatography–mass spectrometry (GC–MS) analysis. The column temperature was initially set at 100°C for 0.5 min, then increased to 180°C at a rate of 8°C/min for 1 min, and then increased to 200°C at a rate of 20°C/min for 5 min. The detector temperature was maintained at 240°C, the inlet temperature was set at 200°C, and the injection volume was 1 μL. The total detection time for each sample was 17.5 min.



Statistical analysis

Data analysis was conducted using GraphPad Prism 8.0.1 (GraphPad Software Inc., United States) and SPSS 21.0. The data were expressed as mean ± SD. Differences between groups were evaluated using an analysis of variance. Correlations were assessed using the Pearson method. Statistical significance was defined as p < 0.05.




Results


Effects of LTD on general behavioral changes in STC rats with Qi Stagnation Pattern

The rats in the STC group displayed irritability, reduced food intake, dull and discolored fur, slow weight gain, and produced small, hard feces. Following LTD treatment, improvements were observed in their general condition, food intake, mental state, and fecal characteristics. As shown in Figure 1A, STC rats with LTD treatment have a higher food intake and are more docile. Meanwhile, compared to the intestinal tract of STC rats with the Qi Stagnation Pattern, the treatment group contained fewer small, hard feces, and the cecum contents were substantial (Figure 1B).
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FIGURE 1
 Effects of LTD on general behavioral changes in STC rats with Qi Stagnation Pattern. (A) Food intake, (B) comparison of fecal traits and residual colon feces in different groups of rats.




LTD improves constipation in STC rats with Qi Stagnation Pattern

In comparison to the Ctrl group, the STC group exhibited a significant decrease in fecal water content and total fecal amount at 6 h (p < 0.05). LTD intervention led to an increase in both parameters compared to the STC group (p < 0.05). The PST group also showed improvements in these two parameters compared to the STC group (p < 0.05; Figures 2A,B). Medium and high doses of LTD significantly increased fecal water content compared to the PST group (p < 0.05). The colonic transit rate in the STC group was significantly slower compared with the Ctrl group (p < 0.05). However, it was significantly accelerated by medium and high doses of LTD (p < 0.05). In addition, the small intestinal transit rate in rats in the PST group was also significantly accelerated compared to that in the STC group (p < 0.05) (Figures 2C,D).
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FIGURE 2
 Improved defecation and intestinal transit in loperamide-induced STC rats by LTD. (A) Fecal water content, (B) number of feces in 6 h, (C) intestinal propelling movement of carbon ink, and (D) intestinal propulsive rate. *p < 0.05 vs. Normal, #p < 0.05 vs. STC.




Effect of LTD on the histopathology and goblet cells of colon in STC rats with Qi Stagnation Pattern

H&E staining results revealed intact colonic mucosa and well-structured layers of the intestinal walls in the Ctrl group, with no inflammatory cell aggregation. In contrast, the STC group exhibited poorly aligned intestinal glands, detached intestinal epithelium, and dilated mesenchymal blood vessels in the submucosal layer of the colonic mucosa. Conversely, the LTD and PST groups displayed neatly aligned intestinal glands with no noticeable epithelial damage (Figure 3A). AB-PAS staining indicated atrophy and a reduced number of goblet cells in the STC group, whereas restoration was observed in the LTD and PST groups (Figure 3B).
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FIGURE 3
 LTD improved the histopathology and goblet cell count of the colon in STC rats with the Qi Stagnation Pattern. (A) H&E staining results of colon tissue, (B) AB-PAS staining results of colon tissue.




Effects of LTD on 5-HT and 5-HT4 receptor in STC rats with Qi Stagnation Pattern

The serum 5-HT concentration in the STC group was significantly lower than that in the Ctrl group (p < 0.05). Medium and high doses of LTD significantly elevated 5-HT content compared to the STC group (p < 0.05) (Figure 4A). The expression of 5-HT in the colonic mucosa of rats was significantly decreased in the STC group but significantly increased following the intervention of medium and high doses of LTD. The expression of 5-HT4R in the colonic mucosa of rats was significantly decreased in the STC group and significantly increased following the intervention of LTD and PST (Figures 4B,C).
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FIGURE 4
 LTD promoted the secretion of 5-HT and activated its receptor pathway in the STC rats with the Qi Stagnation Pattern. (A) ELISA results of 5-HT in serum. (B,C) Immunohistochemical results of 5-HT and 5-HT4R in colon tissue. *p < 0.05 vs. Normal, #p < 0.05 vs. STC.




Effect of LTD on TPH1 and TPH2 protein levels in STC rats with Qi Stagnation Pattern

Considering that LTD intervention significantly upregulated the 5-HT concentration in serum and protein expression in the colonic mucosa of STC rats with the Qi Stagnation Pattern, we further explored its effect on the protein expression of TPH1 and TPH2 during 5-HT synthesis. Western blot results indicated that the protein expression of TPH1 and TPH2 in colonic mucosa was significantly decreased in the STC group but significantly increased following the intervention of medium and high doses of LTD (p < 0.05) (Figure 5).
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FIGURE 5
 LTD upregulated TPH1 and TPH2 protein levels in STC rats with the Qi Stagnation Pattern. GAPDH was used as the internal standard. *p < 0.05 vs. Normal, #p < 0.05 vs. STC.




Effects of LTD on colonic microflora in STC rats with Qi Stagnation Pattern


Effect of LTD on the diversity of gut microbiota

The diversity of the intestinal flora was assessed using the Chao1, Shannon, and Simpson indices. The Chao1 index was used to reflect the number of species contained in the community, i.e., the richness. Compared with the Ctrl group, the Chao1 index was decreased in the STC group (p < 0.05), indicating a significant reduction in species abundance in STC rats with Qi Stagnation Pattern. However, the Chao1 index was significantly elevated in the PST group and LTD group (p < 0.01) (Figure 6A). The Shannon and Simpson indices represent the diversity and uniformity of the intestinal flora. Both the Shannon and Simpson indices were significantly lower (p < 0.05) in the STC group compared with the Ctrl group, indicating reduced species diversity and homogeneity in STC rats with the Qi Stagnation Pattern. While the Shannon index increased in the PST group compared to the STC group (p < 0.05), no statistical difference was observed in the Simpson index (p > 0.05). Notably, the LTD group exhibited a significant increase in both the Shannon and Simpson indices compared to the STC group (p < 0.01). These results indicated that both STC rats with Qi Stagnation Pattern and after administration of LTD were able to affect the community structure of rat intestinal flora, and LTD was able to increase the diversity, abundance, and evenness of microbial populations (Figures 6B,C).
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FIGURE 6
 The alpha diversity of microbiomes identified in STC rats treated with LTD. The microbial abundances within the group were compared based on Chao1 (A), Shannon (B), and Simpson (C) indices separately. *p < 0.05, **p < 0.01 vs. Normal, #p < 0.05, ##p < 0.01 vs. STC.


Beta diversity analysis revealed that there was no overlap between the STC group and the Ctrl group, indicating significant differences in community structures between the normal rats and the STC rats (p < 0.01) (Figures 7A,B). The varying degrees of proximity and overlap among the LTD-LD, LTD-MD, and LTD-HD groups and the Ctrl group suggest that the intestinal flora compositions in each LTD dose group are converging toward normalcy. In addition, the magnitude of the distance between the different LTD dose groups and the STC group followed the order of LTD-HD > LTD-MD > LTD-LD, with each group showing a statistically significant difference in community structure compared to the STC group (p < 0.01). Further analysis using the ANOSIM method confirmed significant differences in microbial composition structure among the grouped samples (R-value: 0.492, p-value: 0.001) (Figure 7C). These results collectively suggested that the community structure of the STC group is significantly different from that of the other groups, with the divergence becoming more pronounced with higher doses of LTD.
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FIGURE 7
 The beta diversity of microbiomes characterized in the STC model rats with LTD treatment. (A) PCoA analysis based on unweighted UniFrac, (B) distances to STC, and (C) ANOSIM method results.




Effect of LTD on the composition of intestinal flora

To elucidate the compositional structure of the intestinal flora in each group at phylum and genus taxonomic levels, community bar charts were generated for visualization and analysis. At the phylum classification level (Figures 8A,B), the predominant phyla across all groups were Firmicutes, Bacteroidota, and Proteobacteria, collectively accounting for over 90% of the total abundance. Notably, STC rats with Qi Stagnation Pattern exhibited a decrease in Bacteroidota abundance (STC: 58.64% vs. Ctrl: 67.76%) and an increase in Bacteroidota (STC: 29.03% vs. Ctrl: 21.88%) and Proteobacteria (STC: 8.01% vs. Ctrl: 5.73%) phylum abundance compared to the Ctrl group. Following LTD administration, there was a progressive increase in Firmicutes (LTD-LD, LTD-MD, and LTD-HD: 55.27, 57.49, and 61.32%) abundance, with the high dose of LTD demonstrating the most pronounced impact.

[image: Figure 8]

FIGURE 8
 Microbiome alterations at various taxonomic levels in STC rats after LTD treatment. The microbiome profile alterations among the six mouse groups were compared at the levels of phylum (A,B) and genus (C,D). (E) Comparison of intestinal flora between groups at the genus level.


At the genus classification level (Figures 8C,D), the top 10 genera identified in the intestinal flora of rats in each group, including Muribaculaceae, UCG-005, Clostridia, Ruminococcus, Lachnospiraceae_NK4A136, Prevotella_9, Firmicutes, Prevotella, Allobaculum, and Streptococcus. Notably, Lachnospiraceae_NK4A136 emerged as a key genus influenced by varying doses of LTD intervention. Comparative analysis (Figure 8E) revealed that in comparison to the Ctrl group, the relative abundance of 28 bacterial genera dominated by Prevotella_9, Coprococcus, and Phascolarctobacterium was increased in the STC group. Conversely, the relative abundance of 37 bacterial genera dominated by Clostridia, Allobaculum, and Firmicutes decreased in the STC group. Compared to the STC group, the low-dose LTD group exhibited an increase in the relative abundance of 55 genera dominated by Clostridia and Trichosporon spp. and a decrease in the relative abundance of 34 genera dominated by Christensenellaceae and Lactobacillus. The medium-dose LTD group showed an increase in the relative abundance of 39 bacterial genera, dominated by Firmicutes and Trichoderma spp., and a decrease in the relative abundance of 38 bacterial genera, dominated by Ruminococcus and Lactobacillus. In the high-dose LTD group, the relative abundance of 20 genera dominated by Trichosporon spp. and Firmicutes was increased, while 18 genera dominated by Christensenellaceae and Alloprevotella were decreased. Additionally, the PST group exhibited an increase in the relative abundance of 52 genera dominated by Lachnospiraceae and Clostridia, while 44 genera dominated by UCG-005 and Christensenellaceae_R-7 were decreased. These results highlighted that Lachnospiraceae_NK4A136 is the key genera influenced by different doses of LTD intervention.

Significant genera were selected for further comparative analysis, and the results are shown in Figure 9. The abundance of Coprococcus and Klebsiella in the intestinal flora of the STC group was significantly higher than that in the Ctrl group. Both of them are considered conditional pathogens and have been associated with various intestinal dysfunctions, including intestinal dynamics, intestinal inflammation, and metabolic disturbances, among other diseases. Conversely, LTD intervention resulted in a decrease in the abundance of Coprococcus, with the high dose exhibiting the most substantial effect. Although there was also a decrease in the abundance of Klebsiella, this difference was not statistically significant. Moreover, the abundance of Lachnospiraceae_NK4A136 and Clostridiales in the intestinal flora of rats in the STC group was significantly lower than that in the Ctrl group. Both of them are beneficial bacteria. However, LTD intervention markedly increased the abundance of Lachnospiraceae_NK4A136 and Clostridiales, with the high dose demonstrating the most pronounced effect (p < 0.01).
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FIGURE 9
 Relative abundances of Lachnospiraceae_NK4A136, Clostridiales, Coprococcus, and Klebsiella in fecal samples collected from STC rats treated with LTD. *p < 0.05, **p < 0.01 vs. Normal, #p < 0.05, ##p < 0.01 vs. STC.


In summary, the above results suggest that constipation has a substantial impact on the abundance of intestinal flora in rats. However, LTD intervention significantly increased the abundance of beneficial bacteria while decreasing the abundance of harmful bacteria. Notably, LTD intervention promoted the growth of short-chain fatty acid-producing bacteria, such as Lachnospiraceae_NK4A136 and Clostridiales, while reducing the abundance of bacteria linked to abnormal intestinal motility (e.g., Coprococcus), thereby contributing to the maintenance of intestinal flora homeostasis.

To further identify significantly distinct species, we employed linear discriminant analysis (LDA) and LEfSe analysis at the taxonomic level. The results are shown in Figure 10, highlighting that high-dose LTD significantly enriched SCFA-producing bacteria such as Trichoderma spp. and Clostridium spp. In contrast, the STC group exhibited enrichment of the conditionally pathogenic bacterium E. faecalis spp.
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FIGURE 10
 Taxonomic cladogram of major differential microbial species in different groups of rats through LEfSe analysis. Biomarker taxa are highlighted with colored circles and shaded areas. Each circle’s diameter reflects the abundance of those taxa in the community.


Based on the above results, the STC group and the high-dose LTD group were selected for differential flora function prediction analysis, comparing the sequencing data with the KEGG database to elucidate corresponding pathways and functions. As shown in Figure 11, the KEGG level 1 function prediction encompassed six pathway functions, primarily associated with metabolism, cellular processes, and genetic information processing. In terms of secondary KEGG function prediction related to metabolism, the majority of genes in both groups were primarily annotated in the global and overview maps pathways, followed by pathways related to carbohydrate metabolism, amino acid metabolism, metabolism of cofactors, and vitamins. Importantly, the number of genes annotated in the LTD group was significantly greater than that in the STC group. Subsequently, KEGG enrichment analysis indicated a substantial upregulation in the activity of the pathways related to the biosynthesis of tryptophan, phenylalanine, and tyrosine, as well as histidine biosynthesis, following LTD intervention.
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FIGURE 11
 Functional prediction analysis (between the STC and LTD groups): (A) KEGG-level first function prediction. (B) KEGG-level secondary function prediction. (C) KEGG enrichment analysis.





Effects of LTD on SCFAs in colonic contents of STC rats with Qi Stagnation Pattern

SCFAs are the end products of dietary fiber fermentation by intestinal flora, with acetic acid, propionic acid, and butyric acid being the most abundant, constituting over 90% of the total SCFAs. In the STC group, a significant reduction in the content of SCFAs was observed (p < 0.05); following the intervention, the PST, LTD-M, and LTD-H groups exhibited a notable elevation in SCFA content (all ps < 0.05). Specifically, the STC group exhibited a significant decrease in the contents of isobutyric acid, butyric acid, valeric acid, hexanoic acid, heptanoic acid, and decanoic acid (all ps < 0.05), while acetic acid and propionic acid showed a reduction that was not statistically significant (all ps > 0.05). Conversely, the PST group exhibited a significant increase in the levels of acetic acid, propionic acid, isobutyric acid, butyric acid, valeric acid, hexanoic acid, heptanoic acid, and decanoic acid (all ps < 0.05). Furthermore, the LTD-M and LTD-H groups showed significant increases in the contents of acetic acid, isobutyric acid, butyric acid, valeric acid, and hexanoic acid (all ps < 0.05), while heptanoic acid and decanoic acid in all the LTD groups, along with propionic acid in the LTD-M and LTD-H groups, displayed an increase (all ps < 0.05), but demonstrated a diminishing trend with escalating doses. SCFAs serve as crucial indicators for investigating the relationship between intestinal microecology and constipation, as they influence motility through stimulation of colonic mucosal receptors, the intestinal vagus nerve, or direct interaction with colonic smooth muscle. These findings confirmed that LTD substantially elevates SCFA levels, especially butyric acid (Figure 12).
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FIGURE 12
 Effects of LTD on short-chain fatty acids (SCFAs) in the colonic contents of the STC rats with Qi Stagnation Pattern. *p < 0.05 vs. Normal, #p < 0.05 vs. STC.




Spearman correlation analysis between the SCFAs, 5-HT, and the colonic microflora


Correlation analysis of differential genera with differential SCFAs

As shown in Figure 13, Quinella was positively correlated with butyric acid, decanoic acid, heptanoic acid, hexanoic acid, and valeric acid, while Phascolarctobacterium was negatively correlated with butyric acid, heptanoic acid, hexanoic acid, isobutyric acid, and valeric acid. Paramuribaculum was positively correlated with butyric acid, decanoic acid, heptanoic acid, hexanoic acid, and valeric acid, whereas Parabacteroides and Marvinbryantia were negatively correlated with acetic acid, butyric acid, decanoic acid, heptanoic acid, hexanoic acid, isobutyric acid, propionic acid, and valeric acid. Lachnospiraceae_NK4A136 was positively correlated with butyric acid, heptanoic acid, hexanoic acid, isobutyric acid, and valeric acid, while Haemophilus was positively correlated with butyric acid, decanoic acid, heptanoic acid, and hexanoic acid. Firmicutes were positively correlated with butyric acid, heptanoic acid, hexanoic acid, isobutyric acid, and valeric acid, while Faecalibacterium was negatively correlated with butyric acid, decanoic acid, heptanoic acid, hexanoic acid, isobutyric acid, and valeric acid. Eubacterium_oxidoreducens was positively correlated with acetic acid, butyric acid, heptanoic acid, hexanoic acid, isobutyric acid, propionic acid, and valeric acid, while Dorea was negatively correlated with butyric acid, heptanoic acid, and valeric acid. Corynebacterium was positively correlated with butyric acid, decanoic acid, hexanoic acid, and valeric acid, whereas Coprococcus was negatively correlated with butyric acid, decanoic acid, heptanoic acid, and hexanoic acid. Collinsella was negatively correlated with acetic acid, butyric acid, decanoic acid, heptanoic acid, hexanoic acid, isobutyric acid, propionic acid, and valeric acid, while Clostridiales was positively correlated with butyric acid, decanoic acid, heptanoic acid, hexanoic acid, isobutyric acid, and valeric acid. Christensenellaceae R-7 was negatively correlated with acetic acid, butyric acid, heptanoic acid, hexanoic acid, and propionic acid, while Candidatus_saccharimonas was positively correlated with butyric acid, acetic acid, isobutyric acid, and valeric acid. Bifidobacterium was negatively correlated with butyric acid, decanoic acid, heptanoic acid, hexanoic acid, and valeric acid. Anaerotruncus was positively correlated with acetic acid, butyric acid, and propionic acid, while Alloprevotella was negatively correlated with butyric acid, decanoic acid, heptanoic acid, hexanoic acid, and valeric acid (Figure 13).
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FIGURE 13
 Spearman correlation analysis between the SCFAs, 5-HT, and the colonic microflora.




Correlation analysis between differential genera, differential SCFAs, and 5-HT

To further clarify the relationship among intestinal flora, SCFA, and 5-HT concentration, Spearman correlation analysis was employed to calculate correlation coefficients and their p-values for different genera, SCFA, and 5-HT concentration. The results are shown in Supplementary Tables S3, S4: (1) The correlations between different bacterial genera and 5-HT concentrations were compared as follows: Lachnospiraceae_NK4A136, Firmicutes, Clostridiales, Haemophilus, Quinella, Eubacterium_oxidoreducens, Paramuribaculum, Corynebacterium, Anaerotruncus, and Candidatus_Saccharimonas were positively correlated with 5-HT concentrations. Conversely, Christensenellaceae_R-7, Alloprevotella, Dorea, Parabacteroides, Coprococcus, Bifidobacterium, Marvinbryantia, Phascolarctobacterium, Collinsella, and Faecalibacterium were negatively correlated with 5-HT concentrations. (2) Differential SCFA and 5-HT concentrations were compared as follows: isobutyric acid, butyric acid, valeric acid, hexanoic acid, heptanoic acid, and decanoic acid were positively correlated with 5-HT concentrations.





Discussion

Slow transit constipation (STC) is a prevalent condition characterized by delayed colonic peristalsis and impaired intestinal content expulsion, which significantly impact patients’ physical and mental wellbeing, overall quality of life, and potentially lead to other gastrointestinal complications. In the present study, we investigated the mechanisms underlying the therapeutic effects of LTD in treating STC with Qi stagnation, focusing on its impact on 5-HT, the 5-HT4R receptor, intestinal flora, and short-chain fatty acids in STC rats. Our primary findings can be summarized below: (1) Improved Fecal Characteristics: LTD administration resulted in enhanced fecal characteristics, increased defecation frequency, elevated fecal water content, and accelerated intestinal propulsion in STC rats with Qi Stagnation Pattern; (2) Colon Pathology Amelioration: LTD treatment ameliorated colon pathology in STC rats, which including more organized intestinal glands, increased the number of cup cells, and enhanced intestinal mucus secretion; (3) Activation of 5-HT Signaling Pathway: LTD played a role in activating the 5-HT signaling pathway. It upregulated the protein expression of TPH1 and TPH2 in colonic tissues, which are facilitated 5-HT synthesis; (4) Enhanced Intestinal Flora Diversity and Abundance: LTD enhanced the diversity, abundance, and homogeneity of intestinal flora, highlighting Lachnospiraceae_NK4A136 spp. as the key genus that responded positively to LTD treatment. (5) Functional prediction: Functional prediction analysis revealed an emphasis on the metabolic pathway, particularly an increase in the activity of tryptophan synthesis pathway. This pathway is important for the production of serotonin (5-HT) and could explain the observed upregulation of 5-HT synthesis. (6) SCFA Metabolism: LTD treatment had a notable impact on SCFA metabolism in STC rats with Qi Stagnation Pattern. It increased the total SCFAs and upregulated the contents of various SCFAs, with a notable increase in butyric acid; (7) Correlations: Positive correlations were observed between specific genera, such as Trichoderma spp. and Clostridium spp., with both butyric acid and 5-HT concentrations. Additionally, enhanced butyric acid production was correlated with increased levels of Lachnospiraceae_NK4A136 and Clostridiales.

The establishment of a simple, stable, and reliable animal model that mimics the clinical manifestations of STC is crucial for a comprehensive understanding of its pathogenesis (Sharma and Rao, 2017), underlying mechanisms (Yao et al., 2022), and potential therapeutic interventions (Vlismas et al., 2024). It’s also essential for understanding the pharmacodynamic mechanisms of LTD in the treatment of STC. Loperamide, an opioid receptor agonist, is widely recognized for use in STC modeling. It inhibits intestinal smooth muscle contraction, reduces acetylcholine release, and directly inhibits intestinal peristalsis. Additionally, it elevates the expression of aquaporin 8, which facilitates transmembrane water transport, ultimately leading to reduced fecal water content. This model is mainly characterized by the presence of small fecal pellets, diminished fecal water content, decreased fecal SCFAs, and an imbalance of the intestinal flora (Wu et al., 2014). In the context of Chinese medicine, the liver is attributed to the functions of detoxification and excretion, and its fifth element is wood, which tends to be organized but dislikes being depressed. The cause of the disease is attributed to “depression and anger,” which disrupt the detoxification and excretion functions of the liver, leading to Qi stagnation. The “pinch the tail to provoke anger method,” inducing chronic stress, is a prevalent technique in China to create animal models exhibiting Qi stagnation (Jin et al., 2003; Zhou Guo'er et al., 2014).

In this study, we established a rat model of STC with the Qi Stagnation Pattern using a combination of loperamide administration and tail-clamping provocation. This approach allows us to investigate how LTD ameliorates STC with the Qi Stagnation Pattern. Our findings demonstrated that LTD increased the number, weight, and water content of fecal pellets, improved the rate of intestinal propulsion, and provided significant relief from constipation. Notably, the effects observed in the high-dose LTD group were almost indistinguishable from those in the positive control group.

Intestinal flora is a vast and complex micro-ecosystem within the organism that colonizes the human gut for a prolonged period while maintaining a symbiotic relationship with the host. A diverse array of microbiota substantially colonizes the adult gastrointestinal tract in substantial numbers. Numerous studies have demonstrated the disruption of intestinal flora in STC patients, underscoring its significant influence on STC pathogenesis. STC patients often exhibit a reduced abundance of beneficial flora and an increase in Bacillus anisopliae spp. (Dimidi et al., 2017). Thus, it is crucial to explore whether LTD treatment can ameliorate Qi Stagnation Pattern-associated STC by modulating intestinal flora. Our data indicated an increase in the richness, diversity, and homogeneity of the intestinal flora in rats following LTD intervention, indicating that the formula had a regulatory impact on the structure of the intestinal flora at multiple levels. In the analysis of bacterial abundance sequencing results, the primary focus was on the phylum and genus levels. Compared with the model group, the high-dose LTD (the most effective dose) increased the relative abundance of six phyla, primarily dominated by Campylobacterota and Fusobacteriota. Additionally, it resulted in a decrease in the relative abundance of one phylum, mainly dominated by the Elusimicrobiota, at the phylum level in the rat intestinal flora. At the genus level, compared with the model group, rats in each LTD group exhibited an increased abundance of Lachnospiraceae_NK4A136, Clostridiales, and Firmicutes, along with a decreased abundance of Coprococcus, Christensenellaceae_R-7, Dorea, and others. Notably, the Lefse analysis identified Lachnospiraceae_NK4A136 and Clostridiales as biomarkers for each dose group of LTD. The findings suggested that LTD can partially reverse the intestinal flora structure of STC rats and promote the growth/proliferation of potential probiotics.

Furthermore, to comprehend the function of the differential flora, we conducted functional prediction, revealing that the KEGG pathway was predominantly enriched in the metabolic pathway. Following LTD intervention, there was a significant increase in the pathways related to the biosynthesis of tryptophan, phenylalanine, tyrosine, arginine, and the metabolism of histidine. Studies have indicated that amino acids participate in protein digestion and absorption pathways, producing a considerable amount of SCFAs during the process. The intestinal flora produce SCFAs by fermenting undigested and absorbed carbohydrates, utilizing them as substrates to energize the organism’s cells. Acetic acid primarily supplies muscles, propionic acid benefits the liver, and butyric acid nourishes the colon epithelial cells. SCFAs exert a profound influence on the organism’s energy metabolism, mucosal growth, and cellular differentiation, significantly impacting how intestinal flora affects the host’s function and structure. Our study demonstrated that LTD-induced alterations in intestinal SCFAs in rats STC with Qi Stagnation Pattern, with butyric acid exhibiting the most notable changes. SCFAs, a prominent class of bacterial metabolites, directly activate G-protein-coupled receptors, inhibit histone deacetylases, and serve as energy substrates, thereby playing a crucial role in regulating host physiology, including gut motility. Butyric acid, in particular, contributes to maintaining the homeostasis of the colonic mucosa and modulating the excitability of enteric neurons. Previous research by Soret et al. revealed that butyric acid increased the population of choline acetyltransferase-positive neurons and stimulated the contraction of colonic smooth muscle, thereby promoting intestinal motility (Soret et al., 2010). Moreover, studies have reported that butyric acid can upregulate the expression of TPH1mRNA in enterochromaffin cells, leading to increased synthesis and release of 5-HT, consequently enhancing colonic motility (Canani et al., 2011). Transplantation of feces from STC patients into germ-free mice induced constipation symptoms and reduced the concentration of butyric acid (Ge et al., 2017). However, supplementation with butyric acid alleviated constipation-related symptoms in the mice. These findings suggest that butyric acid possesses potential therapeutic agent for constipation.

Additionally, we identified a positive correlation between Lachnospiraceae_NK4A136 spp. and Clostridium spp. with both butyric acid and 5-HT. The genus Lachnospiraceae_NK4A136 spp., classified within the Thick-walled Bacteria phylum, is commonly found in the intestinal tract of most healthy individuals. It is a potentially beneficial bacterium involved in the metabolism of a wide range of carbohydrates, especially pectin, a complex dietary fiber and prebiotic present in fruits and vegetables. Pectin is highly effective in producing butyric and acetic acid during fermentation, serving as significant energy sources for the host (Jiang et al., 2020). Furthermore, Lachnospiraceae_NK4A136 spp. predominantly producing butyric acid, is believed to induce intestinal mucosal growth, inhibit colonic mucosal inflammation, reduce the relative abundance of Vibrio desulfuricans, and modulate the body’s immune response (Zhu et al., 2019). Clostridiales, a group of intestinal flora capable of forming spores, belong to the anaerobic Bacillus spp. Yano et al. found that Clostridium spp. stimulated the secretion and release of 5-HT from enterochromaffin cells, leading to a significant increase in colonic and serum 5-HT levels, thereby enhancing gastrointestinal motility (Yano et al., 2015). In our study, LTD intervention increased the relative abundance of Trichoderma spp. and Clostridium spp. As a result, we postulated that Lachnospiraceae_NK4A136 and Clostridiales are the specific genera targeted by LTD to promote an increase in 5-HT content and enhance intestinal motility.

Tryptophan, an essential amino acid that cannot be synthesized within the body and must be obtained from dietary proteins, serves as the primary precursor for 5-HT synthesis and is hydrolyzed by the liver. Tryptophan hydroxylase (TPH) is an enzyme involved in tryptophan metabolism and is often used as an indirect indicator of 5-HT synthesis (Bertrand and Bertrand, 2010). TPH possesses two isoforms: TPH1, predominantly expressed in non-neuronal cells, and TPH2, found mainly in neuronal cells, including enteric neurons and central nervous system neurons. In physiological processes, tryptophan is catalyzed by TPH to form 5-hydroxytryptophan, which is further converted into 5-HT through levo-aromatic amino acid decarboxylase. Once synthesized, 5-HT is stored within cells, and released upon stimulation by physicochemical signals. It subsequently binds to receptors, eliciting corresponding responses (Cao et al., 2017). The 5-HT4R belongs to the G-protein-coupled receptors family and is expressed in both the submucosal and intermuscular plexus of the colon. Activation of 5-HT4R triggers the opening of voltage-sensitive calcium channels, facilitating the release of neurotransmitters such as substance P and acetylcholine. These neurotransmitters play crucial roles in gastrointestinal sensation and motility, ultimately inducing the contraction of colonic smooth muscle cells, thereby regulating colonic motility (Gwynne and Bornstein, 2019). In this study, we observed that LTD increased the protein expression of 5-HT4R, TPH1, and TPH2 in the colon, suggesting that LTD may activate the 5-HT pathway, enhance 5-HT synthesis, and promote intestinal motility in combination with 5-HT4R.



Conclusion

The present study provides further evidence that LTD can ameliorate constipation in rats STC with Qi stagnation by modulating the structure of the intestinal flora and enhancing the secretion of SCFAs. LTD promotes the production of SCFAs, notably butyric acid, by increasing the abundance of Lachnospiraceae_NK4A136 and Clostridiales. Consequently, this process stimulates 5-HT synthesis, enhances colonic transport function, and contributes to the therapeutic efficacy of TLD in addressing Qi stagnation-related STC. This study provides novel insights into the therapeutic potential of LTD, considering the perspective of intestinal flora and its metabolite, SCFAs.
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Study on the effect and mechanism of Lacticaseibacillus rhamnosus AFY06 on inflammation-associated colorectal cancer induced by AOM/DSS in mice
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Introduction: Lacticaseibacillus rhamnosus AFY06 (LR-AFY06) is a microorganism isolated from naturally fermented yogurt in Xinjiang, China.

Methods: In this study, we investigated the effects and mechanisms of LR-AFY06 in a mouse model of inflammation-associated colon cancer. The mouse model was established by azoxymethane/dextran sulfate sodium (AOM/DSS) induction. The tumor number in intestinal tissues was counted, and the histopathological analysis was performed on colon tissues. Enzyme-linked immunosorbent assay and real-time quantitative polymerase chain reaction were performed to measure relevant protein levels in colon tissues.

Results: LR-AFY06 treatment alleviated weight loss, increased organ index, reduced intestinal tumor incidence, improved histopathological damage, decreased the levels of inflammatory cytokines such as interleukin-6 (IL-6), interleukin-1 beta (IL-1β), tumor necrosis factor alpha (TNF-α), nuclear factor κB (NF-κB), and inducible nitric oxide synthase (iNOS) in the serum and colon tissue, downregulated the mRNA expression of inhibitor of NF-κB beta (IκBβ), p65, p50, p52, B-cell lymphoma-2 (Bcl-2), and B-cell lymphoma-extra large (Bcl-xL) in colon tissues, and increased the mRNA expression of Bid and caspase-8. The high concentration of LR-AFY06 exerted a better effect than the low concentration; however, the effect was slightly inferior to that of aspirin. Moreover, LR-AFY06 mitigated the intestinal inflammatory process and inhibited intestinal tumor development by regulating the NF-κB and apoptosis pathways.

Discussion: The present study indicates the regulatory potential of LR-AFY06 in inflammation-associated colorectal cancer in mice, providing a valuable basis for further research.
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1 Introduction

Colorectal cancer, one of the most common malignancies, is the third leading cause of cancer worldwide, with high incidence and mortality rates. Furthermore, it affects younger individuals more than adults, posing a major threat to human health (Sung et al., 2021). The complex and diverse pathogenesis of colorectal cancer involves environmental and dietary factors, personal habits, and genetic factors such as family history and hereditary factors (Thanikachalam and Khan, 2019). Additionally, chronic inflammation is a critical risk factor for various cancers, and the severity of chronic intestinal inflammation is positively correlated to the occurrence of intestinal tumors, which eventually may develop into inflammation-related colorectal cancer (Axelrad et al., 2016; Pang et al., 2018). Various experimental animal models of colorectal cancer have been developed to investigate the pathological mechanisms of colorectal cancer and simulate the pathological process of human colon cancer. Among them, the azoxymethane (AOM) and dextran sodium sulfate (DSS) model is a simple and highly reproducible animal model of colorectal cancer (Clark and Starr, 2016). The carcinogen AOM can induce tumor formation, whereas the sulfated polysaccharide DSS, which is similar to heparin, can damage colonic epithelial cells, resulting in intestinal inflammation (Parang et al., 2016). High precision and short cycle are the main characteristics of the AOM/DSS model, with colorectal tumors occurring and developing within as short as 10 weeks. Furthermore, the histopathology of tumor tissues of AOM/DSS closely mimics the occurrence and development of human colorectal cancer (Eichele and Kharbanda, 2017).

The pathophysiological mechanisms of colorectal cancer are complex, with a multistage development process. The nuclear factor κB (NF-κB) signaling pathway plays a predominant role in the pathophysiology of colorectal cancer, affecting tumor initiation, progression, and metastasis (Martin et al., 2021). NF-κB is a major link between inflammation and cancer; thus, it plays a crucial role in colorectal cancer occurrence and development through its mediated transcription. NF-κB signaling activation promotes the establishment of a pro-inflammatory tumor microenvironment in colorectal cancer cells and regulates cell proliferation, apoptosis, metastasis, angiogenesis, drug resistance, and inflammation-related target gene expression (Hu et al., 2022). Simultaneously, NF-κB is a major anti-apoptotic factor. It activates anti-apoptotic proteins (B-cell lymphoma [Bcl-2] and Bcl-xL), inactivates pro-apoptotic proteins (Bid, Bax, and Bak), and reduces caspase activity, thereby inhibiting the apoptosis of colorectal cancer cells (Wang et al., 2009).

Currently, fluorouracil, irinotecan, oxaliplatin, and cetuximab are some commonly used therapeutic drugs for patients with colorectal cancer; however, these drugs often exhibit certain side effects (Amelimojarad et al., 2022). Aspirin, a clinical anti-inflammatory drug, has garnered considerable attention owing to the close relationship between colorectal cancer and inflammation. Aspirin exerts a preventive effect on cancer, particularly colorectal cancer (Bosetti et al., 2020). Moreover, the U.S. Preventive Services Task Force published a draft recommendation in 2015 regarding aspirin usage in the primary prevention of colorectal cancer (Drew et al., 2016), presenting aspirin as a choice for intervention in inflammation-related colorectal cancer. However, clinical studies have shown that aspirin exhibits gastrointestinal side effects, particularly damage to the upper digestive tract, including dyspepsia and peptic ulcer bleeding, which may lead to death (Li et al., 2020). Compared to treatment with drugs exhibiting multiple side effects, dietary intervention to manage colorectal cancer occurrence and development has become a research hotspot. Among them, isolating and selecting probiotic strains from fermented dairy products to develop functional foods with more effective outcomes are of great importance in colorectal cancer management.

Probiotics can maintain the intestinal health of the host and slow down gastrointestinal cancer occurrence to some extent (Fotiadis et al., 2008). In China, Xinjiang is inhabited by numerous ethnic minorities who rely on its unique geographical, environmental, and climatic conditions, diverse livestock farming, and abundant raw milk to provide ample raw materials for pastoralists to manually process various dairy products. Specifically, in Xinjiang, nomadic ethnic groups have been living for generations, and they have retained the habit of homemade fermented milk, which exhibits distinctive regional characteristics and unique flavors (Zhao et al., 2019). These fermented dairy products contain abundant lactic acid bacteria, which are natural probiotics with tremendous research and application value. Lacticaseibacillus rhamnosus, a major category of lactic acid bacteria, is widely found in fermented dairy products, meat, and vegetables. Moreover, it is a probiotic found in the human gastrointestinal tract, and it exerts remarkable promoting effects on human health (Garcia-Gonzalez et al., 2021). Additionally, it is an edible lactic acid bacterium. Lacticaseibacillus rhamnosus affects colorectal cancer occurrence and development by regulating immunity and cell stress response, inhibiting inflammation, and regulating cell proliferation, apoptosis, necrosis, and metastasis (Javid et al., 2023). Additionally, it exerts certain protective effects on normal cells and the body. There is currently limited research on the therapeutic effect of Lacticaseibacillus rhamnosus on tumors. Only a few studies have shown that Lacticaseibacillus rhamnosus has an intervention effect on Caco-2 colon cancer cells, while derivative studies have shown that the metabolites of Lacticaseibacillus rhamnosus have an apoptotic induction effect on colon cancer cells (Cui et al., 2011; Shi et al., 2023).

The Xinjiang region of China is adjacent to Central Asia, with a unique geographical environment and a multi-ethnic mixed population. The microbial diversity of naturally fermented yogurt is good. Our team isolated and identified the microorganisms in Xinjiang’s naturally fermented yogurt after sampling, and selected Lacticaseseibacillus rhamnosus AFY06 (LR-AFY06) with good in vitro resistance. Therefore, LR-AFY06 was selected for subsequent experiments in this study. Therefore, in the present study, a mouse model of inflammation-related colon cancer was established using the chemical inducers AOM and DSS. The effects and specific mechanisms of LR-AFY06 intervention on colon cancer were thoroughly investigated by characterizing the disease in the mouse model, analyzing histopathology, measuring pro-inflammatory cytokine levels, and determining inflammatory and apoptotic signaling pathways. We aimed to provide scientific evidence for developing probiotics as functional foods for targeting colon cancer and to screen candidate strains, offering a scientific basis for future studies.



2 Materials and methods


2.1 Strain

The strain LR-AFY06 was isolated from naturally fermented sour milk obtained from the homes of herders in the Altay region of Xinjiang, China. LR-AFY06 was independently isolated and identified by our team. Firstly, the microorganisms were purified using plate streaking, followed by preliminary identification using Gram staining, and finally, the species of the isolated microorganisms were identified using 16S rDNA technology. Finally, it is preserved at the China General Microbiological Culture Collection Center (CGMCC, Beijing, China) under the accession number CGMCC No. 27366.



2.2 Animal experimental design

C57BL/6 mice (specific pathogen-free grade, 25 ± 2 g, male, 6 weeks old) were purchased from Hunan Slake Jingda Experimental Animal Co., Ltd. (Animal License No. SCXK (Xiang) 2019-0004). After a 7-day adaptation period in a controlled environment of constant temperature and humidity, the mice were randomized into five groups as follows: normal, model, aspirin, LR-AFY06 low-concentration (LR-AFY06L), and LR-AFY06 high-concentration (LR-AFY06H) groups. During the experiment, the mice had ad libitum access to food and water. On the first day of modeling, mice in the model, aspirin, and LR-AFY06 groups were intraperitoneally injected with AOM (Sigma, Shanghai, China) at a concentration of 10 mg/kg, followed by the administration of the 2.5% DSS solution (Solarbio Life Sciences, Beijing, China) for 2 weeks, starting from the second, fifth, and eighth week, respectively. Mice in the normal group received no special treatment and were orally administered sterile physiological saline daily. Mice in the model group were orally administered sterile physiological saline daily. According to the clinical dosage of aspirin, which ranges from 0.3 to 0.5 g, a median value of 0.4 g was selected and converted into a mouse dosage. Mice in the aspirin group were orally administered the aspirin solution at a concentration of 67 mg/kg. According to the recommendations of the World Health Organization, adults need to consume at least 1 × 109 CFU/kg per day, totaling 1.7 × 107 CFU/kg per day, which is equivalent to a dose of 1.53 × 108 CFU/kg per day for mice. Therefore, this study selected two doses, 1 × 108 and 1 × 109 CFU/kg per day, for the experiment. Mice in the LR-AFY06L and LR-AFY06H groups were orally administered the LR-AFY06 bacterial suspension at dosages of 1 × 108 colony-forming units (CFU)/kg and 1 × 109 CFU/kg, respectively, for 10 weeks. During the experiment, the mice were observed for any abnormal signs, and their body weights were measured and recorded weekly. After modeling, the mice were euthanized by eyeball blood collection and cervical dislocation. The colon tissues of the mice were dissected for further analysis.



2.3 Organ index and colon index determination

The colon tissues of the mice were weighed, and the organ index was calculated us-ing the following formula: Visceral index = visceral weight (g)/mouse body weight (g) × 100. The length of the mouse colon was measured, and the occurrence of intestinal tumors was observed. The colon index was calculated using the following formula: colon coefficient = colon weight (mg)/colon length (cm).



2.4 Pathological observation of colon tissues

Colon tissues, approximately 0.5 cm in length, were immersed in a 4% paraformaldehyde fixing solution for 48 h. After dehydration with ethanol, the tissues were embedded in paraffin. Approximately 2–3-μm thick sections were obtained using a microtome. The sections were then stained with hematoxylin and eosin (H&E, Solarbio Life Sciences) and mounted on glass slides to prepare the histopathological slides of mouse colon tissues. Morphological changes were observed using a light microscope (BX53, Olympus, Tokyo, Japan).



2.5 Determination of inflammatory biomarker levels in mouse serum and colon tissues

Mouse whole blood samples were collected and centrifuged at 4°C and 4000 rpm for 10 min to obtain serum. Following the instructions provided along with an enzyme-linked immunosorbent assay (ELISA) kit (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China), the levels of IL-6, IL-1β, TNF-α, NF-κB, and iNOS were measured in the mouse serum and colon tissues.



2.6 Determination of the mRNA expressions of inflammation and apoptosis-related genes in mouse colon tissues

Approximately 50 mg of mouse colon tissues were weighed and total RNA was extracted using the TRIzol reagent (Solarbio Life Sciences). The extracted RNA was then reverse-transcribed into complementary DNA (cDNA) following the instructions provided along with a cDNA synthesis kit. The concentration and purity of RNA and cDNA were measured using a microspectrophotometer. Real-time polymerase chain reaction (PCR) amplification was performed using the StepOnePlus Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, USA) with the following conditions: 40 cycles of amplification at 95°C for 15 s, 60°C for 30 s, and 95°C for 15 s, followed by a 60°C extension for 60 s and a final denaturation step at 95°C for 15 s. The relative expression intensity of each gene was calculated using the 2–ΔΔCt method with Eef2 as a reference gene (Thermo Fisher Scientific). Primer sequences used in this experiment are listed in Table 1.


TABLE 1 Primer sequences in this experiment.
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2.7 Data analysis

All data are presented as the mean ± standard deviation. Statistical analysis for significance was performed by one-way analysis of variance using IBM SPSS 27.0 (IBM, Armonk, NY, USA). Excel 2019 (Microsoft, Redmond, WA, USA) was used for data visualization. Different letters (a-d) in the figures indicate statistically significant differences determined by Duncan’s multiple range test (P < 0.05).




3 Results


3.1 The effect of LR-AFY06 on the body weight of mice

During modeling, mice in the normal group exhibited healthy physical appearance and normal eating and drinking habits, with no diarrhea or bloody stools. However, mice in the remaining four groups showed varying degrees of symptoms, including loose stools, bloody stools, and rectal prolapse. Additionally, these mice showed decreased activity levels, sparse and dull fur, and weight loss. The body weight of mice in the normal group increased over time, whereas those of mice in the remaining four groups decreased after each administration of the AOM/DSS solution (Figure 1). Differences in the body weights of the mice among the groups were significant (P < 0.05). However, after aspirin and LR-AFY06 intervention, the pathological weight loss trend in the mice was remarkably alleviated.


[image: image]

FIGURE 1
The effect of LR-AFY06 on the body weight of mice.




3.2 The effect of LR-AFY06 on colon length, visceral index, colon coefficient, and intestinal tumor in mice

The colon lengths of mice in the normal, model, aspirin, LR-AFY06L, and LR-AFY06H groups were 6.65 ± 0.31 cm, 4.87 ± 0.37 cm, 5.77 ± 0.29 cm, 2.12 ± 0.25 cm, and 5.69 ± 0.28 cm, respectively (Figure 2A). The colon length of mice in the model group decreased significantly compared with that of mice in the normal group (P < 0.05). LR-AFY06 intervention significantly alleviated colon shortening in mice (P < 0.05), with effects similar to those observed in the aspirin group. The visceral (colon) index and colon coefficient increased significantly in the normal, aspirin, LR-AFY06H, and LR-AFY06L groups, all of which were significantly lower than those in the model group (P < 0.05) (Figures 2B, C). No intestinal tumors were observed in mice in the normal group, whereas several tumors of varying sizes were found in the colon segments of mice in the model, aspirin, and LR-AFY06 groups. Mice in the model group showed the highest number of tumors (9.5 ± 0.8), whereas those in the aspirin, LR-AFY06L, and LR-AFY06H groups showed significantly reduced numbers of tumors (3.5 ± 0.7, 7.0 ± 0.8, and 3.7 ± 0.5 tumors, respectively) (Figure 2D).
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FIGURE 2
The effect of LR-AFY06 on colon tissues in mice. (A) Colon length; (B) Visceral index (colon); (C) Colon coefficient; (D) Number of colon tumors. a–cDifferent lowercase letters indicate significant differences (P < 0.05).




3.3 The effect of LR-AFY06 on mouse colon tissue pathology

The H&E staining (Figure 3) showed that the colon tissue of mice in the normal group contained intact mucosal epithelial cells, normal crypts, well-arranged glands, and no ulcers. Mice in the model group showed an extensive infiltration of inflammatory cells in the intestines, along with multiple areas of necrotic lesions and crypt abscesses. Mice in the aspirin group showed a lower degree of inflammatory cell infiltration and less disruption of crypt structures. Although mild inflammation infiltration was observed in mice in the LR-AFY06 groups, crypt structures were relatively intact. LR-AFY06H exhibited a greater extent of improvement than did LR-AFY06L on the pathological damage of the colon tissue caused by AOM/DSS.
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FIGURE 3
The effect of LR-AFY06 on the histopathology of mouse colon tissues (40×).




3.4 The effect of LR-AFY06 on the levels of inflammatory cytokines in mouse serum and colon tissue

After AOM/DSS induction, the levels of IL-1β, IL-6, and TNF-α in the serum and colon of mice in the model group increased significantly (Figures 4A–C, 5A–C). Aspirin and LR-AFY06 effectively reduced their gene expression. The serum levels of IL-1β, IL-6, and TNF-α in the LR-AFY06H group were significantly lower than those in the LR-AFY06L group (P < 0.05), which indicated that LR-AFY06H more significantly reduced the levels of the pro-inflammatory cytokines in the mouse serum than did LR-AFY06L. The NF-κB level was highest in the serum and colon tissue of mice in the model group (Figures 4D, 5D). NF-κB levels in the serum of mice in the normal, aspirin, and LR-AFY06 groups were significantly lower than that in mice in the model group (P < 0.05). The iNOS gene was highly expressed in the serum and colon tissue of mice in the model group, and its levels in the serum of mice in the normal, aspirin, and LR-AFY06 groups were significantly lower than that in mice in the model group (P < 0.05) (Figures 4E, 5E).
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FIGURE 4
The effect of LR-AFY06 on the serum levels of inflammatory cytokines in mice. (A) IL-1β; (B) IL-6; (C) TNF-α; (D) NF-κB; (E) iNOS. a–dDifferent lowercase letters indicate significant differences (P < 0.05).
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FIGURE 5
The effect of LR-AFY06 on the colon tissue levels of inflammatory cytokines in mice. (A) IL-1β; (B) IL-6; (C) TNF-α; (D) NF-κB; (E) iNOS. a–dDifferent lowercase letters indicate significant differences (P < 0.05).




3.5 The effect of LR-AFY06 on the mRNA expressions of inflammation pathway-related factors in mouse colon tissue

Real-time fluorescence quantitative PCR was performed to analyze the mRNA expressions of IκBβ, p65, p50, and p52 in the mouse colon tissues, and the results showed (Figure 6) that their mRNA expressions in the colon tissues of mice in the model group were highest, whereas that in the aspirin and LR-AFY06 groups decreased significantly (P < 0.05). Moreover, the effect of oral LR-AFY06H administration was comparable to that of aspirin administration.
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FIGURE 6
The effect of LR-AFY06 on the relative mRNA expressions of inflammatory factors in mouse colon tissues. (A) Relative expression of IκBβ; (B) Relative expression of p65; (C) Relative expression of p50; (D) Relative expression of p52. a–dDifferent lowercase letters indicate significant differences (P < 0.05).




3.6 The effect of LR-AFY06 on the mRNA expressions of apoptosis pathway-related factors in mouse colon tissue

Compared with mice in the normal group, those in the model group showed downregulated Bid (pro-apoptotic factor) mRNA expression; however, its relative expressions were significantly upregulated in mice in the aspirin and LR-AFY06 groups (Figure 7A) (P < 0.05). Furthermore, Bcl-2 and Bcl-xL (anti-apoptotic factors) mRNA expression was upregulated in mice in the model group (Figures 7B, C) and was significantly downregulated in the aspirin and LR-AFY06 groups (P < 0.05). Compared with mice in the normal group, AOM/DSS-induced mice in the model group showed significantly downregulated caspase-8 (pro-apoptotic factor) mRNA relative expression in colon tissues (P < 0.05) (Figure 7D). However, aspirin and LR-AFY06 treatment significantly improved caspase-8 mRNA downregulation caused by carcinoma in the mice. Compared with mice in the model group, those in the LR-AFY06L and LR-AFY06H groups showed significant differences in caspase-8 mRNA expression (P < 0.05). Thus, LR-AFY06 significantly upregulated Bid and caspase-8 and downregulated Bcl-2 and Bcl-xL mRNA expression.
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FIGURE 7
The effect of LR-AFY06 on the relative mRNA expressions of apoptosis-related factors in mouse colon tissues. (A) Relative expression of Bid; (B) Relative expression of Bcl-2; (C) Relative expression of Bcl-xL; (D) Relative expression of caspase-8. a–dDifferent lowercase letters indicate significant differences (P < 0.05).





4 Discussion

The chemically-induced AOM/DSS mouse model of colon cancer reliably reproduces the stages of intestinal tumor occurrence and development, closely mimicking the pathological conditions of human colon cancer. This chemical induction can lead to weight loss in cancer-afflicted mice (De Robertis et al., 2011). Colon length is one of the indicators used to characterize the severity of DSS-induced colonic inflammation (Min et al., 2015). The organ coefficient is a fundamental parameter and an essential basis in biomedical research. Inflammation and edema can increase body weight and organ coefficient (Michael et al., 2007; Xu et al., 2023). AOM/DSS used in this study induced tumors and promoted tumor activity (Erben et al., 2014). After successful modeling, LR-AFY06 could effectively alleviate colon shortening caused by weight loss, intestinal inflammation and edema, reduced colonic coefficient and visceral index in mice, and reduced intestinal tumorigenesis, which had interventional potential in colon cancer.

Cytokines, the main signaling molecules released by inflammatory cells, play roles in multiple functions. The major pro-inflammatory cytokines include IL-1β, IL-6, and TNF-α, the continuous intensification of inflammation is an important cause of cancer (Mey et al., 2007; Oshima and Oshima, 2012). Herein, the anti-tumor effect of LR-AFY06 was assessed in relation to the mRNA expression of these pro-inflammatory cytokines. The mRNA levels of IL-1β, IL-6, TNF-α, NF-κB, and iNOS in the mouse serum and colon tissues were determined by performing ELISA. IL-6 activates the NF-κB signaling pathway and promotes the gene expression of cell adhesion molecules (Elahi et al., 2023). Moreover, this representative member of the interleukin family is involved in inflammation, immune regulation, and cancer development (Lopetuso et al., 2013). IL-1β stimulates inflammatory cells to enter the intestine via autocrine and paracrine mechanisms, thereby causing tissue damage and inflammation (He et al., 2023). Remarkably decreased IL-1β levels in a study indicated that probiotics reduce inflammatory factor levels (Wang et al., 2012). Additionally, TNF-α, a key inflammatory cytokine that regulates classical NF-κB inflammatory pathway activation, acts as both an activator and a product of NF-κB activation (Lopetuso et al., 2013; Cotino-Nájera et al., 2023). Hence, TNF-α and NF-κB are often studied together. NF-κB, a key mediator of the inflammatory response, is one of the most common regulatory factors in cancer. Changes in NF-κB levels reflect the disease status in patients with colon cancer (Alipourgivi et al., 2023). Additionally, NF-κB activation can increase iNOS levels in the tissue. Moreover, TNF-α activates iNOS as part of the inflammatory response (Mey et al., 2007). iNOS is related to tumor occurrence and development and serves as a novel target for cancer prevention and treatment (Zhao et al., 2021). The present results revealed that AOM/DSS application induced the high expression of the pro-inflammatory cytokines and iNOS in the mice, which eventually activated the NF-κB inflammatory pathway and resulted in sustained inflammation in the body. LR-AFY06 intervention effectively decreased IL-1β, IL-6, and TNF-α levels in the mice, downregulated NF-κB and iNOS mRNA expression, and alleviated the pathological state of inflammation in both the serum and colon tissues.

The NF-κB signaling pathway activated in mice after AOM/DSS induction increases the level of inflammation. Thus, such mice can be protected from inflammatory stimuli and colon cancer occurrence and development can be intervened by inhibiting the NF-κB signaling pathway. IκBβ, a member of the IκB protein family, plays a dual regulatory role in the NF-κB pathway. It forms an IκBβ:p65:cRel complex to promote the transcription of target genes, thereby activating the NF-κB pathway (Kamata et al., 2010). Conversely, free NF-κB plays a crucial regulatory role in the cytoplasm and nucleus. The phosphorylated subunit p65 triggers the transcription of certain genes, such as TNF-α, IL-1β, and IL-6. Subsequently, these cytokines promote the activation of the Toll-like receptor 4-mediated pathway, thereby enhancing and amplifying the inflammatory response (Takeuchi and Akira, 2010). Additionally, p65 and p50, two important subunits of NF-κB, are important biomarkers for colon cancer diagnosis and prognosis. Moreover, the p52/RelB dimer promotes the transcription of inflammation-related genes via nuclear translocation (Martin et al., 2021).

The NF-κB signaling pathway promotes the establishment of an inflammatory tumor microenvironment in colon cancer, which can serve as a source of tumor markers for several processes, such as cell survival, proliferation, metastasis, and angiogenesis. In the tumor microenvironment, NF-κB upregulates the gene expression of anti-apoptotic proteins, such as Bcl-2 and Bcl-xL (Martin et al., 2021). Bid, a pro-apoptotic member of the Bcl-2 family, induces mitochondrial apoptosis in colon cancer (Huang et al., 2017). Furthermore, Bcl-2 and Bcl-xL expression inhibits the normal apoptotic program of tumor cells and promotes their survival and development. Therefore, targeting apoptosis-related factors is an effective approach to treat colon cancer. Additionally, caspase-8, an essential part of the regulation and initiation of death receptor-mediated programmed cell death, is closely associated with intrinsic and extrinsic apoptotic pathways. The dysfunction of caspase-8 may contribute to malignant tumor development in mice and humans (Tummers and Green, 2017). The present results showed that LR-AFY06 effectively regulated the expression of inflammation and apoptosis-related genes in the colon cancer tissues of the mice, thus exerting preventive and inhibitory effects.

Colon cancer has a great impact on the human intestine, affecting the absorption of nutrients, causing difficulty in defecation, but also intestinal dysfunction, intestinal flora disorder, comprehensive impact on the intestinal flora involved in the human immune regulation, inflammation and oxidative stress response (Zhang et al., 2024). Studies have shown that lactococcus lactis, Lactobacillus acidophilus and Bifidobacterium can interfere with the development of colon cancer by regulating immune function and inflammatory response (Li and Li, 2003; Agah et al., 2019). A study has shown that some Lactobacillus rhamnosus can regulate intestinal function, have a regulatory effect on intestinal barrier function, can intervene in the development of diseases by regulating immune function, and has probiotic function (Lebeer et al., 2010). But, there are few studies on the effect of Lacticaseibacillus rhamnosus on colon cancer. This study is the first to study the intervention effect of Lacticaseibacillus rhamnosus AFY06. The results showed that LR-AFY06 significantly improved symptoms such as weight loss, increased organ index, shortened colon length, and increased intestinal index, thereby effectively reducing the incidence of intestinal tumors in the cancer-bearing mice and improving pathological damage that occurred in colon tissues (P < 0.05). Furthermore, LR-AFY06 intervention significantly decreased the levels of the inflammatory cytokines IL-1β, IL-6, TNF-α, NF-κB, and iNOS in the serum and colon tissue of the mice (P < 0.05). Additionally, at the gene level, LR-AFY06 significantly downregulated the mRNA expression of the pro-inflammatory factors IκBβ, p65, p50, and p52 and the anti-apoptotic factors Bcl-2 and Bcl-xL in the colon tissues, whereas it upregulated the mRNA expression of the pro-apoptotic factors Bid and caspase-8 (P < 0.05). The effect of Lacticaseibacillus rhamnosus on the regulation of colon cancer by regulating the mechanism of inflammation has been preliminically studied, which can further promote the probiotic effect of Lacticaseibacillus rhamnosus. However, this study is a preliminary animal experimental study, and the mechanism of intestinal regulation of Lacticaseibacillus rhamnosus in the development of colon cancer needs further study. The mechanism of action in humans also needs to be verified in clinical trials.



5 Conclusion

We performed a comprehensive study on the effects and mechanisms of LR-AFY06, isolated from traditional naturally fermented acidophilus milk in Xinjiang, on inflammation-related colon cancer using an AOM/DSS-induced murine model. The evaluation was based on five aspects, namely the body weight and organ index of the mice, colon index and number of intestinal tumors, pathological analysis of colon tissues, analysis of inflammation-related cytokines in serum and colon tissues, and analysis of the expression of genes related to NF-κB and cell apoptosis signaling pathways in colon tissues. We are the first to demonstrate the significant effects of LR-AFY06 intervention on the occurrence and development of inflammation-related colon cancer in mice and reveal its specific mechanism of slowing down colon cancer development by improving intestinal inflammation and promoting intestinal tumor cell apoptosis. It provides scientific evidence for the functional health-related effects of LR-AFY06 on the intestine and offers a scientific basis for the prevention and adjuvant treatment of colon cancer from a dietary perspective. Further clinical research is needed to validate the present findings.
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Colitis caused by infections, especially Salmonella, has long been a common disease, underscoring the urgency to understand its intricate pathogenicity in colonic tissues for the development of effective anti-bacterial approaches. Of note, colonic epithelial cells, which form the first line of defense against bacteria, have received less attention, and the cross-talk between epithelial cells and bacteria requires further exploration. In this study, we revealed that the critical anti-bacterial effector, TFEB, was primarily located in colonic epithelial cells rather than macrophages. Salmonella-derived LPS significantly promoted the expression and nuclear translocation of TFEB in colonic epithelial cells by inactivating the mTOR signaling pathway in vitro, and this enhanced nuclear translocation of TFEB was also confirmed in a Salmonella-infected mouse model. Further investigation uncovered that the infection-activated TFEB contributed to the augmentation of anti-bacterial peptide expression without affecting the intact structure of the colonic epithelium or inflammatory cytokine expression. Our findings identify the preferential distribution of TFEB in colonic epithelial cells, where TFEB can be activated by infection to enhance anti-bacterial peptide expression, holding promising implications for the advancement of anti-bacterial therapeutics.
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Introduction

Intestinal epithelial cells play a pivotal role in the physiological processes of the entire organism through nutrient absorption and bowel homeostasis (Parikh et al., 2019). Due to the fact that thousands of microorganisms, including probiotics and malignant microbes, survive in the gastrointestinal lumen, epithelial cells function as the first barrier to keep the probiotics alive and defend against pathogenic bacteria (Groschwitz and Hogan, 2009; Antoni et al., 2014; Rogers et al., 2021). Once the homeostasis is broken up, the intestine and colon might be afflicted by inflammatory bowel disease (IBD) or colitis (Rogers et al., 2021). Invasive bacterial infection is a major contributor to colitis. In addition to Campylobacter jejuni, Shigella, Yersinia enterocolitica, Clostridium difficile, and Mycobacterium tuberculosis, Salmonella is one of the most common bacteria responsible for infectious colitis (Azer and Sun, 2021). However, the cross-talk between epithelial cells and Salmonella is still not fully understood.

The colonic epithelium is composed of monolayer cells that are characterized by tightly arranged apical-lateral membrane junctions. Through desmosomes, adherens junctions, and tight junctions, these cellular units form an intact screen that separates the external microbiota from the internal organism (Groschwitz and Hogan, 2009). Additionally, epithelial cells secrete anti-bacterial peptides, cytokines, and mucus to fight against bacterial invasion (Groschwitz and Hogan, 2009; Antoni et al., 2014). However, many malignant pathogens overcome the line of defense established by the epithelium, leading to further infection.

Salmonella, a Gram-negative bacterium, is a highly pathogenic bacterium that invades enterocytes via fimbrial adhesins and the Salmonella pathogenicity island 1 (SPI1)-encoded type III secretion system (T3SS) (Tahoun et al., 2012; Lorkowski et al., 2014; Gul et al., 2023). Intracellular Salmonella is wrapped up in vacuoles known as Salmonella-containing vacuoles (SCVs) for better replication and escape from destruction (Birmingham et al., 2006; Hautefort et al., 2008). Xenophagy plays a major role in the defense of intracellular Salmonella, 20% of which co-localizes with LC3-positive autophagosomes within 1 h of infection (Birmingham et al., 2006; Bauckman et al., 2015). For further degradation, Salmonella-containing autophagosomes fuse with lysosomes. Almost 60 kinds of acid hydrolases, including lipases, proteases, glycosidases, and acid phosphatases, are present in lysosomes, where they play a crucial role in digestion (Perera and Zoncu, 2016; Ballabio and Bonifacino, 2020). Atg5-deficient mouse embryonic fibroblast indulges Salmonella growth in the cytosol (Birmingham et al., 2006).

TFEB is viewed as a critical transcription factor (TF) that dominates the expression of autophagic and lysosomal proteins (Settembre et al., 2011; Napolitano and Ballabio, 2016; Panwar et al., 2023; Xia et al., 2023). Because of the important role of the autophagy-lysosome in the degradation of bacteria, TFEB contributes to the defense against microbial infection. Emerging evidence verified that reinvigorating the activity of TFEB did enhance the restriction of Salmonella replication (Ammanathan et al., 2019; Schuster et al., 2022). Our previous findings also proved that Salmonella escaped degradation by suppressing TFEB in bone marrow-derived macrophages (BMDMs) (Rao et al., 2020). Additionally, TFEB was also demonstrated to modulate the expression of pro-inflammatory cytokines in RAW264.7 cells in the presence of Escherichia coli (Visvikis et al., 2014). Therefore, how TFEB is regulated under the infection of Salmonella and what the distinctive functions of TFEB are in colonic epithelial cells are still ambiguous.

In this study, we clarified that TFEB was predominantly distributed in the epithelium cells of the colon rather than other cells. Salmonella-derived LPS enhanced autophagic and lysosomal gene expression by enhancing the activity of TFEB. Furthermore, TFEB was translocated to the nucleus in colonic enterocytes after Salmonella infection in C57/B6 mice. Finally, we found that TFEB positively regulated several anti-bacterial peptides that contributed to the defense against Salmonella. Together, we unveil the critical role of TFEB in epithelial cells against Salmonella infection.



Results


TFEB primarily distributes in enterocytes in mice’s colon

Because TFEB plays an essential role in the colon under bacterial infection and the majority of research focuses on macrophages (Gray et al., 2016; El-Houjeiri et al., 2019; Rao et al., 2020; Schuster et al., 2022), we were eager to explore the detailed distribution of TFEB, which might clarify the TFEB-mediated anti-bacterial responses. According to the Human Protein Atlas (HPA), TFEB is highly expressed in enterocytes (Figure 1A). To further verify this finding, the colon tissues of healthy C57/B6 mice were dissected and subjected to immunohistochemical (IHC) staining to determine the expression of TFEB (Figure 1B). The results were consistent with the dataset. In addition, the primary colonic epithelial cells of mice were isolated and used to examine the protein levels of TFEB, in comparison with BMDM, colon tissue without epithelium, and whole colon tissue. Western blotting analysis showed that TFEB was less expressed in the macrophages and more expressed in the epithelial cells (Figures 1C,D). Therefore, the epithelium may be the cardinal battlefield for TFEB to exert its anti-bacterial functions.

[image: Figure 1]

FIGURE 1
 TFEB predominantly expresses in colonic epithelial cells. (A) The histogram presents TFEB expression in the colon according to the HPA data set. (B) Representative IHC graphs exhibit TFEB staining in a murine healthy colon. Scale bars: 20 μm. (C,D) A healthy murine colon was divided into epithelium, colon tissue without epithelium, and entire colon tissue. Determining the TFEB and actin in BMDM and colon tissue (n = 5) as indicated. Representative Western blotting bands are shown (C) and quantified with ImageJ (D). Mean values ± s.e.m. ***p < 0.001 using the one-way ANOVA with Dunnett’s test in (D).




LPS boosts the expression of TFEB and autophagy-lysosome proteins

To investigate the effects of infection on the regulation of TFEB expression and functions, LPS derived from S.typhimurium was used in the stimulation of a colonic epithelial cell line Caco 2 for 0 h, 6 h, 12 h, 24 h, and 36 h. TFEB, the lysosomal marker LAMP1, and the autophagic molecule LC3 were determined in these treated cells using Western blotting. The results revealed that LPS enhanced the expression of all the determined proteins in a time-dependent manner (Figures 2A–D). NF-κB and mTOCR signaling pathways usually function as the two major responders to the stimulation of LPS (Temiz-Resitoglu et al., 2017; Lund et al., 2022). Subsequently, to figure out the potential mechanisms underlying the increase of TFEB, the phosphorylation of NF-κB and mTOCR1 signaling pathways (S6 and 4EBP1) was detected at different time points. Interestingly, the activity of P65 was remarkably potentiated by LPS, indicating that epithelial cells underwent cellular responses to LPS. The levels of p-S6 were slightly increased within 6 h, while they were dramatically decreased after longer treatment with LPS. However, the phosphorylation of 4EBP1 was constantly reduced (Figures 2A,F–H). Moreover, the Caco 2 cells were directly infected with Salmonella to figure out whether bacterial infection has a similar effect on the regulation of TFEF expression and functions as LPS. The results indicated that Salmonella also inhibited mTOR activation and increased TFEB, LAMP1, and LC3 (Figures 2I–O). To further demonstrate this upregulation of LAMP1 and LC3 by LPS and Salmonella infection, we used shRNA to silence the expression of TFEB in the Caco 2 cells and then treated these engineered cells with LPS or Salmonella infection. As expected, downregulating TFEB inhibited the induction of LAMP1 and MAP 1LC3B (the gene for LC3) expression (Figure 2P). Additionally, gene set enrichment analysis (GSEA) was conducted, revealing that the autophagy- and lysosome-related genes were enriched after LPS stimulation in another colonic epithelial cell line, HT29 cells, as indicated by a Gene Expression Omnibus (GEO) database (Figures 2Q,R). Together, these observations suggest that LPS enhances TFEB and autophagy-lysosome protein expression, which is likely due to the inactivation of mTOR.
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FIGURE 2
 LPS enhances the expression of TFEB and autophagy-lysosome-related proteins in colonic epithelial cells. (A–G) Human colonic epithelium cell line Caco 2 cells were stimulated with 100 ng/mL of LPS for 0 h, 6 h, 12 h, 24 h, or 36 h. Western blotting was used to detect the protein level of LAMP1, TFEB, LC3, actin, phosphorylation, and total P-65, S6, and 4EBP1 (A). Histograms exhibit the statistical analyses (B–G). (H–N) Caco 2 cells were infected with Salmonella (MOI = 2) for 0 h, 6 h, 12 h, 24 h, or 36 h. Western blotting was used to detect the protein level of LAMP1, TFEB, LC3, actin, and the phosphorylation and total protein of P-65, S6, and 4EBP1 (H). Histograms exhibit the statistical analyses (I–N). (O) Control and shTFEB Caco 2 cells were treated with LPS (100 ng/mL) or infected with Salmonella (MOI = 2) for 24 h. The mRNA levels of LAMP1, MAP1LC3B, and TFEB were determined by RT-PCR. (P) Lysosome gene set, Z-score values, and enrichment plot after GSEA analysis between LPS-treated and control HT29 cells (NES = 1.3997555, p < 0.01, GSE113581). (Q) Autophagy gene set, Z-score values, and enrichment plot after GSEA analysis between LPS-treated and control HT29 cells (NES = 1.3696483, p < 0.01, GSE113581). Representative bands are from three independent experiments. Mean values ± s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001 using the one-way ANOVA with Dunnett’s test in (B–G), (I–N), and (O). The permutation test was used in GSEA.




LPS promotes the activity of TFEB in the epithelial cells

As a TF, TFEB should be translocated to the nucleus to exert its transcriptional functions (Napolitano and Ballabio, 2016). To evaluate the alteration of TFEB activity after infection, TFEB and DAPI were determined in the Caco 2 cells following stimulation with LPS by immunofluorescence staining. The images showed that both the total fluorescence intensity of TFEB and the proportions of nuclear TFEB were significantly increased after the treatment with LPS (Figures 3A–C). To further confirm these observations, we determined the TFEB levels in the cytoplasm and nucleus of the Caco 2 cells after LPS stimulation. Consistently, we found significantly increased TFEB expression in both the cytoplasm and nucleus following the stimulation with LPS for 12 h and 24 h. However, there were no changes in TFEB levels within 6 h (Figures 3D–F). Furthermore, infection with Salmonella has a similar effect on the TFEB translocation (Figures 3G–I). Collectively, these results suggest that both LPS and Salmonella infections enhance the transcriptional activity of TFEB in the colonic epithelium.
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FIGURE 3
 LPS promotes the TFEB to translocate into the nucleus. (A–C) Human colonic epithelium cell line Caco 2 cells were stimulated with 100 ng/mL of LPS for 0 h, 6 h, 12 h, 24 h, or 36 h. Immunofluorescence photos present the TFEB and DAPI staining in Caco 2 cells post-treatment at the indicated time (A). Scale bars: 10 μm. The TFEB immunofluorescence intensity (B) and nuclear localization ratio (C) from random 10 cells of each group are quantified with ImageJ and presented as a histogram. (D–F) Caco 2 cells were stimulated with 1 μg/mL of LPS for 0 h, 6 h, 12 h, or 24 h. Cytoplasm and nucleus were separated. TFEB, histone 3, and actin were determined with Western blotting (D) and quantified with Image J (E–F). Caco 2 cells were infected with Salmonella (MOI = 2) for 0 h, 6 h, 12 h, or 24 h. Cytoplasm and nucleus were separated. TFEB, histone 3, and actin were determined with Western blotting (G) and quantified with ImageJ (H–I). Representative photos and bands are from three independent experiments. Mean values ± s.e.m. *p < 0.05, **p < 0.01, ***p < 0.001 using the one-way ANOVA with Dunnett’s test in (B–C), (E–F), and (H–I).




Salmonella facilitates TFEB translocation to the nucleus in mice colonic enterocytes in vivo

To further substantiate that TFEB can be activated by infection in vivo, C57/B6 mice were infected with Salmonella (ampicillin-resistant) by oral gavage for 48 h or 120 h. After the indicated time, the mice were euthanized under anesthesia. The length of the colon was measured, and it showed a shrinkage of colon length in a time-dependent manner (Figures 4A,B). Additionally, the weight of the spleen also increased after infection (Figure 4C). Moreover, by culturing the tissue lysis solutions in LB plates containing ampicillin, we found a large number of Salmonella that survived in the feces, colon, and spleen of mice (Figures 4D–F). Thus, these observations confirmed that Salmonella caused colitis and invaded the colon of mice. Next, we sought to investigate whether the pathogenic bacteria modulated the activity of TFEB in the epithelium using immunohistochemistry (IHC) staining. The results showed a significant increase of the nuclear TFEB in the epithelium of these mice infected with Salmonella (Figures 4G,H). Moreover, we isolated the colonic epithelial cells and determined TFEB using Western blotting. In line with the histochemical analysis, Salmonella infection enhanced the nuclear translocation of TFEB (Figure 4I). Hence, these findings indicate that the Salmonella infection results in the activation of TFEB in colonic epithelial cells in vivo.
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FIGURE 4
 Salmonella-caused colitis presents as increased TFEB nuclear localization in the colonic epithelium. (A–I) C57/B6 mice were administered with or without 1 × 108 Salmonella for 48 h or 120 h by oral gavage (5 mice per group). The length of the colon (A–B) and the weight of the spleen (C) were recorded, and the statistics are presented as a histogram. The number of bacteria (CFU) in mice feces (D), colon (E), and spleen (F) were recorded and the statistics are presented as a histogram. Colon tissues with infection or not were stained with TFEB (G). The TFEB nuclear translocation was independently quantified and assessed by two pathologists without treatment information. Two fields of images were randomly selected in each histologic section, and the nuclear localization ratios were obtained by comparing the nuclear positive-staining cell number to the total cell number (H). Determining the epithelial TFEB distribution in the cytoplasm and nucleus of normal colon tissue and Salmonella-infected colon tissue (I). Scale bars: 20 μm. Mean values ± s.e.m.*p < 0.05; ***p < 0.001 using the one-way ANOVA with Dunnett’s test in (B–C) and Student’s t-test (H).




LPS advances TFEB-mediated anti-bacterial response in the epithelial cells

By clarifying the predominant distribution of TFEB in the epithelium and demonstrating its activation by LPS and Salmonella in vitro and in a mouse model, we subsequently aimed to determine the distinct functions executed by TFEB. Therefore, we used the GEO dataset and conducted a Gene Ontology (GO) analysis and found that most of the upregulated genes with LPS treatment were related to anti-bacterial response (Figure 5A). The GSEA of this dataset showed that post-administration with LPS, there was an enrichment of anti-bacterial response- and peptide-related genes (Figures 5B,C). Furthermore, the heatmap graph showed that LPS increased a large group of anti-bacterial peptides, such as PI3, LCN2, HTN1, and S100A9, that were positively related to TFEB (Figure 5D). To confirm the critical role of TFEB in bacterial defense, we utilized the Cancer Cell Line Encyclopedia (CCLE) gene set, which measured whole gene expression with RNA-seq in a series of cell lines and conducted GSEA. The results showed that genes linked to anti-bacterial response and peptides were enriched in TFEB highly expressed intestinal epithelial cell lines (Figures 5E,F). More importantly, the levels of several critical genes that encode anti-bacterial peptides, including PI3, LCN2, HTN1, and S100A9, were significantly increased after LPS treatment. However, these genes were dramatically decreased by the deficiency of TFEB (Figure 5G). To investigate whether these upregulated anti-bacterial peptides can suppress bacterial replication, we collected the supernatant of control Caco 2 and shTFEB Caco 2 cells, with or without LPS treatment, and cultured Salmonella. After 12 h of culture, we found that fewer bacteria survived in the LPS-treated culture medium than in the non-treated medium, and this effect was diminished upon the reduction of TFEB expression (Figure 5H). In addition, to investigate other possible mechanisms that may contribute to the anti-bacterial response mediated by TFEB, we conducted GSEA to examine the relationship between TFEB and the tight junction and polarity of epithelial cells based on the CCLE dataset. The results revealed a less significant correlation between TFEB level and tight junction and polarity (Supplementary Figures S1A,B). We also tested the association between TFEB and inflammatory cytokine expression. GSEA and heatmaps showed that TFEB also did not affect the expression of cytokines such as IL-1, IL-6, and TNF in the epithelial cells (Supplementary Figures S1C,D). Therefore, epithelial TFEB contributes to the production of anti-bacterial peptides to fight infection.
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FIGURE 5
 LPS boosts the TFEB-mediated anti-bacterial response in the epithelial cells. (A) GO annotation of 200 upregulated genes between LPS-treated and control HT29 cells. (B) Anti-bacterial response gene set, Z-score values, and enrichment plot after GSEA analysis between LPS-treated and control HT29 cells (NES = 1.4560205, p < 0.01, GSE113581). (C) Anti-microbial peptide gene set, Z-score values, and enrichment plot after GSEA analysis between LPS-treated and control HT29 cells (NES = 1.3621197, p < 0.01, GSE113581). (D) The heatmap shows the correlation between TFEB and anti-microbial peptide-related genes (GSE113581). (E) Anti-bacterial response gene set, Z-score values, and enrichment plot after GSEA analysis of 57 intestinal epithelial cell lines according to TFEB expression levels. (NES = 1.9246892, p < 0.01, CCLE). (F) Anti-microbial peptide gene set, Z-score values, and enrichment plot after GSEA analysis of 57 intestinal epithelial cell lines according to TFEB expression levels (NES = 1.5003532, p < 0.01, CCLE). (G) Histogram exhibits the relative mRNA expression of PI3, LCN2, HTN1, S100A9, and TFEB under the treatment of 100 ng/mL of LPS or not in shControl or shTFEB Caco 2 cells. The data were from three independent experiments. (H) ShControl and shTFEB Caco 2 cells were treated with 100 ng/mL of LPS for 48 h, and these cell culture media were collected to culture Salmonella for 12 h. The CFU of Salmonella was determined using the LB plates. Mean values ± s.e.m.*p < 0.05, **p < 0.01; ***p < 0.001 using the one-way ANOVA with Dunnett’s test in (G–H). The permutation test was used in GSEA.





Discussion

Colitis is usually caused by infection (Azer and Sun, 2021), although the detailed interactions between the colon and pathogenic bacteria remain unknown. In our studies, we identified that LPS and Salmonella could activate TFEB located in colonic epithelial cells. The activated TFEB not only enhanced the autophagy-lysosome degradation pathway but also promoted the expression of the anti-bacterial peptide. Thus, we uncovered the key anti-bacterial role of TFEB in colonic enterocytes.

TFEB, one of the microphthalmia family of basic helix–loop–helix–leucine–zipper (bHLH-Zip) TFs (MiT family), was initially viewed as a key TF in controlling lysosomal gene expression and functions (Napolitano and Ballabio, 2016; He et al., 2020). A growing body of evidence has documented that it also regulates energy metabolism (Mansueto et al., 2017), cytokine production (Visvikis et al., 2014), and immune reshaping (Zhang et al., 2019). Moreover, its irreplaceable functions in the defense of bacteria are becoming increasingly recognized. Macrophages are known for their role in clearing invasive microbes as pioneers of innate immune cells, and the majority of research focused on the defensive role of TFEB in macrophages (Gray et al., 2016; El-Houjeiri et al., 2019; Rao et al., 2020; Schuster et al., 2022; Inpanathan et al., 2023). It is important to note that intestinal or colonic epithelial cells also function as the first defensive line. The detailed mechanisms of TFEB functioning in the colon need to be clarified. Our results demonstrated that TFEB was predominately expressed in the epithelial cells of the colon while being scarce in macrophages. Hence, the TFEB-mediated anti-bacterial responses should primarily occur in the epithelium, suggesting an accurate site for further reaches of TFEB in colitis or other colonic diseases.

LPS originating from damaged Salmonella or other Gram-negative pathogens is a risk factor present in the plasma of IBD patients (Caradonna et al., 2000). Although it has been reported that LPS may regulate the lysosome position in dendritic cells (Bretou et al., 2017) and macrophages (Mrakovic et al., 2012) and trigger TFEB nuclear localization in murine macrophages (El-Houjeiri et al., 2019), it remains unclear whether LPS affects the functions of TFEB in colonic epithelial cells. In this study, we verified that LPS enhanced the activity of TFEB and autophagy-lysosome molecule expression in human colonic epithelial cells. Interestingly, our previous findings showed that Salmonella suppressed TFEB expression and function in BMDM (Rao et al., 2020), whereas this study proved that Salmonella increased the nuclear TFEB ratio in colonic epithelium. Moreover, in addition to the autophagy-lysosome, TFEB participated in the regulation of anti-bacterial peptide expression rather than pro-inflammatory cytokine secretion, tight junction, and polarity of epithelial cells.

In conclusion, this study elucidated the precise localization of TFEB within the colon and examined the interplay between infection and epithelium facilitated by TFEB. These findings contribute to our understanding of colitis and offer potential advancements in infection management strategies.



Materials and methods


Reagents

The IHC antibody anti-TFEB (ab2636) was purchased from Abcam. Western-blot antibodies, including anti-LAMP1 (sc-20011, Santa Cruz Biotechnology), anti-LC3 (3,868, Cell Signaling Technology), anti-p-P65 (3,033, Cell Signaling Technology), anti-P65 (8,242, Cell Signaling Technology), anti-p-S6 (4,858, Cell Signaling Technology), anti-S6 (2,217, Cell Signaling Technology), anti-p-4EBP1 (2,855, Cell Signaling Technology), anti-4EBP1 (9,452, Cell Signaling Technology), anti-Actin (3,700, Cell Signaling Technology), anti-Histone H3 (ab1791, Abcam), donkey Anti-Goat IgG H&L (FITC, ab6881), and goat anti-rabbit IgG H&L (HRP, ab6721) were purchased from Abcam. DAPI (d9542) and LPS (L6386) were purchased from Sigma Aldrich.



Cell culture and stimulation

The Caco 2 cells (SCSP-5027) were purchased from the National Collection of Authenticated Cell Cultures. The cells were cultured with DMEM (10,566,016, Thermo Fisher Scientific) containing 10% FBS, streptomycin, and penicillin at 37°C, 5% CO2. The Caco 2 cells were planted onto six-well plates and stimulated with 100 ng/mL of LPS for 0 h, 6 h, 12 h, 24 h, or 36 h. The cells were collected for Western blotting or immunofluorescence staining. BMDMs were differentiated and cultured as previously described (Xia et al., 2019).



Western blotting

The LPS-treated Caco 2 cells, BMDMs, primary murine colonic epithelial cells, colon tissue without epithelium, and integrated colon tissue were lysed with RIPA buffer containing proteases and phosphatase inhibitor cocktail (78,440, Thermo Fisher Scientific). The concentration of cell lysate was measured using a BCA kit (A53226, Thermo Fisher Scientific). After adding 5 × protein loading buffer and boiling for 5 min, the protein samples were loaded onto a 10% SDS-PAGE gel. Separated proteins were transferred onto a PVDF membrane post-electrophoresis for 2 h. The PVDF membrane containing proteins was blocked with 5% BSA and incubated with primary antibodies overnight. The blots were visualized using electrochemiluminescence (ECL) after incubation with HRP-conjugated second antibody. Quantification was performed using Image J.



IHC staining

Infected or non-infected murine colonic tissues were fixed with formalin and embedded in paraffin. The tissues were sectioned into slices and then baked for 1 h before being dewaxed with dimethylbenzene. Dehydration was performed using ethanol and endogenous peroxidase was eliminated with 3% H2O2. The sections were incubated with a 5% BSA and then an anti-TFEB antibody (1:200). After staining with an HRP-conjugated second antibody, the sections were visualized with diaminobenzidin (DAB) and hematoxylin. An Olympus microscope was used to capture images.



Immunofluorescence staining

The LPS-treated Caco 2 cells were fixed with 4% paraformaldehyde for 20 min. The cell membrane was permeated with 0.5% Triton X-100 after being washed with PBS. The cell slides were blocked with a 5% BSA before being incubated with anti-TFEB. The slides were stained with FITC-conjugated secondary antibody and DAPI and then photographed using confocal microscopy (Zeiss, Germany).



Cell cytoplasm and nucleus extraction

To separate the cell cytoplasm and nucleus, a commercial kit (P0028, Beyotime) was used, and the detailed experiments were conducted according to the manufacturer’s instructions.



Quantitative RT-PCR

The total RNA was isolated using TRIZOL (15,596,026, Invitrogen™), and the cDNA was obtained using a commercial kit (4,374,967, Applied Biosystems™). Next, the qRT-PCR was performed using SYBR green (A46110, Applied Biosystems™), and the primers used are as follows:

TFEB, F-CCTGGAGATGACCAACAAGCAG; R-TAGGCAGCTCCTGCTTCACCAC.

PI3, F-CGCTGCTTGAAAGATACTGACTG; R-ACGGCACAGGTGCAGCAAGGA.

LCN2, F-GTGAGCACCAACTACAACCAGC; R-GTTCCGAAGTCAGCTCCTTGGT.

HTN1, F-CATCATGGGTATAGAAGAAAATTCC; R-TGCCCCATGATTACTAAGGATATC.

S100A9, F-GCACCCAGACACCCTGAACCA; R-TGTGTCCAGGTCCTCCATGATG.

GAPDH, F-GTCTCCTCTGACTTCAACAGCG; R-ACCACCCTGTTGCTGTAGCCAA.

LAMP1, F-GGCCTCTTGCGTCTGGTAAC; R-AAAGGTACGCCTGGATGGTG.

MAP1LC3B, F-GAGAAGCAGCTTCCTGTTCTGG; and R-GTGTCCGTTCACCAACAGGAAG.

shRNA lentivirus construction and shTFEB Caco 2 cells generation.

The scrambled shRNA lentivirus target human TFEB was constructed using pLVX-shRNA2 plasmids (Clontech Laboratories, Inc., 632,179), following the procedure described previously (15). These plasmids were transfected onto 293 T cells to generate lentivirus in the supernatant. For the generation of shTFEB Caco 2 cells, the epithelial cells were infected with lentivirus for approximately 5 days, and the TFEB level was determined by RT-PCR. The shRNA sequences are as follows:

Forward: GATCCCCACTTTGGTGCTAATAGCTTTCAAGAGAAGCTATTAGCACCAAAGT.

GGGTTTTTG;

Reverse: AATTCAAAAACCCACTTTGGTGCTAATAGCTTCTCTTGAA AGCTATTAGCAC.

CAAAGTGGG.



Mouse model

Salmonella (SL1344, ampicillin-resistant) was a gift from Xiang-ping Yang lab, and the protocol for culturing bacteria was the same as before (Rao et al., 2020). For the infection in vivo, Salmonella was cultured in 3 mL of LB medium for 4 h and measured using a spectrophotometer (Thermo Fisher Scientific). The infection model was performed as previously described (Xia et al., 2019) and in accordance with Institutional Animal Care guidelines. In brief, 30 C57/B6 mice were randomly arranged into three groups (5 mice per group). Two groups of mice were intragastrically infected with 1 × 108 of Salmonella for 48 h or 120 h. Infected mice or healthy mice were euthanized under anesthesia. The length of the colon and the weight of the spleen were determined. The tissues were homogenized and resuspended in sterile PBS. After serial dilution, the suspensions were plated onto LB plates with ampicillin. The number of bacterial colonies was quantified.



Mouse colonic epithelial cell extraction

For the extraction of colonic epithelial cells, normal or Salmonella-infected colon tissues of C56/B6 mice were collected from the mouse model (5 mice per group). After three washes with sterile PBS, the colonic lumens were injected and filled with trypsin (Thermo Fisher Scientific, 25,200,072). The two ends of the colon lumen were sealed with surgical thread ties and incubated in a cell incubator for 1 h at 37°C. After digestion, these epithelial cells in the colonic lumen could be pipetted and ejected. Then, a 10% FBS was added to the cell suspensions, and the colonic epithelial cells and non-epithelial cell colon tissues were obtained. After centrifugation and two washes with ice-cold PBS, these newly isolated epithelial cells were cultured in DMEM (10% FBS) for approximately 30–60 min. The suspended epithelial cells in the culture medium were then collected for further determination. The purity of epithelial cells was determined by flow cytometry using EpCAM antibodies (Biolegend, 118,207), a marker of epithelial cells.



Bacteria survive in culture medium

The control Caco 2 cells and shTFEB Caco 2 cells were treated with LPS (100 ng/mL) for 48 h, and the culture media were collected and centrifuged at 10000 rpm. The supernatants were used to culture Salmonella in a concentration of 5 × 105/mL. After 12 h of culture, the media containing Salmonella were collected and plated on LB plates at an appropriate dilution. The CFU of Salmonella was recorded and quantified.



Data collection

The gene expression profile of HT29 cells was downloaded from the GEO database, specifically from the GSE113581 dataset.1 HT29 cells were treated with LPS or vehicle (DMSO). We downloaded and processed the RNA-seq data of 57 intestinal epithelial cell lines from the CCLE.2



Bioinformatic analysis

We downloaded related gene sets from the Molecular Signatures of GSEA official website3 and used GSEA software to determine the different pathways related to the target genes. The GO annotation for the targeted genes was performed using the R packages “clusterProfiler” and “enrichplot” to determine the upregulated genes in epithelial cells following LPS treatment. The CCLE was used to interrogate the transcriptomics data of the inflammatory cytokine-related genes in a panel of 57 intestinal epithelial cell lines (see text footnote 2, respectively).



Statistical analysis

Statistical analyses were performed using GraphPad Prism 8. An unpaired two-tailed Student’s t-test was used to compare two groups, while a one-way ANOVA with Dunnett’s test was used to compare at least three groups. Results were presented as mean values ± standard error of the mean (s.e.m). A p-value less than 0.05 was considered significant.

R (version 4.0.4) was used to carry out differential analysis of the RNA expression profile, and the “limma” package was used to standardize and analyze all data. Differential genes were screened based on corrected p-values less than 0.05 and absolute log fold change greater than 1.
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Alcohol use disorder (AUD) is a complex and widespread disease with limited pharmacotherapies. Preclinical animal models of AUD use a variety of voluntary alcohol consumption procedures to recapitulate different phases of AUD, including binge alcohol consumption and dependence. However, voluntary alcohol consumption in mice is widely variable, making it difficult to reproduce results across labs. Accumulating evidence indicates that different brands of commercially available rodent chow can profoundly influence alcohol intake. In this study, we investigated the effects of three commercially available and widely used rodent diet formulations on alcohol consumption and preference in C57BL/6 J mice using the 24 h intermittent access procedure. The three brands of chow tested were LabDiet 5,001 (LD5001), LabDiet 5,053 (LD5053), and Teklad 2019S (TL2019S) from two companies (Research Diets and Envigo, respectively). Mice fed LD5001 and LD5053 displayed higher levels of alcohol consumption and preference compared to mice fed TL2019S. We also found that alcohol consumption and preference could be rapidly switched by changing the diet 48 h prior to alcohol administration. Sucrose, saccharin, and quinine preferences were not altered, suggesting that the diets did not alter sweet and bitter taste perception. We also found that mice fed LD5001 displayed increased quinine-resistant alcohol intake compared to mice fed TL2019S, suggesting that diets could influence the development of compulsive behaviors such as alcohol consumption. We profiled the gut microbiome of water- and alcohol-drinking mice that were maintained on different diets and found significant differences in bacterial alpha- and beta-diversities, which could impact the gut–brain axis signaling and alcohol consumption.
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Introduction

Alcohol use disorder (AUD) is a persistent and recurring brain disorder marked by a diminished capacity to cease or regulate alcohol consumption, even in the face of negative repercussions (Koob and Volkow, 2016). Alcohol is one of the most misused drugs worldwide, and within the United States, AUD has a lifetime prevalence rate of nearly 8.6% (Glantz et al., 2020). Alcohol consumption significantly impacts both the central and peripheral nervous systems, and its toxic effects can promote cell and tissue injuries throughout the body (Dubinkina et al., 2017). Currently, there are only three FDA-approved treatments for AUD that all suffer from variable efficacy (Lohoff, 2022). Hence, there is an urgent need for the discovery of novel therapeutics to treat AUD.

Animal models of AUD enable us to identify neuroadaptations that underlie the development of alcohol dependence, thereby enabling the discovery of novel therapeutic targets to mitigate AUD. Preclinical studies rely on a suite of voluntary alcohol consumption procedures to capture different phases of AUD, such as binge alcohol consumption, alcohol dependence, and relapse and reinstatement to alcohol seeking (Tabakoff and Hoffman, 2000; Rhodes et al., 2005; Vengeliene et al., 2014). However, the amount of alcohol consumed in voluntary alcohol consumption procedures often varies widely between laboratories, making it difficult to reproduce key findings. A variety of factors could contribute to this variability, including housing conditions such as type of bedding, temperature, and humidity in the vivarium (Crabbe and Wahlsten, 2003). However, accumulating literature suggests (Marshall et al., 2015; Quadir et al., 2020; Maphis et al., 2022) that the type of rodent chow could be a significant contributor to variations in alcohol consumption. Rodent chow is not standardized across laboratories and can vary significantly in composition and texture. Diet can profoundly influence behavioral outcomes through a variety of pathways, including signaling through the gut–brain axis (Leclercq et al., 2020) and altering taste perception (Tordoff et al., 2002). Previous studies have examined the effects of various commercial rodent diets on alcohol consumption and preference (Marshall et al., 2015; Quadir et al., 2020; Maphis et al., 2022). These studies have found that the type of rodent chow used can significantly affect not only the amount but also the pattern of alcohol intake in voluntary drinking procedures. However, the mechanism(s) by which diet can influence alcohol consumption has not been examined in these studies.

One potential mechanism by which rodent diet could influence alcohol consumption is through modifications to the gut microbial composition. Diet is the main modulator of gut microbiome composition and consequently can alter the gut–brain axis signaling (Lynch and Pedersen, 2016), which may play a role in accelerating the addiction cycle (Bravo et al., 2011; García-Cabrerizo et al., 2021). Alcohol consumption by itself can also alter gut microbial communities, leading to dysbiosis and gut leak and triggering end-organ chronic inflammation (Stärkel et al., 2018). Additionally, the modifications of the gut microbiota due to alcohol consumption play a role in the development of alcohol-associated diseases, such as non-alcoholic fatty liver disease, cardiovascular diseases, and neuropsychiatric disorders (Chang and Kao, 2019). Furthermore, diet plays a pivotal role in shaping the gut microbiome (Lynch and Pedersen, 2016), while limited information is known about how food composition and nutritional habits regulate the motivation to seek drugs. Given the influence of the diet on the gut microbiome and the connection between the gut microbiota and behavior, we aimed to investigate the impact of commercially available rodent diets on alcohol consumption and preference and gut microbiome diversity.



Materials and methods


Animals

For this study, 7- to 8-week-old male and female C57BL/6 J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Mice were provided access to food and water ad libitum and individually housed. Mice were allowed to habituate to a reverse light/dark cycle (on at 10:00 a.m., off at 10:00 p.m.) for 1 week prior to the initiation of the experiment. During the habituation period, mice were individually housed in double grommet cages equipped with two bottles provided with sipper tubes containing water. Animals were weighed once per week.



Rodent diets

Animals were provided ad libitum access to specified diets of either LabDiet 5001, LabDiet 5053 (Research Diets, New Brunswick, NJ), or Teklad 2019S (Envigo, Indianapolis, IN). The diets differed significantly in macro- and micronutrient composition, some of which are listed in Table 1.



TABLE 1 Major similarities and differences in macro- and micronutrient compositions of the three standard rodent diets used in the study.
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Two-bottle choice 24-h intermittent access (IA) alcohol consumption procedure

Mice were subjected to the IA alcohol consumption procedure as previously described (Hwa et al., 2011). Animals were given the choice of selecting either of the two bottles to drink: one containing water and the other containing 15% ethanol (V/V) (Pharmco-AAPER, Brookfield, CT) solution for 24 h every other day. On the off-days, mice had access to two bottles of water. Alcohol and water bottles were weighed prior to being placed in the cage and were weighed again 24 h later. Mice received two bottles of water over the weekend. The spillage was controlled by measuring the volume lost from alcohol and water bottles placed in an empty cage. The position of the water and alcohol bottles was switched for every drinking session. Control water-drinking mice were provided with two bottles of water. Mice were weighed once per week, and their body weights were recorded. Alcohol consumption was calculated as grams of alcohol consumed per kilogram of body weight. Alcohol preference was calculated as the ratio of the amount of alcohol consumed to the total fluid consumed per IA session.



Blood ethanol concentration (BEC) measurement

We measured BECs using an Analox AM1 analyzer (Analox Instruments, Lunenburg, MA) as described (Avegno and Gilpin, 2019). Briefly, blood was collected from tail veins in heparinized capillaries 3 h after alcohol bottles were introduced. Blood was spun down at 9,000×g for 12 min, and plasma was collected. In total, 5 μL of plasma was used for BEC measurement. Single-point calibration was carried out for each set of samples with reagents provided by Analox Instruments.


Continuous access to sucrose, saccharin, and quinine consumption

Mice were given access to sucrose, saccharin, and quinine in a two-bottle continuous access procedure as described (Maiya et al., 2021). Mice were first given access to sucrose (4%), followed by saccharin (0.03 and 0.06%) and then quinine (100 μM, 175 μM, and 250 μM). Mice had access to each concentration of sucrose/saccharin/quinine for a total of 48 h. The positions of the tastant and water bottles were switched every 24 h. There was a 1-week interval between the different tastants when mice received two bottles of water. Bottles were weighed prior to placing them in the cage and again after 24 h to determine the amount of fluid consumed.




Quinine adulteration of alcohol

Alcohol was adulterated with increasing concentrations of quinine ranging from 100 μM to 500 μM in the IA procedure. Mice were exposed to each concentration of quinine-adulterated alcohol for 48 h.



Sample collection

Stool pellets were collected at two-time points: (1) immediately before the last IA session before the diet switch when mice were on the TL2019S diet and (2) immediately before the fourth session post-diet switch when mice were on the LD5001 or LD5053 diets. See Supplementary Figure S1 for a schematic of sample collection time points relative to alcohol sessions. During sample collection, mice were temporarily removed from their home cages and placed in sterile beakers. Stool pellets were collected using sterile forceps in autoclaved microtubes with attached caps and were frozen. Stool samples were sent to the Louisiana State University School of Medicine Microbial Genomics Resource Group for bacterial quantification and analysis.



DNA extraction, PCR amplification, and sequencing

DNA extraction and sequencing were performed by the Louisiana State University School of Medicine Microbial Genomics Resource Group.1 The genomic DNA was extracted using the QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA), modified to include bead-beating and RNase A treatment. A negative control was set for checking any potential bacterial DNA that exists in chemicals used during the DNA extraction process.

Two steps of amplification were performed to prepare the sequencing library using the AccuPrime Taq high-fidelity DNA polymerase system (Invitrogen, Carlsbad, CA). A negative control with the control from DNA extraction and a positive control of ZymoBIOMICS™ Microbial Community Standard (ZYMO Research, Irvine, CA) were set during amplicon library preparation. The 16S ribosomal DNA hypervariable region V4 was amplified using 20 ng of genomic DNA and the gene-specific primers with Illumina adaptors: forward 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTAA-3′; reverse 5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG GGACTACHVGGGTWTCTAAT-3′. The PCR conditions were as follows: 95°C for 3 min, 25 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 30 s, 72°C for 5 min, and hold at 4°C. PCR products were purified using AMPure XP beads, to which the beads were added as 0.85× PCR volume. In total, 4 μL of purified amplicon DNA from the last step was amplified eight cycles with the same PCR condition using primers with different molecular barcodes: forward 5′-AATGATACGGCGACCACCGAGATCTACAC [i5] TCGTCGGCAGCGTC-3′; reverse 5′-CAAGCAGAAGACGGCATACGAGAT [i7] GTCTCGTGGGCTCGG-3′. The indexed amplicon libraries purified using AMPure XP beads and quantified using Quant-iT PicoGreen (Invitrogen) were normalized and pooled. The pooled library was quantified using the KAPA Library Quantification Kit (Kapa Biosystems, Cape Town, South Africa) diluted and denatured as the guideline for Illumina’s sequencing library preparation. A total of 10% PhiX was added to the sequencing library as an internal control and to increase the diversity of the 16S RNA amplicon library. Paired-end sequencing was performed on an Illumina MiSeq (Illumina, San Diego, CA) using the 2 × 250 bp V2 sequencing kit. The sequencing reads were transferred to Illumina’s BaseSpace for quality analysis, and the generated raw FASTQ files were used for further bioinformatics analysis.



Sequence analysis

Sequenced reads underwent analysis utilizing R (v4.3.1) and DADA2 (v1.26.0) (Callahan et al., 2016; Wen et al., 2023). Initial preprocessing involved the removal of 20 base pairs from both the beginning and the end of each read to eliminate low-quality regions flanking the reads. The DADA2 algorithm was then employed to identify sequence variants, with further trimming of the 5′ ends based on these variants. To enhance the detection of rare sequence variants, reads from all samples were aggregated. Taxonomic classification of sequence variants was accomplished using the Silva database (v138.1). Decontamination procedures were carried out using the decontam package (v1.20) with the prevalence method. Additionally, an abundance filter was applied, excluding sequence variants with a relative abundance below 0.01%.

Bacterial richness was estimated using three indexes: (Koob and Volkow, 2016) Observed Features represent the number of the different operational taxonomic units (OTUs) found in the sample (richness); (Glantz et al., 2020) The Shannon index considers the diversity of subspecies (richness) and the relative abundance (evenness) of each subspecies within a specific zone; and (Dubinkina et al., 2017) Simpson considers both the evenness and the percentage representation of each subspecies within a biodiversity sample in a specific zone. This index operates under the assumption that the relative proportion of individuals in an area reflects their significance to overall diversity (Nagendra, 2002).

While alpha-diversity measures the microbiome composition, beta-diversity measures the distances between the bacterial communities and the dissimilarities between them. Beta-diversity was estimated using Aitchison distance, and the centered log ratio (CLR) transformed abundances were used to perform principal component (PC) analysis. The analysis of dissimilarity (ADONIS) was performed using the permutational multivariate analysis of variance (PERMANOVA) technique, and pairwise ADONIS was applied as a post-hoc test (R vegan package) (By IMPACTT Investigators, 2022).



Statistical analysis

All behavioral data are presented as the mean ± SEM. Statistical significance was assessed using one- or two-way regular or repeated measures (RM) ANOVA. Post-hoc Dunnett’s test was performed when a significant main effect was detected by one-way RM ANOVA. Post-hoc Sidak’s tests were performed when a significant interaction was detected by two-way RM ANOVA. Gut microbiome data were analyzed using analysis packages on R as described above.




Results


Effects of diets on alcohol consumption and preference

We first compared alcohol consumption and preference in male C57BL/6 J mice that were maintained on LD5053 or TL2019S diets. Mice maintained on the LD5053 diet consumed significantly more alcohol than their TL2019S-fed counterparts (Figure 1A). Two-way repeated measures (RM) ANOVA of alcohol consumption revealed a significant diet × session interaction [(Fdiet × session (7, 133) = 3.722, p = 0.0010)]. Sidak’s post-test revealed that mice on LD5053 consumed significantly higher amounts of alcohol during the last drinking session (Figure 1A). Two-way RM ANOVA of alcohol preference indicated a significant diet × session interaction (Figure 1B) [(Fdiet × session (7, 133) = 6.120, p = 0.0061)], suggesting that alcohol preference was higher in LD5053-fed mice compared to TL2019S-fed mice during some drinking sessions. However, Sidak’s post-test did not reveal any significant differences between the two groups across any individual drinking session.
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FIGURE 1
 Male mice fed LD5053 consumed significantly more alcohol (A) and showed increased preference (B) for alcohol in the IA two-bottle choice procedure. *p < 0.05, Sidak’s post-test, N = 7/group.


We next determined the consequence of switching the diet from TL2019S to LD5053 or LD5001, another commonly used diet formulation from Research Diets, on alcohol consumption and preference. Diets were switched 48 h prior to the alcohol-drinking session. We first measured the consequences of switching from the TL2019S to LD5001 diets. We found a significant increase in alcohol consumption (Figure 2A) and preference (Figure 2B) when mice were switched from TL2019S to LD5001. One-way RM ANOVA of alcohol consumption across sessions indicated a significant main effect of the session [Fsession (9, 54) = 34.49, p < 0.0001]. Post-hoc Dunnett’s test revealed the amount of alcohol consumed during sessions 6–10 when the mice were on LD5001 was significantly higher in comparison to session 1 when the mice were fed TL20I9S. One-way RM ANOVA of alcohol preference also revealed a significant main effect of the session [Fsession (9, 54) = 7.902, p < 0.0001]. Post-hoc Dunnett’s test showed that alcohol preference was significantly higher during sessions 6–10 than during session 1. We also examined average alcohol consumption (Figure 2A, inset) and alcohol preference (Figure 2B, inset) per session during the last four sessions for each diet, paired Student’s t-test revealed that alcohol consumption and preference were significantly enhanced when the mice were on the LD5001 diet compared to the TL2019S diet. We also examined water consumption across sessions and found no significant differences in water consumption as mice were switched from TL2019S to LD5001 diets (Supplementary Figure S2A).
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FIGURE 2
 The effects of switching diets on alcohol consumption in males. (A) Mice consumed significantly more alcohol and showed an enhanced preference for alcohol (B) when switched from TL2019S to LD5001. *p < 0.05, Dunnett’s post-test compared to Session 1. LD5053 consumed more alcohol [(A), inset] and showed increased alcohol preference [(B), inset] compared to mice on TL2019S during the last four sessions of each diet. Student’s t-test, ****p < 0.0001, **p < 0.01, N = 7/group. Alcohol consumption (C) and preference (D) were also significantly increased when mice were switched from TL2019S to LD5053. *p < 0.05, Dunnett’s post-test compared to Session 1. The analysis of the last 4 days of each diet revealed a significant increase in alcohol consumption [(C), inset] and preference [(D), inset] when mice were fed LD5053. Student’s t-test, ***p < 0.001, **p < 0.01, N = 7 mice/group. Alcohol consumption and preference were significantly decreased (E,F) when the diet was switched from LD5053 to TJ2019S. *p < 0.05, Dunnett’s post-test compared to Session 4. A comparison of alcohol consumption and preference during the last four drinking sessions for each diet revealed a significant decrease in alcohol consumption [(E), inset] but no change in preference [(F), inset]. Student’s t-test, *p < 0.05, N = 7/group.


Similarly, we found that switching diets from TL2019S to LD5053 also significantly increased alcohol consumption (Figure 2C) and preference (Figure 2D). One-way RM ANOVA revealed a significant main effect of the session [Fsession (11, 66) = 8.834, p < 0.0001]. Post-hoc Dunnett’s test indicated that mice consumed significantly more alcohol during sessions 9, 11, and 12 when they were on LD5053 compared to session 1 when they were on TL2019S. Similarly, one-way RM ANOVA analysis of alcohol preference revealed a significant main effect of the session [Fsession (11, 66) = 2.860, p = 0.004]. However, post-hoc Dunnett’s test failed to reveal any significant differences in alcohol preference in session 1 compared to other sessions. We also examined alcohol consumption and preference during the last four sessions for each diet. Paired Student’s t-test revealed increased alcohol consumption (Figure 2C, inset) and preference (Figure 2D, inset) when mice were fed LD5053 compared to when they were fed TL2019S. Water consumption was not significantly affected when the diet was switched from TL2019S to LD5053 (Supplementary Figure S2B).

We next examined whether mice that were drinking high amounts of alcohol on LD5053 would continue to maintain high levels of drinking when their diets were switched to TL2019S. We found that switching diets from LD5053 to TL2019S decreased alcohol consumption (Figure 2E) and preference (Figure 2F). One-way RM ANOVA analysis revealed a main effect of the alcohol-drinking session [Fsession (11, 132) = 5.601, p < 0.0001]. Post-hoc Dunnett’s test revealed that mice consumed significantly lower amounts of alcohol in sessions 1, 9, 10, 11, and 12 compared to session 7 when drinking levels had stabilized. Alcohol preference was not significantly different after the diet switch compared to session 7. We also examined average alcohol consumption and preference per session during the last four sessions for each diet. We found a significant decrease in alcohol consumption when mice were switched from LD5053 to TL2019S (Figure 2E, inset). However, we did not see a significant reduction in alcohol preference during the last four sessions (Figure 2F, inset).

We next examined whether these diet influences on alcohol intake could be extended to females. We found that switching diets from TL2019S to LD5001 significantly increased alcohol consumption (Figure 3A) and preference (Figure 3B) in female mice. One-way RM ANOVA indicated a significant main effect of drinking sessions [Fsession (11, 77) = 32.2, p = 0.0001]. Post-hoc Dunnett’s test revealed that mice consumed significantly more alcohol in sessions 8–12 when they were on LD5001 compared to session 1 when they were on the TL2019S diet. One-way RM ANOVA of alcohol preference also revealed a significant main effect of drinking session [Fsession (11, 77) = 20.37, p = 0.0001]. Post-hoc Dunnett’s tests indicated that female mice displayed an enhanced preference for alcohol in sessions 8–12 compared to session 1. We also compared average alcohol consumption and alcohol preference during the last four sessions for each diet. We found that mice consumed significantly more alcohol (Figure 3A, inset) and showed significantly increased alcohol preference (Figure 3B, inset) when they were on LD5001. We also measured water consumption across sessions and found that, in contrast to male mice, female mice consumed significantly less water when switched from TL2019S to LD5001 (Supplementary Figure S2C). One-way RM ANOVA revealed a main effect of the session [Fsession (11, 77) = 11.20, p < 0.0001]. Post-hoc Dunnett’s test revealed that water consumption was significantly lower for sessions 11 and 12 compared to session 1.
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FIGURE 3
 The effects of switching diets on alcohol consumption in females. Female C57BL/6 J mice consumed significantly more alcohol (A) and showed increased preference (B) for alcohol when the diet was switched from TL2019S to LD5001. The analysis of alcohol consumption and preference during the last 4 days on each diet also revealed that female mice consumed more alcohol [(A), inset] and showed increased preference [(B), inset] for alcohol when fed LD5001. Student’s t-test, ****p < 0.0001, N = 8/group. Female mice also consumed significantly (C) more and showed enhanced preference (D) for alcohol when fed LD5053 than when fed TL2019S. The analysis of alcohol consumption during the last four sessions for each diet revealed that mice consumed significantly more alcohol [(C), inset] and showed more preference for alcohol [(D), inset] when fed LD5053 compared to mice fed TL2019S. Student’s t-test, ****p < 0.0001, N = 8/group.


Similarly female mice consumed significantly more (Figure 3C) and showed enhanced preference (Figure 3D) for alcohol when switched from TL2019S to LD 5053. One-way RM ANOVA revealed a significant main effect of drinking session [Fsession (11, 77) = 32.56, p = 0.0001]. Post-hoc Dunnett’s test revealed that females consumed significantly more alcohol during sessions 8–12 when they were on LD5053 compared to session 1 when they were on the TL2019S diet. One-way RM ANOVA of alcohol preference also indicated a significant main effect of the drinking session [Fsession (11, 77) = 20.09, p = 0.0001]. Post-hoc Dunnett’s test revealed that mice drank significantly more alcohol during sessions 8–12 when compared to session 1. Examining the average alcohol consumption during the last four sessions for each diet revealed that female mice on LD5053 consumed significantly more alcohol (Figure 3C, inset) and showed significantly enhanced preference for alcohol (Figure 3D, inset) during the last four sessions. Water consumption was also significantly reduced when the diet was switched from TL2019S to LD5053 (Supplementary Figure S2D). One-way RM ANOVA revealed a main effect of the session [Fsession (11, 77) = 9.776, p < 0.0001]. Post-hoc Dunnett’s test revealed that water consumption was significantly higher for session 7 and significantly lower for sessions 11 and 12 compared to session 1.

We also examined body weight when the mice were on different diets. Average body weights did not differ significantly between males maintained on TL2019S or LD5001 (Supplementary Figure S3A). There was a small but statistically significant increase in body weight in mice maintained on LD5053 compared to those maintained on TL2019S (Supplementary Figure S3B, Student’s t-test, p < 0.001). There were no significant differences in body weights between females maintained on TL2019S and LD5001 (Supplementary Figure S3C) or LD5053 (Supplementary Figure S3D).

We next examined blood ethanol concentrations from male mice that were maintained on the three different diets. Tail vein blood was collected 3 h after alcohol bottles were introduced. One-way ANOVA revealed a significant main effect of diet on alcohol consumption (Figure 4) [Fdiet (2, 30) = 5.723, p = 0.0078]. Dunnett’s post-hoc test indicated that mice on LD5053 and LD5001 showed significantly higher BECs than mice on TL2019S, which is consistent with these mice consuming higher amounts of alcohol.
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FIGURE 4
 Significantly higher BECs were detected in male mice fed LD5001 and LD5053-fed mice compared to TL2019S. *p < 0.05, Dunnett’s test, N = 7–13/group.




Effects of diets on sweet and bitter taste perception and quinine-resistant drinking

We focused on LD5001 diet for future experiments, as mice that were fed this diet consumed higher relative amounts of alcohol and had higher BECs. We next determined whether the increased alcohol consumption observed with LD5001 was due to altered sweet and bitter taste perception. Therefore, we examined sucrose (4%), saccharin (0.04 and 0.06%), and quinine consumption (100, 175, and 200 μM) in male mice maintained on the LD5001 or TL2019S diets. We first examined sucrose consumption, followed by consumption of increasing concentrations of saccharin and quinine. We found no significant differences in sucrose, quinine, or saccharin consumption between mice that were on TL2019S compared to those that were on LD5001 (Figure 5), suggesting that the increase in alcohol consumption observed in mice that were fed LD5001 is unlikely due to altered sweet and bitter taste perception.

[image: Figure 5]

FIGURE 5
 Taste perception was unaltered in male mice consuming LD5001. Sucrose, saccharin preference (A), and quinine preference (B) were unaltered in mice fed with LD5001 compared to TL2019S. N = 9–11/group.


We next determined whether alcohol consumption in LD5001-fed mice was sensitive to disruption by quinine adulteration. We added increasing concentrations of quinine to the alcohol. Quinine adulteration dose-dependently decreased alcohol consumption in both TL2019S and LD5001-fed mice (Figure 6). However, at the highest and most aversive concentration of quinine tested, the magnitude of decrease in drinking was greater in TL2019S-fed mice than in mice fed LD5001, indicating that LD5001 led to a higher degree of quinine resistance in these mice (Figure 6). Two-way RM ANOVA revealed a significant main effect of quinine concentration [Fquinine (3, 36) = 24.02, p < 0.0001] and a quinine × diet interaction [Fquinine × diet (3, 36) = 2.902, p = 0.0481]. Post-hoc Sidak’s test indicates that mice that were fed the TL2019S diet consumed significantly less alcohol when it was adulterated with 500 μM of quinine than mice on the LD5001 diet.
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FIGURE 6
 Diet-induced increase in alcohol consumption is resistant to quinine adulteration. Quinine adulteration reduced alcohol consumption in both LD5001- and TL2019S-fed male mice. However, at the highest and most aversive dose of quinine (500 μM), LD5001-fed mice displayed more resistance to quinine adulteration and maintained high levels of intake. *p < 0.05, Sidak’s post-test. N = 7/group.




Effects of standard rodent diets on gut microbiome diversity

We next measured the effects of diet on gut microbiome alpha-diversity in male mice. Alpha-diversity measures the ecological diversity within the sample, and it can be subdivided into evenness and richness. Evenness, or relative abundance, is a measure of the sequence variant uniformity, while sample richness represents the number of each operational taxonomic unit (OTU) present in the sample. We assessed alpha-diversity of the stool samples from mice fed TL2019S, LD5053, and LD5001 diets. Stool samples were collected from alcohol-drinking mice that were part of the diet-switching experiment as shown in Figure 2. Mice were switched from TL2019S to LD5053 or LD5001. Samples were collected at two-time points: (1) immediately before the last session of alcohol-drinking on the TL2019S diet and (2) immediately before the fourth alcohol-drinking session after the diet switch when mice are on the LD5001 or LD5053 diets. Samples were also collected from a separate cohort of water-drinking mice that were exposed to TL2019S (10 days) and LD5001 and LD5053 (9 days) for similar amounts of time. Figure 7A shows the effect of diet on relative abundance at the genus level in the water-drinking group. Two-way ANOVA of relative abundance in water-drinking animals revealed a significant diet × genera interaction [Fdiet × genera (38, 360) = 18.67, p = 7.84E-64]. Post-hoc Tukey test showed that mice on the TL2019S diet had a significantly higher abundance of Dubosiella (6.9%) compared to those on LD5053 (0.1%) and LD5001 (0%) (p = 0.0041). Animals on LD5053 showed an increased relative abundance of the genus Alistipes (31.6%) compared to TL2019S (14.7%) and LD5001 (0.2%) (p < 0.0001, Tukey test). In contrast, animals on LD5001 had a higher relative abundance of the genus Lachnospiraceae NK4A136 group (41.4%) than TL2019S (28.4%) and LD5053 (25.8%) (p = 0.0047, Tukey test) and higher relative abundance of Bacteroides (24.5%) compared to TL2019S (16.6%) and LD5053 (18.5%) (p = 0.0349, Tukey test). The overall relative abundance comparisons for the water-drinking group are compiled in Supplementary Table S2A.
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FIGURE 7
 Rodent diets shape gut bacterial abundance. The relative abundances were estimated for the three diets during the water-drinking period (A) and after the alcohol sessions (B). N = 7/group. Stool samples were collected at two-time points: (1) immediately before the last session of alcohol-drinking on the TL2019S diet and (2) immediately before the fourth alcohol-drinking session after the diet switch when mice are on the LD5001 or LD5053 diet. Samples were also collected from a separate cohort of water-drinking mice that were exposed to the diets for similar time points.


We next assessed bacterial relative abundance in samples from animals after IA alcohol consumption (Figure 7B). Two-way ANOVA analysis of relative abundance in alcohol-drinking animals revealed a significant diet × genera interaction [Fdiet × genera (38, 360) = 8.91, p = 5.62E-33]. Alcohol-drinking mice on TL2019S diet showed a higher relative abundance of Dubosiella (21.4%) compared to LD5053 (1%) and LD5001 (0%) (p < 0.0001, Tukey test). Animals on LD5053 diet had an increased relative abundance of Alistipes (23.8%) in comparison to TL2019S (8.1%) and LD5001 (10.3%) (p = 0.0008, Tukey test). LD5001 has a higher relative abundance of the genus Anaeroplasma (11%) compared to TL2019S (0.02%) and LD5053 (1.1%) (p = 0.0008, Tukey test). The overall relative abundance comparisons for the alcohol-drinking group are compiled in Supplementary Table S2B.

Sample richness was significantly different between the three different diets in the water-drinking group (Figure 8A). One-way ANOVA revealed significant differences in Observed Features [Fdiet (2, 18) = 4.22, p = 0.0313]. However, Tukey’s post-test did not show statistical differences between the groups: TL2019S vs. LD5053 (p = 0.9975), TL2019S vs. LD5001 (p = 0.0502), and LD5053 vs. LD5001 (p = 0.0573). No differences were found on the Shannon index [Fdiet (2, 18) = 2.463, p = 0.1134]. The Simpson index was significantly different between the groups [Fdiet (2, 18) = 4.877, p = 0.0203]. Tukey’s multiple comparison showed significant differences among the groups TL2019S vs. LD5001 (mean difference p = 0.0261; 95% CI = [0.005722–0.09656]). No significant differences were found between TL2019S and LD5053 (p = 0.0558) or between LD5053 and LD5001 (p = 0.9249). Bacterial richness was evaluated in samples from the three diet groups in alcohol-drinking animals (Figure 8B). One-way ANOVA shows that the three diet groups have distinct Observed Features [Fdiet (2, 18) = 3.691, p = 0.0454]. No statistical differences were found on the multiple comparison tests: TL2019S vs. LD5053 (p = 0.0977), TL2019S vs. LD5001 (p = 0.9591), and LD5053 vs. LD5001 (p = 0.0578). Both Shannon and Simpson indices did not show significant statistical differences between the three different diets after alcohol intake.
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FIGURE 8
 Gut microbial structure is influenced by different rodent diets. Bacterial counts were transformed into a centered log ratio (CLR) and used to estimate alpha- and beta-diversities (N = 7/group). Alpha-diversity was assessed using Observed Features, Shannon, and Simpson indices. (A) During the water-drinking sessions, the ANOVA test revealed significant differences in Observed Features (p = 0.031) and the Simpson index (p = 0.020); the post-hoc Tukey test only identified significance in the Simpson index between Teklad and LD5001 diets (p = 0.026). (B) After the intermittent access alcohol (IA) protocol, we did not find significant differences in alpha-diversity. Beta-diversity was calculated in terms of Euclidean distance using the centered log ratio (CLR) values. PERMANOVA (ADONIS) results were depicted here as a principal component (PC) graph. (C) Beta-diversity was significantly changed in the water-drinking group (PERMANOVA [p = 0.001, R2 = 0.478]); post-hoc pairwise ADONIS tests revealed significant differences between TL2019s vs. LD5053 (p = 0.009), TL2019S vs. LD5001 (p = 0.006), and LD5053 vs. LD5001 (p = 0.006). (D) Animals in the IA group also presented significant changes in beta-diversity PERMANOVA (p = 0.001, R2 = 0.347); post-hoc pairwise ADONIS tests revealed significant differences between TL2019S vs. LD5053 (p = 0.006), TL2019S vs. LD5001 (p = 0.003), and LD5053 vs. LD5001 (p = 0.006).


We sought to investigate whether the three different diets would result in greater dissimilarities between the bacterial communities using beta-diversity metrics. Beta-diversity was calculated using the Aitchison distance, which is the Euclidean distance between data transformed by the centered log ratio (CLR) method. Water-drinking mice presented diet-dependent differences in the variation of the communities’ composition. The variance explained by component 1 was 33.6% and by component 2 was 20.8% (Figure 8C). ADONIS test revealed a statistically significant difference among the three diets [Fdiet (2, 18) = 8.24, p = 0.001]. Post-hoc pairwise ADONIS tests revealed significant differences between TL2019s vs. LD5053 (p = 0.009), TL2019S vs. LD5001 (p = 0.006), and LD5053 vs. LD5001 (p = 0.006). The beta-diversity values were also significantly different between the alcohol-drinking groups [Fdiet (2, 18) = 4.77, p = 0.001] (Figure 8D). Post-hoc pairwise ADONIS tests revealed significant differences between TL2019S vs. LD5053 (p = 0.006), TL2019S vs. LD5001 (p = 0.003), and LD5053 vs. LD5001 (p = 0.006).




Discussion

Our results indicate that mice fed LD5001 and LD5053 consume more, show an enhanced preference for alcohol, and attain higher BECs compared to mice fed TL2019S. Sucrose, saccharin, or quinine consumption was not affected by different brands of chow, suggesting that the increase in alcohol consumption observed with LD5001 and LD5053 was not due to altered sweet and bitter taste perception. Furthermore, alcohol consumption in mice fed LD5001 was more resistant to quinine adulteration when compared with mice that were fed TL2019S. Gut microbiome analysis revealed that the gut bacteria in water- and alcohol-drinking mice fed LD5001, LD5053, and TL2019S significantly differed in terms of alpha- and beta-diversity and displayed distinct gut microbial structures.


Standard rodent diets differentially impact alcohol consumption and preference

Previous studies have examined the impact of several commercially available rodent diet formulations on alcohol consumption. One recent study examined binge alcohol consumption in rodents fed LD5001 or TL2920S and found that alcohol consumption and BECs were markedly higher in mice maintained on LD5001 compared to those on TL2920S (Maphis et al., 2022). Mice on LD5001 also displayed increased front-loading behavior and consumed twice as much alcohol in the first 15 min than TL2920S-fed mice (Maphis et al., 2022). Another recent study compared mice maintained on four different commercially available rodent diets—LD5001, H7012, H2918, and LDV575—on IA alcohol consumption. They found that mice maintained on the LD5001 and H7012 diets consumed high amounts of alcohol compared to the other two diets (Quadir et al., 2020). A previous study examined the effects of six commercially available rodent diets on alcohol consumption in the “Drinking in the dark” model of binge alcohol consumption and continuous access to two-bottle choice drinking. The diets evaluated were RMH3000 (Purina) and Teklad diets T. 2,916, T.2918. T.2920x, T.7912, and T.8940. Mice maintained on T.7912 consumed the highest amount and showed the largest preference for alcohol (Marshall et al., 2015). However, none of these studies have examined the mechanisms by which these different diets influence alcohol intake.

Consistent with these previously published findings, we found that standard rodent diet formulations can profoundly and differentially influence alcohol consumption in mice. The three diets we tested, namely, LD5001, LD5053, and TL2019S, have numerous differences in macro- and micronutrient compositions (Table 1). The diets differed in carbohydrate, fat, and protein contents. LD5053 and LD5001 had higher protein and carbohydrate content than TL2019S. Notably, TL2019S had higher fat content than LD5001 and LD5053. While body weights did not change with the three diets, it is possible that body composition may have changed, which could in turn influence alcohol metabolism and alcohol consumption (Liangpunsakul et al., 2010). There were also significant differences in the amounts of vitamins and minerals between the diets, with higher amounts of vitamins A, E, K3, B1, and B2 in TL2019S compared to LD5001 and LD5053. Higher amounts of calcium, phosphorous, potassium, chloride, and magnesium were present in TL2019S compared to LD5001 and LD5053. There were also higher amounts of sulfur, cobalt, fluorine, and chromium in LD5001 and LD5053 compared to TL2019S. There were also textural differences between LD5053 and LD5001 compared to TL2019S, with TL2019S being grittier in texture than the LD diets. The difference in texture might result from a variety of reasons, including the method employed to sterilize these foods. TL2019S is sterilized by autoclaving, whereas LD5001 and LD5053 are gamma-irradiated. It is unclear which of these differences contribute significantly to increased alcohol consumption.

One recent meta-analysis examined the concentration of isoflavones in various commercially available rodent diet formulations and found that they may vary by as much as 20–600 mg/g of diet. There is a significant positive correlation between alcohol consumption, preference, and isoflavone concentration in male mice (Eduardo and Abrahao, 2022). We do not know the isoflavone concentrations in the rodent diets that were used in our study, and hence, it remains to be determined whether isoflavones underlie the differences observed in our study.

Although we did not directly measure the amount of food consumed in our study, we found no differences in body weight when the mice were maintained on different diets, which suggests that perhaps food intake was not significantly different.

There was a trend toward reduced water consumption in males maintained on LD5053 and LD5001 that did not reach statistical significance. Water intake was significantly reduced in females maintained on both LD5001 and LD5053 compared to mice maintained on TL2019S. One possible reason for this could be that in females, water consumption was reduced to compensate for the increased amounts of alcohol consumed.

We did not find any diet-induced changes in sucrose, saccharin, or quinine preference in our study. We chose to examine the effects of diets on only sweet and bitter taste perception because there is evidence in both humans (Lanier et al., 2005; Kurshed et al., 2022) and rodents (Blednov et al., 2008; Brasser et al., 2010; Koh et al., 2024) that these two taste modalities are strongly associated with alcohol consumption and preference. This finding contrasts with a previous study suggesting diet formulations that increase alcohol consumption can also increase sucrose/saccharin consumption (Marshall et al., 2015). One limitation of this study is that we did not measure diet influences on salt, bitter, sour/acid, and fatty acid taste perception. An interesting finding in our study is that the diet that resulted in relatively higher amounts of alcohol consumption, LD5001, also resulted in significant resistance to quinine adulteration of alcohol compared to mice on the TL2019S diet. Quinine-resistant alcohol intake is frequently used to model drinking despite aversive consequences (De Oliveira et al., 2023). It is important to highlight that both TL2019S- and LD5001-fed mice decreased their drinking when alcohol solution was adulterated with increasing concentrations of quinine. However, the magnitude of this reduction was greater in TL2019S-fed mice than in LD5001-fed mice at the highest concentration of quinine tested, suggesting increased resistance to quinine adulteration in LD5001-fed mice. These results suggest that rodent diet formulation can influence the development of compulsive alcohol-seeking in mice.



Standard rodent diets differentially impact gut microbiome diversity

To determine the mechanism by which diet could influence alcohol intake, we examined the gut microbiota of water- and alcohol-drinking mice maintained on different diets. Diet can profoundly influence gut microbial composition (Tuck et al., 2020), which can, in turn, influence alcohol consumption and reward via multiple mechanisms, including signaling through the gut–brain axis (Leclercq et al., 2019, 2020; Salavrakos et al., 2021; Quoilin et al., 2023). In fact, a recent study showed that fecal microbiota transplants from healthy donors can reduce alcohol preference and craving in people with AUD, and this behavior is transmissible to germ-free mice (Wolstenholme et al., 2022).

Animals fed with TL2019S had lower alcohol preference and consumption and higher abundance of the genus Dubosiella compared to the two other diets. Interestingly, Dubosiella was previously associated with the production of beneficial metabolites, such as short-chain fatty acids (SCFA) (Kadyan et al., 2023). SCFAs, such as acetate, butyrate, and propionate, supplementation are effective in reducing stress-induced gut–brain axis disorders (van de Wouw et al., 2018). The higher abundance of Dubosiella and its metabolites might be associated with lower motivation to alcohol-drinking. The genus Alistipes was markedly increased in water-drinking mice that were fed LD5053, and this characteristic was maintained after alcohol exposure. Prior research demonstrated a high abundance of this genus in mice subjected to stress (Bangsgaard Bendtsen et al., 2012) and in patients diagnosed with depression (Naseribafrouei et al., 2014). Alistipes hydrolyze tryptophan to produce indole. Tryptophan is also a precursor for serotonin, so a higher abundance of Alistipes could indirectly reduce serotonin availability in the gut, impairing the gut–brain axis signaling (Vlainić et al., 2016), which could in turn influence alcohol consumption and preference.

The gut microbiome of LD5001-fed mice showed the greatest changes in relative abundance after alcohol consumption. In water-drinking mice maintained on LD5001, Lachnospiraceae NK4A136 and Bacteroides were the predominant genera. The relative abundance of these genera was significantly higher in water-drinking but not alcohol-drinking LD5001-fed mice compared to TL2019S- and LD5053-fed mice. One possibility is that the increased abundance of this genera is associated with the initiation of increased alcohol consumption behavior. It is possible that other bacterial genera/networks may be important for the maintenance of continued high alcohol-drinking behavior. Increased abundance of Lachnospiraceae NK4A136 is associated with elevated stress, anxiety, and depression-like behaviors (Pizarro et al., 2021). Additionally, the abundance of this bacteria predicts lower concentrations of serotonin in the prefrontal cortex (PFC) (Wong et al., 2016; McGaughey et al., 2019). It is possible that the increased alcohol consumption we observe in mice fed LD5001 could be due to increased anxiety-like behaviors, although we did not test for anxiety-like behaviors in this study. Bacteroides is a genus of commensal microbes, and it is usually shown to be depleted after alcohol exposure (Xiao et al., 2018; Addolorato et al., 2020); however, the association of Bacteroides and alcohol-seeking behavior is not known and needs to be further investigated. Future studies will use bioinformatics strategies to determine bacterial networks that are significantly correlated with diets that result in increased alcohol consumption.

One caveat with our study is that, unlike alcohol-drinking mice, water-drinking mice were maintained on TL2019S, LD5053, or LD5001 and were not subject to diet switching. Hence, it is possible that some of the changes in bacterial diversity observed in alcohol-drinking mice after the diet switch may not be observed in mice that were maintained on a single type of diet throughout the experiment. However, since we waited almost 9 days after the diet switch to collect stool samples from alcohol-drinking mice, the gut microbiome could have stabilized at this time point and (David et al., 2014) be largely representative of the diet post-switch.

Gut microbiota could modulate alcohol consumption in a variety of ways, including by altering neuroinflammation, myelin synthesis, blood–brain barrier permeability, and the production of metabolites that alter signaling along the gut–brain axis (Leclercq et al., 2014, 2019). In this study, we did not perform metabolomics studies to determine whether the different diets altered the metabolic profile of the gut microbiota. The goal of this study was limited to identifying bacterial genera that could account for diet-induced differences in alcohol consummatory behaviors. Hence, one limitation of this study is that we did not establish causal relationships between specific bacterial genera and alcohol consumption. Future studies will employ techniques, such as fetal microbial transplant in germ-free mice and metabolomics, to determine specific bacterial genera and bacterial metabolites that mediate changes in alcohol intake.

Emerging findings reveal the existence of peripheral mechanisms capable of modulating reward-seeking behaviors previously attributed solely to the central nervous system. Food intake modulation can elicit effects reminiscent of those induced by addictive substances such as ethanol and nicotine, which directly enhance VTA neuron firing (Juarez and Han, 2016). Gut stimulation with caloric nutrients prompts significant striatal dopamine (DA) release. Mice consuming high-fat diets fail to display the calorie-dependent DA efflux seen in their low-fat diet counterparts. However, this deficiency in high-fat diet-induced DA release can be corrected by the dietary satiety mediator oleoylethanolamine (Ren et al., 2010; de Araujo et al., 2012; Ferreira et al., 2012). Similarly, it is possible that therapies targeting the gut microbiome, such as probiotics and fecal microbiota transplant, could be viable approaches to treat substance use disorders (Fuenzalida et al., 2021; Pizarro et al., 2021; Wolstenholme et al., 2024).

In summary, our results provide strong evidence that standard rodent diet formulations can profoundly influence alcohol consumption, preference, and compulsive alcohol intake. Hence, it is imperative that studies examining voluntary alcohol consumption document the type of rodent diet that the mice were maintained on to increase reproducibility across labs. Importantly, our result also suggests that commercially available rodent diet formulations can profoundly and differentially impact gut microbiome diversity, which could contribute to regulating alcohol consumption behaviors.
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Metformin is of great focus because of its high safety, low side effects, and various effects other than lowering blood sugar, such as anti-inflammation, anti-tumor, and anti-aging. Studies have shown that metformin has a modulating effect on the composition and function of the intestinal microbiota other than acting on the liver. However, the composition of microbiota is complex and varies to some extent between species and individuals, and the experimental design of each study is also different. Multiple factors present a major obstacle to better comprehending the effects of metformin on the gut microbiota. This paper reviews the regulatory effects of metformin on the gut microbiota, such as increasing the abundance of genus Akkermansia, enriching short-chain fatty acids (SCFAs)-producing bacterial genus, and regulating gene expression of certain genera. The intestinal microbiota is a large and vital ecosystem in the human body and is considered to be the equivalent of an “organ” of the human body, which is highly relevant to human health and disease status. There are a lot of evidences that the gut microbiota is responsible for metformin’s widespread effects. However, there are only a few systematic studies on this mechanism, and the specific mechanism is still unclear. This paper aims to summarize the possible mechanism of metformin in relation to gut microbiota.
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1 Introduction

Metformin is a synthetic derivative of guanidine derived from the guanidine alkaloid of the plant named Galega officinalis L. with significant hypoglycemic effects (Ursini et al., 2018), which was first successfully synthesized by two Irish scientists, Werner and Bell (1922). Since its clinical application in 1957, metformin’s cornerstone status has remained consistent and it is still the first-line preferred treatment for type 2 diabetes mellitus (T2DM) side by side with lifestyle (Montvida et al., 2018; Nicolucci et al., 2019; Ahmad et al., 2020). T2DM is a chronic, low-grade inflammatory disease characterized by elevated blood glucose and is regulated by a combination of genetics and environment. The incidence of T2DM continues to rise worldwide due to people’s bad dietary habits, the decrease in exercise and unhealthy lifestyles. According to the International Diabetes Federation, 1 in 8 adults, about 783 million people, will live with diabetes by 2045, and more than 90% of them will have T2DM (The Idf Diabetes Atlas, 2021). Metformin is widely used because of its low cost, good efficacy and few adverse reactions (Lancet, 1998), but its exact mechanism of action still remains partly unclear.

Now the confirmed mechanism of metformin’s hypoglycemic action is to inhibit hepatic gluconeogenesis and reduce hepatic glucose output through both AMPK-dependent (Song et al., 2001; Shaw et al., 2005; Miller et al., 2013) and AMPK-independent (Madiraju et al., 2014, 2018) pathways. At the same time, metformin also promotes the uptake and utilization of glucose by peripheral tissues. Extensive scientific evidences have also shown that in the gut, metformin can also increase the secretion of glucagon-like peptide-1 (GLP-1) by L cells (Kim et al., 2014; Napolitano et al., 2014; Duca et al., 2015), thereby improving blood glucose homeostasis and reducing the secretion of lipids by intestinal epithelial cells. Therefore, metformin can not only regulate glucose metabolism, but also regulate lipid metabolism. This feature makes it very suitable for obese patients with T2DM. In addition, metformin was also found to have anti-tumor effects.

The process of metformin exerting its extensive effects cannot be separated from the regulation of gut microbiota. According research (Koropatkin and Martens, 2017), when metformin is administered orally, its bioavailability is about 50%, and it is higher compared to intravenous administration. Its action mainly occurs in the intestine, suggesting that intestinal microbiota may be another target of metformin (Wang J. H. et al., 2018). With the widespread use of metformin in clinical practice, the research on it has become increasingly advanced. There have been substantial evidences that metformin has a regulatory effect on the gut microbiota (Zhang et al., 2015; Elbere et al., 2018; Harsch and Konturek, 2018; Brandt et al., 2019), and the process by which metformin exerts its broad effects is also closely correlated with the gut microbiota. Even though this correlation has been verified, its specific mechanisms are not fully understood. In this paper, we comprehensively review the progress of its research.



2 The main process of metformin in the human body

After oral administration of metformin, it enters the gastrointestinal (GI) tract and is absorbed by the intestinal epithelial cells of the upper small intestine. This absorption in the stomach and large intestine is almost negligible (Graham et al., 2011). Because the hydrophilicity of the drug inhibits its transport process across cell membranes, metformin must rely on transporters to actively transport in and out of cells (Hardie et al., 2012). Intestinal epithelial cells take up metformin through transporters located on the inner surface of the intestinal epithelium such as plasma monoamine transporter protein (PMAT) and organic cation transporter protein 3 (OCT3) (Figure 1). However, some studies have found that metformin is also taken up in the intestine by passive diffusion. But there is no consensus on whether this type of translocation occurs via paracellular or transcellular pathways (Shirasaka et al., 2022). The drug then leaves the intestinal epithelium via organic cation transporter protein 1 (OCT1) and is delivered to the liver via the portal vein. Metformin enters the liver via OCT1 and OCT3, where it suppresses gluconeogenesis. Multi-specificity is one of the most distinguishing features of OCT1 (Meyer and Tzvetkov, 2021). Drugs are not metabolized by the liver, but multidrug and toxin extrusion protein 1 (MATE1) expressed in hepatocytes is involved in the clearance of drugs, which is transported to the kidney through bile or through blood (Gong et al., 2012). Metformin then enters the renal epithelium via organic cation transporter protein 2 (OCT2). The drug is then secreted by MATE1 and MATE2 of the kidney in an unaltered form and is cleared through the urine.

[image: Figure 1]

FIGURE 1
 Basic mechanism of metformin action in the intestine. On the one hand, metformin is absorbed by intestinal cells through transporters such as plasma monoamine transporter protein (PMAT) and organic cation transporter protein 3 (OCT3), which activate the AMPK pathway. On the other hand, it can act in the gut on the gut microbiota, which changes and acts on certain receptors or produces certain metabolites for further regulation.


It is well known that the pharmacodynamic property of metformin is anti-diabetic, but there is growing evidence that it has a number of extra-hypoglycemic effects. Firstly, metformin has been shown to improve lipid metabolism (He, 2020) and therefore has a favorable effect on body weight (Day et al., 2019; Zhang et al., 2023), blood lipids (Wulffelé et al., 2004), and cardiovascular risk (Després, 2003) associated with T2DM. Secondly, the role of metformin that has received the most attention is its effect on tumor tissue, not only in terms of treatment, but also in terms of prevention (Coyle et al., 2016; Cejuela et al., 2022). In addition, many studies have emphasized the anti-inflammatory (Pålsson-McDermott and O’Neill, 2020) and anti-aging (Soukas et al., 2019) effects of metformin. Current research done on the potential beneficial effects of metformin has extended to treating diabetic nephropathy (Han et al., 2021), metabolic syndrome (Ladeiras-Lopes et al., 2015), and polycystic ovary syndrome (Peng et al., 2023). There are even recent studies that have found metformin to have protective and therapeutic effects against COVID-19 (Bramante et al., 2021, 2023).



3 Overview of the gut microbiota


3.1 Structure of the gut microbiota

The gut microbiota is a fairly complex ecosystem. Luckey (1972) found in 1972 that the number of human intestinal microbiota can reach 1014 species, and this data has been accepted and quoted by most scholars after publication. The amount of genetic material in the intestinal microbiota exceeds the human genome by more than 100 times (Bäckhed et al., 2005). The intestinal microbial community is diverse and dominated by five main bacterial phyla: Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria and Verrucomicrobia. Among these five phyla, the phylum Bacteroidetes and the phylum Firmicutes accounted for more than 90% of the total population. Most of the bacteria under the phylum Bacteroidetes belong to the genera Bacteroides and Prevotella. And bacteria under the phylum Firmicutes that dominate the gut microbiota include the genera Clostridium, Eubacterium and Ruminococcus (Eckburg et al., 2005). The proportion of various microbiota is different depending on the site of the GI tract. The upper GI tract was mainly enriched with Firmicutes, Proteobacteria and Lactobacillaceae, while the microbiota of lower GI tract was mainly composed of Bacteroidetes, Firmicutes, and A.muciniphila (Scheithauer et al., 2016; Meijnikman et al., 2018). In addition to taxonomic classification, the human microbiota can be categorized into three different enterotypes: Bacteroides, Prevotella or Ruminococcus. Bacteroides-dominated enterotype is characterized by saccharolytic and proteolytic activities involved in synthesis of riboflavin, biotin, ascorbate and pantothenate. The enterotype of Prevotella-dominated plays the role of mucin glycoprotein degraders involved in the synthesis of thiamine and folate. The last enterotype is dominated by Ruminococcus, characterized by membrane transportation of sugars and mucin degrading activities (Arumugam et al., 2011). A study from Taiwan categorized enterotypes into Bacteroides, Prevotella and Enterobacteriaceae and claimed that Enterobacteriaceae may be a new subtype in Asian populations (Liang et al., 2017). However, the concept of enterotypes has been debated due to the high degree of variability observed in the gut microbiota between individuals and the fact that many of the data show that there are not three completely discrete clusters (Knights et al., 2014). It is indisputable that regardless of enterotypes, some members of the microbial population act as a “core microbiota,” while others are more of a “flexible pool.” The “core microbiota” is composed of host-adapted microbes reproducibly included in the gut microbiota made up of different environmental combinations and determined by genetic factors. While the “flexible pool” is usually obtained from water, food and various components of the environment, which contributes to the adaptation of the host (Shapira, 2016).



3.2 Gut microbiota vs. disease

Human cells coexist with bacteria for a long time, and there is a complex process of material and energy exchange between them. Intestinal microbiota plays a crucial role in many key metabolic processes of human body, such as SCFAs, amino acids, bile acids and vitamin synthesis (Montandon and Jornayvaz, 2017). There is no doubt that the gut microbiome is extremely relevant to human health and disease status. In many disease states, such as metabolic syndrome, inflammatory bowel disease (IBD), cardiovascular diseases, malignant tumors, etc., the structure and function of intestinal microbiota are obviously different from those of healthy bowel microbiota (Tilg and Moschen, 2014; Shin et al., 2017; Harsch and Konturek, 2018; Eibl and Rozengurt, 2019). Regulating the structure and function of intestinal microflora can improve the disease status of the body to a certain extent. So, targeting the gut microbiome may provide new therapeutic thoughts for some intractable diseases. In particular, the role of gut microbiota in T2DM and obesity has attracted the attention of many researchers (Boulangé et al., 2016; Pedersen et al., 2016; Cani, 2018; Chobot et al., 2018; Zhao et al., 2018). Gut bacterial therapies that improve insulin sensitivity by altering the composition of the gut microbiota have become a new therapeutic modality.

Study has shown that changes in modern lifestyles have led to a decrease in the diversity of the gut microbiota in many developed populations (Clemente et al., 2015). This reduced diversity may promote the development of metabolic disorders. Individuals with low gut microbiota abundance have been found to be susceptible to obesity, insulin resistance and dyslipidemia (le Chatelier et al., 2013). Lactobacillus, Prevotella, Bacteroides, Desulfovibrio, and Oxalobacter spp. are decreasing in the gut microbiota of low-gene-count patients compared with high-gene-count patients. Functional changes in the microbiota of low-gene-count patients primarily consist of a decrease in butyrate-producing bacteria and an increase in the ratio of Akkermansia to Ruminococcus gnavus, which lead to decreased methane production potential, decreased hydrogen production potential, enhanced mucus degradation, and increased peroxidase activity (le Chatelier et al., 2013). The metabolic disturbances resulting from this imbalance of anti-inflammatory and pro-inflammatory bacterial species puts people at increased risk of suffering from T2DM (Ouchi et al., 2011). Approximately 86% of patients with T2DM are overweight or obese, and obesity is considered the greatest risk factor for T2DM (Daousi et al., 2006; Singer-Englar et al., 2019). A number of studies have reported significant changes in the gut microbiota of patients with obesity and T2DM compared to healthy adults (Qin et al., 2012; Karlsson et al., 2013; Tims et al., 2013; Forslund et al., 2015; Dao et al., 2016; le Roy et al., 2018), manifested in an overall increase in the abundance of Bacteroides and Prevotella copri as well as a decrease in the abundance of Akkermansia, Roseburia and Ruminococcus.




4 Regulation of intestinal microbiota by metformin


4.1 Overview

Metformin comes from Galega officinalis L., and later the function of lowering blood glucose has been found in animals, and more and more studies on its hypoglycemic effect have been conducted, and the effect has been furtherly confirmed. There has also been a great deal of research on its mechanisms. Stepensky et al. (2002) stated that metformin was better able to lower blood glucose by intestinal administration. Subsequently, researchers boldly hypothesized that metformin acted through the gut. Duca et al. (2015) found that the hypoglycemic effect of metformin was reduced by blocking the cAMP pathway in the gut, and speculated that the target of metformin was mainly in the gut. Buse et al. (2016) confirmed again that the gut is the main locus of hypoglycemic effects of metformin through comparable plasma levels of metformin. Meanwhile, due to its safety and few side effects, metformin has been widely studied, and it has been found that its effect is not only limited to reducing hyperglycemia, but also delaying the development of diabetes complications (Scheen and Paquot, 2013; Yaribeygi et al., 2019; American Diabetes Association, 2020). Therefore, people have found that it has many extra-hypoglycemic effects, such as anti-inflammatory, anti-tumor, anti-aging and so on. Among them, the anti-inflammatory effect has attracted the most attention, because in many diseased states, besides specific symptoms the body is generally in a state of chronic inflammation.

The mechanism of metformin has been studied endlessly, but the mechanism has not yet been fully clarified. In recent years, with advances in gene sequencing technology, more and more research has focused on the effects of metformin on the gut microbiota. It has been possible to confirm the association of metformin with certain intestinal microbiota. Most animal studies (Lee et al., 2018; Wang Z. et al., 2018; Zheng et al., 2018; Brandt et al., 2019; Ji et al., 2019; Ahmadi et al., 2020; Chung et al., 2020; Ryan et al., 2020) used C57BL/6 mice to construct a high-fat diet (HFD)-induced diabetes model followed by metformin treatment. Some studies have also used db/db mice (Chen et al., 2018; Zhang et al., 2019) or KKAy mice (Gao et al., 2018). Although the structure of the intestinal microbiota is very complex and the experimental design varies among studies, such as the different timing of HFD induction, distinctions in the duration of metformin treatment, and variations in mouse strains, but the impact of metformin on gut microbiota derived from these studies are nearly consistent. For example, the proportions of phyla Bacteroidetes (Gao et al., 2018; Ahmadi et al., 2020; Ryan et al., 2020) and Verrucomicrobia (Gao et al., 2018; Lee et al., 2018; Ryan et al., 2020) and genera Akkermansia (Chen et al., 2018; Gao et al., 2018; Lee et al., 2018; Zheng et al., 2018; Ji et al., 2019; Zhang et al., 2019; Ryan et al., 2020) and Bacteroides (Chen et al., 2018; Gao et al., 2018; Lee et al., 2018; Ryan et al., 2020) were significantly increased in the metformin treatment group. Similar results were also manifested in the rat model as in the mouse model (Zhang et al., 2015; Cui et al., 2019). Details are shown in Table 1.



TABLE 1 Changes in gut microbiota after administration of metformin therapy.
[image: Table1]

However, the results in humans are not entirely consistent with those in animals. This may be due to the significant differences in gut microbial diversity between humans and animals (Peng et al., 2013). Moreover, clinical trials in patients with diabetes are affected by many complex factors, such as diet, race, comorbidities, and drug combinations. An analysis of a T2DM cohort based on metagenomic sequencing and validated in an independent cohort found that metformin-treated patients had an increase in Escherichia coli and a decrease in Intestinibacter, and that the abundance of several intestinal microbial genera was more similar to that of normal control levels, particularly Akkermansia (Forslund et al., 2015). Moreover, A double-blind study of patients with T2DM treated with metformin led to significant changes in the relative abundance of more than 80 bacterial species compared with placebo after 4 months, in which an increase in Escherichia and Akkermansia muciniphila and a decrease in Intestinibacter were also observed, whereas most of the changes with placebo occurred in phylum Firmicutes and phylum Proteobacteria (Wu et al., 2017). Similar results were found in several studies on the effects of metformin on the gut microbiota of patients with obesity or T2DM (de la Cuesta-Zuluaga et al., 2017; Hiel et al., 2020), and even a study on metformin-induced changes in the gut microbiota of healthy young men likewise observed an increase in Escherichia/Shigella and a reduction in Intestinibacter (Bryrup et al., 2019). Details are shown in Table 1.

Nevertheless, the alterations in the gut microbiota of diabetic individuals by metformin treatment show consistent results in certain bacteria, in both humans and rodents. This was almost always demonstrated by enrichment of mucin-degrading A. muciniphila and SCFA-producing bacteria such as Bifidobacterium bifidum and Butyrivibrio (de la Cuesta-Zuluaga et al., 2017). However, this discrepancy between the human and animal studies suggests that we should still focus our researches in clinical setting and interpreting the mechanisms of action of the human gut microbiota. However, the reported results on the effect of metformin on human gut microbiota diversity are inconsistent. In patients with newly diagnosed T2DM, Tong et al. (2018) reported an increase in gut microbiota diversity with metformin based on Chao1 enrichment estimates, whereas Sun et al. (2018) observed a slight decrease in alpha diversity. In studies of healthy individuals, Bryrup et al. (2019) found no significant changes in gut microbial richness and diversity after metformin treatment. However, Elbere et al. (2018) reported a significant decrease in gut microbiota diversity after 24 h of metformin administration using the Shannon index. Overall, the therapy of metformin was associated with changes in the abundance of specific bacterial genera in the human gut microbiota, but the effects on gut microbiota diversity were variable, which highlights the need for further research to understand the potential mechanisms and clinical significance.



4.2 Regulation of Akkermansia muciniphila by metformin

Akkermansia muciniphila, a strictly anaerobic, endospore-free ovoid gut bacterium, is true of the phylum Verrucomicrobia (Derrien et al., 2004). It mainly colonizes the outer mucus layer of the GI tract, and uses the mucin of the GI tract as a carbon and nitrogen source to maintain its growth. The dynamic balance between the consumption of mucin and the production of mucin by goblet cells is obtained to maintain the stability of the mucus layer (Sicard et al., 2017). And the abundance of A. muciniphila is obviously reduced in patients with obesity, T2DM, and cardiovascular disease. At the same time, a large number of studies have shown that the content of mucin-degrading bacteria A. muciniphila in the intestinal microbiota is significantly increased after the administration of metformin (Hur and Lee, 2015; de la Cuesta-Zuluaga et al., 2017; Wu et al., 2017; Lee et al., 2018; Verdura et al., 2019), which can make it reach 20% of the total microbiome (de la Cuesta-Zuluaga et al., 2017; Cani, 2018). Moreover, some studies have verified that metformin directly promotes the growth of this bacterium in vitro (Wu et al., 2017).



4.3 Modulation of SCFAs-producing bacteria by metformin

SCFAs (such as acetic acid, propionic acid and butyric acid) are usually metabolites produced by various SCFAs-producing bacteria in the gut that metabolizes carbohydrates such as dietary fiber (Rau et al., 2018), and they are essential for the health of the gut, the body and even the brain. SCFAs can affect brain function by directly or indirectly regulating the gut-brain axis through immune, vagal, endocrine and other humoral pathways (Dalile et al., 2019). They also suppress appetite as well as regulate energy homeostasis by stimulating the secretion of hormones such as GLP-1 from intestinal L cells (De Silva and Bloom, 2012). There is evidence that metformin can increase the abundance of microbiota which can all produce SCFAs such as Butyrivibrio, Bifidobacterium, Megasphaera, Prevotella, and so on (de la Cuesta-Zuluaga et al., 2017).



4.4 Regulation of Lactobacillus by metformin

Lactobacillus is a class of anaerobic or partly anaerobic, non-bacteriophage bacteria belonging to the phylum Firmicutes. The bacteria of this genus have a strong ability to break down sugar, and the main end product is lactic acid, which can protect the intestinal barrier and reduce the inflammatory response. Metformin has been found to increase the abundance of Lactobacillus in rodents with HFD (Zhou et al., 2016; Bauer et al., 2018). In recent studies, this trend has also been observed in certain clinical studies in patients with T2DM (Xu et al., 2022).



4.5 Regulation of disease-associated bacteria by metformin

One study Forbes et al. (2018) indicated that the gut microbiota of patients with immune-mediated inflammatory diseases such as IBD, ankylosing spondylitis, rheumatoid arthritis and systemic lupus erythematosus differed sharply from normal controls. For example, the abundance of Intestinibacter is sensibly higher in the gut of patients with Crohn’s disease (CD). In addition, Bacteroides fragilis is the only bacterium that has been proved to beget abscess formation, has a potent virulence factor, and is the most common anaerobic pathogen (Wexler, 2007). Other bacteria associated with the disease are Clostridioides difficile [here we use its new nomenclature according to Zheng et al. (2020)], an anaerobic enteric pathogen that can cause severe diarrhea and lead to death (Sandhu and Mcbride, 2018). Metformin declines the number of disease-associated bacteria such as Intestinibacter spp., Bacteroides fragilis, and Clostridioides difficile (de la Cuesta-Zuluaga et al., 2017; Elbere et al., 2018; Bryrup et al., 2019).




5 Mechanisms by which metformin acts through regulation of the gut microbiota


5.1 Acts by stabilizing the mucosal barrier of the GI tract

The GI mucosal barrier with important physiological roles is a three-dimensional protective structure consisting of mechanical, chemical, immune and biological barriers. Many of the mechanisms of metformin action revolve around stabilization of the GI mucosal barrier. An emphatic increase in the expression of two markers of mucin levels, MUC2 and MUC5 genes, was observed after metformin treatment (Kyriachenko et al., 2019). This suggests that the increased abundance of A. muciniphila after metformin administration may be due to the fact that metformin increases the number of goblet cells, providing more substrate for the growth of A. muciniphila. Moreover, A. muciniphila was discovered to improve HFD-induced intestinal hyperpermeability and also affect intestinal barrier function by the way that upregulates the expression of tight junction and closure proteins (Li et al., 2016). In this way, it decreases the entry of pro-inflammatory lipopolysaccharides (LPS) into the circulation, thus reducing inflammation in the organism. Additionally, Everard et al. (2013). measured the concentration of endocannabinoids (ECs) in the gut of the mice treated with A. muciniphila and found that A. muciniphila also raised the release of ECs. Increased endocannabinoids inhibit monoacylglycerol lipase (Alhouayek et al., 2011), thereby reducing systemic inflammation, altering intestinal peptide secretion and increasing intestinal mucosal barrier thickness. It is well known that T2DM is a metabolic and inflammatory disease characterized by deteriorating islet function and elevated levels of inflammatory cytokines. Therefore, therapies targeting inflammation can also recover glycemic control in T2DM patients. In a study, the treatment with three different strains of A. muciniphila was found to reverse the low-grade chronic inflammatory state in HFD mice to a certain extent, including a significant increase in the gene expression of inflammatory and immunosuppressive factor interleukin (IL)-10, as well as a decrease in the mRNA levels of tumor necrosis factor-α (TNF-α), Monocyte chemoattractant protein-1, and Toll-like receptor 2 (TLR2) (Yang et al., 2020). In terms of alleviating inflammation, A. muciniphila also modulates Forkhead box protein 3 (Foxp3) in mouse adipose tissue (Choi et al., 2021), resulting in a diminution of regulatory T cells (Tregs), and anti-inflammatory while indirectly improving glucose homeostasis. In addition, a specific membrane protein, Amuc_1100, exists on the outer membrane of A. muciniphila, and many studies have reported that it induces the production of specific cytokines by binding to TLR2 and activating the downstream pathway of TLR2 (Figure 1), which in turn improves the host’s immune homeostasis and intestinal mucosal barrier function (Plovier et al., 2017; Song et al., 2023; Wang et al., 2024), and then improves the blood glucose level. The protein retains its active conformation and functions even after pasteurization (Plovier et al., 2017). Amuc_1100 protein also has the function of lowering blood lipids, which can reduce the content of low-density lipoprotein (LDL) and cholesterol (Lee et al., 2018). Plus, vesicles secreted by A. muciniphila reduce the expression of Toll-like receptor 4 (TLR4) (Figure 1), which impacts the nuclear factor-κB (NF-κB) pathway and thus lessens the secretion of the pro-inflammatory factors IL-6, IL-8 (Ottman et al., 2017; Ashrafian et al., 2019).

What’s more, metformin can increase the abundance of Bifidobacterium which can promote the growth of gastric mucin, thereby stabilizing the GI mucosa. Cani et al. (2009) identified that after increasing the quantity of Bifidobacterium in the intestine, the content of proglucagon mRNA was higher, which promoted the secretion of glucagon-derived peptides. During the course, glucagon-like peptide-2 (GLP-2) enhanced intestinal epithelial cells proliferation and reduced gut permeability, thereby stabilizing the intestinal mucosal barrier.



5.2 Acts by facilitating the synthesis of SCFAs

For the gut, SCFAs have important roles in regulating intestinal microbiota balance, maintaining electrolyte balance and improving intestinal immune function. Administration of metformin increases the abundance of SCFAs-producing microbiota (described previously, see Chapter 4.3), thereby increasing the production of SCFAs. The produced SCFAs are partially absorbed rapidly by colonocytes via monocarboxylate transporter protein (MCT), then undergo a series of oxidative reactions, and finally provide energy to the cells in the form of ATP (Dalile et al., 2019). The SCFAs not metabolized in colonocytes enter the portal circulation of the liver through the basolateral membrane and provide substrates for energy metabolism in hepatocytes. SCFAs are also implicated in the biosynthesis of glucose, fatty acids and cholesterol in hepatocytes. After the above metabolism, only a small fraction of SCFAs remains to reach the whole body through the blood circulation (Dalile et al., 2019).

After SCFAs are absorbed in the colon, it works further via action on the G protein-coupled receptors GPR43 and GPR41 (Figure 1). SCFAs stimulate the proliferation of colonic epithelial L cells and are bound to GPR43 above them, increasing intracytoplasmic calcium ion and cyclic adenosine cAMP concentrations and increasing GLP-1 secretion (Chambers et al., 2018; Rodriguez et al., 2018) which inhibits glucose uptake by intestinal wall cells. Activation of GPR41 increases the secretion of intestinal peptide YY (PYY) and decreases the secretion of glucose-dependent insulin-releasing polypeptide (GIP) and growth hormone-releasing peptide, thereby reducing glucose uptake (Hu et al., 2018). GPR43 is distributed in adipose tissue, bone marrow, spleen, pancreas, peripheral blood mononuclear cells, small intestine, and mammary gland, while GPR41 is distributed in various tissues, especially in immune cells. Hence, SCFAs also have beneficial effects on peripheral tissues, controlling substrate metabolism and optimizing systemic insulin sensitivity. For example, in immune cells, SCFAs can inhibit inflammation by binding to GPR41 and GPR43 (Allin et al., 2015; Thorburn et al., 2015). SCFAs also induce browning of white adipose tissue, boost glucose tolerance, control blood glucose levels, and exert anti-obesity and anti-diabetic effects (He et al., 2020).

Moreover, SCFAs are inhibitors of histone deacetylase (HDAC). SCFAs inhibit HDAC of Treg, in turn affecting Treg production (Arpaia et al., 2013; Furusawa et al., 2013). Also, the inhibition of HDAC by SCFAs can further modulate the function of intestinal macrophages (Chang et al., 2014) and dendritic cells (Trompette et al., 2014; Meijnikman et al., 2018) and downregulate LPS-induced pro-inflammatory mediators, such as NO, IL-6, and IL-12, resulting in anti-inflammatory effects. There is also evidence that SCFAs decline the release of TNF-α from neutrophils (Lee et al., 2019), which is also one of the typical pro-inflammatory cytokines that trigger subclinical inflammation.

Notably, SCFAs also play a crucial role in maintaining the Intestinal mucosal barrier integrity. SCFAs can increase transcription of mucin genes (described previously, see Chapter 4.1), then upgrading intestinal barrier function (Willemsen et al., 2003; Gaudier et al., 2004). At the same time, the increased A. muciniphila would continue to degrade mucin and produce more SCFAs. A prospective study by Dao et al. (2016) verified the relationship. This study spotted that individuals with higher abundance of A. muciniphila had a better metabolic profile, and the concentration of SCFAs in such populations was positively correlated with A. muciniphila abundance.



5.3 Acts by regulating bile acid metabolism

Bile acids are a class of amphiphilic metabolites produced by hepatocytes and secreted by the bile ducts into the intestine, which have an important emulsifying effect on fat ingested by the body during digestion. The substantial increase in plasma bile acid concentrations (primary, secondary, total and unconjugated bile acid concentrations) with metformin may be explained by the fact that metformin increased the abundance of probiotic bacteria, especially Lactobacillus, and thus their bile salt hydrolase (BSH) gene expression. The BSH gene, a gene encoding the production of BSH by the intestinal microbiota, is associated with obesity and T2DM was significantly correlated (Jia et al., 2020). An essential part of cholesterol regulation by gut microbes is achieved by the hydrolysis of cross-linked bile salts by BSH, thus reducing serum cholesterol levels. The de-cross-linked bile acids have low water solubility and are readily secreted into the feces. Due to the loss of fecal bile acids and the decrease in bile salts, the liver increases the conversion of cholesterol to bile salts to maintain bile salt metabolic balance. It has been demonstrated that oral administration of BSH-containing Lactobacillus can reduce serum cholesterol levels in animals and humans, especially Limosilactobacillus fermentum [here we use its new nomenclature according to Naghmouchi et al. (2020), Zheng et al. (2020), Çiftci and Tuna (2021), Ng et al. (2022)]. However, no studies have revealed a correlation between the presence of specific bacteria and bile acid concentrations after metformin treatment (Wu et al., 2017).

Subsequently, secondary bile acids, key signaling molecules produced by bile acids and gut microbiota metabolism, are bound to membrane receptors (Takeda G protein-coupled receptor 5, TGR5/G protein-coupled bile acid receptor 1, GPBAR1) and nuclear receptors (Farnesoid X Receptor, FXR), which stimulates colonic secretion of GLP-1 and PYY. It plays a role in promoting proliferation and inhibiting apoptosis in pancreatic 𝛽-cells, and directly scales insulin secretion up. Another study (Sun et al., 2020) demonstrated that serum fibroblast growth factor 19 (FGF19) and bile acid levels were simultaneously increased in patients with T2DM early in life. This may be due to the fact that bile acids entering the intestine stimulate intestinal secretion and expression of the gut-derived hormone FGF19 via bile acid-FXR signaling (Mulla et al., 2019), which stimulates hepatic glycogen synthesis in an insulin non-dependent manner, restrains hepatic gluconeogenesis, and exerts hypoglycemic effects. FGF19 also dramatically promotes glucose tolerance (Zhang et al., 2019).

There are other pathways for FXR signaling activation. Sun et al. (2018) showed that metformin treatment altered the metabolism of folate and methionine in mice, which in turn inhibited the growth of B. fragilis. The reduction of B. fragilis increased the level of Glycoursodeoxycholic acid in the gut, then led to the activation of intestinal FXR signaling. Several studies have implied that FXR activation relieves intestinal inflammatory state in IBD patients, as well as that colonic inflammation in patients with CD and in rodent models of colitis is linked to diminished expression of FXR mRNA (Vavassori et al., 2009). During inflammation in the liver, there is a sustained inhibition of bile salt export pump expression and reduced FXR expression. Hepatic transporter protein function is then decreased, which leads to both an increase in hepatic bile acid chelation and persistent inflammation. Activation of FXR stabilizes the nuclear co-repressor (NcoR) at the NF-κB response element on the IL-1β promoter, while decreasing the expression of TNF-α, IL-1β, IL-2, IL-6 and IFN-γ mRNA, thereby reducing the extent of inflammation (Vavassori et al., 2009).



5.4 Acts by modulating gene expression in the intestinal microbiota

In addition to regulating the gene expression of BSH of probiotic bacteria (described previously, see Chapter 4.3), metformin also modulates the protein-coding genes of another microbiota. Wu et al. (2017) discovered that the abundance of E. coli, Bifidobacterium adolescentic, and A. muciniphila was plainly increased in the intestine after metformin administration. They further proceeded transcriptomic analysis of fecal samples and found that some of the protein-coding genes of A. muciniphila and B. wadsworthia were dramatically regulated by metformin, and most of them encoded metalloproteins or metal transporter proteins. Metal ions (e.g., Ca2+, Mn2+, Zn2+, and Mg2+) play an important role in maintaining the structure and homeostasis of various proteins in microorganisms. And these proteins affect the metabolism of microorganisms (Murphy et al., 1981). Several studies have shown that metallothionein has a negative regulatory role in all kinds of organ tissues, various types (including LPS-related, allergic and oxidative) of inflammation (Inoue et al., 2009; Inoue and Takano, 2013). It has also been indicated that metformin is able to bind to metal ions, thus causing changes in chemical structure (Logie et al., 2012). However, further metabolomic and proteomic studies are still needed to investigate the mechanisms of relevant microbial metabolism-host interactions.



5.5 Other effects of metformin

Metformin was found to reduce the number of C. difficile in the intestine in several studies (Elbere et al., 2018; Bryrup et al., 2019). C. difficile can release toxin A and toxin B (Popoff, 2018), which induce the production of pro-inflammatory cytokines and inflammatory mediators in a variety of cell lines (Zhang and Feng, 2016). And toxin A is able to trigger IL-8 secretion by human intestinal cells (He et al., 2002). It has also been reported that prostaglandin E2 (PGE2) secretion and cyclooxygenase-2 (COX-2) expression were significantly increased in colon cells exposed to toxin A either in vivo or in vitro (Kim et al., 2007). Therefore, metformin is able to decrease the release of pro-inflammatory factors by a reduction in the number of opportunistic pathogenic bacteria.




6 Summary and outlook

Metformin has been used globally for more than 60 years as the drug of choice for the treatment of T2DM. In clinical applications, in addition to treating T2DM, metformin has been found to be effective in certain diseases, such as obesity, cardiovascular disease, IBD, and other inflammation-related diseases. In addition, metformin has received much attention for its anti-tumor and anti-aging effects. Even recent literature provides evidence that metformin slows the development of COVID-19. Some people may experience side effects after taking metformin, with the main symptoms being gastrointestinal distress and, in rare cases, lactic acidosis (Sanchez-Rangel and Inzucchi, 2017). However, the mechanisms involved, whether therapeutic or side effects, are not fully understood. Previously, it was believed that metformin targets the liver and exerts its hypoglycemic effect through AMPK-dependent and non-AMPK-dependent pathways. However, this is not sufficient to explain the mechanism by which metformin achieves its broad therapeutic effects. A number of studies have provided evidence that the gut is the site of metformin’s wide-ranging effects, and found that gut microbiota may be an important “target” in this regard. However, differences in study subjects and experimental designs, especially the heterogeneity of the gut microbiota itself, have made it difficult to study the modulatory effects of metformin on the gut microbiota. The results of changes in the diversity and abundance of the human gut microbiota after metformin treatment are not consistent. Changes in the abundance of certain microbiota were also not identical across studies, and it is even possible to draw opposite conclusions. This highlights the importance of the need for further research to understand the underlying mechanisms of these changes. Nonetheless, metformin use has been associated with changes in the abundance of specific bacterial genera in the gut microbiota, and this has centered on the enrichment of A. muciniphila and bacteria that can produce SCFAs. By enriching these bacteria to stabilize the GI mucosal barrier as well as to regulate bile acid metabolism, metformin exerts a role in regulating glucose metabolism and lipid metabolism, which in turn maintains glucose homeostasis and improves the inflammatory state. In addition, with the increased interest of researchers in multi-omics studies, transcriptomic and metabolomic studies on the gut microbiota have increased. It was gradually found that metformin can also regulate the expression of certain genes in the gut microbiota, such as BSH genes and metalloproteins genes. However, the intestinal microbiota is very complex and it is challenging to study the mechanism of action of metformin. The mechanism by which metformin acts by regulating the gut microbiota needs to be further clarified.
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Background: Intestinal microbiota have been demonstrated to be involved in the development of NAFLD, while the relationship between the severity of NAFLD and intestinal microbiota is still not fully elucidated. Sheng-Jiang Powder (SJP) showed exact efficacy in treating SFL and great potential in regulating intestinal microbiota, but the effects need to be further addressed in NASH and liver fibrosis.

Objectives: To investigate the differences in intestinal microbiota of NAFLD with different severity and the effect of SJP on liver damage and intestinal microbiota.

Design: NAFLD mice models with different severity were induced by high-fat diet (HFD) or choline-deficient, L-amino acid-defined high-fat diet (CDAHFD) feeding and then treated with SJP/normal saline.

Methods: Biochemical blood tests, H&E/Masson/Oil Red O/IHC staining, Western blot, and 16SrDNA sequencing were performed to explore intestinal microbiota alteration in different NAFLD models and the effect of SJP on liver damage and intestinal microbiota.

Results: Intestinal microbiota alteration was detected in all NAFLD mice. SJP induced increased expression of Pparγ and alleviated liver lipid deposition in all NAFLD mice. Microbiome analysis revealed obvious changes in intestinal microbiota composition, while SJP significantly elevated the relative abundance of Roseburia and Akkermansia, which were demonstrated to be beneficial for improving inflammation and intestinal barrier function.

Conclusion: Our results demonstrated that SJP was effective in improving lipid metabolism in NAFLD mice, especially in mice with SFL. The potential mechanism may be associated with the regulation of intestinal microbiota.
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 NAFLD; traditional Chinese medicine; Sheng-Jiang powder; intestinal microbiota; 16S rDNA


1 Introduction

Nonalcoholic fatty liver disease (NAFLD) covers different degrees of metabolic abnormalities, from simple steatosis (SFL) to steatohepatitis (NASH), liver fibrosis (NLF) and finally cirrhosis, which is the main cause of end-stage liver disease and hepatocellular carcinoma (Higarza et al., 2021). Nowadays, the prevalence rate of NAFLD is 25.24% worldwide (Lin et al., 2021), and the incidence rate is rising year over year along with the prevalence of obesity globally, and is predicted to reach 100.9 million in 2030 (Estes et al., 2018). Thus, NAFLD causes a huge social disease and economic burden to humans.

In recent years, more and more evidence has shown that intestinal microbiota are the source of hepatotoxic oxidative damage (Borrelli et al., 2018), and they play an important role in the occurrence and development of NAFLD (Liu et al., 2019). After Le Roy et al. first confirmed the decisive role of intestinal microbiota on the development of NAFLD through intestinal microbiota transplantation (Le Roy et al., 2013), an increasing number of studies have found that the alteration of intestinal microbiota promotes the occurrence and development of NAFLD by affecting liver gene expression, energy expenditure, lipid metabolism, insulin resistance and cytokine production. For example, altered intestinal microbiota affects the synthesis of triglycerides and the metabolism of fatty acids, increases toxic lipid metabolites, and then affects mitochondrial function and the oxidative stress response, and ultimately promotes the occurrence of liver inflammation (Leung et al., 2016). Then, altered intestinal microbiota leads to increase of intestinal mucosal permeability and bacterial translocation, which will aggravate the development of liver inflammation (Li et al., 2022). Moreover, NAFLD patients have an increased abundance of gram-negative bacteria in the gut microbiota, which means there are more lipopolysaccharides released into blood from the outer membrane after the death of these bacteria, and endotoxemia will promote inflammatory cytokines release and inflammatory pathway activation, and then promote the development of NAFLD (Khan et al., 2019; Fei et al., 2020). Also, altered intestinal microbiota can regulate bile acid metabolism and inhibit the farnesol-like X receptor (FXR) signaling pathway to promote the progression of NAFLD (Jiao et al., 2018). Additionally, altered intestinal microbiota increases the synthesis of endogenous ethanol, disrupts intestinal tight junctions and increase intestinal mucosal permeability, where endotoxin and ethanol cause direct damage to the liver (Yang et al., 2019; Huang et al., 2021). It is worth noting that intestinal microbiota and NAFLD may interact with each other. On the one hand, intestinal microbiota determine the occurrence and development of NAFLD (de Minicis et al., 2014), and on the other hand, the occurrence of NAFLD can also lead to changes in the intestinal microbiota of mice and humans (Henao-Mejia et al., 2012). However, it is unclear how different stages of NAFLD affect the composition of the intestinal microbiota.

NAFLD currently lacks definitive therapeutic agents (Loomba and Sanyal, 2013). However, based on current research, antioxidants, antidiabetic drugs, and lipid-lowering agents have demonstrated certain therapeutic effects on some patients with fatty livers (Cossiga et al., 2019). With further investigation, targeting the gut microbial composition with prebiotics, probiotics, and synbiotics has introduced a new therapeutic strategy for NAFLD (Safari and Gérard, 2019). Nevertheless, it should be noted that the aforementioned medications primarily target specific aspects of the disease, highlighting the need for a comprehensive drug that addresses the multifactorial nature of NAFLD.

Sheng-Jiang Powder (SJP) is a classical Traditional Chinese Medicine (TCM) prescription for the treatment of liver diseases (Chen et al., 2017). It contains four natural medicinal ingredients: Rhubarb (Rheum officinale Baill.), Curcuma (Curcuma longa L.), Stiff silkworm and Cicada slough. This prescription is derived from Ten Thousand Diseases Reviving Spring written by Gong Tingxian in the Ming Dynasty of China and has been used clinically for more than 400 years (Chen et al., 2017). Modern pharmacological studies have shown that SJP has good lipid reduction, insulin resistance improvement and anti-inflammatory effects (Miao et al., 2018). Our present studies have demonstrated that SJP significantly inhibited the body weight gain and attenuated liver pathological damage in mice with SFL induced by high-fat diet feeding, and potential mechanism may be related to the regulation of lipid metabolism related signal pathways and intestinal microbiota (Li et al., 2018). Thus, SJP has shown comprehensive effects that can target the complex physiopathology of NAFLD. However, our present results were limited in SFL mice. Whether SJP can regulate the lipid metabolism and intestinal microbiota and further attenuate liver damage in mice with NASH or NLF needs to be further verified.

Therefore, the purpose of this study was to investigate the effects of SJP on liver injury and intestinal microbiota in mice with varying severity of NAFLD, so as to clarify possible protective mechanisms for NAFLD and provide better evidence for clinical application.



2 Materials and methods


2.1 Ethics statement

The Ethics Committee for Animal Experiments of Sichuan University approved the protocol (Ethics approval number 2017052A). Following the guidelines established by the European Communities Council Directive on November 24, 1986 (86/609/EEC), animal experiments were conducted. It was ensured that all necessary steps were taken to minimize both the number of animals used and their suffering.



2.2 Animals and treatment

Male C57BL/6 mice weighing 18–20 g were provided by Charles River (Beijing, China). All mice were fed at controlled temperature (22–23°C) and 12 h light/dark cycle, and then NAFLD was induced by high-fat diet (HFD) or choline-deficient, L-amino acid-defined high-fat diet (CDAHFD). HFD (TP23300: 19% protein, 21% carbohydrate, 60% fat, and 5.1 kcal/g heat density) and CDAHFD feed (TP36226MCD/G: choline deficiency, amino acid-defined high-fat diet (45% fat)) were purchased from Nantong Trophic Animal Feed High-Tech Co., Ltd. (Jiangsu, China). After 1 week of environmental adaptation, the mice were randomly allocated into 9 groups (n = 7 per group). The detailed groups were as follows: (1) AC group, fed with control diet for 12 W and normal saline for 6 W; (2) AT group, fed with HFD for 12 W and normal saline for 6 W; (3) AS group, fed with HFD for 12 W and SJP treatment for 6 W; (4) BC group, fed with the control diet CSAA for 6 W and normal saline for 3 W; (5) BT group, fed with CDAHFD for 6 W and normal saline for 3 W; (6) BS group, fed with CDAHFD for 6 W and SJP treatment for 3 W; (7) CC group, fed with CSAA 12 W and normal saline for 6 W; (8) CT group, fed with CDAHFD 12 W and normal saline for 6 W; (9) CS group, fed with CDAHFD 12 W and SJP treatment for 6 W. All mice models received daily intragastric administration of either SJP or an equal volume of saline from the start of the 4th or 7th week. After the collection of fresh feces and blood, mice were immediately euthanized and livers were isolated. The blood and tissue samples were taken for biochemical detection, histopathological analysis, Real-Time PCR analysis and Western blotting.



2.3 Preparation of Sheng-Jiang powder

The preparation of SJP has been described in our previous studies (Miao et al., 2019). In short, the composition of SJP used in this experiment was determined according to the dose ratio in Identification of Typhoid Fever and is shown in Table 1. Spray drying powder of Rhubarb (batch no. 16110150), Curcuma (batch no. 16080008), Stiff silkworm (batch no. 16100147), and Cicada slough (batch no. 16080020) were purchased from the Affiliated Hospital of Chengdu University of Traditional Chinese Medicine (Chengdu, China). The drug suspension with a concentration of 1 g/mL was prepared with double distilled water. Drug concentrations of 1 g, 5 g, and 10 g SJP/kg BW were tested, and 5 g/kg BW was selected as the optimal dose for treating animals. These doses were selected based on our previous reports (Li and Hu, 2020) and our preliminary experiments. The scientific name of the plant was consulted on January 4, 2023 at https://www.worldfloraonline.org.



TABLE 1 The composition of SJP.
[image: Table1]



2.4 Liver histopathological analysis and immunohistochemistry

Mouse liver tissue was fixed in 10% formalin overnight and embedded in paraffin. The liver was then sectioned into 3 μm sections and stained. For IHC, 3% hydrogen peroxide was used to deactivate endogenous peroxidase, while nonspecific signals were blocked with 1% bovine serum albumin. As primary antibody, anti-TGF-β1 (1:150, Abcam, #ab215715) was incubated overnight at 4°C, followed by three washes with PBS buffer and subsequent incubation with a secondary antibody (HRP-Polymer, Biocare Medical) for 60 min at room temperature. The staining process involved the use of 3,3′-diaminobenzidine (DAB) substrate (Biocare Medical) and counterstaining with hematoxylin. All histopathological specimens were reviewed and scored blindly by two independent pathologists, with a scoring system for the scope and severity of tissue injury (0–4 points, steatosis, inflammatory infiltration, necrosis, and fibrosis), as mentioned earlier (Wirtz et al., 2007). The pathological score of liver tissue was the sum of each score.



2.5 Oil red O staining

Fat deposition in liver was identified by oil red O staining. The frozen liver tissue was sliced into 5 μm thick sections and subsequently incubated with the oil red O working staining solution for a duration of 20 min. To prepare the staining solution, 0.5 g of Oil Red O was dissolved in 100 mL of isopropyl alcohol to create a stock solution, which was then diluted with distilled water in a ratio of 3:2 to obtain the working solution. Following staining, the sections were rinsed with a buffer solution to eliminate any excess dye, and subsequently re-dyed with hematoxylin.



2.6 Serum biomarkers analysis

After fasting for 12 h, blood samples were collected from the inner corner vein and then centrifuged at 2500 rpm for 10 min. The supernatant was taken for biochemical detection. The activity of alanine aminotransferase (ALT), aspartate aminotransferase (AST), serum triglyceride (TG), and total cholesterol (TC) content were determined by Hitachi Automatic Biochemical Analyzer (7170A, Hitachi, Tokyo, Japan) at the Tibet Chengdu Branch of the West China Hospital of Sichuan University, Chengdu, China.



2.7 Western blotting analysis

Liver total protein was extracted with RIPA lysis buffer (Cell signaling), followed by sonication. Afterward, extracts were centrifuged for 10 min at 13,000 rpm. Equal amounts of protein were separated by electrophoresis and blotted onto PVDF membrane (Merck Millipore) by wet transfer. After blocking with skimmed milk powder, add the corresponding primary antibody and incubate overnight at 4°C. The following primary antibodies were used: anti-Srebp1c (1:1000, Cell Signaling Technology, #9874), anti-Fasn (1:1000, Cell Signaling Technology, #3189), anti-Pparγ (1:1000, Cell Signaling Technology, #2430), anti-lxr (1:1000, Abcam, #ab176323), anti-TGF-β1 (1:1000, Abcam, #ab215715), and anti-GAPDH (1:3000, Proteintech, 60,004-1-Ig).



2.8 Quantitative polymerase chain reaction

The RT-qPCR procedure was described in detail in our previous study (Li and Hu, 2020). At least three independent experiments were used for statistical analysis. Using GAPDH as control, 2−ΔΔCt was used to calculate the gene expression multiple. The primer sequence is shown in Supplementary Table S1.



2.9 16SrDNA bioinformatics analysis

The fecal microbiota of mice in each group was detected using the 16SrDNA method. The analysis of fecal samples was conducted by Shenzhen Microecology Technology Co., Ltd. The operation steps in the experiment are carried out in strict accordance with the instructions. The detailed process was reported in our previous work (Li and Hu, 2020).



2.10 Statistical analysis

GraphPad Prism (9.0.0) software was used for multiple group comparisons, and one-way ANOVA followed by Fisher’s least significant difference post hoc test was used. Two groups were compared using an unpaired Student’s t-test (two-tailed). Data are presented as mean ± SEM, with p < 0.05 considered statistically significant.




3 Results


3.1 Construction of various NAFLD mouse models

We established NAFLD mouse models with different severity to mimic different stages of NAFLD by giving mice three feeding schemes (Figure 1A). At the end of feeding, haematoxylin-eosin (H&E) staining, oil red O staining, Masson staining, and TGF-β were evaluated to confirm the severity of NAFLD according to the related pathological changes (Figure 1B). Notably, we found that liver lipid deposition gradually increased with the severity of fatty liver, the levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) significantly increased in the NASH and NLF mice (Figure 1E), and liver fibrosis extent was much severe in NLF group than another two groups according to the H&E staining and Masson scores (p < 0.05 and p < 0.001, respectively; Figures 1C,D). Thus, the above pathological manifestations of our animal models well simulated the NAFLD with different clinical severity.
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FIGURE 1
 NAFLD mice models with different severity induced by HFD feeding. (A) The experimental design and timeline of C57BL/6 mice. (B) H&E staining (200×), Oil Red O staining (200×), Masson staining (200×), and IHC staining of liver section (200×). (C) Fibrosis scores of the liver tissues in each group. (D) Masson scores of the liver tissues in each group. (E) Serum ALT and AST levels in each group. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. AT, simple fatty liver group; BT, non-alcoholic steatohepatitis group; CT, non-alcoholic liver fibrosis group.




3.2 Alteration of intestinal microbiota in NAFLD mice models with different severity


3.2.1 Analysis of the intestinal microbial diversity

The results of pan/core analysis showed that the sample size was sufficient to assess the total species richness and the number of core species (Figures 2A,B). The intestinal microbiota diversity was evaluated in the smooth Shannon sparse curve setting, proving that the sequencing depth was sufficient to capture the biodiversity in the test samples (Figure 2C). The α diversity was evaluated by the Shannon index, Simpson index, ACE index, and Chao index. The results showed that the NLF mice decreased in community diversity at the genus level, but there was no significant difference in intestinal community richness among the experimental NAFLD mice with different severity (p < 0.05; Figures 2D–E). According to β-diversity analysis of PCoA and PLS-DA, apparent clustering distributions were observed among the three NAFLD groups, suggesting that the microbiota of NAFLD mice with different severity varies and the difference may distinguish different stages of NAFLD (Figure 2F).
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FIGURE 2
 Analysis of microbiota community diversity of intestinal microbiota samples of NAFLD mice after special feeding. (A) Pan analysis; (B) Core analysis; (C) Shannon curves; (D) Alpha diversity analysis at OTU level; (E) Alpha diversity analysis at the genus level; (F) Beta diversity analysis at OTU and genus levels. *p < 0.05 vs. BT group. AT, simple fatty liver group; BT, non-alcoholic steatohepatitis group; CT, non-alcoholic liver fibrosis group.




3.2.2 Analysis of the intestinal microbial composition

At the phylum level, the intestinal microbiota of each group mainly came from Firmicutes, Bacteroidetes, Verrucomicrobia, Proteobacteria, and Actinobacteria. Compared with the AT group, Proteobacteria in the BT group decreased significantly (p < 0.001), and Firmicutes, Actinobacteria, and Verrucomicrobia had a slightly decreasing trend. The ratio of Bacteroidetes of the CT group was significantly lower than that of the BT group (p < 0.05), while the ratio of Proteobacteria was significantly lower than that of the AT group (p < 0.001; Figure 3A).
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FIGURE 3
 The diversity and relative abundance of intestinal microbiota in NAFLD mice with different severity. (A) The relative abundance of intestinal microbiota in each group. (B) The relative abundance of intestinal microbiota in each group. (C) The between-group microbial community bar plot at the genus level with the top 15 abundant species (AT vs. BT, BT vs. CT, and AT vs. CT). (D) PICRUSt2 was used to predict the function of the top 30 abundant species in the intestinal microbiota in each group. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001; ✮p < 0.05.


At the genus level, there were also significant differences in the abundance of intestinal microbiota in NAFLD mice with different severity. In this experiment, we selected the top 15 high-abundance species in the intestinal microbiota in each group for analysis and comparison. We found that there were significant differences in the abundance of species like Bacteroidetes, norank-f-Erysipelotrichaceae, Desulfovibrio, etc., which contributed to the between-group differences among the three groups that represent different severity of NAFLD (Figure 3B). Differences in the microbial community abundance between groups were further analyzed by Wilcoxon rank-sum test. Our results showed that the abundance of Bacteroidetes and Alistipes in NASH mice increased significantly, while the abundance of Desulfovibrio, norank-f-Erysipelotrichaceae and Ruminiclostridium-9 decreased significantly (all p < 0.05) when compared with the SFL mice. And the abundance of unclassified-f-Lachnospiraceae in NLF mice decreased significantly, while the abundance of Ruminiclostridium-9, Allobaculum, and Eubacterium-fissiatena-group increased significantly (all p < 0.05) when compared with the NASH mice. Additionally, compared with the SFL mice, the abundance of Desulfovibrio and unclassified-f-Lachnospiraceae in NLF mice was significantly decreased and the abundance of bacteroidetes, Allobaculum, Roseburia, and Alistipes was significantly increased (all p < 0.05; Figure 3C).



3.2.3 Function prediction of the intestinal microbiota

In addition, PICRUSt2 was employed to predict the function of the top 30 abundant species in the intestinal microbiota of NAFLD mice with different severity. The heatmap of pathway level3 showed that the enrichment of BT-group mice intestinal microbiota in Galactose metabolism and Oxidative phosphorylation pathways was significantly higher than that of AT group (both p < 0.05; Figure 3D), while there was no significant difference in the enrichment of gut microbiota in each pathway level3 between the BT and CT-group mice.




3.3 Effect of SJP on HFD-induced SFL

Our previous study (Li and Hu, 2020) has uncovered a series of protective effects of SJP on HFD feeding induced SFL mice, including inhibiting the body weight gain, attenuating lipid accumulation in blood and liver, modulating the expression of Pparγ and ameliorating liver pathological damage. And these effects might be partly attributed to the regulation of gut microbiota as we found that the relative abundance of certain short-chain fatty acids (SCFAs) producing bacteria, such as Roseburia and norank-f-Erysipelotrichaceae were significantly changed after SJP treatment.



3.4 Effect of SJP on CDAHFD-induced NASH


3.4.1 SJP attenuated liver inflammatory injury and lipid accumulation

Dose-effect experiments were used to determine the optimal dose of SJP therapy. We observed that doses of 5 g/kg were more effective than doses of 1 g/kg and 10 g/kg (Supplementary Figure S1). Therefore, we chose 5 g/kg as the therapeutic dose for further experiments.

In our experiment, although CDAHFD diet feeding caused weight loss and decreased levels of serum triglyceride (TG) and total cholesterol (TC) in NASH mice (Figure 4A and Supplementary Table S2), it induced apparent elevation of serum ALT and AST, liver lipid accumulation, hepatic steatosis, and inflammatory infiltration and accompanied fibrotic process with an increased TGF-β level and Masson score, which was indeed in accordance with clinical manifestation of NASH. SJP treatment effectively decreased serum ALT and AST levels and ameliorated lipid deposition in liver. But it could not reduce the pathological injury of liver and the subsequent fibrotic changes (Figures 4B–G; Supplementary Figure S2A).

[image: Figure 4]

FIGURE 4
 To evaluate the therapeutic effect of SJP on NASH mice. (A) The experimental design and timeline of C57BL/6 mice. (B) The levels of serum ALT and AST. (C) The representative image of H&E staining. (D) The representative image of oil red O staining. (E–G) The representative image and statistical data of Masson staining and TGF-β IHC staining. (H) Western blots were performed to detect protein levels of Lxr, Pparγ, Srebp1c, and Fasn. Magnification, H&E × 200 (C), oil red O × 200 (D), Masson ×200 (E), TGF-β × 200 (F). Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001. BC, non-alcoholic steatohepatitis control group; BT, non-alcoholic steatohepatitis group; BS, non-alcoholic steatohepatitis + SJP treatment group.


We further detected the protein expression of lipid synthesis related genes (Figure 4H). Western blot analysis revealed that the expression of Srebp1c was significantly downregulated in NASH mice compared with the controls, whereas the expression of Pparγ and Lxr was significantly upregulated (all p < 0.05). However, SJP treatment did not reverse the alteration of these lipid synthesis related genes and might even increase Pparγ expression (Supplementary Figure S3A). Taken together, our results showed that SJP could attenuate liver inflammatory injury and lipid deposition in NASH mice.



3.4.2 SJP regulated the intestinal microbiota of NASH mice


3.4.2.1 SJP changed intestinal microbial diversity in NASH mice

Pan/core analysis was first conducted to evaluate whether the sample size was sufficient to assess the total species richness and the number of core species, and then the smooth Shannon rarefaction curves were exhibited to demonstrate the sequencing depth was sufficient to capture biodiversity in the tested samples (Figures 5A–C). Alpha diversity analysis indicated an increase in the species of intestinal microbiota community and in the uniformity of species distribution in NASH mice with elevated Shannon and Simpson indexes, while SJP seemed to have very little impact on Alpha diversity (Figures 5D–E). The β-diversity analysis showed apparent clustering distribution among the three groups, which indicated apparent between-group differences in the intestinal microbiota of NASH mice, the controls and the SJP-treated mice (Figure 5F).

[image: Figure 5]

FIGURE 5
 Analysis of microbiota community diversity of intestinal microbiota in NASH mice. (A) Pan analysis; (B) Core analysis; (C) Shannon curves; (D) Alpha diversity analysis at the OTU level; (E) Alpha diversity analysis at the genus level; (F) Beta diversity analysis at OTU and genus levels. *p < 0.05, **p < 0.01, and ***p < 0.001. BC, non-alcoholic steatohepatitis control group; BT, non-alcoholic steatohepatitis group; BS, non-alcoholic steatohepatitis + SJP treatment group.




3.4.2.2 SJP modulated the intestinal microbiota composition in NASH mice

At the phylum level, the abundance of Firmicutes in the NASH mice increased significantly, while the abundance of Verrucomicrobia and Actinobacteria decreased significantly when compared with the controls. SJP treatment slightly reversed these changes, but there were no statistical differences (Figure 6A).
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FIGURE 6
 SJP treatment affected the composition of intestinal microbiota in NASH mice. (A) The relative abundance of intestinal microbiota in each group. (B) The relative abundance of intestinal microbiota in each group. (C,D) Microbial community bar plot at the genus level with the relative abundance within the top 15 between groups (BC vs. BT and BT vs. BS). (E) PICRUSt2 was used to predict the function of the top 30 abundant species in the intestinal microbiota in each group. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001; ✮p < 0.05 vs. BC group; #p < 0.05 vs. BC group. BC, non-alcoholic steatohepatitis control group; BT, non-alcoholic steatohepatitis group; BS, non-alcoholic steatohepatitis + SJP treatment group.


At the genus level, we found significant differences in intestinal microbiota among the three groups. Except for Norank-f-Bacteroidales-S24-7 and Helicobacter, the abundance of another 13 top abundant species varied greatly among the three groups, including Akkermansia, Alloprevotella, Norank-f-Erysipelotrichaceae, etc. (Figure 6B). To further identify the species that discriminate NASH from the controls and SJP-treated mice, differences between groups were analyzed by the Wilcoxon rank-sum test. Our results showed that the abundance of Faecalibaculum, Akkermansia and Bifidobacterium in NASH mice was significantly lower than that of controls, while some species were significantly increased, including Bacteroidetes, Blautia, Alistipes, etc. (Figure 6C). SJP treatment significantly increased the abundance of Akkermansia and Alloprevotella and decreased the abundance of Unclassified-f-Peptostreptococeceae and Blautia (Figure 6D). The above results suggested that SJP might have the potential to regulate intestinal dysbiosis in NASH mice.



3.4.2.3 Potential effect of SJP on biological activities in vivo from function prediction of the intestinal microbiota

The PICRUSt2 analysis showed that the enrichment of intestinal microbiota in NASH mice was significantly increased in all of the pathway level3 when compared with the controls, while SJP seemed to reverse these changes slightly as we observed a color gradient from red to blue in the heatmap which indicated a gradual decrease in intestinal microbiota enrichment (Figure 6E).





3.5 Effect of SJP on CDAHFD-induced NLF


3.5.1 SJP might attenuate liver lipid accumulation in NLF mice

Mice were subjected to different treatments according to the experimental design (Figure 7A). As in NASH mice, CDAHFD feeding induced apparent weight loss and serum TG and TC reduction (Supplementary Table S2). But CDAHFD feeding also induced a significant increase in serum ALT and AST, hepatic steatosis and inflammatory infiltration as well as liver fibrosis according to the H&E staining (Figures 7B,C; Supplementary Figure S2B). The oil red O staining suggested significant lipid deposition in the liver, and the Masson score and increased tissue TGF-β expression similarly revealed hepatic fibrosis in NLF mice (Figures 7D–G). SJP treatment significantly altered mRNA and protein expression of lipid-related genes in NLF mice (Figure 7H; Supplementary Figures S3B,C).
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FIGURE 7
 To evaluate the therapeutic effect of SJP on NLF mice. (A) The experimental design and timeline of C57BL/6 mice. (B) The levels of serum ALT and AST. (C) The representative image of H&E staining. (D) The representative image of oil red O staining. (E–G) The representative image and statistical data of Masson staining and TGF-β immunohistochemical staining. (H) Western blots were performed to detect protein levels of Lxr, Pparγ, Srebp1c, and Fasn. Magnification, H&E × 200 (C), oil red O × 200 (D), Masson ×200 (E), TGF-β × 200 (F). Data are expressed as the mean ± SEM. *p < 0.05 and ***p < 0.001. CC, liver fibrosis control group; CT, liver fibrosis group; CS, liver fibrosis + SJP treatment group.




3.5.2 SJP regulated the intestinal microbiota of NLF mice


3.5.2.1 SJP changed intestinal microbial diversity in NLF mice

Similarly, pan/core analysis was first conducted to evaluate whether the sample size was sufficient to assess the total species richness and the number of core species, and then the smooth Shannon rarefaction curves were exhibited to demonstrate the sequencing depth was sufficient to capture biodiversity in the tested samples, and thereafter the intestinal microbial diversity was analyzed (Figures 8A–C). The α diversity analysis revealed an increase in the intestinal microbiota community diversity of NLF mice with elevated Shannon and Simpson indexes at the genus level, but a decrease in the community richness with reduced Chao index and Ace index at the OTU level. SJP treatment significantly increased the intestinal microbiota community richness in NLF mice (Figures 8D–E). Consistently, distinct between-group differences were observed in the intestinal microbiota of NLF mice according to the apparent clustering distribution of individuals from each group, which indicated the alteration of the intestinal microbiota with disease and treatment (Figure 8F).
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FIGURE 8
 Analysis of microbiota community diversity of intestinal microbiota in NLF mice. (A) Pan analysis; (B) Core analysis; (C) Shannon curves; (D) Alpha diversity analysis at OTU level; (E) Alpha diversity analysis at the genus level; (F) Beta diversity analysis at OTU and genus levels. *p < 0.05 and ***p < 0.001. CC, liver fibrosis control group; CT, liver fibrosis group; CS, liver fibrosis + SJP treatment group.




3.5.2.2 SJP modulated the intestinal microbiota composition in NLF mice

At the phylum level, the abundance of Firmicutes and Verrucomicrobia in NLF mice increased significantly when compared to the controls, while SJP treatment led to a decrease in Firmicutes. Moreover, SJP induced marked decrease in the abundance of Actinobacteria (Figure 9A).
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FIGURE 9
 SJP treatment affected the composition of intestinal microbiota in NLF mice. (A) The relative abundance of intestinal microbiota in each group. (B) The relative abundance of intestinal microbiota in each group. (C,D) Microbial community bar plot at the genus level with the relative abundance within the top 15 between groups (CC vs. CT and CT vs. CS). (E) PICRUSt2 was used to predict the function of the top 30 abundant species in the intestinal flora of mice. Data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001; #p < 0.05 vs. CC group; OP < 0.05 vs. CT group. CC, liver fibrosis control group; CT, liver fibrosis group; CS, liver fibosis + SJP treatment group.


At the genus level, there were significant differences in the abundance of multiple genera among the three groups, including Akkermansia, norank-f-Erysipelotrichaceae, Desulfovibrio, and so on (Figure 9B). Then, further between-group differences analysis showed that the abundance of intestinal norank-f-Bacteroidales-S24-7-group decreased significantly in NLF mice, while Roseburia, norank-f-Erysipelotrichaceae, Allobaculum, Eubacterium-fissiatena-group, Unclassified-f-Peptostreptococeceae, and Bacteroides increased significantly (Figure 9C). In addition, the abundance of Akkermansia and unclassified-f-Lachnospiraceae increased significantly, while the abundance of norank-f-Erysipelotrichaceae, Lachnospiraceae-NK4A136-group, Faecalibaculum, and Allobaculum decreased significantly after SJP treatment (Figure 9D). The above results suggested that SJP might have the potential to regulate the intestinal microbiota of NLF mice and make them return to a normal state.



3.5.2.3 SJP affects biological processes in vivo by regulating the intestinal microbiota in NLF mice

The PICRUSt2 result showed no significant difference in the enrichment of the main intestinal microbiota in pathway level3 between the NLF mice and the controls. However, the enrichment of intestinal microbiota in SJP treated mice was much higher than that of NLF mice. According to our results, the changes in intestinal microbiota caused by SJP affected most of the in vivo biological processes, including metabolism, genetic information processing, environmental information processing, cellular process, human disease, and organism system (Figure 9E).






4 Discussion

In the present study, we established NAFLD mice models with different severity by special feeding and these models exhibited a series of clinical features that were consistent with different stages of NAFLD. Then, we found that the protective effect of SJP diminished with the NAFLD severity. Briefly, SJP decreased the body weight and serum TG level, regulated the expression of lipid synthesis related genes, improved liver function and hepatic steatosis in SFL mice. SJP reduced the liver enzyme level and hepatic lipid deposition but did not improve liver pathological damage in NASH mice. While in NLF mice, SJP appeared to only affect PPAR γ expression with no obvious protective effect on liver inflammation, steatosis or fibrosis. Despite the protective effect on liver pathology was limited, SJP did reduce hepatic lipid deposition in all NAFLD mice as we observed in oil red O staining. Similarly, we have detected obvious changes in intestinal microbiota in all NAFLD mice after SJP treatment.

Hepatic lipid synthesis is a rigorously regulated biological process that is extremely important for the synthesis of very low-density lipoproteins and tissue energy transfer. Excessive fat intake induces the massive production of triglycerides, the accumulation of lipid droplets in hepatocytes, and ultimately leads to the formation of fatty liver (Wu et al., 2020). The expression of lipid synthesis genes is regulated by a series of transcription factors, including Srebp1c, Lxr, PPARs, etc. (Sohrabi et al., 2020). Srebp1c is the main transcription factor regulating fatty acid synthesis in the liver. Over-expression of Srebp1c can affect lipid accumulation and oxidation in the liver and other non-adipose tissues. When there is excess energy, Srebp1c is activated, which leads to lipid accumulation and ultimately causes fatty liver, insulin resistance, insulin secretion deficiency, and dyslipidemia (Ju et al., 2020). In this experiment, hepatic expression of Srebp1c was significantly reduced in NASH and NLF mice, which seems to be contrary to the current generally increased Srebp1c expression in HFD induced fatty liver models. This may be related to the fact that CDAHFD feeding did not cause obesity in our mice models, as the same decreased Srebp1c expression was also found in the non-obese mouse model of NASH established with MCD feeding by Yamamoto et al. (2016). Pparγ also plays an important role in regulating lipid metabolism, especially in lipid production gene expression and liver lipid synthesis induced by HFD (Liu et al., 2019). Pparγ can improve insulin sensitivity, inhibit lipolysis of adipose tissue, reduce the release of free fatty acids from central adipose tissue, and prevent ectopic fat deposition in the liver and pancreas (Ryyti et al., 2021). Excess energy induces abnormal Pparγ activation in liver and then promotes the occurrence of hepatic fat deposition. In a HFD induced NAFLD animal model, the expression of Pparγ in the liver increased significantly and the liver gradually developed steatosis as time went on (Yu et al., 2003). A high level of Pparγ expression in the liver, however, can prevent fat deposition in other tissues from insulin resistance, while suppressing the expression of other nuclear transcription factors and their downstream inflammatory genes to reduce the inflammatory response, thus realizing self-protection of the body (Gross et al., 2017). In the present study, we found that the hepatic expression of Pparγ tended to increase in all NAFLD mice models, especially in NASH mice, while the expression was further promoted by SJP treatment. The protective effect of SJP on NAFLD might be related to the regulation of Pparγ expression. In addition, Fasn is a fatty acid synthase that is mainly involved in the synthesis of long-chain saturated fatty acids such as palmitic acid, and its expression is regulated by transcription factors such as Srebp1c and Pparγ (Kim et al., 2022). Further studies on the expression of lipid synthesis proteins at different stages of NAFLD may help us better understand how lipid metabolism disorders affect the pathophysiological process of NAFLD.

Intestinal microbiota is a complex ecological community that performs many functions vital to health and survival, including digesting food, producing anti-inflammatory substances, promoting metabolism, and regulating the immune system (Yan et al., 2022). Microbiota affect the physiology and susceptibility to disease of the host through their collective metabolic activities and host interactions. Therefore, the composition of the microbiota at the community level varies with the physiological state of the host and is closely related to the health of the host (Liu et al., 2022). Bacteria are the main members of the intestinal microbiota, and the intestinal microbiota of mice mainly comes from Firmicutes, Bacteroidetes, Verrucomicrobia, Actinobacteria, and Proteobacteria. Among them, Firmicutes and Bacteroidetes constitute the largest components of intestinal microbiota (Duan et al., 2010). Factors such as age, disease, host genes, and dietary habits all affect the composition of the microbiota. Indeed, it is generally believed that diet has a substantial impact on regulating the structure of the intestinal microbiota, which in turn affects intestinal metabolism (Li et al., 2022). Integrative analysis of the microbiota and metabolome of the human intestinal mucosal surface reveals their exquisite interrelationships. Accumulated evidences have revealed that HFD reduced the intestinal microbial diversity and increased Firmicutes/Bacteroidetes flora ratio, thus increased energy acquisition in the gut which provided more substrates for the activation of the lipogenesis pathway while inducing upregulation of genes involved in lipid metabolism in the distal small intestine in both humans and animals (Do et al., 2018). And the idea that increased Firmicutes/Bacteroidetes flora ratio is correlated with the development of NAFLD is well accepted nowadays. Many studies believe that the importance of the Bacteroidetes phylum bacteria in the gut flora is based on their effects on the production of short-chain fatty acids (SCFAs) and the metabolism of the intestinal microbes. For example, a 20% decrease in the fecal Bacteroidetes community and a corresponding increase in Firmicutes bacteria will result in a 150 kcal increase in energy obtained from the diet, while the SCFAs produced in the gut can provide energy to the liver, and they may also reduce energy harvest and protect against fatty liver by increasing Bacteroidetes/Firmicutes ratio (Jumpertz et al., 2011). Our results also detected a significant increase in Firmicutes phylum bacteria in all of the NAFLD mice despite there was no significant changes in the proportion of Bacteroidetes phylum bacteria. In fact, many SCFAs-producing bacteria are from Firmicutes phylum, such as Roseburia, Blautia, Fusobacterium, Coprococcus, Ruminococcus and so on. The increased abundance of these bacteria will promote glucose and lipid metabolism, hence benefit for NAFLD.

At the genus level, we found that most of the microorganisms that contributed to the significant differences between groups in NAFLD mice with varying severity had the ability to produce SCFAs, including Faecalibaculum, Blautia, Lachnospiraceae NK4A136-group, unclassified-f-Lachnospiraceae, Roseburia, norank-f-Lachnospiraceae, Ruminiclostridium-9, Eubacterium_fissicatena-group, norank-f-Erysipelotrichaceae, Lactobacillus, norank-f-Bacteroidales-S24–7-group, Bacteroidales and Allobaculum et al. SCFAs are the main end products of the bacterial fermentation of soluble dietary fiber and indigestible carbohydrates, mainly including formic acid, acetic acid, propionate and butyric acid (Koh et al., 2016). SCFAs have multiple effects on maintaining human health, such as protecting the intestinal mucosal barrier, acting as the nutritional and energy component of the intestinal epithelium, reducing inflammation, and enhancing gastrointestinal function. They essentially represent the main carbon flow from the intestinal microbiota to the host, changing the energy harvest and regulating metabolic processes, including regulating appetite, promoting energy expenditure, stimulating insulin sensitivity, reducing energy harvest, and thus affecting the development of NAFLD (Morrison and Preston, 2016). It was found that the abundance of intestinal SCFAs-producing bacteria in patients with NAFLD became a characteristic change in gut microbial composition in NASH patients (Rau et al., 2018). Boursier et al. (2016) found that the severity of NAFLD was associated with gut dysbiosis and metabolic functional shifts in the gut microbiota, where increased Bacteroides abundance was independently associated with NASH, and increased Ruminococcus abundance was independently associated with liver fibrosis. In our study, the abundance of Lactobacillus and Bifidobacterium was significantly decreased in SFL mice, while the abundance of Desulfovibrio, unclassified-f-Lachnospiraceae and Lachnospiraceae NK4A136-group was significantly increased. In NASH mice, the abundance of intestinal Faecalibaculum, Akkermansia and Bifidobacterium was significantly decreased, while the abundance of Bacteroides, Lachnospiraceae NK4A136-group, unclassified-f-Lachnospiraceae, Blautia, norank-f-Lachnospiraceae, Unclassified-f-Peptostreptococeceae, Alistipes, Enterococcus and Ruminiclostridium-9 was significantly increased. In NLF mice, the abundance of norank-f-Bacteroidales-S24-7-group was significantly decreased, while the abundance of Bacteroides, norank-f-Erysipelotrichaceae, Eubacterium-fissiatena-group, Allobaculum, Unclassified-f-Peptostreptococeceae and Roseburia was significantly increased. According to current researches, the above apparently changing bacteria take part in a series of in vivo biological processes, such as metabolic and immune regulation. For example, Akkermansia has been demonstrated to be involved in regulating metabolic and immune function, protecting mice from HFD induced injuries and may also increase intestinal endocannabinoid levels, thus improving inflammation and intestinal barrier function (Derrien et al., 2017; Zhang et al., 2019). Allobaculum was reported to be positively correlated with the expression of angiogenin-like protein 4 (ANGPTL4), a key regulator of lipid metabolism and a circulating mediator of gut microbiota and fat deposition (Zheng et al., 2021). The abundance of intestinal Blautia and Bifidobacterium was found to be negatively correlated with human visceral fat (Li et al., 2022). Some researches revealed that the consumption of Blautia in obese children is related to the deterioration of intestinal inflammation and metabolic phenotype (Benítez-Páez et al., 2020). While other studies found the abundance of Blautia and Allobaculum was positively correlated with serum triglyceride, low density lipoprotein, IL-6, IL-1β, TNF-α, and body weight, but negatively correlated with serum high density lipoprotein level in HFD-induced fatty liver model (Tang et al., 2018). The norank-f-Erysipelotrichaceae is derived from the Erysipelotrichaceae family which has been shown to be associated with gastrointestinal inflammation. While the abundance of Erysipelotrichaceae was increased in mice with TNF-α-driven Crohn’s disease-like transmural inflammation, it significantly decreased in patients with recurrent Crohn’s disease. The above different performance may be due to host differences (Dey et al., 2013). Eubacterium_fissicatena-group, a butyrate producing bacteria, has been demonstrated to have a high correlation with host obesity and obesity-related metabolic disorder, and the increase of abundance can lead to an increase in the intestinal microbial choline metabolite trimlamine oxide (TMAO), which will affect lipid and hormone homeostasis, enhance the expression of adhesion proteins and induce vascular inflammation. Roseburia plays an important role in metabolism and inflammation regulation, and it was confirmed to be efficient in reducing liver steatosis and inflammatory response. In the present study, after analyzing the alteration in the gut microbiota of NAFLD mice with different severity with or without SJP treatment, we found a very interesting phenomenon: all the decreased bacteria were beneficial among the apparent changed SCFAs-producing bacterium; the abundance of bacterium with pro-inflammatory effects, such as Desulfovibrio, Enterococcus and Eubacterium_fissicatena-group was significantly increased; and the abundance of anti-inflammatory bacterium, such as Akkermansia, Lactobacillus, norank-f-Bacteroidales-S24-7-group and Bifidobacterium was significantly decreased. Moreover, SJP treatment can effectively increase the intestinal Roseburia abundance in SFL mice and the Akkermansia abundance in NASH and NLF mice. The beneficial effect of SJP on NAFLD may be associated with the regulation of the above bacterium.

In the present study, the functional prediction of the top 30 highly abundant species in the gut microbiota of NAFLD mice showed that the gut microbiota of SFL and NASH mice was significantly enriched in a series of level3 signal pathways and participated in various biological activities including metabolism, genetic information processing, environmental information processing, cell progression, human disease and organism system. There was no significant difference in the enrichment of gut microbiota in above signal pathways between the NLF mice and the controls. While SJP treatment not only increased the enrichment of gut microbiota in certain pathways in SFL mice, but also increased the enrichment in almost all the level3 pathways involved in NLF mice. Thus, we concluded that SJP may be involved in regulating multiple pathophysiological processes in HFD induced NAFLD mice model by regulating the gut microbiota. However, due to the limited understanding of the function of intestinal microflora and their specific role in vivo, the specific mechanism of how their changes affect the occurrence and development of NAFLD, and how the SJP regulates the intestinal microbiota still needs further study.

Current researches has demonstrated that SJP is benefit for NAFLD, but it is not clear whether it has a role in different severity and how it affects the severity of the disease. So we designed this study to further explore the effect of SJP on NASH and NLF based on our previous finding that SJP can improve HFD induced SFL through regulating the intestinal microbiota. In our study, unlike SFL mice models induced by HFD feeding, NASH and NLF mice models are induced by a special HFD feeding CDAHFD because even prolonged HFD feeding is difficult to establish the characteristic inflammation and fibrosis manifestations of the NASH and NLF models. Fortunately, CDAHFD feeding is currently a very mature method to establish NASH and NLF models, which can well simulate the histopathological changes of NASH and NLF. And future models that can better mimic NAFLD may allow for better validation of our current findings.

In summary, we found significant differences in the intestinal microbiota of NAFLD mice with different severity, and SJP could regulate the gut microbiota composition and thereby affect the related biological activities. SJP was much suitable for early treatment of NAFLD as the protective effect diminished with the disease severity and the potential mechanism might be related to the regulation of intestinal microbiota.
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Background: Bariatric and metabolic surgery often leads to significant changes in gut microbiota composition, indicating that changes in gut microbiota after bariatric and metabolic surgery might play a role in ameliorating type 2 diabetes (T2D). However, the effects of single-anastomosis duodenal–ileal bypass with sleeve gastrectomy (SADI-S) on gut microbiota in T2D remain unclear.

Objectives: To investigate the effects of SADI-S on gut microbiota and glucose metabolism in T2D rats.

Methods: Nineteen T2D rats were randomly divided into the SADI-S group (n = 10) and the sham operation with pair-feeding group (sham-PF, n = 9). Fecal samples were collected to analyze the gut microbiota composition with 16S ribosomal DNA gene sequencing. The fasting blood glucose and glycated hemoglobin were measured to evaluate the effects of SADI-S on glucose metabolism.

Results: The Chao and ACE index results indicated the richness of the gut microbial community. The ACE and Chao index values were significantly lower in the SADI-S group than in the sham-PF group, indicating that indicating that species richness was significantly lower in the SADI-S group than in the sham-PF group (p < 0.05). Shannon and Simpson indices were used to estimate the species diversity of the gut microbiota. Compared with the sham-PF group, the SADI-S group showed significantly lower Shannon index and higher Simpson index values, indicating that the species diversity was significantly lower in the SADI-S group than in the sham-PF group (p < 0.05). At the genus level, SADI-S significantly changed the abundances of 33 bacteria, including the increased anti-inflammatory bacteria (Akkermansia and Bifidobacterium) and decreased pro-inflammatory bacteria (Bacteroides). SADI-S significantly decreased the fasting blood glucose and glycated hemoglobin levels. The blood glucose level of rats was positively correlated with the relative abundances of 12 bacteria, including Bacteroides, and negatively correlated with the relative abundances of seven bacteria, including Bifidobacterium.

Conclusion: SADI-S significantly altered the gut microbiota composition of T2D rats, including the increased anti-inflammatory bacteria (Akkermansia and Bifidobacterium) and decreased pro-inflammatory bacteria (Bacteroides). The blood glucose level of rats was positively correlated with the abundances of 12 bacteria, including Bacteroides, but negatively correlated with the relative abundance of 7 bacteria, including Bifidobacterium. These alternations in gut microbiota may be the mechanism through which SADI-S improved T2D. More studies should be performed in the future to validate these effects.
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Introduction

Type 2 diabetes (T2D) is a chronic endocrine disease characterized by insulin resistance and/or decreased insulin secretion. According to the International Diabetes Federation (2021), the global adult population (age: 20–79 years) with diabetes was 537 million in 2021, with T2D accounting for approximately 90% of cases. Thus, diabetes leads to a huge financial burden of health expenditure and seriously threatens people’s lives. Bariatric and metabolic surgery has demonstrated a more prolonged effect than conventional therapeutic strategies in treating T2D (Schauer et al., 2012; Kashyap et al., 2013; Mingrone et al., 2021). Currently, sleeve gastrectomy (SG), Roux-en-Y gastric bypass (RYGB), biliopancreatic diversion with duodenal switch (BPD/DS), and single-anastomosis duodenal–ileal bypass with sleeve gastrectomy (SADI-S) are routinely used to treat obesity and T2D. Among them, SG and RYGB are the most commonly performed bariatric surgeries, while BPD/DS is the least common because of potential malnutrition risks (Angrisani et al., 2021). Similar to BPD/DS, SADI-S is able to provide weight loss and diabetes remission. Additionally, it reduces the operative and malnutrition risks compared to BPD/DS by reducing an anastomotic stoma and lengthening the common channel in the small intestine (Sánchez-Pernaute et al., 2007).

Gut microbiota and its-derived metabolites participate in the initiation and progression of T2D through distinct signaling pathways, mainly including short-chain fatty acids (SCFA), bile acid, branched-chain amino acids (BCAA), and lipopolysaccharide (LPS). SCFA is a metabolite produced by intestinal bacteria to metabolize dietary fiber, including acetate, propionate acid, and butyrate. SCFA can stimulate the secretion of peptide YY (PYY) and glucagon-like peptide-1 (GLP-1) by colon L cells, which are responsible for delaying gastric emptying, inhibiting appetite, promoting insulin secretion, and reducing glucagon, thereby affecting the development of diabetes (Lin et al., 2012; Tolhurst et al., 2012; Kaji et al., 2014; Psichas et al., 2015). Using bidirectional Mendelian randomization (MR) analyses to assess the causality between microbial characteristics and blood glucose characteristics, Sanna et al. (2019) found that the increase of butyrate driven by host genetics was related to the improvement of insulin response after the oral glucose tolerance test. Primary bile acids are converted into secondary bile acids by gut microbiota, affecting glucose metabolism and insulin sensitivity through different signaling pathways (Fiorucci and Distrutti, 2015). Secondary bile acid stimulates the farnesoid X receptor (FXR) and leads to the release of fibroblast growth factor 19/15 (FGF19/15). FGF19/15 acts as ligands to improve insulin sensitivity and glucose tolerance. Secondary bile acid can also activate the thiol guanosine receptor-5 (TGR-5) receptor, promote muscle energy consumption and the secretion of GLP-1 by intestinal L cells, and rescue insulin resistance and abnormal glucose metabolism (Shapiro et al., 2018; Zheng et al., 2021). BCAA include valine, leucine, and isoleucine. They are essential amino acids for the human body, and cannot be synthesized by the host, must be obtained from diet, and are mainly produced by gut microbiota metabolism (Katsanos et al., 2006). Increased intake of BCAA in diet promotes the development of T2D and insulin resistance (Zheng et al., 2016; Asghari et al., 2018). The main driving bacteria for the synthesis of BCAA are Prevotella and Bacteroides, feces microbiota transplantation of Prevotella in a mouse model can induce insulin resistance, aggravate glucose intolerance and augment circulating levels of BCAA (Pedersen et al., 2016). The mechanism of insulin resistance induced by BCAA is found to be closely related to the mTOR signaling pathway. High expression of phosphorylated mTORSer2448, phosphorylated S6K1Thr389, and phosphorylated IRS1Ser302 has been found in mice fed with BCAA, which can block the normal conduction of insulin signaling and cause insulin resistance (Newgard et al., 2009). A number of studies have shown that T2D patients have a low degree of inflammation due to increased LPS in the peripheral circulation (Pussinen et al., 2011; Jayashree et al., 2014; Gomes et al., 2017). LPS recognizes the receptor TLR4 with the help of CD14, which leads to macrophage aggregation and NF-κB inflammatory signaling pathway activation. After that, abnormal phosphorylation of insulin receptor substrate and insulin resistance occur (Creely et al., 2007).

The remarkable glycaemic improvement after bariatric surgery occurred concomitantly with changes in the gut microbiota. More importantly, symptoms of diabetic patients can be improved by modifying gut microbiota. Murphy et al. (2017) found that only an increase in Roseburia species was observed among those achieving diabetes remission after RYGB and SG, this species has been observed to increase after fecal microbiota transplantation from lean to obese donors together with improved insulin sensitivity (Vrieze et al., 2012) and to be decreased in T2D (Qin et al., 2012; Karlsson et al., 2013). By combining clinical and preclinical studies, Debédat et al. (2022) demonstrated that the severity of T2D is associated with an enrichment of the class Bacteroidia both before and after RYGB, transitions of T2D severity due to important metabolic improvements after RYGB are associated with a strong decrease in Bacteroidia. Anhê et al. (2023) demonstrated that exposure of rodents to human gut microbiota after bariatric surgery improves glycaemic control. Despite emerging metabolic studies on bariatric and metabolic surgery, the effects of SADI-S on gut microbiota remain unknown. The aim of the present study was to explore the effects of SADI-S on gut microbiota and glucose metabolism of T2D rats.



Materials and methods


Establishment of a T2D rat model and experimental design

The study protocol was approved by the Animal Experiment Ethics Committee of the First Hospital of Jilin University. The rats were fed according to the national guidelines for the care of animals in the People’s Republic of China. Twenty male Wistar rats (8 weeks) were purchased from the Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). They were housed in independent cages at constant temperature and humidity, with free access to food and water and a 12-h light/12-h dark cycle. After 2 weeks of adaptive feeding with an ordinary diet (containing 13.8% fat, 63.4% carbohydrate, and 22.8% protein), the rats were switched to a high-fat diet (containing 45.6% fat, 37.9% carbohydrate, and 16.5% protein). After 8 weeks of high-fat feeding, the T2D model was established according to a protocol. First, the rats were fasted for 12 h and weighed. Second, streptozotocin (STZ; Sigma, USA) was dissolved in an ice-cold citrate sodium buffer (0.1 mol/L, pH = 4.5) to prepare an STZ solution with a concentration of 10 mg/ml. Third, 30 mg/kg of STZ was injected intraperitoneally.

The T2D rat model was considered to be successful when rats’ random blood glucose level was at least 16.7 mmol/L 72 h after the STZ injection. During the first 5 days after the STZ injection, Novolin® N was injected subcutaneously to control the rats’ blood glucose level to avoid death from hyperglycemia. Due to the blood glucose level below 16.7 mmol/L, one rat was injected with STZ at a dose of 30 mg/kg again after its blood glucose dropped to the normal range. Unfortunately, the blood glucose in the first, second and third day after the second STZ injection was 9.1, 11.3, and 7.1 mmol/L, respectively. Consequently, this rat was finally defined as failure of establishing model. Therefore, 19 rat models of T2D were successfully established, which were divided into the SADI-S group (n = 10) and the sham operation with pair-feeding group (n = 9). To diminish the potential impact of food difference between groups on experimental results. The SADI-S group and sham-PF group were pair-fed to maintain the same kind of food and the same amount of food intake in the postoperative period.



Preoperative preparation

The night before surgery, the rats were placed in a cage with raised wire platforms to prevent coprophagy and fasted for 12 h. Before anesthesia, the rats’ blood glucose level was routinely measured. When the blood glucose level was too high, an appropriate dose of insulin was injected to decrease the surgical risk from hyperglycemia. We dissolved 1 g of pentobarbital sodium in 100 ml of double-distilled water to prepare a solution of sodium pentobarbital with a concentration of 10 mg/ml and stored it in a sterile light-proof bottle.

The rats’ abdominal fur was shaved from the xiphoid to the groin using an electric hair clipper. Parts of the dorsal and femoral fur were also shaved to facilitate postoperative hydration and injections of antibacterial agents. When the blood glucose level was confirmed to not be too high, pentobarbital sodium was used for anesthesia by peritoneal injection at a dose of 35 mg/kg. Subsequently, 10 ml of 0.9% saline was injected at multiple sites on the back. We placed the rats on the operating table in the supine position and fixed their limbs. Subsequently, we disinfected their abdominal skin with iodophor and covered it with a sterile surgical sheet.



Surgical procedure and postoperative care

The protocols of SADI-S and postoperative care was performed according to our previous study (Wang et al., 2022).



Intraperitoneal glucose tolerance test

Intraperitoneal glucose tolerance test (IPGTT) was performed preoperatively and 8 weeks postoperatively. After fasting for 12 h, the rats were intraperitoneally injected with 2 g/kg of 50% glucose. We measured the blood glucose level by pricking the tail vein before and 15, 30, 60, 120, and 180 min after injecting glucose. Finally, we plotted the blood glucose–time curve and calculated the area under the curve (AUC) of the glucose level in IPGTT using the following formula: AUC = (G0 + G15) × 15/2 + (G15 + G30) × 15/2 + (G30 + G60) × 30/2 + (G60 + G120) × 60/2 + (G120 + G180) × 60/2, wherein G was the blood glucose value before and 15, 30, 60, 120, and 180 min after injecting glucose.



Histological assessment of pancreatic tissues

At 8 weeks postoperatively, the rats’ pancreatic tissue samples were fixed in the paraformaldehyde solution, embedded, cut into 4-μm sections, stained with a double-labeling immunofluorescence stain, and observed under a light microscope for pathological changes.



Sample collection and storing

At 8 weeks postoperatively, fecal samples were collected and immediately frozen in liquid nitrogen, and stored at −80°C until further gut microbiota assays.



Sequencing and analysis of gut microbiota


Sample DNA extraction and targeted amplification and sequencing

Genomic DNA was extracted according to the protocol of the QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany). The V3–V4 region of the bacterial 16S ribosomal DNA gene was amplified with a polymerase chain reaction (PCR) using the barcoded primers 357F 5′-ACTCCTACGGRAG GCAG C AG-3′ and 806R 5′-GGACTACHVGGGTWTCTAAT-3′. The PCR system contained 10 μl of 5× buffer, 1 μl of 10 mM deoxynucleoside triphosphate, 1 U of Phusion Ultra High-Fidelity DNA Polymerase, 1 μl each of 10 μM forward and reverse primers, and 20–50 ng of template DNA, followed by supplementation with 50 μl of ultrapure water. PCR conditions were: 94°C for 2 min, followed by 24 cycles at 94°C for 30 s, 56°C for 30 s, 72°C for 30 s, and 72°C for 5 min. PCR products were recycled using the AxyPrep DNA Gel Extraction Kit (Axygen Scientific, Inc., USA) and quantified using the FTC-3000™ Real-Time PCR Cycler (Fengling, Shanghai, China). With an equal molar mixing ratio, we repeated PCR amplification using the following products: 8 μl of 5× buffer, 1 μl of 10 mM deoxynucleoside triphosphate, 0.8 U of Phusion Ultra High-fidelity DNA Polymerase, 1 μl each of 10 μM forward and reverse primers, and 5 μl of template DNA, followed by supplementation with 40 μl of ultrapure water. PCR conditions were: 94°C for 2 min, followed by eight cycles at 94°C for 30 s, 56°C for 30 s, 72°C for 30 s, 72°C for 5 min, and incubation at 10°C. The adapters, primers, and barcodes required for sequencing in the Illumina platform were added to both ends of the targeted fragments to complete the library construction. The constructed library was sequenced using the NovaSeq 6000 SP 500 Cycle Reagent Kit (Illumina, USA).



Data processing and analysis

After acquiring raw data, reads were assigned to each sample using a barcode to obtain a valid sequence. Low-quality sequences at the ends of sequencing results were removed using Trimmomatic software version 0.35. Sequencing adapters and primers were processed using the Cutadapt software (version 1.16). Based on the overlap relationship between pair-end reads, paired reads were spliced into a sequence using Flash software version 1.2.11. To obtain optimized sequences, low-quality sequences were removed using Mothur software (version 1.33.3) with the following parameters: maxambig = 0; maxhomop = 8; minlength = 200; and maxlength = 485. Subsequently, operational taxonomic units (OTUs) were clustered with 97% similarity cutoffs using UPARSE software usearch (version 8.1.1756).1 Representative OTUs were aligned with the SILVA 128 database to annotate species information. Based on the taxonomic information, the community structure was analyzed at levels of phylum, class, order, family, genus, and species and visualized using the “ggplot2” package (version 3.3.3) of R language (version 3.6.3). The alpha diversity analysis, including Chao, ACE, Shannon, and Simpson indices, was performed using the “vegan” package of R language version 3.6.3 to estimate fecal microbial species richness and diversity. Based on the evolutionary distance of sequences and the abundance of OTUs, beta diversity was performed using weighted.unifrac and then displayed by NMDS. The statistical significance of similarity to reflect the differences of gut microbiota composition between the SADI-S group and Sham-PF group was tested using the analysis of similarities (Anosim). In addition, the rarefaction curve was used to judge whether or not the amount of sequencing data was reasonable. The species accumulation curve was used to judge whether or not the sample size was sufficient. The rank–abundance curve was used to determine species abundance and evenness. The principal component analysis was performed to reflect differences and distances between samples.




Statistical analysis

Statistical analyses were performed using SPSS 22.0, GraphPad Prism 8.0.2, and R version 3.6.3. The Wilcoxon rank sum test or independent sample t-test was performed to compare the differences between the two groups. Spearman correlation analysis was performed to evaluate the correlation between metabolic indices and gut microbiota. A p-value < 0.05 was considered to indicate statistical significance.




Results


Surgical outcomes

In the SADI-S group, four rats died postoperatively, three of which died from bleeding while one from anastomotic leakage, and six rats survived for 8 weeks postoperatively until they were sacrificed. In the sham-PF group, one rat died from incision rupture on postoperative day 12, and eight rats survived for 8 weeks postoperatively until they were sacrificed.



Changes in the body weight and the glucose metabolism

Figure 1A shows the changes in the body weight. The body weight was significantly lower in the SADI-S group than in the sham-PF groups (p < 0.05). In addition, the body weight showed a downward trend postoperatively in the sham-PF groups. However, the decrease in the body weight at each postoperative time point was significantly greater in the SADI-S group than in the sham-PF groups (p < 0.05).
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FIGURE 1
Changes in the body weight (A), fasting blood glucose level (B), glycated hemoglobin level (C), and area under the curve of the glucose level in the intraperitoneal glucose tolerance test (IPGTT) (F) preoperatively and postoperatively. Changes in the blood glucose level in IPGTT at each time point preoperatively (D) and 8 weeks postoperatively (E). *Significant difference (p < 0.05); NS, no significance (p > 0.05). HBA1c, glycated hemoglobin; AUC, area under the curve; IPGTT, intraperitoneal glucose tolerance test.


Fasting blood glucose (FBG) and glycated hemoglobin (HBA1c) levels were significantly lower in the SADI-S group than in the sham-PF groups (Figures 1B, C) (p < 0.05). Figures 1D, E show changes in the blood glucose level in IPGTT at each time point preoperatively and postoperatively. Preoperative blood glucose levels in IPGTT at any time point did not differ between the two groups (p > 0.05; Figure 1D). However, 8-week postoperative blood glucose levels in IPGTT at all time points were significantly lower in the SADI-S group than in the sham-PF group (p < 0.05; Figure 1E). Figure 1F shows changes in AUC of the blood glucose level in IPGTT preoperatively and postoperatively. Preoperative changes in AUC of the blood glucose level in IPGTT did not differ significantly between the SADI-S group and sham-PF group (p > 0.05). However, 8-week postoperative changes in AUC of the blood glucose level in IPGTT was significantly lower in the SADI-S group than in the sham-PF groups (p < 0.05).



Histological assessment of pancreatic tissues

Figure 2 shows the double-labeling immunofluorescence results of pancreatic tissues. In the sham-PF group, the pancreatic islet β-cells were injured severely with marked vacuolation degeneration compared to the SADI-S group. Further, the pancreatic islet β- and α-cells were distributed disorderly. In contrast, the SADI-S group showed complete pancreatic islets and compact and uniform morphology of pancreatic islet β-cells without significant vacuolar degeneration compared to the sham-PF group.
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FIGURE 2
Double-labeling immunofluorescence images. Morphological and histological evaluations of pancreatic tissues in the two groups. The red color represents the pancreatic islet α-cells. The green color represents the pancreatic islet β-cells. The blue color represents the cell nucleus.




Rarefaction and species accumulation curves

The rarefaction curve was used to judge whether or not the amount of sequencing data of the sample was reasonable. With increasing sequencing amount, the increasing trend of the number of OTUs gradually slowed down and reached saturation (Figure 3A), suggesting that the amount of sequencing could reflect the gut microbiota composition of rats. More data only generated a small amount of new OTUs. Thus, the amount of sequencing data used in this study was reasonable. In addition, the rarefaction curve was used to compare the species abundance in samples with different amounts of sequencing data. Bacterial abundance in the sham-PF group was significantly higher compared to the SADI-S group (Figure 3A).
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FIGURE 3
Evaluations of the rarefaction curve (A), species accumulation curve (B), rank–abundance curve (C), and principal component (D) in the two groups 8 weeks postoperatively.


The species accumulation curve was used to reflect changes in species abundance with increasing sample size, which is widely used to judge the adequacy of a sample size. The increasing trend in the OTUs slowed down with increasing sample size (Figure 3B), suggesting that species abundance would not increase significantly with increasing sample size in this environment. Thus, our sample size was sufficient and could be used for data analyses.



Rank–abundance curve and principal component analysis

The rank–abundance curve was used to determine species abundance and evenness. The species abundance is reflected by the width of the curve: the greater the species abundance, the farther is the curve on the horizontal axis. The species evenness is reflected by the shape (smoothness) of the curve: The shallower the curve, the more even is the species distribution. The width of the curve in the horizontal axis was shorter in the SADI-S group than in the sham-PF group (Figure 3C), indicating that the species abundance was lower in the SADI-S group than in the sham-PF group. The shape of the curve was steeper in the SADI-S group than in the sham-PF group, suggesting that species evenness was lower in the SADI-S group than in the sham-PF group.

The principal component analysis was used to reflect the differences and distance between the samples. The SADI-S group was separated from the sham-PF groups in the direction of the first principal component axis (Figure 3D), suggesting that SADI-S was the main factor causing this separation.



Changes in gut microbiota diversity

A total of 690,893 optimized sequences were obtained from 14 samples, which were divided into 1,082 OTUs. A total of 606 common types of OTUs were found between the two groups; more unique types of OTUs were found in the sham-PF group than the SADI-S group (427 vs. 49) (Supplementary Figure 1). Good’s coverage index of each sample exceeded 99.7%, indicating that the sequencing amount of each sample reached saturation. Alpha diversity analysis (including Chao, Ace, Shannon, and Simpson) was performed to estimate the species richness and diversity of gut microbiota (Figure 4). The Chao and ACE index indicated the richness of gut microbial community. The ACE and Chao index in the SADI-S group were significantly lower than that of the sham-PF group, indicating that the species richness in the SADI-S group was significantly lower compared to the sham-PF group (p < 0.05). Shannon and Simpson indices were used to estimate species diversity of gut microbiota.
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FIGURE 4
Comparison of the α-diversity of the gut microbiota. Changes in the ACE (A), Chao (B), Shannon (C), and Simpson (D) indices in the two groups 8 weeks postoperatively.


Shannon index reflects the uncertainty in predicting the species of the collected individual. The greater the Shannon index, the greater the uncertainty of prediction, indicating the higher the diversity of gut microbial community. In contrast, Simpson index reflects the probability that individuals obtained from a community species by two consecutive sampling belong to the same species. The greater the Simpson index, the greater the probability of acquiring the same species from two consecutive sampling, indicating the lower the species diversity of gut microbial community. A significantly decreased Shannon index and increased Simpson index were observed in the SADI-S group than that of the sham-PF group, indicating that the species diversity in the SADI-S group was significantly lower compared to the sham-PF groups (p < 0.05).

Based on the evolutionary distance of sequences and the abundance of OTUs, weighted unifrac was used for creating the distance matrix between samples and then Anosim was used to test for significance of similarity between samples. As shown in Supplementary Figure 2, the SADI-S group were clearly separated from the sham-PF group, indicating that the gut microbiota composition was significantly changed after SADI-S.



Changes in the taxonomic composition of gut microbiota

Based on the phylogenetic analysis, a total of 1,082 OTUs were obtained from 14 stool samples and belonged to 14 phyla (Figure 5). The 10 most abundant phyla were Bacteroidota, Firmicutes, Proteobacteria, Spirochaetota, Cyanobacteria, Verrucomicrobia, Actinomycetota, Chlamydiae, Tenericutes, and Fibrobacteres. Bacteroidota had the highest proportion (38.0%), followed by Firmicutes (34.9%), Proteobacteria (17.1%), Spirochaetota (3.4%), Cyanobacteria (1.9%), Verrucomicrobia (1.7%), and Actinobacteria (1.2%). The proportions for the remaining phyla were below 1%. The cladogram of plots presented the LEfSe results of the biological structure of gut microbiota (Supplementary Figure 3). Gut bacteria marked with small circles highlight significant differences in relative abundance between groups. The circles have different layers, which represent different taxonomic ranks (phylum, class, order, family, genus, and species, respectively) from inside to outside. The diameter of each circle is proportional to the abundance of the taxon. Each node (circle) represents a taxon: the blue nodes represent the enrichment of gut bacteria at 8 weeks post-surgery in the SADI-S group, the red nodes indicate a higher relative abundance in the sham-PF group. Yellow nodes account for those gut bacteria that were not statistically and biologically different in terms of abundance between groups.
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FIGURE 5
Changes in the taxonomic composition of the gut microbiota at the phylum level.


Table 1 shows the results of abundance of gut microbiota with significant difference between the SADI-S group and sham-PF group. At the phylum level, the abundances of Bacteroidota, Tenericutes, and Fibrobacterota were significantly lower in the SADI-S group than in the sham-PF group, while those of Proteobacteria, Verrucomicrobiota, Actinomycetota, and Chlamydiota were significantly higher.


TABLE 1 The comparison of abundance of gut microbiota with significant difference between the SADI-S group and sham-PF group.
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At the class level, SADI-S showed significantly higher abundances of Gammaproteobacteria, Erysipelotrichia, Verrucomicrobiae, Coriobacteriia, Actinobacteria, Chlamydia, and Betaproteobacteria and significantly lower abundances of Bacteroidia, Clostridia, Epsilonproteobacteria, Mollicutes, Fibrobacteria, and Opitutae. Gammaproteobacteria, belonging to the phylum Proteobacteria, showed the most significant change toward a higher abundance in the SADI-S group.

At the order level, Bacteroidales was the most abundant (46.4%), followed by Eubacteriales (20.6%) and Enterobacterales (9.2%). In the order Bacteroidales, 73.9% belonged to the family Prevotellaceae. Enterobacterales, belonging to the class Gammaproteobacteria of the phylum Proteobacteria, existed almost exclusively in the SADI-S group, with a proportion of 99.2%. SADI-S significantly changed the abundances of 12 orders compared to the sham-PF group: increased Enterobacterales, Erysipelotrichales, Verrucomicrobiales, Coriobacteriales, Bifidobacteriales, Chlamydiales, and Burkholderiales and decreased Bacteroidales, Clostridiales, Fibrobacterales, Campylobacterales, and Thermoanaerobacterales.

At the family level, Prevotellaceae had the highest proportion (34.3%), followed by Ruminococcaceae (9.6%) and Enterobacteriaceae (9.2%). SADI-S changed abundances of 21 families compared to the sham-PF group: increased Enterobacteriaceae, Erysipelotrichaceae, Verrucomicrobiaceae, Streptococcaceae, Coriobacteriaceae, Bifidobacteriaceae, Chlamydiaceae, Alcaligenaceae, Enterococcaceae, Clostridiaceae, and Eubacteriaceae and decreased Prevotellaceae, Ruminococcaceae, Lactobacillaceae, Bacteroidaceae, Rikenellaceae, Porphyromonadaceae, Fibrobacteraceae, Helicobacteraceae, Defluviitaleaceae, and Thermoanaerobacteraceae. Enterobacteriaceae of the phylum Proteobacteria existed almost exclusively in the SADI-S group, with a proportion of 99.2%.

At the genus level, SADI-S significantly changed the abundances of 33 bacteria such as the increase of anti-inflammatory bacteria (Akkermansia and Bifidobacterium) and the decrease of pro-inflammatory bacteria (Bacteroides). The increased Bifidobacterium also belonged to SCFA-producing bacteria.



Relationships between the differential genera and the diabetic variables

Relationships between the differential genera and the diabetic variables were assessed using Spearman’s rank correlation analysis (Figure 6). Diabetic parameters, including FBG and HBA1c levels and AUC of the glucose level in IPGTT, negatively correlated with abundances of Streptococcus, Parasutterella, Bifidobacterium, Veillonella, Eubacterium, Escherichia, and Enterococcus and positively correlated with abundances of Anaerofilum, Quinella, Anaerovibrio, Anaerotruncus, Oscillibacter, Intestinimonas, Lactobacillus, Bacteroides, Peptococcus, Gelria, Ruminococcus, and Parabacteroides.
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FIGURE 6
Relationship between the differential genera and metabolic variables. *p < 0.05; **p < 0.01. FBG, fasting blood glucose; AUC, area under the curve of the blood glucose level in intraperitoneal glucose tolerance test; HBA1c, glycated hemoglobin.





Discussion

To the best of our knowledge, this was the first study to investigate the effects of SADI-S on gut microbiota in T2D rats. In this study, SADI-S significantly decreased body weight and improved glucose metabolism in T2D rats, consistent with previous studies (Sánchez-Pernaute et al., 2015; Wu et al., 2022). Further, it significantly reduced the diversity and richness of gut microbiota, which indicated that the improvement effect of SADI-S on T2D may depend on the abundance of specific bacteria rather than the overall abundance and diversity of microbiota.

Effects of bariatric and metabolic surgery on the diversity and richness of gut microbiota have been previously evaluated. In some studies, SG significantly increased both diversity and richness of gut microbiota (Farin et al., 2020; Fukuda et al., 2022; Kural et al., 2022). Guo et al. (2017) reported that SG significantly increased the gut microbiota diversity but did not significantly change the richness. Lin et al. (2021) showed that SG did not significantly change both diversity or richness of gut microbiota. With the exception of one study (Shao et al., 2017), most showed that RYGB significantly increased the diversity (Guo et al., 2017; Murphy et al., 2017; Farin et al., 2020) and richness (Kong et al., 2013; Palleja et al., 2016; Farin et al., 2020) of gut microbiota. The present study demonstrated that SADI-S significantly reduced both diversity and richness of gut microbiota. Consistent with the present study, Mukorako et al. (2019) reported that BPD/DS significantly reduced the diversity and richness of the intestinal microbiota. SG is a restrictive bariatric procedure. In addition, the exclusion length of small intestine in BPD/DS and SADI-S is significantly longer than that of RYGB. Therefore, we speculate that the effects of bariatric and metabolic surgery on the diversity and richness of gut microbiota may depend on the exclusion length of small intestine. Of course, this viewpoint requires further research.

In this study, Bacteroidota was the most abundant phylum, and its level significantly decreased after SADI-S. Studies have reported a significantly increased abundance of Bacteroidota after RYGB and SG (Huang et al., 2014; Liu et al., 2018). It has also been reported that the abundance of Bacteroidota decreased after RYGB (Campisciano et al., 2018). In addition, some studies reported contrary findings concerning the effects of duodenojejunal bypass on the abundance of Bacteroidota. For example, Yu et al. (2020) reported that the abundance of Bacteroidota did not change significantly after single-anastomosis duodenojejunal bypass. However, Zhong et al. (2016) reported that the abundance of Bacteroidota in diabetic rats decreased significantly after duodenojejunal bypass. Study identified that the change in the abundance of Bacteroidota is related to whether diabetes is improved after surgery. Bacteroides, belonging to the phylum Bacteroidota, is a pro-inflammatory bacteria (Yan et al., 2022; Kang et al., 2023). In this study, the abundance of Bacteroides significantly decreased after SADI-S.

The abundance of Proteobacteria increased most significantly after SADI-S. Consistently, it increased significantly after duodenojejunal bypass and RYGB (Zhong et al., 2016; Liu et al., 2018; Yu et al., 2020), concomitant with the significant improvement of T2D. The results from Liu et al. (2018) showed that gastric bypass decreased the abundance of Verrucomicrobiota despite lacking of significant difference. In contrast, our study demonstrated that SADI-S significantly increased the abundance of the phylum Verrucomicrobiota. Akkermansia, belonging to the phylum Verrucomicrobia, is an anti-inflammatory bacteria (Luo et al., 2022; Del Chierico et al., 2023), and its abundance is negatively correlated with the level of insulin resistance (Dao et al., 2016; Plovier et al., 2017; Konturek et al., 2018). We also found that the abundance of Akkermansia was significantly increased after SADI-S, concomitant with the significant improvement of T2D. In the present study, SADI-S also significantly changed the abundance of Actinobacteria, Tenericutes, and Fibrobacteres. Previous studies have demonstrated that the abundance of the phylum Actinomycetota in diabetic rats significantly increased after RYGB (Liu et al., 2018) and single-anastomosis duodenojejunal bypass (Yu et al., 2020), consistent with our findings. The abundance of the family Coriobacteriaceae, belonging to the phylum Actinomycetota, decreased significantly in patients with diabetes compared to the healthy population (Liu et al., 2018). In the present study, SADI-S significantly decreased the blood glucose level and increased the abundance of Coriobacteriaceae in diabetic rats. Thus, Coriobacteriaceae may play a vital role in bariatric surgery regulating host glucose homeostasis. Bifidobacterium, belonging to the phylum Actinomycetota, is also an anti-inflammatory bacteria (Luo et al., 2022; Del Chierico et al., 2023). The abundance of Bifidobacterium decreases in patients with T2D and increases with BPD/DS and duodenal jejunal bypass (Mukorako et al., 2019; Yu et al., 2020), consistent with our findings. Low-grade chronic inflammation is one of the pathogenesis of T2D. Therefore, the increase of the above-mentioned anti-inflammatory bacteria (Akkermansia and Bifidobacterium), and the decrease of the pro-inflammatory bacteria (Bacteroides) may be the mechanism by which SADI-S improves T2D.

Fecal metabolites are the products of complex metabolic activities of gut microbiota in the body, and also serve as a bridge for the interaction between the host and intestinal microorganisms. Our previous study demonstrated that the level of fecal SCFA in T2D rats significantly increased after SADI-S (Wang et al., 2022). SCFA can stimulate ileocolic L cells to secrete GLP-1, promoting insulin secretion and islet β-cell proliferation. It has also been shown (Roy et al., 2020) that SCFA can not only block the expression and secretion of pro-inflammatory cytokines, but also improve insulin signaling by reversing IRS-1 serine phosphorylation. In the present study, the abundance of Bifidobacterium, a kind of SCFA-producing bacteria in T2D rats significantly increased after SADI-S. BCAA are closely related to the development of T2D, and their levels are significantly elevated in patients with T2D (Wang et al., 2011, 2017; Zheng et al., 2016). BCAA levels were significantly reduced in patients with T2D after bariatric surgery (Arora et al., 2015; Luo et al., 2016). Previous study (Wang et al., 2022) found that the elevated levels of BCAA are associated with the increased abundance of bacteria that synthesize BCAA such as Prevotella (Pedersen et al., 2016). Consistent with the above findings, our previous (Wang et al., 2022) and present study found that the levels of BCAA and the abundance of Prevotella in T2D rats significantly decreased after SADI-S.

The clinical applications based on the above-mentioned results are as follows: firstly, we may improve glucose metabolism in T2D patients by reducing their inflammation levels. For example, transplanting intestinal anti-inflammatory bacteria (Akkermansia and Bifidobacterium) may reduce the body’s inflammation level and thereby improve glucose metabolism in T2D patients. Secondly, for those T2D patients who have undergone bariatric surgery, we should advise them to reduce their BCAA intake to reduce the risk of T2D recurrence. Thirdly, T2D patients should be encouraged to increase dietary fiber intake because it can enrich SCFA-producing bacteria, improve the level of intestinal SCFA, activate intestinal cells to secrete GLP-1, and increase insulin levels in patients. In our future studies, we will reversely verify the hypoglycemic effect of SADI-S through fecal microbiota transplantation. Firstly, we will collect the gut microbiota of T2D rats treated with SADI-S surgery and then transplant them into T2D rats so as to observe whether the gut microbiota of T2D rats after SADI-S intervention has a hypoglycemic effect. If it is effective, we will perform SADI-S surgery on T2D patients. After their T2D is completely relieved, we will transplant their gut microbiota to T2D patients so as to observe whether the gut microbiota of T2D patients after SADI-S intervention has a hypoglycemic effect.

Although this was the first study to explore the effects of SADI-S on gut microbiota in T2D rats, it had some limitations. First, other bariatric surgeries, such as RYGB or SG, were not set as the control group of SADI-S. Therefore, studies comparing the effects of various types of bariatric surgeries (SADI-S, RYGB, and SG) on gut microbiota should be performed in the future. Second, a significant number of rats died from the high operational difficulty of SADI-S surgery, resulting in a relatively smaller sample size in the SADI-S group. Third, we did not further validate the effects of the differential bacteria caused by SADI-S surgery on glucose metabolism in T2D rats.



Conclusion

Single-anastomosis duodenal–ileal bypass with sleeve gastrectomy significantly improved glucose metabolism and decreased the species richness and diversity of gut microbiota. SADI-S significantly altered the gut microbiota composition of T2D rats, including increased anti-inflammatory bacteria (Akkermansia and Bifidobacterium) and decreased pro-inflammatory bacteria (Bacteroides). The blood glucose level of rats was positively correlated with the abundances of 12 bacteria, including Bacteroides, but negatively correlated with the relative abundance of seven bacteria, including Bifidobacterium. Alternations in gut microbiota may be the mechanism through which SADI-S improves T2D. More studies are required in the future to validate these effects.



Data availability statement

The data presented in the study are deposited in the NCBI repository, accession number PRJNA1111458.



Ethics statement

The animal study was approved by the Animal Experiment Ethics Committee of the First Hospital of Jilin University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

LW: Conceptualization, Data curation, Formal analysis, Methodology, Writing – original draft. SL: Data curation, Software, Writing – review & editing. TJ: Conceptualization, Funding acquisition, Methodology, Validation, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the special health research talents project of Jilin province (2020SCZ04). The funder had no role in the study design, interpretation, or writing of the manuscript.



Acknowledgments

The authors would like to thank all the reviewers who participated in the review, as well as MJEditor (www.mjeditor.com) for providing English editing services during the preparation of this manuscript.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1357749/full#supplementary-material

SUPPLEMENTARY FIGURE 1
The Venn plot of OTU for different groups.

SUPPLEMENTARY FIGURE 2
The β-diversity analysis of gut microbiota by non-metric multidimensional scaling (NMDS).

SUPPLEMENTARY FIGURE 3
The cladogram of plots presented the LEfSe results of the biological structure of gut microbiota. Gut bacteria marked with small circles highlight significant differences of relative abundance between the two groups.


Footnotes

1      http://drive5.com/uparse/


References

Angrisani, L., Santonicola, A., Iovino, P., Ramos, A., Shikora, S., and Kow, L. (2021). Bariatric surgery survey 2018: Similarities and disparities among the 5 IFSO chapters. Obes. Surg. 31, 1937–1948. doi: 10.1007/s11695-020-05207-7

Anhê, F. F., Zlitni, S., Zhang, S.-Y., Choi, B. S.-Y., Chen, C. Y., Foley, K. P., et al. (2023). Human gut microbiota after bariatric surgery alters intestinal morphology and glucose absorption in mice independently of obesity. Gut 72, 460–471. doi: 10.1136/gutjnl-2022-328185

Arora, T., Velagapudi, V., Pournaras, D. J., Welbourn, R., le Roux, C. W., Orešič, M., et al. (2015). Roux-en-Y gastric bypass surgery induces early plasma metabolomic and lipidomic alterations in humans associated with diabetes remission. PLoS One 10:e0126401. doi: 10.1371/journal.pone.0126401

Asghari, G., Farhadnejad, H., Teymoori, F., Mirmiran, P., Tohidi, M., and Azizi, F. (2018). High dietary intake of branched-chain amino acids is associated with an increased risk of insulin resistance in adults. J. Diabetes 10, 357–364. doi: 10.1111/1753-0407.12639

Campisciano, G., Palmisano, S., Cason, C., Giuricin, M., Silvestri, M., Guerra, M., et al. (2018). Gut microbiota characterisation in obese patients before and after bariatric surgery. Benef. Microbes 9, 367–373. doi: 10.3920/BM2017.0152

Creely, S. J., McTernan, P. G., Kusminski, C. M., Fisher, F. M., Da Silva, N. F., Khanolkar, M., et al. (2007). Lipopolysaccharide activates an innate immune system response in human adipose tissue in obesity and type 2 diabetes. Am. J. Physiol. Endocrinol. Metab. 292, E740–E747. doi: 10.1152/ajpendo.00302.2006

Dao, M. C., Everard, A., Aron-Wisnewsky, J., Sokolovska, N., Prifti, E., Verger, E. O., et al. (2016). Akkermansia muciniphila and improved metabolic health during a dietary intervention in obesity: Relationship with gut microbiome richness and ecology. Gut 65, 426–436. doi: 10.1136/gutjnl-2014-308778

Debédat, J., Le Roy, T., Voland, L., Belda, E., Alili, R., Adriouch, S., et al. (2022). The human gut microbiota contributes to type-2 diabetes non-resolution 5-years after Roux-en-Y gastric bypass. Gut Microbes 14:2050635. doi: 10.1080/19490976.2022.2050635

Del Chierico, F., Marzano, V., Scanu, M., Reddel, S., Dentici, M. L., Capolino, R., et al. (2023). Analysis of gut microbiota in patients with Williams-Beuren syndrome reveals dysbiosis linked to clinical manifestations. Sci. Rep. 13:9797. doi: 10.1038/s41598-023-36704-1

Farin, W., Oñate, F. P., Plassais, J., Bonny, C., Beglinger, C., Woelnerhanssen, B., et al. (2020). Impact of laparoscopic Roux-en-Y gastric bypass and sleeve gastrectomy on gut microbiota: A metagenomic comparative analysis. Surg. Obes. Relat. Dis. 16, 852–862. doi: 10.1016/j.soard.2020.03.014

Fiorucci, S., and Distrutti, E. (2015). Bile acid-activated receptors, intestinal microbiota, and the treatment of metabolic disorders. Trends Mol. Med. 21, 702–714. doi: 10.1016/j.molmed.2015.09.001

Fukuda, N., Ojima, T., Hayata, K., Katsuda, M., Kitadani, J., Takeuchi, A., et al. (2022). Laparoscopic sleeve gastrectomy for morbid obesity improves gut microbiota balance, increases colonic mucosal-associated invariant T cells and decreases circulating regulatory T cells. Surg. Endosc. 36, 7312–7324. doi: 10.1007/s00464-022-09122-z

Gomes, J. M. G., Costa, J. A., and Alfenas, R. C. G. (2017). Metabolic endotoxemia and diabetes mellitus: A systematic review. Metabolism 68, 133–144. doi: 10.1016/j.metabol.2016.12.009

Guo, Y., Liu, C.-Q., Shan, C.-X., Chen, Y., Li, H.-H., Huang, Z.-P., et al. (2017). Gut microbiota after Roux-en-Y gastric bypass and sleeve gastrectomy in a diabetic rat model: Increased diversity and associations of discriminant genera with metabolic changes. Diabetes Metab. Res. Rev. 33:2857. doi: 10.1002/dmrr.2857

Huang, X., Weng, P., Zhang, H., and Lu, Y. (2014). Remodeling intestinal flora with sleeve gastrectomy in diabetic rats. J. Diabetes Res. 2014:196312. doi: 10.1155/2014/196312

International Diabetes Federation (2021). IDF diabetes atlas, 10th Edn. Brussels: International Diabetes Federation.

Jayashree, B., Bibin, Y. S., Prabhu, D., Shanthirani, C. S., Gokulakrishnan, K., Lakshmi, B. S., et al. (2014). Increased circulatory levels of lipopolysaccharide (LPS) and zonulin signify novel biomarkers of proinflammation in patients with type 2 diabetes. Mol. Cell Biochem. 388, 203–210. doi: 10.1007/s11010-013-1911-4

Kaji, I., Karaki, S.-I., and Kuwahara, A. (2014). Short-chain fatty acid receptor and its contribution to glucagon-like peptide-1 release. Digestion 89, 31–36. doi: 10.1159/000356211

Kang, J.-N., Sun, Z.-F., Li, X.-Y., Zhang, X.-D., Jin, Z.-X., Zhang, C., et al. (2023). Alterations in gut microbiota are related to metabolite profiles in spinal cord injury. Neural Regen. Res. 18, 1076–1083. doi: 10.4103/1673-5374.355769

Karlsson, F. H., Tremaroli, V., Nookaew, I., Bergström, G., Behre, C. J., Fagerberg, B., et al. (2013). Gut metagenome in European women with normal, impaired and diabetic glucose control. Nature 498, 99–103. doi: 10.1038/nature12198

Kashyap, S. R., Bhatt, D. L., Wolski, K., Watanabe, R. M., Abdul-Ghani, M., Abood, B., et al. (2013). Metabolic effects of bariatric surgery in patients with moderate obesity and type 2 diabetes: Analysis of a randomized control trial comparing surgery with intensive medical treatment. Diabetes Care 36, 2175–2182. doi: 10.2337/dc12-1596

Katsanos, C. S., Kobayashi, H., Sheffield-Moore, M., Aarsland, A., and Wolfe, R. R. A. (2006). high proportion of leucine is required for optimal stimulation of the rate of muscle protein synthesis by essential amino acids in the elderly. Am. J. Physiol. Endocrinol. Metab. 291, E381–E387. doi: 10.1152/ajpendo.00488.2005

Kong, L.-C., Tap, J., Aron-Wisnewsky, J., Pelloux, V., Basdevant, A., Bouillot, J.-L., et al. (2013). Gut microbiota after gastric bypass in human obesity: Increased richness and associations of bacterial genera with adipose tissue genes. Am. J. Clin. Nutr. 98, 16–24. doi: 10.3945/ajcn.113.058743

Konturek, P. C., Harsch, I. A., Konturek, K., Schink, M., Konturek, T., Neurath, M. F., et al. (2018). Gut-liver axis: How do gut bacteria influence the liver? Med. Sci. 6:79. doi: 10.3390/medsci6030079

Kural, A., Khan, I., Seyit, H., Caglar, T. R., Toklu, P., and Vural, M. (2022). Changes in the gut microbiota of morbidly obese patients after laparoscopic sleeve gastrectomy. Future Microbiol. 17, 5–15. doi: 10.2217/fmb-2021-0043

Lin, H. V., Frassetto, A., Kowalik, E. J., Nawrocki, A. R., Lu, M. M., Kosinski, J. R., et al. (2012). Butyrate and propionate protect against diet-induced obesity and regulate gut hormones via free fatty acid receptor 3-independent mechanisms. PLoS One 7:e35240. doi: 10.1371/journal.pone.0035240

Lin, W., Wen, L., Wen, J., and Xiang, G. (2021). Effects of sleeve gastrectomy on fecal gut microbiota and short-chain fatty acid content in a rat model of polycystic ovary syndrome. Front. Endocrinol. 12:747888. doi: 10.3389/fendo.2021.747888

Liu, H., Zhang, H., Wang, X., Yu, X., Hu, C., and Zhang, X. (2018). The family Coriobacteriaceae is a potential contributor to the beneficial effects of Roux-en-Y gastric bypass on type 2 diabetes. Surg. Obes. Relat. Dis. 14, 584–593. doi: 10.1016/j.soard.2018.01.012

Luo, P., Yu, H., Zhao, X., Bao, Y., Hong, C. S., Zhang, P., et al. (2016). Metabolomics study of roux-en-Y gastric bypass surgery (RYGB) to treat type 2 diabetes patients based on ultraperformance liquid chromatography-mass spectrometry. J. Proteome Res. 15, 1288–1299. doi: 10.1021/acs.jproteome.6b00022

Luo, S., He, L., Zhang, H., Li, Z., Liu, C., and Chen, T. (2022). Arabinoxylan from rice bran protects mice against high-fat diet-induced obesity and metabolic inflammation by modulating gut microbiota and short-chain fatty acids. Food Funct. 13, 7707–7719. doi: 10.1039/d2fo00569g

Mingrone, G., Panunzi, S., De Gaetano, A., Guidone, C., Iaconelli, A., Capristo, E., et al. (2021). Metabolic surgery versus conventional medical therapy in patients with type 2 diabetes: 10-year follow-up of an open-label, single-centre, randomised controlled trial. Lancet 397, 293–304. doi: 10.1016/S0140-6736(20)32649-0

Mukorako, P., Lopez, C., Baraboi, E.-D., Roy, M.-C., Plamondon, J., Lemoine, N., et al. (2019). Alterations of gut microbiota after biliopancreatic diversion with duodenal switch in wistar rats. Obes. Surg. 29, 2831–2842. doi: 10.1007/s11695-019-03911-7

Murphy, R., Tsai, P., Jüllig, M., Liu, A., Plank, L., and Booth, M. (2017). Differential changes in gut microbiota after gastric bypass and sleeve gastrectomy bariatric surgery vary according to diabetes remission. Obes. Surg. 27, 917–925. doi: 10.1007/s11695-016-2399-2

Newgard, C. B., An, J., Bain, J. R., Muehlbauer, M. J., Stevens, R. D., Lien, L. F., et al. (2009). A branched-chain amino acid-related metabolic signature that differentiates obese and lean humans and contributes to insulin resistance. Cell Metab. 9, 311–326. doi: 10.1016/j.cmet.2009.02.002

Palleja, A., Kashani, A., Allin, K. H., Nielsen, T., Zhang, C., Li, Y., et al. (2016). Roux-en-Y gastric bypass surgery of morbidly obese patients induces swift and persistent changes of the individual gut microbiota. Genome Med. 8:67. doi: 10.1186/s13073-016-0312-1

Pedersen, H. K., Gudmundsdottir, V., Nielsen, H. B., Hyotylainen, T., Nielsen, T., Jensen, B. A. H., et al. (2016). Human gut microbes impact host serum metabolome and insulin sensitivity. Nature 535, 376–381. doi: 10.1038/nature18646

Plovier, H., Everard, A., Druart, C., Depommier, C., Van Hul, M., Geurts, L., et al. (2017). A purified membrane protein from Akkermansia muciniphila or the pasteurized bacterium improves metabolism in obese and diabetic mice. Nat. Med. 23, 107–113. doi: 10.1038/nm.4236

Psichas, A., Sleeth, M. L., Murphy, K. G., Brooks, L., Bewick, G. A., Hanyaloglu, A. C., et al. (2015). The short chain fatty acid propionate stimulates GLP-1 and PYY secretion via free fatty acid receptor 2 in rodents. Int. J. Obes. 39, 424–429. doi: 10.1038/ijo.2014.153

Pussinen, P. J., Havulinna, A. S., Lehto, M., Sundvall, J., and Salomaa, V. (2011). Endotoxemia is associated with an increased risk of incident diabetes. Diabetes Care 34, 392–397. doi: 10.2337/dc10-1676

Qin, J., Li, Y., Cai, Z., Li, S., Zhu, J., Zhang, F., et al. (2012). A metagenome-wide association study of gut microbiota in type 2 diabetes. Nature 490, 55–60. doi: 10.1038/nature11450

Roy, R., Nguyen-Ngo, C., and Lappas, M. (2020). Short-chain fatty acids as novel therapeutics for gestational diabetes. J. Mol. Endocrinol. 65, 21–34. doi: 10.1530/JME-20-0094

Sánchez-Pernaute, A., Rubio Herrera, M. A., Pérez-Aguirre, E., García Pérez, J. C., Cabrerizo, L., Díez Valladares, L., et al. (2007). Proximal duodenal-ileal end-to-side bypass with sleeve gastrectomy: Proposed technique. Obes. Surg. 17, 1614–1618. doi: 10.1007/s11695-007-9287-8

Sánchez-Pernaute, A., Rubio, M. Á, Cabrerizo, L., Ramos-Levi, A., Pérez-Aguirre, E., and Torres, A. (2015). Single-anastomosis duodenoileal bypass with sleeve gastrectomy (SADI-S) for obese diabetic patients. Surg. Obes. Relat. Dis. 11, 1092–1098. doi: 10.1016/j.soard.2015.01.024

Sanna, S., van Zuydam, N. R., Mahajan, A., Kurilshikov, A., Vich Vila, A., Võsa, U., et al. (2019). Causal relationships among the gut microbiome, short-chain fatty acids and metabolic diseases. Nat. Genet. 51, 600–605. doi: 10.1038/s41588-019-0350-x

Schauer, P. R., Kashyap, S. R., Wolski, K., Brethauer, S. A., Kirwan, J. P., Pothier, C. E., et al. (2012). Bariatric surgery versus intensive medical therapy in obese patients with diabetes. N. Engl. J. Med. 366, 1567–1576. doi: 10.1056/NEJMoa1200225

Shao, Y., Ding, R., Xu, B., Hua, R., Shen, Q., He, K., et al. (2017). Alterations of gut microbiota after roux-en-Y gastric bypass and sleeve gastrectomy in sprague-dawley rats. Obes. Surg. 27, 295–302. doi: 10.1007/s11695-016-2297-7

Shapiro, H., Kolodziejczyk, A. A., Halstuch, D., and Elinav, E. (2018). Bile acids in glucose metabolism in health and disease. J. Exp. Med. 215, 383–396. doi: 10.1084/jem.20171965

Tolhurst, G., Heffron, H., Lam, Y. S., Parker, H. E., Habib, A. M., Diakogiannaki, E., et al. (2012). Short-chain fatty acids stimulate glucagon-like peptide-1 secretion via the G-protein-coupled receptor FFAR2. Diabetes 61, 364–371. doi: 10.2337/db11-1019

Vrieze, A., Van Nood, E., Holleman, F., Salojärvi, J., Kootte, R. S., Bartelsman, J. F. W. M., et al. (2012). Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic syndrome. Gastroenterology 143:913–6.e7. doi: 10.1053/j.gastro.2012.06.031

Wang, L., Wang, Z., Yu, Y., Ren, Z., Jia, Y., Wang, J., et al. (2022). Metabolomics analysis of stool in rats with type 2 diabetes mellitus after single-anastomosis duodenal-ileal bypass with sleeve gastrectomy. Front. Endocrinol. 13:1013959. doi: 10.3389/fendo.2022.1013959

Wang, Q., Holmes, M. V., Davey Smith, G., and Ala-Korpela, M. (2017). Genetic support for a causal role of insulin resistance on circulating branched-chain amino acids and inflammation. Diabetes Care 40, 1779–1786. doi: 10.2337/dc17-1642

Wang, T. J., Larson, M. G., Vasan, R. S., Cheng, S., Rhee, E. P., McCabe, E., et al. (2011). Metabolite profiles and the risk of developing diabetes. Nat. Med. 17, 448–453. doi: 10.1038/nm.2307

Wu, W., Widjaja, J., Lu, S., Hong, J., Yao, L., and Zhu, X. (2022). Comparison of the outcomes of single anastomosis duodeno-ileostomy with sleeve gastrectomy (SADI-S), single anastomosis sleeve ileal (SASI) bypass with sleeve gastrectomy, and sleeve gastrectomy using a rodent model with diabetes. Obes. Surg. 32, 1209–1215. doi: 10.1007/s11695-022-05920-5

Yan, C., Kwek, E., Ding, H.-F., He, Z., Ma, K. Y., Zhu, H., et al. (2022). Dietary oxidized cholesterol aggravates chemically induced murine colon inflammation and alters gut microbial ecology. J. Agric. Food Chem. 70, 13289–13301. doi: 10.1021/acs.jafc.2c05001

Yu, X., Wu, Z., Song, Z., Zhang, H., Zhan, J., Yu, H., et al. (2020). Single-anastomosis duodenal Jejunal bypass improve glucose metabolism by regulating gut microbiota and short-chain fatty acids in Goto-Kakisaki rats. Front. Microbiol. 11:273. doi: 10.3389/fmicb.2020.00273

Zheng, X., Chen, T., Jiang, R., Zhao, A., Wu, Q., Kuang, J., et al. (2021). Hyocholic acid species improve glucose homeostasis through a distinct TGR5 and FXR signaling mechanism. Cell Metab. 33:791–803.e7. doi: 10.1016/j.cmet.2020.11.017

Zheng, Y., Li, Y., Qi, Q., Hruby, A., Manson, J. E., Willett, W. C., et al. (2016). Cumulative consumption of branched-chain amino acids and incidence of type 2 diabetes. Int. J. Epidemiol. 45, 1482–1492. doi: 10.1093/ije/dyw143

Zhong, M.-W., Liu, S.-Z., Zhang, G.-Y., Zhang, X., Liu, T., and Hu, S.-Y. (2016). Alterations in gut microbiota during remission and recurrence of diabetes after duodenal-jejunal bypass in rats. World J. Gastroenterol. 22, 6706–6715. doi: 10.3748/wjg.v22.i29.6706


Copyright
 © 2024 Wang, Li and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 14 June 2024
doi: 10.3389/fmicb.2024.1418556





[image: image]
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Introduction: This study aimed to explore the anti-oxidative and anti-inflammatory properties of Lactococcus lactis subsp. lactis HFY14 (LLSLHFY14) and investigate its effects on the intestinal barrier, cranial nerve, and motor function in mice treated with antibiotics.

Methods: Mice were administered an antibiotic mixture (neomycin 5 mg/mL, vancomycin 25 mg/mL, amphotericin B 0.1 mg/mL, ampicillin 10 mg/mL, metronidazole file 5 mg/mL, and lipopolysaccharide 1.5 μg/mL) intraperitoneally, and oxidative stress and inflammatory markers in the serum and brain tissues, and liver index were measured. H&E staining was performed to detect pathological alterations in brain tissues. The expression of intestinal-barrier-related genes and that of genes involved in inflammatory pathways in the brain were detected using polymerase chain reaction (PCR).

Results: LLSLHFY14 administration extended the weight-loaded swimming and running times of mice and decreased the liver index. Moreover, the levels of malondialdehyde (MDA), interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-α) in the serum and brain tissue were reduced, whereas those of superoxide dismutase (SOD), glutathione (GSH), and interleukin-10 (IL-10) were elevated. Elevated brain expression of the protein kinase B (AKT)/cAMP-response element binding protein (CREB)/brain-derived neurotrophic factor (BDNF)/extracellular signal-regulated kinase 1 (ERK1) pathway, decreased brain expression of the IL-6 gene, and elevated cecum expression of zonula occludens-1 (ZO-1), occludin-1, and claudin-1 genes were noted. LLSLHFY14 supplementation significantly increased Bacteroidetes expression but decreased Firmicutes expression, thus increasing the Bacteroidetes/Firmicutes ratio.

Discussion: Overall, LLSLHFY14 supplementation ameliorated antibiotic-induced oxidative stress and inflammation in the mouse central nervous system, intestinal barrier dysfunction, and increased motor function, thus confirming its potential application as probiotics.
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1 Introduction

Antibiotics are frequently used in the treatment of human infections owing to their bactericidal properties. However, antibiotic misuse has been linked to adverse health effects in humans, such as allergies, renal toxicity, obesity, gut dysbiosis, depression, and brain neuropathies and is a public health issue, as it causes bacterial resistance (Wright, 2005; Hemamalini et al., 2021). Dysbiosis of the gut microbiota due to antibiotic overuse results in several intestinal disorders and central nervous system dysfunction and increases the permeability of the blood–brain and intestinal barriers. When these barriers are broken, bacteria and their metabolites enter the bloodstream, inducing damage to the central nervous system (Wright, 2005; Yang et al., 2023). Moreover, the occurrence and development of diabetes, anxiety, fatty liver disease, and Alzheimer’s disease are strongly correlated with the composition of the gut flora (Zhang et al., 2022). Thus, a well-balanced gut microbiota is important to maintain normal physiological functions, such as digestion, immunity, and metabolism. Recently, there has been increasing research attention on the “microbiota–gut–brain axis” and the use of gut microbiota as a therapeutic target improving physical fitness and preventing diseases (Lyte, 2014; Zhu et al., 2017).

Probiotic supplementation can ameliorate various adverse responses induced by antibiotic misuse. Lactobacillus, Bacillus, Bifidobacterium, Bacillus subtilis, and some streptococcal probiotics are current research hotspots, with the primary products being food, pharmaceuticals, and healthcare products (Hummel et al., 2007). Probiotics work primarily by maintaining the integrity of the intestinal barrier, inhibiting the adherence of pathogenic bacteria, and probiotics can decompose dietary fiber to produce short chain fatty acids and other nutrients, which are easily absorbed by the intestine to obtain energy and nutrients, enhance the immune system to enhance immune function, and reduce the incidence of inflammation. Probiotics can enhance human immunity and regulate the gut microbiota composition and function by secreting nutrients, enzymes, and secondary metabolites that have health-promoting properties. This can directly or indirectly improve the physiological functions of the gut and the central nervous (Ng et al., 2019).

Lactococcus lactis subsp. lactis HFY14 is a lactic acid bacteria isolated from naturally fermented yak yogurt on the Qinghai Tibet Plateau in China. Due to the unique geographical environment of the Qinghai Tibet Plateau and the lifestyle habits of Tibetan herdsmen, the microorganisms in yak yogurt consumed have good resistance. The in vitro activity of LLSLHFY14 against artificial gastric acid and 3% artificial bile salt reached 84.26% and 54.31%, respectively. Therefore, LLSLHFY14 with good resistance was selected for further research in this study. In this study, antibiotic-induced damage and microbiota disturbance were evaluated to determine whether LLSLHFY14 intervention has protective effects on motor function, intestinal permeability, and brain inflammation and oxidative stress in mice.



2 Materials and methods


2.1 Cultivation of experimental strains

The Lactococcus lactis subsp. lactis HFY14 strain (preservation number: 18227), which was isolated and identified from naturally fermented yogurt in Hongyuan County, Sichuan Province, China was obtained from the Chinese General Microbiological Culture Collection Center (No. 16647, Beijing, China). The strain was stored at −80°C, thawed, inoculated (200 μl) into 8 ml of Man Rogosa Sharpe (MRS; Solarbio, Beijing, China) liquid medium, and cultivated for 24 h at 37°C. Then, 3% of the inoculum was mixed in and left on MRS liquid medium for another 18 h. Then, it was centrifuged at 4°C and 4,000 rpm for 10 min. The supernatant was collected and resuspended in normal saline solution, and the cell concentration was adjusted to approximately 1.0 × 109 CFU/kg ⋅ bw.



2.2 Animal models

Institute of Cancer Research (ICR) mice (7 weeks old, male, Hunan Slyke Jingda Laboratory Animal Co., Ltd., Changsha, Hunan, China) were kept in normal cages at 23 ± 2°C with a relative humidity of 55% ± 5% and acclimatized for a week. They were given unlimited access to food and water at 12/12 h dark/light conditions and were randomly and equally divided into the following groups: normal, model, caffeic acid [CA, Aladdin Reagent (Shanghai) Co., Ltd., Shanghai, China], LLSLHFY14 low concentration, and LLSLHFY14 high concentration, with 10 mice in each group. Group 1 mice (normal) received no intervention; group 2 (model), intraperitoneal injection of the antibiotic mixture and intragastric administration of normal saline; group 3 (CA), intraperitoneal injection of the antibiotic mixture and gavage of CA (10 mg/kg); group 4 (LLSLHFY14LD), intraperitoneal injection of low concentration of LLSLHFY14 (108 CFU/kg of body weight); and group 5 (LLSLHFY14HD), intraperitoneal injection of the antibiotic mixture and gavage of high concentration of LLSLHFY14 (109 CFU/kg of body weight). Experimental treatment was performed for 2 weeks. The antibiotic mixture comprised 5 mg/ml of neomycin, 25 mg/ml of vancomycin, 0.1 mg/ml of amphotericin B, 10 mg/ml of ampicillin, 5 mg/ml of metronidazole [Aladdin Reagent (Shanghai) Co., Ltd.], and 1.5 μg/ml of lipopolysaccharide (Desbonnet et al., 2015).



2.3 Weight-loaded forced swimming test

Mice were placed in a tank filled with water to a depth of 35 cm and maintained at 20 ± 2°C. The tank dimensions were Φ 60 cm × 5 cm. They were marked and carrying 5% of their body weight attached to their tails. After 30 min of dosing, mice were submerged in water. They were considered exhausted with failure to rise above water within 8 s. After the test, mice were patted dry using towels.



2.4 Running platform experiment

An experimental mice running platform for ZH-PT (Anhui Zhenghua Biological Instrument Equipment Co., Ltd., Huaibei, Anhui, China) was used measuring 565 mm × 630 mm × 310 mm in length, width, and height, respectively. It has eight running platforms and a single track of 55 mm. Test conditions were as follows: tilt angle, 5°; stimulating current, 0.6 mA; acceleration, 2 m/s2; and speed, 20 m/min. The exercise period lasted 30 min, and the rest time was 1 min. Four days before to the experiment’s conclusion, adaptive training was initiated once daily for 5 min. The training was officially tested on the last day of the trial, and outcomes were noted.



2.5 Tissue collection

After administration of ether anesthesia to mice, blood was extracted from their eyes, and mice were weighed after the exercise trial. After the mice were euthanized, their brain (frontal lobe), liver, and cecum tissues were collected. Liver tissues were weighed. A portion of the brain tissue was immersed in tissue fixative. The remaining tissue was stored at −80°C for future analysis.



2.6 Pathological observation

After fixing in a solution for more than 48 h, brain frontal lobe tissues (0.3 cm2) were paraffinized, sectioned (4 μm), stained with hematoxylin and eosin, and visualized under an electron microscope to evaluate pathological changes (BX43 light microscope, Olympus, Tokyo, Japan).



2.7 Determination of serum and brain tissue biochemical indicators

Mouse blood samples were kept standing at 4°C for 2 h, centrifuged at 3,000 rpm for 15 min at 4°C, and the upper layer was collected and stored frozen at −80°C. Mouse brain tissue (0.1 g) was homogenized thrice for 30 s at 6 m/s and added with 0.9 ml of normal saline. The levels of superoxide dismutase (SOD), glutathione (GSH), and malondialdehyde (MDA) in mouse brain homogenate and serum were measured using their respective kits (Solarbio). The levels of tumor necrosis factor alpha (TNF-α), interleukin (IL)-6, and IL-10 in the serum and brain tissue were determined using enzyme-linked immunosorbent assay kits (Shanghai Enzyme linked Biotechnology Co., Ltd., Shanghai, China).



2.8 Real-time fluorescence quantitative PCR

Following the homogenization of brain and cecum tissues, TRIzol reagent (Solarbio) was used to extract total RNA, and the concentration was diluted to 1.0 μg/μl. cDNA was synthesized after reverse transcription of total RNA. The reaction mixture contained 1.0 μl of cDNA, 2.0 μl each of the forward and reverse primers (10 μm) (Thermo Fisher Scientific, Waltham, MA, USA), and 10 μl of the premix. The thermal cycling conditions were as follows: 40 cycles for 30 s at 60°C, 1 min at 95°C, and 3 min at 95°C (StoponePlus, Thermo Fisher Scientific). For quantitative analysis, β-actin was used as the reference gene for normalization, and the 2–ΔΔCt method was used (Zhao et al., 2019).



2.9 Determination of microbial mRNA expression in mouse feces

Microbial mRNA expression in mouse fecal samples (1.0 g) was measured using the tissue mRNA assay to detect the microbial composition in the feces.



2.10 Statistical analysis

Statistical analysis was performed using the Tukey technique for multiple comparisons and one-way analysis of variance in SPSS version 20.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was set at p < 0.05. To plan, Microsoft Excel version 2019 was used. Data were replicated thrice and are presented as the mean ± standard deviation (SD).




3 Results


3.1 Weight-loaded forced swimming test

Mouse endurance may be reduced by antibiotic use, but it may be improved by LLSLHFY14 intervention. The swimming time of the model group was considerably decreased (p < 0.05) than that of the normal group (Figure 1). The swimming time rose dramatically in the gavage intervention group of LLSLHFY14, approaching that in the CA and normal groups. There was a significant (p < 0.05) between the LLSLHFY14LD and LLSLHFY14HD groups.


[image: image]

FIGURE 1
Changes in weight-bearing swimming time in antibiotic-treated mice. a–dValues presented are the mean ± standard deviation, mean values with different letters in the same graph are significantly different (p < 0.05) according to Tukey’s test, the same below.




3.2 Running experiment

As shown in Figure 2, the model group’s running time was considerably (p < 0.05) shorter than the normal group’s running time. Running duration increased dramatically in the group with early gavage intervention with LLSLHFY14 and caffeic acid, with the LLSLHFY14HD group showing superior results than the LLSLHFY14LD group. The running time of the model group was much lower than that of the CA group but was significantly higher than that of the LLSLHFY14 and LLSLHFY14HD groups. The CA group’s running time was shorter than the normal group’s.


[image: image]

FIGURE 2
Changes in running time in antibiotic-treated mice.




3.3 Changes in mouse liver index

The model group’s liver index was significantly higher than the normal group’s (Table 1; p < 0.05). Following the intervention of LLSLHFY14, the liver index decreased, with that of the LLSLHFY14HD group being statistically significant and resembling that of the CA group.


TABLE 1 Body weight, liver weight, and liver index of antibiotic-treated mice.

[image: Table 1]



3.4 Pathological changes in mouse brain tissues

Pathological observation can preliminarily qualitatively observe the degree of visceral damage in experimental animals. Figure 3 shows that the neurons in the cerebral cortex of mice in the normal group had normal morphology, uniform, well-arranged cells, and prominent nuclei. Within the scope of the microscope’s field of view, the model group had a reduced number of cells, dark nuclei color, evidence of pyknosis, punctate necrosis, and uneven arrangement. Cells showed severe damage, and the cortical neurons were smaller in size. Following pretreatment with LLSLHFY14, the brain tissues showed less karyopyknosis and an increased number of cells. Although some neurons shrank in size and showed signs of atrophies, most neurons had a normal appearance. The changes in the CA and LLSLHFY14HD groups were similar.


[image: image]

FIGURE 3
Pathological changes of brain tissues in antibiotic-treated mice (40×).




3.5 Serum oxidative and inflammatory markers

The serum levels of MDA were significantly higher in the model group than in the normal group, whereas those of GSH and CuZn-SOD were significantly lower (Table 2; p < 0.05). Compared to that of the model group, following CA, LLSLHFY14LD, and LLSLHFY14HD pretreatment, the MDA serum level decreased, but those of GSH and CuZn-SOD increased; these differences were statistically significant (p < 0.05). The model group had higher levels of pro-inflammatory factors TNF-α and IL-6 and lower levels of IL-10, an anti-inflammatory factor, than the normal group (Table 3; p < 0.05). Compared to those of the model group, pretreatment with CA, LLSLHFY14LD, and LLSLHFY14HD significantly reduced the TNF-α and IL-6 levels but increased IL-10 levels (p < 0.05). The effects in the CA and LLSLHFY14HD groups were comparable.


TABLE 2 Oxidation and inflammation indicators of serum in antibiotic-treated mice.

[image: Table 2]


TABLE 3 Oxidation and inflammation indicators of brain tissue in antibiotic-treated mice.

[image: Table 3]



3.6 Indexes of oxidation and inflammation in mouse brain tissue

The model group’s brain tissue had significantly higher MDA levels and lower GSH and CuZn-SOD levels than the normal group’s brain tissue (Table 2; p < 0.05). Following LLSLHFY14 intervention, the GSH and CuZn-SOD levels increased, compared to those in the model group, with nonsignificant increases between the LLSLHFY14HD and CA groups. Better than LLSLHFY14LD, CA, and LLSLHFY14HD both reduced the MDA level, with comparable effects. The model group had higher levels of TNF-α and IL-6 but lower levels of IL-10 than the normal group (Table 3; p < 0.05). Pretreatment with CA and LLSLHFY14 increased IL-10 levels but decreased TNF-α and IL-6 levels (CA > LLSLHFY14HD > LLSLHFY14LD). These three effects also showed opposing tendencies.



3.7 Gene expression of AKT, BDNF, CREB, and ERK1 in mouse brain tissue

Significant roles for protein kinase B (AKT), cAMP-response element binding protein (CREB), brain-derived neurotrophic factor (BDNF), extracellular signal-regulated kinase 1 (ERK1), and interleukin-6 (IL-6) are seen in cranial nerve damage. Figure 4 shows the real-time fluorescence quantitative polymerase chain reaction (PCR) results. The expression of the AKT, CREB, BDNF, and ERK1 genes was significantly lower (p < 0.05) in the model group than in the normal group. Their expression increased in the CA and LLSLHFY14HD groups. The gene expression increase was higher in the LLSLHFY14LD group than in the LLSLHFY14HD group. Gene expression in the LLSLHFY14HD groups was comparable to that in the normal and CA groups. The model group showed the strongest expression of IL-6, LLSLHFY14HD and CA groups are close to the normal group.


[image: image]

FIGURE 4
mRNA expression of AKT, BDNF, CREB, ERK1, and IL-6 in mouse brain tissue.




3.8 Gene expression of ZO-1, occludin-1, and claudin-1 in mouse cecum

ZO-1, occludin-1, and claudin-1 are traditional tight junction (TJ) proteins and can indicate the degree of structural damage in the TJ and the mechanical barrier function in intestinal epithelial cells. The model group had lower expression of ZO-1, occludin-1, and claudin-1 genes than the normal group (Figure 5; p < 0.05). Following CA and LLSLHFY14 intervention, their expression increased, with the increase being comparable to that in the normal group.


[image: image]

FIGURE 5
mRNA expression of ZO-1, occludin-1, and claudin-1 in mouse cecum.




3.9 Firmicutes and Bacteroidetes expression in mouse fecal samples

As shown in Figure 6, the mRNA abundance of Firmicutes was significantly lower in the normal group (p < 0.05) than in the other groups, but that of Bacteroidetes was significantly higher (p < 0.05). The model group showed the lowest Bacteroidetes expression and highest Firmicutes expression. In mice with thrombosis, the LLSLHFY14 and CA treatments decreased Firmicutes expression and increased Bacteroidetes expression, showing an enhanced B/F ratio. After two dosages, the changes in gene expression were more pronounced in the LLSLHFY14 group than in the CA group. The changes in the expression of Firmicutes and Bacteroidetes were normalized by LLSLHFY14HD intervention, showing no discernible change compared to the normal group.
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FIGURE 6
mRNA expression of Firmicutes and Bacteroidetes in mouse fecal.





4 Discussion

Caffeic acid is a powerful antioxidant that can help eliminate free radicals in the body, delay the aging process, and enhance immunity. Caffeic acid has a stimulating effect on the central nervous system, can refresh the mind, accelerate metabolism, enhance physical fitness, and improve motor function to a certain extent (Girsang et al., 2020). Therefore, in this study, it was selected as a positive control. Probiotics can play a role in intestinal barrier regulation, lower oxidative stress, enhance exercise capacity, provide essential metabolites to skeletal muscle mitochondria, and control the activation of important transcription factors and enzymes, like AMPK and PGC-1α, which are involved in metabolic processes in the mitochondria (Guo et al., 2018; Liu et al., 2021). Probiotic supplements have been demonstrated to enhance lipid metabolism and decrease weight loss and fat accumulation (Ameneh et al., 2016). In this study, mice exhibited longer weight-bearing swimming and running times and increased endurance following LLSLHFY14 intervention. Moreover, LLSLHFY14 intervention resulted in a substantial decrease in the liver index.

Overuse of antibiotics and the combination of multiple antibiotics that are not symptomatic are both manifestations of antibiotic abuse. Therefore, in this study, multiple antibiotics were overmixed to simulate the special situation of antibiotic abuse in clinical practice. This situation is different from the normal use of antibiotics to treat diseases in clinical practice. Neomycin is an antibiotic with a certain degree of nephrotoxicity, and due to its ototoxicity, it may cause gait stumbling, dizziness, or unstable walking, affecting movement. Vancomycin also has nephrotoxicity and may cause muscle spasms. Amphotericin B is highly toxic and has effects on both the liver and kidneys. It can also cause lower limb pain and heart rate imbalance. Excessive use of ampicillin can cause neurological symptoms such as seizures and enteritis. Excessive use of metronidazole can cause liver and kidney dysfunction and seizures. Excessive use of these five antibiotics has significant side effects on metabolism and nerves in the body. In this study, a mixture of these five antibiotics was used to induce visceral dysfunction and motor nerve dysfunction in mice, leading to a decrease in motor ability.

Antibiotic misuse frequently results in a range of disorders that involve oxidative changes to important physiological molecules, such as proteins, lipids, carbohydrates, and nucleic acids, as well as the control of gene expression and the inflammatory response (Kardas et al., 2005). One of the adverse consequences of antibiotic misuse is oxidative damage. The last metabolic byproduct of membrane lipid peroxidation in vivo is malondialdehyde (MDA). When MDA is released from the cells, it can alter the permeability of the membrane, resulting in structural and functional damage, and can react with proteins and nucleic acids to initiate cross-linking polymerization and disrupt regular metabolic reactions (Tsikas, 2017). Oxidative stress damage and antioxidant capacity can be significantly improved by endogenous antioxidant enzymes SOD and non-enzymatic GSH (Huang et al., 2022). Our results showed that supplementation of heat-treated or Lactobacillus rhamnosus can lower the levels of MDA in both the serum and brain tissues, increase those of SOD and GSH, and limit the degree of peroxidation.

Inflammation is one of the mechanisms by which antibiotics cause brain damage. The dynamic balance between pro-inflammatory and anti-inflammatory responses can be disrupted by exposure to antibiotics and their secondary metabolites, which can increase the levels of inflammatory markers (Bueter et al., 2009). In this study, damaged brain cells and tissue showed pathological alterations. In the cortical area of mice, pyknosis, darker nuclei color, and unorganized arrangement of neurons were noted. It can also enhance the release of pro-inflammatory cytokines, such as TNF-α and IL-6, which can exacerbate brain inflammation and neurotoxicity by activating the immune system. Furthermore, an excessive amount of lipid peroxide and free radicals are generated (Singh and Vinayak, 2015). In this study, LLSLHFY14 supplementation increased the levels of the anti-inflammatory factor IL-10, thereby limiting the degree of inflammation, but decreased those of pro-inflammatory factors TNF-α and IL-6 in both the serum and brain tissue.

Intestinal epithelial cells, the primary constituent of the intestinal barrier system, allow ions, water, and nutrients to enter the body to support metabolism while barring the entrance of dangerous chemicals and infectious agents. Antibiotic exposure changes the shape of the TJs in intestinal epithelial cells, leading to impaired barrier performance. The creation of TJs between adjacent cells is a crucial indicator of the polarity of epithelial cells and intercellular adhesion. The aforementioned activities are based on the high concentration of TJ proteins (Nighot et al., 2015). Claudin-1, occludin, and ZO-1 are examples of TJ proteins in intestinal epithelial cells. They can strengthen the intestinal barrier, prevent the translocation of gut microbiota and enterotoxins to the intestinal mucosa, and improve intestinal inflammation (Inai et al., 2008). Occludin can enhance transmembrane electrical resistance, preserve the structure of intestinal epithelial cells and TJs, and maintain intercellular permeability within a normal range (Liu et al., 2019). Claudin regulates the movement of materials in the intestinal epithelium, and its increased levels cause intestinal epithelial cells to contract (Lei et al., 2012). ZO-1 mediates the opening and closing of TJs by interacting with the actin cytoskeleton across various cells (Tian et al., 2016). This study showed that LLSLHFY14 intervention can improve intestinal barrier damage by increasing the gene expression of claudin-1, occludin-1, and ZO-1 in the gut.

Neurological diseases in the brain are largely influenced by the AKT/CREB/BDNF signaling pathway, which is involved in protein kinase B/CAMP response element binding protein/brain-derived neurotrophic factor (Niu et al., 2022). AKT plays a significant role in the AKT/CREB/BDNF signaling system by regulating cell migration and movement, apoptosis, cell growth and proliferation, and intracellular metabolism (Yan et al., 2016). As a substrate of AKT, CREB controls the transcription of target genes linked to synaptic plasticity, neuronal development, damage, regeneration, and learning and memory capacity (Qu et al., 2015). CREB also enhances the transcription of the CRE sequence. One of the downstream targets of CREB transcription is BDNF, which is controlled by p-CREB since its promoter region contains the CRE sequence (Neal and Guilarte, 2010). When BDNF attaches to its receptor tyrosine kinase B (TrKB), the downstream Ras-Raf-MEK-ERK cascade is triggered. Transcription and translation can be initiated by activation of ERK1/2 to phosphorylate kinases, such as Raf and MEK, which subsequently activate substrates such as CREB to form new synapses (He et al., 2008; Lee et al., 2015). Our findings showed that, following LLSLHFY14 intervention, the expression of AKT, CREB, BDNF, and ERK1 genes in the brain was increased, whereas the levels of the pro-inflammatory factor IL-6 were decreased, suggesting that phosphorylated AKT may activate CREB, increase the expression of BDNF and ERK1, and prevent brain cell damage.

Aberrant lesions in the body often result in ecological dysbiosis, defined as a change in the B/F ratio. Antibiotics significantly affect Firmicutes abundance and the production of their metabolites, particularly SCFAs, in the mouse digestive tract (Hu et al., 2020). Alzheimer’s disease is associated with a decreased proportion of Bacteroidetes, decreased B/F ratio, and increased proportion of Firmicutes (Askarova et al., 2020). These alterations can be ameliorated. In this study, LLSLHFY14 supplementation increased the B/F ratio by lowering Firmicutes abundance and increasing Bacteroidetes abundance, affecting animal behavior.



5 Conclusion

In summary, in this study, the LLSLHFY14 intervention enhanced mouse endurance and increased their swimming and running times until exhaustion. LLSLHFY14 intervention reduced the oxidative and inflammatory reactions induced by antibiotics and regulated the levels of anti-inflammatory and antioxidant markers in both the serum and brain. In addition, LLSLHFY14 can enhance the expression of genes involved in the AKT/CREB/BDNF/ERK1 pathway, which contributes to central neuroprotection in the brain. LLSLHFY14 also reduced the damage to the intestinal epithelial barrier and increased the expression of related intestinal genes in the cecum. By affecting the intestinal microbiota, LLSLHFY14 can also affect the B/F ratio in the feces, which subsequently regulates the effect of exercise intervention. Our findings indicate the application of LLSLHFY14 as probiotics to improve oxidative inflammation, intestinal barrier damage, and decreased motor function induced by antibiotics in the central nervous system of mice.
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Heat acclimation with probiotics-based ORS supplementation alleviates heat stroke-induced multiple organ dysfunction via improving intestinal thermotolerance and modulating gut microbiota in rats
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Heat stroke (HS) is a critical condition with extremely high mortality. Heat acclimation (HA) is widely recognized as the best measure to prevent and protect against HS. Preventive administration of oral rehydration salts III (ORSIII) and probiotics have been reported to sustain intestinal function in cases of HS. This study established a rat model of HA that was treated with probiotics-based ORS (ORSP) during consecutive 21-day HA training. The results showed that HA with ORSP could attenuate HS-induced hyperthermia by regulating thermoregulatory response. We also found that HA with ORSP could significantly alleviate HS-induced multiple organ injuries. The expression levels of a series of heat-shock proteins (HSPs), including HSP90, HSP70, HSP60, and HSP40, were significantly up-regulated from the HA training. The increases in intestinal fatty acid binding protein (I-FABP) and D-Lactate typically seen during HS were decreased through HA. The representative TJ proteins including ZO-1, E-cadherin, and JAM-1 were found to be significantly down-regulated by HS, but sustained following HA. The ultrastructure of TJ was examined by TEM, which confirmed its protective effect on the intestinal barrier protection following HA. We also demonstrated that HA raised the intestinal levels of beneficial bacteria Lactobacillus and lowered those of the harmful bacteria Streptococcus through 16S rRNA gene sequencing. These findings suggest that HA with ORSP was proven to improve intestinal thermotolerance and the levels of protective gut microbiota against HS.
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1 Introduction

Heat stroke (HS) is a critical condition with extremely high mortality that is characterized by severe hyperthermia (> 40°C), central nervous system abnormalities (Liu et al., 2020). According to its etiological factors and susceptible population, HS is classified into classic HS and exertional HS. Owing to the recent trend of global warming, the increasing incidence of HS has become an increasing concern (Raymond et al., 2020). Although active on-site cooling and target temperature management in the early stages of HS can effectively alleviate its progression and reduce mortality, it is common for patients with HS to have difficulty obtaining effective cooling in real-world settings where the condition occurs often leading severe HS and death. It has been reported that the mortality rate for HS patients in intensive care units can exceed 60%.

After HS onset, it progresses rapidly and is often complicated by severe multiple organ injury if specific clinical treatment is not quickly initiated. Limited treatment options and a poor prognosis indicate that taking effective preventive measures is key to managing HS. Heat acclimation (HA) is widely recognized as the best and most economical measure to prevent and protect against HS, particularly for military personnel (Ashworth et al., 2020). HA refers to the improvement of thermal tolerance by exposure to hot environments and repeated heat stress stimulation. It is a routine strategy used to develop physiological adaptations against HS. Our group previously demonstrated that the protective effects of HA against HS are achieved in rats through upregulation of the expression of heat shock proteins (HSPs) expression.

In the pathophysiology of HS, the intestinal barrier plays a significant role in defending against lipopolysaccharides (LPSs), endotoxins, and other toxic substances. It has been reported that intestinal barrier injury can occur during the early stages of HS, and that this barrier is sensitive to heat stress (Tang et al., 2023). Furthermore, HA has been found to alleviate intestinal lesions in mice with HS (Huang et al., 2023). Therefore, maintaining the intestinal barrier’s integrity and improving its thermotolerance during heat stress might help prevent the onset and subsequent pathology of HS. Some studies have found that the preventive administration of oral rehydration salts III (ORSIII) can protect intestinal function in rats with HS, and improve body thermotolerance during exercise in the heat. A previous study by our group found that the preventive administration of probiotics could also improve intestinal barrier function against HS by regulating gut microbiota. Based on these findings, we further hypothesized that HA with probiotics-based ORS (ORSP) supplementation might alleviate HS-induced multiple organ injury by improving intestinal thermotolerance and microbiota.

In this study, we established a rat model of HA with ORSP, during a consecutive 21-day HA training regimen. We then assessed the effects of HA with ORSP against HS by detecting the degree of multiple organ injury. Finally, we evaluated the intestinal thermotolerance and microbiota of the rats, to clarify the mechanism underlying HA with ORSP.



2 Materials and methods


2.1 Animals

Male Sprague–Dawley rats (7–8 weeks old, 250–300 g), were purchased from Sippr B&K Laboratory Animal Ltd. (Shanghai, China). All rats were raised in the specific pathogen free (SPF) Animal Experiment Center of the Naval Medical University in China and acclimated to a room with a 22 ± 1°C ambient temperature, 50 ± 5%relative humidity (RH), and 12-h day/night cycle for 1 week prior to the study. All experimental procedures were approved by the Institutional Animal Ethics Committee of the Naval Medical University (reference number: NMUM-REC-2021-002) according to the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. A total of 44 rats were used in this study. Ten rats were used to obtain core body temperature (Tc) characteristics under heat stress, 10 rats were used to obtain fecal data to conduct gut microbiota examinations, and 24 rats were used to obtain blood and organ samples for further study. As is shown in Figure 1A, the rats were randomly allocated into two groups according to whether they underwent HA training. After HA training, all rats that met the experimental goals were then divided into four groups according to whether they underwent HS induction. Therefore, four distinct groups of rats were used in this study. The control group rats (Con, n = 16) received neither HA nor HS treatment. The HA group rats (HA, n = 16) were only subjected to HA. The Con + HS group rats (n = 6) were only subjected to HS. The HA + HS group rats (n = 6) were subjected to both HA and HS. All the rats in this study were anesthetized using isoflurane. Any rat that failed to achieve the experimental objectives during the course of the experiment were euthanized if they were unable to live normally (e.g., owing to severe pain and discomfort caused by the experimental procedures). All euthanasia methods used in our lab were performed using specialized euthanasia instruments (KW-AL; Calvin Bio Technology Co., Ltd., Nanjing, China) for carbon dioxide inhalation. All experimental animals were monitored for vital signs for >5 min following euthanasia, to confirm death.
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FIGURE 1
 Heat acclimation protocol and thermoregulatory response characteristics in HA and HS. (A) Rats were exposed to heat stress at 36°C and 55% relative humidity for 2 h per day for 21 days with probiotics-based ORS supplementation (HA group). (B) Core body temperature (Tc, °C) was continuously monitored during HA and Tc curves on day 0, 7, and 21 were compared. (C) The maximum Tc (Tc Max) during heat acclimation on day 0, 7, and 21 were compared. (D) Body weight changes on day 0 and 21were compared. (E) Tc curves during heat stroke were monitored and compared between HS groups. (F) Tc Max during HS were compared. Data in panel (B,C,E) are presented as the mean ± SEM of 5 rats per group. Data in panel (D,F) are presented as a box-and-whisker plot of 5 rats per group. ns p > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.




2.2 Heat acclimation and heat stroke protocols

The HA protocol was conducted according to previously reported protocols used by our group, as well as recent advances in HA study (Cao et al., 2022; Huang et al., 2023; Li et al., 2023). Briefly, rats in the HA group were placed in an artificial climate chamber (LTH-575 N-01; Shanghai Drawell Scientific Instrument Co., Ltd., Shanghai, China) where environmental parameters were maintained at 36 ± 1°C and 55 ± 5% RH for 2 h per day, for 21 days. The drinking water for the rats undergoing HA training was supplemented with ORSP (Beijing OASIS Technology Co., LTD, Beijing, China). The ORSP used in this experiment was composed of ORSIII (each package of ORSP contains 0.65 g of sodium chloride, 0.725 g of sodium citrate, 0.375 g of potassium chloride, and 3.375 g of anhydrous glucose, which is consistent with the composition of regular ORS III formula) and three additional of probiotics (Lactobacillus acidophilus NCFM, Lactobacillus rhamnosus LGG, and Bifidobacterium lactis HN019). The configured ORSP had the same osmolality as the standard ORSIII. During HA training, ORSP combined with standard pellet rat feed was provided ad libitum. Accordingly, the control rats were provided with standard pellet rat feed and distilled tap water ad libitum. As is shown in Figure 1A, the rats who were subjected to HA training for 21 days without injury were used for the subsequent experiments.

The HS protocol was conducted according to our previously reported protocol, with some minor improvements. An artificial climate chamber where the ambient temperature was maintained at 40 ± 1°C and RH at 60 ± 5%, was used to induce HS onset. We replaced closed plastic cages with hollowed-out metal cages to ensure absolute uniformity of the ambient temperature and RH to avoid overcrowding leading to additional heat production. The timepoint of stable hyperthermia occurrence (core body temperature [Tc] > 42°C) was taken as the main standard indicating HS onset in the Con + HS rats. To ensure that the intensity of the heat stress received was consistent, the experimental rats in the HA + HS group were removed at the same time. All of the rats with successful HS induction were then transferred to the regular environment with ad libitum access to food and water. At 3 h after HS induction, various samples such as blood serum, plasma, organ tissues, and fecal matter were gathered, using a sample collection protocol described in our previous study (Li et al., 2021). The temperature-monitoring capsules (SV223 capsule thermometer, Shenzhen Flamingo Technology Co., Ltd.) were implanted 3 days before the start of the animal experiment in the experimental rats to obtain Tc readings at 5-min intervals.



2.3 Serum biochemical markers and inflammatory cytokine analysis

The rats’ levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urea (BU), creatine kinase (CK), and creatinine (CREA) were analyzed using an automated biochemical analyzer (7,080 automated analyzer, HITACHI, Tokyo, Japan). Plasma D-Lactate and intestinal fatty acid-binding protein (I-FABP) were, respectively, detected by a D-Lactate Colorimetric Assay Kit (BioVision, Milpitas, CA, USA) and a Rat I-FABP enzyme-linked immunosorbent assay kit (Sangon Biotech, Shanghai, China) according to the manufacturers’ instructions.



2.4 Western blot assay

Frozen intestinal tissues (100 mg) from each group were ground into powders in liquid nitrogen, lysed on ice using radioimmunoprecipitation assay (RIPA) buffer (Beyotime Institute of Biotechnology, China) containing protease and phosphatase inhibitor cocktail (Roche Diagnostics GmbH, Germany), and centrifuged at 12,000 rpm for 30 min at 4°C. Subsequently, the supernatant was and the protein concentration was measured using a bicinchoninic acid (BCA) protein assay kit (Beyotime Institute of Biotechnology, China), before detecting the protein expression by western blot. Protein samples were mixed with loading buffer, denatured, and separated on 4–12% and 4–20% SurePAGE™ gels (GenScript, Nanjing, China). Protein electrophoresis membranes were transferred using an eBlot™ L1 Fast Wet Transfer System (GenScript, Nanjing, China). The blotted wet membrane was blocked for 2 h at room temperature with blocking buffer (Beyotime Institute of Biotechnology, China). Next, the membranes were incubated overnight with primary antibodies at 4°C, followed by incubation with secondary antibodies for 2 h at 37°C. The Omni-ECLTM Femto Light Chemiluminescence Kit was used to detect luminescence signals on the membrane, and the Amersham Imager 600 (GE Healthcare Bio-Sciences AB) was used to image the blots. The following primary antibodies were used overnight at 4°C: HSP90 (proteintech, 13171-1-AP, 1: 4000, rabbit), HSP60 (proteintech, 15282-1-AP, 1:4000, rabbit), HSP40 (proteintech, 13174-1-AP, 1:5000, rabbit), HSP70 (proteintech, 10995-1-AP, 1:10000. rabbit), Junctional Adhesion Molecule 1 (JAM-1) (Beyotime, AF2146, 1:1000, rabbit), Zonula Occludens-1 (ZO-1) (proteintech, 21773-1-AP, 1:5000, rabbit). E-cadherin (proteintech, 20874-1-AP, 1:40000, rabbit), and GAPDH (Beyotime, AF0006, 1:1000, mouse).



2.5 Histological examination and transmission electron microscopy

All of the organ tissues were treated according to our previously described protocol (Li et al., 2021; Li L et al., 2024). Briefly, the organ samples were fixed, dehydrated, embedded, sectioned and stained with Hematoxylin and Eosin (H&E). All the H&E-stained slides were examined using a light microscope (DM2000, Leica, Wetzlar, Germany) and scanned using a panoramic MIDI slide scanner (3DHISTECH, Hungary). Similarly, colon samples for transmission electron microscopy (TEM) examination were harvested and fixed with 1% OsO4 in 0.1 M phosphate-buffered saline (PBS; pH 7.4) for 2 h at room temperature. The fixed samples were then dehydrated, embedded, and polymerized. Ultrathin sections (60–80 nm) were cut and stained with 2% uranyl acetate and 2.6% lead citrate. The sections were observed, and images were scanned under a Hitachi-7000 electron microscope (Hitachi, Naka, Japan).



2.6 Gut microbiota 16S rRNA sequencing and analysis

All fecal samples were treated according to the protocol described in our previous study (Li et al., 2021). DNA was extracted from soil samples using an E.Z.N.A.® soil DNA kit (Omega Bio-tek, in Norcross, GA, USA). Subsequent polymerase chain reaction amplification was performed using an AxyPrep DNA gel extraction kit (Axygen Biosciences, in Union City, CA, USA). Finally, Illumina MiSeq sequencing was performed on an Illumina MiSeq PE300 platform (Illumina, San Diego, CA, USA), according to the manufacturer’s instructions. The unprocessed 16S rRNA gene sequencing data were analyzed using the Quantitative Insights Into Microbial Ecology (QIIME) platform with i-Sanger platform4 from Majorbio BioTech Co., Ltd. (Shanghai, China). The unprocessed data has been submitted to the Sequence Read Archive (SRA) database under accession number PRJNA1074273.Alpha diversity indexes were used to assess community diversity briefly. An examination of variations in beta-diversity via principal coordinate analysis (PCoA) was carried out at the OTU level using weighted UniFrac distances. ANOSIM/Adonis was used to assess variances among groups. Wilcoxon rank-sum or Mann–Whitney U tests were used to compare pairs of groups at the phylum and genus levels. Research was conducted to examine how GS impacted the microbiota in the gastrointestinal tract. Bar graphs displaying species composition analyses were created using the results of taxonomic and statistical analysis. The LEfSe algorithm, which combines LDA with effect size measurements, was used to identify taxa that distinguish identified taxa between two metadata classes, as well as determine any significantly abundant and biologically relevant features in the groups.



2.7 Statistical analysis

Experimental results are displayed as mean values with standard errors. GraphPad Prism version 9.4.0 (GraphPad Software, La Jolla, CA, USA) was used for all statistical analyses excluding the microbiota data, which were analyzed using multivariate and advanced statistical methods, according to a previously described approach (Li et al., 2021). Data from various groups were examined via one-way analysis of variance, followed by the Tukey–Kramer multiple comparison test. The two-tailed Student’s t-test was used to compare results from two independent groups. A bidirectional p-value of ≤0.05 was taken to indicate statistical significance.




3 Results


3.1 Heat acclimation with ORSP improved thermoregulatory response during heat stress

The rats were continuously exposed to heat stress for 21 days with ORSP supplementation to achieve HA, as is shown in Figure 1A. Over 21 days of HA, Tc was continuously monitored during training and Tc curves were compared on day 0, 7, and 21 (Figures 1B,C). The maximum Tc (Tc Max) decreased continuously during HA training (day 0, 40.0°C ± 0.205; day 7, 39.9°C ± 0.235; day 21, 39.7°C ± 0.327). Furthermore, HA induced weight loss vs. the Con group but had no effect on health (Figure 1D; Table 1). HS induction was then performed in the rats that completed HA training, and their Tc curves were monitored (Figure 1E). Importantly, the rats in HA + HS group had lower Tc in the compensatory phase of the thermoregulatory response during HS induction. However, the rats in the Con + HS group rapidly progressed to hyperthermia in the last decompensated phase of the thermoregulatory response during HS induction, while those in the HA + HS group only experienced mild hyperthermia. Further comparing the Tc Max values of the rats during HS induction (Figure 1F), we saw that the Tc Max values of the rat in the HA + HS group were significantly lower than those of the Con + HS group rats (Table 1, 41.4°C ± 0.665 vs. 43.6°C ± 1.36; p < 0.01; n = 5 per group).



TABLE 1 Experimental records and graphic characteristics of rats subjected to HA and HS.
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3.2 Heat acclimation with ORSP alleviated HS-induced multiple organ injury

Blood and organ samples from rats in each group were harvested at 3 h after HS induction and stained with HE. As is shown in Figure 2 and Table 1, the serum biochemical indexes related to ALT, AST, BU, CREA, and CK were found to be significantly increased in the Con + HS group, which indicated that multiple organ injury developed during HS. Typical features of tissue injury such as edema, inflammation, congestion and necrosis were also observed in those organs of the Con + HS group rats (Figures 3A–D). However, HA with ORSP inhibited the increase of serum biochemical indexes and alleviated HS-induced multiple organ injury to a significant degree, which indicated that HA training was able to reduce the risk of HS onset in rats.

[image: Figure 2]

FIGURE 2
 HA with ORS decreased levels of serum biochemical markers in rats. Blood samples of rats in each group were collected 3 h after HS induction. Blood samples of rats in each group were collected 3 h after HS induction. Serum biochemical indices of ALT (A), AST (B), BU (C), CREA (E), and CK (D) were examined and compared between groups. Data are presented as means ± SEM, n = 6 per group. ns p > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. ALT, alanine aminotransferase; AST, aspartate aminotransferase; BU, blood urea; CK, creatine kinase; CREA, creatinine.
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FIGURE 3
 HA with ORSP alleviated multiple organ injury in rats. Organ samples of rats in each group were harvested at 3 h after HS induction and stained with H&E. Representative H&E images are shown if liver (A), kidney (B), lung (C), and intestine (D) from each group. Magnification 100 ×. Scale bar = 100 μm. Typical pathological changes including necrosis, inflammation, vacuolar degeneration, congestion, hemorrhage, and alveolar wall thickening were observed in Con + HS group and were found to be attenuated in HA + HS group. (E) Representative ultrastructure transmission electron photomicrographs of intestine in each group show the intestinal barrier morphology and structure. Typical sites framed in red are magnified and shown. Scare bar = 2.0 μm, magnification 8,000 × .




3.3 Heat acclimation with ORSP improved intestinal thermotolerance

The expression levels of HSPs in the freshly isolated intestinal samples of the rats subjected to HA training was assessed via western blot and compared with those of the unacclimated control rats (Figure 4A). Protein band densities were normalized to GAPDH and quantified for comparison (Figure 4B). The expression levels of several HSPs, including HSP90, HSP70, HSP60, and HSP40, were found to be significantly up-regulated after HA training. Levels of the classical biomarkers I-FABP and D-Lactate were also detected, to evaluate the degree of intestinal injury. The levels of I-FABP and D-Lactate were found to be significantly higher in Con + HS group compared to the HA + HS one (Figures 4D,E; Table 1). The representative TJ proteins including ZO-1, E-cadherin, and JAM-1 were found to be markedly down-regulated during HS and sustained in the rats that had undergone HA (Figures 4C,F). We also examined the ultrastructure of TJ via TEM (Figure 3E). In the Con and HA groups, normal cell structures, mitochondria, aligned microvilli, and intact TJ structures were initially observed—all of which were severely disrupted by HS. In particular, the widespread damaged microvilli and discrete TJs indicated that the integrity of the intestinal barrier was damaged. Consistent with previous results, the ultra-structures of the TJs were found to be partially maintained in the HA + HS group. Altogether, the results indicated that HA with ORSP improved intestinal thermotolerance against HS-induced intestinal barrier disruption in our rat model.
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FIGURE 4
 HA with ORSP improved intestinal thermotolerance. (A) The expression of HSPs in intestine was detected by western blot. GAPDH was used as a loading control to conduct quantitative analysis between Con and HA groups (B). (C) The expression of TJs in intestine was detected and quantitatively compared (F) among four groups. Plasma I-FABP (D) and D-Lactate (E) were detected at 3 h after HS induction. Data are presented as means ± SEM, (B) n = 3 per group, (D,E) n = 6 per group. ns p > 0.05, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.




3.4 Heat acclimation with ORSP modulated the structure and composition of gut microbiota

The gut microbiota of our various rat groups was then investigated via 16S rRNA gene sequencing. PCoA analysis demonstrated that the HA group differed significantly from the Con group at the OTU level, based on Bray-Curtis analysis (Figure 5A; R = 0.852, p = 0.004). A Venn diagram at the OTU level indicated that the two groups shared 733 (53.23%) identical OTUs, and that each one had 296 (21.50%) and 348 (25.27%) unique OTUs, respectively (Figure 5B). Their Shannon and Chao diversity, and Ace and Sobs microbial community indexes were compared at the OTU level (Supplementary Figures 1A–E). Their gut microbiota compositions were assessed via bar plot analysis, as is shown in Figures 5D,F. At the phylum level, only one phylum (Patescibacteria) was identified to differ significantly between the two groups by the Wilcoxon rank-sum test (Figure 5C). At the genus level, the top 15 abundant genera with significant differences are shown in Figure 5E. Among these genera, Lactobacillus, Lachnoclostridium, Ruminococcus torques, and Rikenellaceae RC9 were found to be significantly upregulated in the HA group. Conversely, Lachnospiraceae NK4A136, Roseburia, Streptococcus, and eight other genera were found to be significantly downregulated in the HA group. The results of our LEfSe analysis (LDA > 2.0, p < 0.05) were consistent with the pairwise comparisons detailed above (Supplementary Figure 1G). Lachnospiraceae NK4A136 was the most significant bacterial family identified in the Con + HS group, while Lactobacillus was the most significant one in the HA + HS one.
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FIGURE 5
 HA with ORSP modulated the overall structure of gut microbiota of rats. (A) Principal coordinate analysis (PCoA) was conducted to determine difference between two groups. (B) Venn diagram on OTU level showed shared and unique OTUs between two groups. (C, D) Average relative abundances of microbial community composition for two groups was shown by bar plots for the phylum level, and 1 phylum was found with significant difference. (E, F) Average relative abundances of microbial community composition for two groups was shown by bar plots for the genus level, and the top 15 abundant genera with significant difference are shown. Data are shown as the mean by bar plot analysis. n = 5 per group. *p < 0.05.





4 Discussion

HS has been attracting increasing attention worldwide, in recent years. As previously described in the expert consensus published by our team (Liu et al., 2020), HS is a fatal condition with a very high mortality rate. The pathogenesis of HS involves a transition from a compensable thermoregulatory state to a non-compensable one. Thermoregulatory failure exacerbates the pathophysiological processes involved—including severe inflammation, multiple organ injury, and disseminated intravascular coagulation—which result from the combination of extreme hyperthermia and circulatory collapse (Epstein and Yanovich, 2019; Li R et al., 2024). Prompt recognition and effective on-site cooling can rapidly reverse the organ dysfunction caused by HS, in most cases. However, cooling treatment constrained by limited resource availability may not suffice to achieve full recovery. Once patients with HS develop systemic inflammation responses and multiple organ failure, even intensive treatments may not be sufficient to prevent death. Because HS can easily become severe once it occurs, and its prognosis is often poor even after intensive treatment in hospital, it is particularly important to develop early preventive measures to prevent its onset. It has been reported that HA training can improve thermotolerance and reduce the risk of HS onset (Ashworth et al., 2020). Thermotolerance achieved through HA is characterized by reversible phenotypic changes (Murray et al., 2022). Our previous study successfully demonstrated that HA could attenuate HS-induced organ injury by upregulating the expression of HSPs (particularly HSP70 and HSP90). We also found that supplementation with probiotics for 7 days could significantly modulate gut microbiota and sustain the intestinal barrier, thereby preventing HS onset. It has also been reported that pretreatment with ORSIII can prevent the occurrence of HS-induced intestinal lesions, as evidenced by several serum biochemical indexes and I-FBAP (Lin et al., 2019). One study demonstrated that HS could lead to kidney injury, but that ORSIII supplementation could alleviate this injury by assessing Cr, BU, and NGAL. A team found that ORS intake during exercise in heated conditions could decrease muscle cramp susceptibility (Lau et al., 2021). Moreover, another team (Schleh and Dumke, 2018) found that ORS intake during outdoor work was effective for preventing industrial accidents and HS in hotter environments, which suggests that it is important to select appropriate drinks with sufficient electrolytes when working under such conditions. Encouragingly, Huang et al. found that HA could induce changes in gut microbiota, thereby reducing inflammation by inhibiting NF-κB signaling and increasing TJ protein expression (Huang et al., 2023). Thus, the combination of ORS and probiotics during HA regimens may help accelerate improvements in thermotolerance and protect against HS. Notably, we found that the combination of ORS and probiotics has been previously investigated for treating diarrhea in children (Ardakani et al., 2022; Kodam, 2022). An ORSP formulation containing three kinds of edible probiotics for infants (Lactobacillus acidophilus NCFM, Lactobacillus rhamnosus LGG, and Bifidobacterium lactis HN019) that has been certified by the National Health Commission of China was selected for this experiment.

In this study, we first examined the effect of HA on the thermoregulatory response. As expected, we found that Tc Max decreased in the HA-trained rats, by day 21. We then continued to monitor their Tc values during HS induction. We also observed that HA could reduce the body’s thermoregulatory response and delay the occurrence and severity of hyperthermia in HS, which is consistent with the findings of previous reports. Blood biochemical tests and HE histological observations further confirmed that HA could alleviate HS-induced multiple organ injury. Thus, we confirmed the preventive effects of HA with ORSP with regard to HS. Intestinal injury plays a key role in the pathophysiology of HS, and previous studies have shown that HA can prevent the intestinal injury induced by HS. Our subsequent work has therefore focused more specifically on the involvement of the intestines. The elevated expression levels of several HSPs that we found in our HA-trained rats demonstrated that HA training may improve intestinal thermotolerance by regulating the heat shock response. In fact, upregulation of the heat shock response by HA, via promoting increased HSP expression, has been shown to protect cells from heat stress damage (Nava and Zuhl, 2020). Our results proved that HA with ORSP could sustain intestinal barrier integrity during HS—as evidenced by TJ protein expression, intestinal injury biomarkers, and TEM images. Overall, these results demonstrate that HA can enhance intestinal tolerance to heat stress injury (i.e., thermotolerance).

Considering that both HA and probiotics have positive effects on gut microbiota, we also performed 16 S rRNA sequencing in our experimental rats. Our PCoA and Venn analyses indicated that HA with ORSP could significantly alter gut microbiota compositions. We further investigated microbial community structure changes and detected levels of specific bacterial genera. Lactobacillus, Lachnoclostridium, Ruminococcus torques, and Rikenellaceae RC9 were found to be present in significantly higher levels in our HA group. It is worth noting that Lactobacillus represents one of the components of the ORSP formula we used, as well as a key probiotic reported to benefit HA in several other reports (Cao et al., 2022; Huang et al., 2023). This suggests that our HA protocol was scientifically effective, and that supplementation with ORSP provided a positive beneficial effect. Lachnospiraceae NK4A136, Roseburia, Streptococcus, and eight other genera were found to be significantly downregulated in our HA group. Among these genera, Streptococcus is generally considered a harmful bacterium that is associated with various gastrointestinal disorders such as irritable bowel syndrome, inflammatory bowel disease, and Crohn’s disease (Quaglio et al., 2022; Wang et al., 2022). We found that HA with ORSP was able to upregulate the abundance of probiotic bacteria and downregulate that of harmful ones. We also demonstrated that HA with ORSP was able to improve the gut microbiota structures of rats.

We thus concluded that HA with ORSP further enhanced the effect of HA with regard to improving thermotolerance. This improved thermotolerance was mainly reflected in the upregulation of the intestinal heat shock response and the stability of tight junction structures. The intestines, as the central starting organ of the HS pathogenesis, gain increased resilience through HA with ORSP, thus playing a pivotal role in defending against lipopolysaccharide, endotoxin, and other toxic substance infiltration during HS. However, the relationship between the heat shock response, intestinal barrier function, and gut microbiota nevertheless merits further investigation—particularly in terms of HA and HS. It is also worth to note that both HA and HS are involved in the problem of rhabdomyolysis, and whether ORSP supplementation can help solve rhabdomyolysis is also worth verifying in follow-up studies (He et al., 2020, 2022; Li et al., 2022). It has been reported that a kind of probiotic Akkermansia muciniphila could improve heat stress-impaired intestinal barrier function by modulating HSP27, which suggests that it is important to study the relationship between probiotics and HSPs. Recently, MLCK/MLC2 (Du et al., 2023), TLR3/TRIF/RIP3 (Zhou et al., 2023), TLR4/STAT6/MYLK (Niu et al., 2023), ROS/JNK (Pan et al., 2022), and p-eif2α/CHOP (Cui et al., 2022) pathways were found to be associated with heat stress related intestinal barrier dysfunction. But in the field of HA training, intestinal injury related pathways mechanism research is relatively scarce. A study found that HA could alleviated HS-induced intestinal lesion by inhibiting NF-κB signaling pathway. We hypothesized that the combined treatment of HA and ORSP may play a protective role against HS by inhibiting the inflammatory response and gut barrier damage pathways through regulating intestinal flora and heat shock protein expression. In the future, we will explore and verify the corresponding mechanisms from these perspectives.



5 Conclusion

This study indicated that HA with ORSP could effectively improve intestinal thermotolerance and gut microbiota compositions in rats, through consecutive 21-day heat stress exposure. Furthermore, HA with ORSP significantly alleviated HS-induced multiple organ injury. We also confirmed that HA could upregulate the beneficial intestinal bacteria Lactobacillus, and downregulate harmful bacteria Streptococcus. In the future, the relationship between the heat shock response, intestinal barrier function, and gut microbiota should be explored to fully clarify the mechanism behind HA and inform the development of more efficient HA training protocols.
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SUPPLEMENTARY FIGURE 1 | HA with ORSP modulated the gut microbiota of rats according to the α-diversity and linear discriminant analysis. The Ace (A), Simpson (B), Chao (C), Shannon (D), and Coverage (E) indices of α-diversity analysis at the OTU level were calculated and compared (F) between two groups. Gut microbiota comparisons from phylum to genus between two groups by linear discriminant analysis effect size (LEfSe) analysis. Linear discriminant analysis (LDA) scores for the differentially abundant bacterial taxa between two groups were calculated by LEfSe.
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Background: Schisanlactone E, also known as XueTongSu (XTS), is an active compound extracted from the traditional Tujia medicine Kadsura heteroclita (“XueTong”). Recent studies highlight its anti-inflammatory and antioxidant properties, yet the mechanisms of XTS’s therapeutic effects on Alzheimer’s disease (AD) are unclear. This study aims to elucidate the therapeutic efficacy and mechanisms of XTS in AD.

Methods: Ten C57BL/6 mice were assigned to the control group (NC), and twenty APP/PS1 transgenic mice were randomly divided into the model group (M) (10 mice) and the XTS treatment group (Tre) (10 mice). After an acclimatization period of 7 days, intraperitoneal injections were administered over a 60-day treatment period. The NC and M groups received saline, while the Tre group received XTS at 2 mg/kg. Learning and memory abilities were assessed using the Morris Water Maze (MWM) test. Histopathological changes were evaluated using hematoxylin and eosin (HE) and Nissl staining, and immunofluorescence was used to assess pathological products and glial cell activation. Cytokine levels (IL-1β, IL-6, TNF-α) in the hippocampus were quantified by qPCR. 16S rDNA sequencing analyzed gut microbiota metabolic alterations, and metabolomic analysis was performed on cortical samples. The KEGG database was used to analyze the regulatory mechanisms of XTS in AD treatment.

Results: XTS significantly improved learning and spatial memory in APP/PS1 mice and ameliorated histopathological changes, reducing Aβ plaque aggregation and glial cell activation. XTS decreased the expression of inflammatory cytokines IL-1β, IL-6, and TNF-α. It also enhanced gut microbiota diversity, notably increasing Akkermansia species, and modulated levels of metabolites such as isosakuranetin, 5-KETE, 4-methylcatechol, and sphinganine. Pathway analysis indicated that XTS regulated carbohydrate metabolism, neuroactive ligand-receptor interactions, and alanine, aspartate, and glutamate metabolism, mitigating gut microbiota dysbiosis and metabolic disturbances.

Conclusion: XTS ameliorates cognitive deficits, pathological changes, and inflammatory responses in APP/PS1 mice. It significantly modulates the gut microbiota, particularly increasing Akkermansia abundance, and influences levels of key metabolites in both the gut and brain. These findings suggest that XTS exerts anti-AD effects through the microbial-gut-brain axis (MGBA).
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1 Introduction

Alzheimer’s Disease (AD) is a prevalent neurodegenerative disorder associated with aging, with its incidence rising steadily alongside global population aging (Breijyeh and Karaman, 2020). The pathogenesis of AD remains highly debated, with key pathological hallmarks including amyloid-beta (Aβ) plaque deposition, neurofibrillary tangles (NFTs) formed from hyperphosphorylated tau protein, neuronal loss, and chronic neuroinflammation (Scheltens et al., 2021). Thus, elucidating the mechanisms of AD onset, developing preventative measures, and formulating effective treatments are of paramount importance.

Schisanlactone E, also known as XueTongSu (XTS), is an active compound derived from the traditional Tujia medicine Kadsura heteroclita, commonly referred to as “XueTong” (Wang et al., 2021).”XueTong” has a long history of medicinal use among the Tujia people of China, with well-documented clinical efficacy. Recent research highlights the significant anti-inflammatory and antioxidant properties of XTS (Liu et al., 2020). XTS inhibits the NF-κB signaling pathway by inhibiting the expression of RANKL (Receptor Activator for Nuclear Factor κ B Ligand) and its receptor RANK, thereby reducing the expression of inflammatory cytokines and diminishing inflammatory responses (Wang et al., 2006). Additionally, XTS can decrease the activity of matrix metalloproteinase-9 (MMP-9) and inhibit the IL-23/IL-17 inflammatory axis, thus reducing immune cell activation and inflammation (Zheng et al., 2024).

16S rDNA sequencing is a high-throughput technique used to analyze the composition of bacterial communities in specific environmental samples. It reveals the diversity, abundance, and structure of microbial populations and explores the relationships between microorganisms and their environment or host (Woo et al., 2008). Clinical studies have shown significant differences in the gut microbiota composition of AD patients compared to healthy elderly individuals (Liu et al., 2019; Pan et al., 2021),suggesting that modulating gut microbiota dysbiosis could be a promising therapeutic strategy for AD (Zhu et al., 2020; Zhang et al., 2023). Some plant-derived small molecules, such as Schisandra chinensis polysaccharide, have demonstrated anti-AD effects by altering the gut microbiota composition and subsequent metabolic changes in AD model rats (Fu et al., 2023). Therefore, investigating the impact of XTS on gut microbiota may uncover new therapeutic pathways for XTS in AD treatment.

Metabolomics enables the detection and quantification of numerous metabolites in tissues or biological fluids, revealing multiple network changes under disease conditions (Huo et al., 2020; Fang et al., 2021). Non-targeted mass spectrometry (MS) allows comprehensive exploration of metabolites within biological systems, providing a robust method for identifying and validating candidate metabolomic biomarkers (Su et al., 2023). Metabolomics supports a comprehensive understanding of alterations in the AD brain (Reveglia et al., 2021),aiding early screening and diagnosis through existing biomarkers (Lista et al., 2023). Combining gut microbiota, gut metabolites, and brain tissue metabolomic changes for joint analysis can provide insights into anti-AD drug mechanisms and support evidence for the Microbial-Gut-Brain Axis (MGBA) (Chen et al., 2024).

This study employed APP/PS1 double transgenic mouse models to investigate the pathological mechanisms of AD and the regulatory network mediated by XTS in AD treatment. We evaluated learning and memory improvements in APP/PS1 mice treated with XTS using the Morris Water Maze (MWM) test. HE staining, Nissl staining, and immunofluorescence assays observed the effects of XTS on brain tissue morphology and pathological products. 16S rDNA sequencing analyzed changes in gut microbiota abundance, while non-targeted metabolomics based on liquid chromatography-mass spectrometry (LC–MS) determined the regulatory effects of XTS on the cortical metabolic profile. Integrating gut microbiota-metabolite correlation analysis and the KEGG database allowed a multi-omic, multi-dimensional study of the anti-AD mechanisms of XTS. This comprehensive approach aims to further understand the anti-AD effects of XTS.



2 Materials


2.1 Schisanlactone E

Schisanlactone E (also known as XTS, PubChem CID: 14844611, purity >99.99%; HPLC, Hunan, China) was prepared by the College of Pharmacy, Hunan University of Chinese Medicine. The molecular formula of Schisanlactone E is C30H44O4 (Figure 1A).
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FIGURE 1
 XTS improved the learning and memory functions and ameliorated the pathological changes in the brains of APP/PS1 mice. (A) XTS. (B) Latency period in the water maze. (C) Number of platform crossings. (D) Time spent in the platform area/total time. (E) Distance traveled in the platform area/total distance. (F) Trajectory plot of the NC group. (G) Trajectory plot of the M group. (H) Trajectory plot of the Tre group. (I) HE staining of mouse brain tissue. (J) aNissl staining of mouse brain tissue; bthe relative quantity of Nissl bodies. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




2.2 Animals

APP/PS1 double transgenic (APP/PS1) mice and C57BL/6 mice were purchased from Nanjing Junke Bioengineering Co., Ltd. The study involved 20 male APP/PS1 mice and 10 male C57BL/6 mice, each weighing between 25 and 35 grams. The animals were supplied with the experimental animal production license number SCXK(Su)2020–0009. They were housed in the Animal Experiment Center of Hunan University of Chinese Medicine. The experimental protocol was approved by the Ethics Committee of Hunan University of Chinese Medicine (Approval No. LLBH-2021090804). The 10 C57BL/6 mice were assigned to the control group (NC), and the 20 APP/PS1 mice were randomly divided into the model group (M) (10 mice) and the XTS-treated group (Tre) (10 mice). All animals had free access to water and were maintained at a constant temperature under a 12-h light/dark cycle with an adaptation period of 3 days.



2.3 Instruments and reagents

The following instruments and reagents were used in the study: SMART 3.0 small animal behavior recording and analysis system (RWD Life Science Co., Ltd.); Paraffin microtome (Thermo Fisher Scientific, USA); Al + confocal laser microscope (Nikon, Japan); TissueFAXS imaging system (Tissue Gnostics GmbH, Austria); High-speed refrigerated centrifuge (Eppendorf Centrifuge 5430 R); Centrifuge (Thermo Fisher Scientific, Heraeus Fresco17); Balance (Sartorius, BSA124S-CW); Refrigerated centrifuge (Hunan Xiangyi Experiment Equipment Co., H1850-R); Vortex mixer (Haimen Kylin-bell Lab Instruments Co., Ltd., BE-96); Tissue homogenizer (Zhejiang Meibi Experiment Equipment Co., Ltd., MB-96); Ultrasonic cleaner (Kunshan Shumei Experiment Equipment Co., Ltd., KW-100TDV); Filter membranes (Tianjin Jinteng Experiment Equipment Co., Ltd., 0.22 μm PTFE); Liquid chromatography system (Thermo, Vanquish); Mass spectrometer (Thermo, Orbitrap Exploris 120); Water (Millipore); Acetonitrile (Thermo, 75-05-8, purity 99.9%); Methanol (Thermo, 67-56-1, purity ≥99.0%); Chloroform (Sinopharm, 67-66-3, purity 99.9%); 2-chloro-L-phenylalanine (Aladdin, 103616-89-3, purity 98%); Formic acid (TCI, 64-18-6, LC-MS grade); Ammonium formate (Sigma, 540-69-2, purity ≥99.9%); 6E10 antibody (SIG-39320, Covance Inc., USA); Iba1 antibody (sc-32725, Santa Cruz Biotechnology, Inc.); PCR product purification kit (AMPure XT beads, Beckman Coulter Genomics, Danvers, MA, USA); PCR product quantification kit (Qubit, Invitrogen, USA).




3 Methods


3.1 Preparation of XTS

XTS was prepared by the College of Pharmacy at Hunan University of Chinese Medicine. The stems of Kadsura heteroclita were collected from Huping Mountain in Shimen County, Hunan Province, China. A voucher specimen (No. CEL 1280-KH) is preserved in the International Laboratory for Innovation and Development of Traditional Chinese Medicine and Ethnic Medicine at Hunan University of Chinese Medicine. Air-dried plant material (100 kg) was extracted with 80% ethanol under reflux to produce a viscous extract. XTS (PubChem CID: 14844611, purity >99.99%; HPLC, Hunan, China) was isolated and purified from the ethanol extract following the method described by Cao et al. (2020). HPLC analysis of the isolated XTS was performed using an Agilent 1,260 system equipped with a G1311C quaternary pump, G1329B sampler, G1316A column compartment, and G4212B diode array detector. An Agilent TC-C18 column (5 μm, 150 mm × 4.6 mm) was used with a mobile phase consisting of 0.1% phosphoric acid in water and acetonitrile. Gradient elution was carried out as follows: 0–30 min, 65–85% acetonitrile. The optimized flow rate, column temperature, injection volume, and detection wavelength were set at 1 mL/min, 25°C, 5 μL, and 210 nm, respectively (Cao et al., 2020; Yu et al., 2022; Zheng et al., 2024).



3.2 Animal grouping and drug intervention

Ten C57BL/6 mice were allocated to the NC group, and twenty APP/PS1 mice were randomly divided into two groups: the model group (M) and the treatment group (Tre). After a 7-day adaptation period, the mice received intraperitoneal injections for 60 days. The NC and M groups were administered an equivalent volume of physiological saline intraperitoneally. The XTS treatment group received intraperitoneal injections of XTS at a concentration of 2 mg/kg (Zheng et al., 2024).



3.3 Morris water maze test

The MWM test was employed to assess spatial learning and memory using the SMART 3.0 animal behavior recording and analysis system. The pool was divided into four quadrants, with the target quadrant being the first quadrant, where the escape platform was submerged 1 cm below the water surface. The MWM test consisted of place navigation and spatial probe trials. During place navigation, mice were released from each of the four quadrants in sequence, and the time taken to find and remain on the platform for 2 s was recorded. Each trial lasted a maximum of 60 s. If a mouse failed to find the platform within 60 s, it was guided to the platform and allowed to stay for 10 s to aid memory. Each mouse underwent one complete session per day, consisting of four trials, one from each quadrant. On the sixth day, the platform was removed for the spatial probe trial, and the time spent in the target quadrant and the number of platform crossings within 60 s were recorded.



3.4 Tissue collection

Mice were anesthetized with 3% pentobarbital sodium according to body weight, followed by fixation of the limbs and an abdominal U-shaped incision. Blood was collected from the eyeballs, approximately 1 mL per mouse. The heart was perfused with 20 mL of pre-cooled saline at 4°C via the left ventricle, with the right atrium cut open, until the viscera turned white, indicating successful perfusion. Brain tissues were collected, and the left and right hemispheres were separated. The left hemisphere was fixed in paraformaldehyde, while the right hemisphere was dissected into cortex and hippocampus, snap-frozen in liquid nitrogen, and stored at −80°C. At least five fecal pellets were collected from the rectum of each mouse, snap-frozen in liquid nitrogen, and stored at −80°C until further analysis. Blood samples were centrifuged at 3000 rpm for 15 min, and the serum was stored at −80°C.



3.5 Hematoxylin and eosin staining

The left hemisphere was fixed and embedded in paraffin. Sections were cut to a thickness of 3 μm using a paraffin microtome, deparaffinized, and rehydrated. Hematoxylin staining was performed for 5 min, followed by a water rinse. Differentiation was done using 0.5% hydrochloric acid in ethanol for 1 min, and bluing was achieved with PBS. Eosin staining was performed for 1 min, followed by dehydration in a graded alcohol series, air drying, and mounting with neutral gum.



3.6 Nissl staining

The left hemisphere was fixed, paraffin-embedded, and sectioned. After deparaffinization and rehydration, sections were stained with 1% toluidine blue at 37°C for 25 min. Differentiation was carried out in 95% ethanol for 30 s. Sections were then dehydrated in a graded alcohol series and mounted with neutral gum.



3.7 Immunofluorescence

Brain tissue samples were fixed in 4% paraformaldehyde and paraffin-embedded. Sections were cut to a thickness of 5 μm using a microtome (HM355S, Thermo Scientific, Shanghai, China). For immunostaining, sections were deparaffinized, subjected to antigen retrieval, blocked, and incubated with primary and secondary antibodies as previously described (Song et al., 2023). Antigen retrieval and tissue clearing were performed to enhance antigenicity. After blocking to reduce non-specific binding, sections were incubated with primary antibodies: 6E10 (SIG-39320, Covance Inc., USA, 1:200) for Aβ deposition, Iba1 (sc-32725, Santa Cruz Biotechnology, Inc., 1:50) for microglial expression, and GFAP (16825-1-AP, Proteintech, Inc., 1,200) for astrocytic expression. After primary antibody incubation, sections were incubated with appropriate secondary antibodies. Staining and mounting were performed according to established protocols. The TissueFAXS imaging system (Tissue Gnostics GmbH, Austria) was used for whole-slide imaging and subsequent statistical analysis, enabling comprehensive evaluation of stained tissue sections.



3.8 Quantitative real-time PCR (qPCR)

RNA was extracted from the left hippocampus using the TRIzo method, and RNA concentration was measured. The obtained RNA was stored at −80°C. For cDNA synthesis, the NovoScript® mRNA First-Strand cDNA Synthesis kit was used, with 1,000 ng RNA per 20 μL reaction volume. The synthesized cDNA was stored at −20°C. qPCR was conducted using SYBR Green to detect IL-1β, IL-6, and TNF-α mRNA expression levels, with β-actin as the internal control. Primer design was performed using Primer Premier 6.0, with Tm set at 55 ± 5°C and amplicon length between 100–300 bp (Table 1). Relative mRNA expression levels were calculated using the 2-ΔΔCq method.



TABLE 1 Primer sequence.
[image: Table1]



3.9 16S rRNA gene sequencing analysis


3.9.1 DNA extraction

Total genomic DNA was extracted from samples using the OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instructions and stored at −20°C until further analysis. The quantity and quality of the extracted DNA were assessed using a NanoDrop NC2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis, respectively.



3.9.2 16S rRNA gene amplicon sequencing

The V3–V4 region of the bacterial 16S rRNA gene was amplified using the forward primer 338F (5’-ACTCCTACGGGAGGCAGCA-3′) and the reverse primer 806R (5’-GGACTACHVGGGTWTCTAAT-3′). Sample-specific 7-bp barcodes were incorporated into the primers for multiplex sequencing. The PCR reaction mixture contained 5 μL of 5× buffer, 0.25 μL of FastPfu DNA Polymerase (5 U/μL), 2 μL of dNTPs (2.5 mM), 1 μL of each forward and reverse primer (10 μM), 1 μL of DNA template, and 14.75 μL of ddH₂O. Thermal cycling conditions were: initial denaturation at 98°C for 5 min, followed by 25 cycles of denaturation at 98°C for 30 s, annealing at 53°C for 30 s, and extension at 72°C for 45 s, with a final extension at 72°C for 5 min. PCR amplicons were purified using Vazyme VAHTS DNA Clean Beads (Vazyme, Nanjing, China) and quantified with the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). Equal amounts of purified amplicons were pooled, and paired-end 2 × 250 bp sequencing was performed on the Illumina NovaSeq platform using the NovaSeq 6,000 SP Reagent Kit (500 cycles) at Suzhou PANOMIX Biomedical Tech Co., LTD.



3.9.3 Sequence and statistical analysis

Microbiome bioinformatics analysis was performed using QIIME2 2019.4 (Bolyen et al., 2019) with modifications according to the official tutorials.1 Raw sequence data were demultiplexed using the demux plugin and primers were trimmed using the cutadapt plugin (Martin, 2011). Sequences were then quality-filtered, denoised, merged, and chimera-checked using the DADA2 plugin (Callahan et al., 2016). Non-singleton amplicon sequence variants (ASVs) were aligned with MAFFT (Katoh et al., 2002) and used to construct a phylogeny with FastTree2 (Price et al., 2009). Further analyses were conducted using QIIME2 and R packages (v3.2.0). Alpha diversity indices (Chao1, Observed species, Shannon, Simpson, Faith’s PD, Pielou’s evenness, and Good’s coverage) were calculated from the ASV table in QIIME2 and visualized as box plots. Beta diversity analyses, including Jaccard, Bray-Curtis, and UniFrac metrics, were performed to investigate microbial community variations and visualized via PCoA, NMDS, and UPGMA hierarchical clustering. Genus-level compositional profiles were analyzed using PCA. Taxonomy compositions and abundances were visualized using MEGAN (Huson et al., 2011) and GraPhlAn (Asnicar et al., 2015). Differentially abundant taxa were identified using LEfSe (Linear discriminant analysis effect size) and visualized as Manhattan plots (Segata et al., 2011). OPLS-DA (Orthogonal Partial Least Squares Discriminant Analysis) was used to reveal microbiota variations among groups, implemented with the R package “muma.” Random forest analysis was applied for sample classification using QIIME2. Microbial functions were predicted with PICRUSt2 (Douglas et al., 2020) using the KEGG database.




3.10 LC-MS analysis


3.10.1 Sample preparation for LC-MS

Accurately weigh an appropriate amount of sample into a 2 mL centrifuge tube. Add 1,000 μL of extraction solution (75% methanol (9:1), 25% H₂O) and three steel balls. Homogenize the sample at 50 Hz for 60 s twice. Sonicate at room temperature for 30 min, followed by an ice bath for 30 min. Centrifuge at 12,000 rpm and 4°C for 10 min. Transfer the supernatant to a new 2 mL centrifuge tube, concentrate, and dry it. Redissolve the sample in 200 μL of 50% acetonitrile solution containing 2-Amino-3-(2-chlorophenyl)-propionic acid (4 ppm), filter through a 0.22 μm membrane, and transfer to LC–MS vials for analysis.



3.10.2 LC-MS instrumental analysis

LC analysis was performed on a Vanquish UHPLC System (Thermo Fisher Scientific, USA) with an ACQUITY UPLC® HSS T3 column (150 × 2.1 mm, 1.8 μm) (Waters, Milford, MA, USA) maintained at 40°C. The flow rate was 0.25 mL/min with an injection volume of 2 μL. For LC-ESI (+)-MS analysis, the mobile phases were 0.1% formic acid in acetonitrile (C) and 0.1% formic acid in water (D), with the following gradient: 0–1 min, 2% C; 1–9 min, 2–50% C; 9–12 min, 50–98% C; 12–13.5 min, 98% C; 13.5–14 min, 98–2% C; 14–20 min, 2% C. For LC-ESI (−)-MS analysis, the mobile phases were acetonitrile (A) and 5 mM ammonium formate (B), with the gradient: 0–1 min, 2% A; 1–9 min, 2–50% A; 9–12 min, 50–98% A; 12–13.5 min, 98% A; 13.5–14 min, 98–2% A; 14–17 min, 2% A (Zelena et al., 2009).

Mass spectrometric detection of metabolites was performed on an Orbitrap Exploris 120 (Thermo Fisher Scientific, USA) with an ESI ion source. Simultaneous MS1 and MS/MS acquisition (Full MS-ddMS2 mode, data-dependent MS/MS) was employed with the following parameters: sheath gas pressure, 30 arb; aux gas flow, 10 arb; spray voltage, 3.50 kV (ESI+) and − 2.50 kV (ESI-); capillary temperature, 325°C; MS1 range, m/z 100–1,000; MS1 resolving power, 60,000 FWHM; number of data-dependent scans per cycle, 4; MS/MS resolving power, 15,000 FWHM; normalized collision energy, 30%; dynamic exclusion time, automatic (Want et al., 2013).





4 Results


4.1 XTS improves learning and memory abilities and ameliorates brain pathological changes in APP/PS1 mice

The Morris water maze experiment demonstrated that over the course of the 5-day spatial navigation trial (Figure 1B), the average latency time decreased across all groups of mice. Compared to the NC group, the M group showed a smaller reduction in latency, indicating impaired learning ability in the M group. In contrast, the Tre group exhibited a greater reduction in latency compared to the M group, demonstrating the positive effect of XTS on the learning ability of APP/PS1 mice. After the 5-day spatial navigation trial, the efficacy of XTS on APP/PS1 mice was evaluated on the 6th day through a spatial probe trial. In this trial, APP/PS1 mice in the M group crossed the platform fewer times (p < 0.0001) (Figure 1C) and spent less time (p < 0.0001) and distance (p < 0.001) in the platform zone (Figures 1D,E), indicating impaired spatial memory (Figures 1F,G,H). Compared to the M group, the Tre group crossed the platform more frequently (p < 0.0001) and spent a higher percentage of time (p < 0.0001) and distance (p < 0.05) in the platform zone, indicating that XTS improved the spatial memory of APP/PS1 mice. These results suggest that XTS intervention significantly enhanced learning ability and spatial memory in APP/PS1 mice. HE and Nissl staining were employed to observe the effects of XTS on the pathological changes in the brain tissues of APP/PS1 mice. The hippocampus is crucial for learning and memory and is particularly vulnerable to damage in the early stages of AD (Mu and Gage, 2011).

HE staining results (Figure 1I) showed that in the NC group, the hippocampal neuronal cells were well-organized, spherical, with intact cell membranes and nuclei, and no significant swelling or necrosis. In contrast, the M group exhibited irregular neuronal cell sizes, uneven structures, and reduced cell numbers. Following XTS intervention, the Tre group showed restoration in the morphology and number of neuronal cells, indicating that XTS effectively reversed neuronal cell necrosis. Similarly, Nissl staining also demonstrated the therapeutic effect of XTS. Nissl staining results (Figure 1J) showed that in the Con group, neuronal cells were normal in size and number, with regular morphology and tightly arranged, with abundant Nissl bodies in the cytoplasm. In the M group, neuronal cells exhibited vacuolar changes or shrinkage, a significant reduction in number, fewer Nissl bodies, lighter staining, loose arrangement, and nuclear dissolution. After XTS intervention, neuronal cells in the Tre group were more regularly arranged, with an increased number of Nissl bodies, reduced cell swelling or shrinkage, and increased intracellular Nissl bodies.

Immunofluorescence was used to detect Aβ accumulation in the brains of APP/PS1 mice using the 6E10 antibody (Figure 2A) and the activation of astrocytes and microglia using GFAP and Iba1 antibodies, respectively (Figure 2B). The results showed that compared to the NC group, the M group had increased Aβ deposition and greater activation of astrocytes and microglia, which were aggregated. Following XTS intervention, Aβ deposition and the activation of astrocytes and microglia in the brains of APP/PS1 mice were significantly reduced. These findings indicate that XTS can effectively mitigate pathological changes in the brains of APP/PS1 mice, reducing Aβ deposition and the activation of astrocytes and microglia. qPCR was used to measure the levels of inflammatory cytokines in the brain tissues of mice. The results (Figure 2C) showed that compared to the NC group, the M group had upregulated expression of IL-1β, IL-6, and TNF-α. Following XTS intervention, the expression levels of IL-1β, IL-6, and TNF-α were significantly reduced (p < 0.05). These results indicate that XTS lowers the levels of inflammatory cytokines in the brain tissues of APP/PS1 mice.
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FIGURE 2
 XTS reduced the pathological products in the brains of APP/PS1 mice. (A) Aβ immunofluorescence staining. (B) GFAP and Iba1 immunofluorescence staining. aQuantification of Aβ plaques. bQuantification of GFAP and Iba1 positive cells. (C) qPCR of inflammatory cytokines in mouse brain tissue (aIL-1β; bIL-6; cTNF-α). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.




4.2 XTS alters the composition of gut microbiota in APP/PS1 mice

To investigate whether XTS alters the gut microbiota composition in APP/PS1 mice and exerts anti-AD effects, we performed 16S rRNA gene sequencing on fecal samples from the NC, M, and Tre groups (eight samples per group). Alpha diversity indices were used to evaluate species richness and functional diversity among the groups (Figure 3A). The results indicated that compared to the M group, the Tre group showed higher Chao1 and observed species indices, suggesting that XTS increased the species richness and abundance of gut microbiota in APP/PS1 mice. The Shannon index was also significantly higher in the Tre group than in the M group, indicating an increase in gut microbiota diversity following XTS intervention. The Faith PD index, which measures phylogenetic diversity, was higher in the Tre group compared to the M group, suggesting improved systemic health and diversity of the gut microbiome in APP/PS1 mice after XTS treatment. Additionally, β-diversity analysis using PCoA revealed distinct microbial compositions among the three groups, indicating significant differences in microbial species.
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FIGURE 3
 XTS improved the diversity and abundance of gut microbiota in APP/PS1 mice. (A) Alpha and beta diversity analysis of 16S rDNA sequencing. (B) Bar chart of species composition at the genus level. (C) Manhattan plot of different ASV/OTU based on metagenomeSeq (M vs. NC). (D) Manhattan plot of different ASV/OTU based on metagenomeSeq (Tre vs. M). (E) Display of intergroup differences in taxonomic units based on the classification tree. (F) Bar chart of LDA effect size of marker species. (G) Predicted KEGG secondary functional pathways.


To further assess the general composition of the gut microbiota in the three groups, we selected the top 20 most abundant genera and compared the taxonomic similarities. The results showed that Lactobacillus, Desulfovibrio, and Rikenella were the predominant genera in the NC group, while Lactobacillus, Allobaculum, and Ruminococcus were dominant in the M group, and Lactobacillus, Akkermansia, and Allobaculum were dominant in the Tre group (Figure 3B; Supplementary Table S1 in Supplementary material 1). Significant differential analysis revealed that, compared to the NC group, the M group exhibited significantly increased abundances of Bifidobacteriales, Bacteroidales, Lactobacillales, Clostridiales, and Erysipelotrichales (Figure 3C). In contrast, compared to the M group, the Tre group showed significant increases in the abundances of Bacteroidales, Lactobacillales, Clostridiales, Erysipelotrichales, and Verrucomicrobiales (Figure 3D). Kruskal-Wallis rank-sum tests identified significantly different species among the groups, and Wilcoxon rank-sum tests were used for pairwise comparisons. Linear discriminant analysis (LDA) was employed to classify the data and evaluate the contribution of significantly different species. The results (Figures 3E,F; Supplementary Table S2 in Supplementary material 1) indicated that the most contributory differential species varied among the groups: Ruminococcaceae in the M group, Bacteroidia in the Tre group, and Lactobacillales in the NC group.

In functional predictive analysis, PICRUSt2 was used to map the gut microbiota to potential functions. KEGG functional predictions based on 16S rRNA data were compared among the groups (Figure 3G; Supplementary Table S3 in Supplementary material 1). The results showed that carbohydrate metabolism and biosynthesis of other secondary metabolites were reduced in the M group compared to the NC group, but were restored in the Tre group. Xenobiotics biodegradation and metabolism were elevated in the M group compared to the NC group, but were downregulated in the Tre group. These findings suggest that XTS exerts its anti-AD effects by modulating the abundance and function of gut microbiota in APP/PS1 mice, enhancing carbohydrate metabolism and the biosynthesis of secondary metabolites, and downregulating xenobiotics biodegradation and metabolism.



4.3 XTS reverses metabolic disturbances in APP/PS1 mice


4.3.1 XTS reverses metabolic disturbances in the gut of APP/PS1 mice

We further conducted LC–MS-based untargeted metabolomics on gut and brain tissues to investigate the effects of XTS on metabolites in APP/PS1 mice. The quality control of the LC–MS untargeted metabolomics was satisfactory (Supplementary material 2).

In the LC–MS untargeted gut tissue metabolomics, the detected metabolites were analyzed using OPLS-DA. OPLS-DA (Figures 4A–F) revealed distinct and differentially separated metabolite profiles among the three groups in both positive and negative ion modes, indicating significant metabolic disturbances in APP/PS1 mice that were partially restored by XTS treatment. Using Student’s t-test (p < 0.05), we visualized differential metabolites between groups with -log10 (p value) and log2 (Fold Change) values. We found 703 differential metabolites between the NC and M groups, with 100 metabolites showing significant differences (55 upregulated and 45 downregulated) (Figure 4G; Supplementary Table S1 in Supplementary material 3). Between the Tre and M groups, 703 metabolites were differentially expressed, with 78 showing significant differences (20 upregulated and 58 downregulated) (Figure 4H; Supplementary Table S2 in Supplementary material 3).
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FIGURE 4
 Gut metabolomics analysis-1. (A) OPLS-DA analysis of M group vs. NC group in positive ion mode. (B) OPLS-DA analysis of Tre group vs. M group in positive ion mode. (C) OPLS-DA analysis of NC, M, and Tre groups in positive ion mode. (D) OPLS-DA analysis of M group vs. NC group in negative ion mode. (E) OPLS-DA analysis of Tre group vs. M group in negative ion mode. (F) OPLS-DA analysis of NC, M, and Tre groups in negative ion mode. (G) Volcano plot of differential metabolites in gut tissue between M and NC groups. (H) Volcano plot of differential metabolites in gut tissue between Tre and M groups.


We calculated the ratios of the quantitative values of the differential metabolites and used Z-scores for differential analysis. The Z-scores, based on the relative content of metabolites, revealed that compared to the NC group, the M group exhibited significant differences in Quillaic acid (decreased) and 1-Methyladenosine (increased) (Figure 5A). Compared to the M group, the Tre group showed significant differences in Thymine (decreased) and Isosakuranetin (increased) (Figure 5B). Quillaic acid belongs to the category of Alcohols and Polyols within Carboxylic Acids and Derivatives, while 1-Methyladenosine is a Purine Nucleoside. Thymine is a Pyrimidine within Diazines, and Isosakuranetin is a 1-Benzopyran within Benzene and Substituted Derivatives. Cluster analysis revealed improvements in various differential metabolites in Diazines and Benzene and Substituted Derivatives following XTS intervention (Figure 5C; Supplementary Table S3 in Supplementary material 3). These findings suggest that XTS may exert anti-AD effects by modulating related metabolic processes of Diazines and Benzene and Substituted Derivatives.
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FIGURE 5
 Gut metabolomics analysis-2. (A) Z-score plot of differential metabolites in brain tissue between M and NC groups. (B) Z-score plot of differential metabolites in brain tissue between Tre and M groups. (C) Heatmap of hierarchical clustering analysis among the three groups.




4.3.2 XTS reverses metabolic disturbances in the brain of APP/PS1 mice

In the LC–MS untargeted brain tissue metabolomics, the detected metabolites were subjected to OPLS-DA. OPLS-DA (Figures 6A–F) showed clear and distinct separation of metabolites among the three groups in both positive and negative ion modes, indicating significant metabolic disturbances in APP/PS1 mice that were partially restored by XTS treatment. Using Student’s t-test (p < 0.05), we visualized the differential metabolites between groups with -log10 (p value) and log2 (Fold Change) values. We found 397 differential metabolites between the NC and M groups, with 30 showing significant differences (13 upregulated and 17 downregulated) (Figure 6G; Supplementary Table S4 in Supplementary material 3). Between the Tre and M groups, 397 metabolites were differentially expressed, with 38 showing significant differences (4 upregulated and 34 downregulated) (Figure 6H; Supplementary Table S5 in Supplementary material 3).
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FIGURE 6
 Brain metabolomics. (A) OPLS-DA analysis of M group vs. NC group in positive ion mode. (B) OPLS-DA analysis of Tre group vs. M group in positive ion mode. (C) OPLS-DA analysis of NC, M, and Tre groups in positive ion mode. (D) OPLS-DA analysis of M group vs. NC group in negative ion mode. (E) OPLS-DA analysis of Tre group vs. M group in negative ion mode. (F) OPLS-DA analysis of NC, M, and Tre groups in negative ion mode. (G) Volcano plot of differential metabolites in brain tissue between M and NC groups. (H) Volcano plot of differential metabolites in brain tissue between Tre and M groups. (I) Z-score plot of differential metabolites in brain tissue between M and NC groups. (J) Z-score plot of differential metabolites in brain tissue between Tre and M groups. (K) Heatmap of hierarchical clustering analysis among the three groups.


We calculated the ratios of the quantitative values of the differential metabolites and used Z-scores for differential analysis. The Z-scores revealed that compared to the NC group, the M group exhibited significant differences in Glycerophosphocholine (decreased) and Citraconic acid (increased) (Figure 6I). Compared to the M group, the Tre group showed significant differences in 5-KETE (decreased) and 4-methylcatechol (increased) (Figure 6J). Citraconic acid and 5-KETE belong to Fatty Acyls within Fatty Acids and Conjugates, which were elevated in the M group but reduced in the Tre group. These findings indicate that XTS intervention significantly affected the levels of Fatty Acyls in the brain tissues of APP/PS1 mice, with a notable reduction in 5-KETE following XTS treatment. Cluster analysis revealed improvements in various Fatty Acyls metabolites following XTS intervention (Figure 6K; Supplementary Table S6 in Supplementary material 3). These results suggest that XTS may exert anti-AD effects by modulating the metabolic processes related to Fatty Acyls.




4.4 XTS modulates metabolic pathways in APP/PS1 mice


4.4.1 XTS modifies gut tissue metabolic pathways in APP/PS1 mice

To further elucidate the functional roles of these differential metabolites and their impact on the host, we classified and annotated the identified differential metabolites using the KEGG database. This allowed us to determine their functional characteristics and identify major biochemical and signal transduction pathways. Compared with the NC group (Figure 7A; Supplementary Table S1 in Supplementary material 4), the M group exhibited downregulation of five metabolites within the Arachidonic acid metabolism pathway, which was the pathway with the most downregulated metabolites. Comprehensive analysis of the pathways involving differential metabolites (including enrichment and topology analysis) revealed key pathways with the highest correlation to metabolic differences (Figure 7B). The Neuroactive ligand-receptor interaction pathway emerged as the most correlated with metabolic differences, featuring differential metabolites such as Prostaglandin I2, 12-Keto-tetrahydro-leukotriene B4, Leukotriene E4, Sphingosine 1-phosphate, and L-Homocysteic acid.
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FIGURE 7
 KEGG pathway analysis of gut tissue metabolites in APP/PS1 mice. (A) Statistical plot of differential molecules in KEGG pathways between M and NC groups. (B) Bubble chart of metabolic pathway analysis between M and NC groups. (C) Statistical plot of differential molecules in KEGG pathways between Tre and M groups. (D) Bubble chart of metabolic pathway analysis between Tre and M groups.


Compared with the M group (Figure 7C; Supplementary Table S2 in Supplementary material 4), the Tre group showed significant alterations in the Biosynthesis of phenylpropanoids pathway, with eight differentially expressed metabolites, making it the pathway with the highest number of differential metabolites. Key metabolites in this pathway included L-Aspartic acid, Alpha-D-Glucose, trans-Cinnamate, Shikimic acid, Salicylic acid, Indole-3-acetate, 1-Aminocyclopropanecarboxylic acid, and Jasmonic acid (Figure 7D). The Neuroactive ligand-receptor interaction pathway also displayed significant metabolic differences between the Tre and M groups, with differential metabolites including L-Aspartic acid, Adenosine, Norepinephrine, Cortisol, Acetylcholine, and Leukotriene D4.



4.4.2 XTS modifies brain tissue metabolic pathways in APP/PS1 mice

We further analyzed the alterations in metabolic pathways in the brain tissues of APP/PS1 mice. Compared with the NC group (Figure 8A; Supplementary Table S3 in Supplementary material 4), the M group showed downregulation of five metabolites and upregulation of three metabolites in the Biosynthesis of cofactors pathway, making it the pathway with the most differentially expressed metabolites. Enrichment and topology analyses identified Histidine metabolism as the key pathway most correlated with metabolic differences (Figure 8B), with differential metabolites including L-Glutamic acid, Formiminoglutamic acid, Imidazol-5-yl-pyruvate, and Ergothioneine.
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FIGURE 8
 KEGG pathway analysis of brain tissue metabolites in APP/PS1 mice. (A) Statistical plot of differential molecules in KEGG pathways between M and NC groups. (B) Bubble chart of metabolic pathway analysis between M and NC groups. (C) Statistical plot of differential molecules in KEGG pathways between Tre and M groups. (D) Bubble chart of metabolic pathway analysis between Tre and M groups.


Compared with the M group (Figure 8C; Supplementary Table S4 in Supplementary material 4), the Tre group exhibited downregulation of 24 metabolites and upregulation of three metabolites in the Metabolic pathways, the pathway with the most differentially expressed metabolites. Further analysis revealed that the Alanine, aspartate, and glutamate metabolism pathway had the highest correlation with metabolic differences, featuring key metabolites such as Succinic acid semialdehyde, Argininosuccinic acid, Adenylsuccinic acid, and N-Acetylaspartylglutamic acid (Figure 8D).




4.5 XTS improves the interactions between gut microbiota and brain tissue metabolites in APP/PS1 mice

To further investigate the impact of XTS on gut microbiota and metabolites and its potential anti-AD effects, we performed a Spearman correlation analysis between gut microbiota and brain tissue metabolites (Figures 9A,C; Supplementary material 5). The study identified seven common differential metabolites between the M group & NC group and the Tre group & M group (highlighted in red in Figure 9), which include 5’-S-Methyl-5′-thioinosine, Sarsasapogenin, 2-Aminoisobutyric acid, Isosakuranetin, Antibiotic JI-20A, trans-Cinnamate, and 5-Hydroxyindoleacetic acid. Additionally, two common gut microbes were identified (highlighted in green in Figure 9): Turicibacter and Pediococcus. In the comparison between the M group and the NC group, Turicibacter showed a positive correlation with two metabolites, Isosakuranetin and trans-Cinnamate, while Pediococcus was positively correlated with D-Mannose (p < 0.05). In the comparison between the Tre group and the M group, Turicibacter was positively correlated with Dihydrouracil and Gulonic acid, and Pediococcus with Traumatic Acid. In the Mantel tests (Figures 9B,D; Supplementary material 6), we demonstrated the correlation between the top 20 metabolites and the distance matrices of the top 5 microbes. In the M group, Turicibacter showed a strong positive correlation with four brain tissue metabolites: Leukotriene E4, Isosakuranetin, Lithocholic acid, and LysoPA(16_0_0_0). Following XTS intervention, in the Tre group, both Akkermansia and Paraprevotella displayed a strong positive correlation with two brain tissue metabolites: Sphinganine and Gibberellin A53. Subsequently, we employed Two-way Orthogonal Partial Least Squares (O2PLS) analysis to more precisely identify key regulatory phenomena. The O2PLS analysis (Figures 9E,F; Supplementary material 7) revealed that, in the comparison between the M group and the NC group, the brain tissue metabolite Phytosphingosine and the gut microbe Mucispirillum exhibited significant importance. In the comparison between the Tre group and the M group, the brain tissue metabolite Sphinganine and the gut microbe Akkermansia showed notable significance.
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FIGURE 9
 Joint analysis of metabolomics and 16S rDNA. (A) Spearman correlation analysis between NC and M groups. (B) Mantel Tests analysis between NC and M groups. (C) Spearman correlation analysis between M and Tre groups. (D) Mantel Tests analysis between M and Tre groups. (E) O2PLS analysis between NC and M groups. (F) O2PLS analysis between M and Tre groups.


Among these findings, Akkermansia, which displayed significant importance post-XTS intervention, showed strong correlations with brain tissue metabolites, suggesting it as one of the most affected gut microbiota by XTS. Similarly, Sphinganine emerged as a highly significant metabolite, strongly correlated with various gut microbes, indicating it as one of the most influenced metabolites by XTS intervention.




5 Discussion

AD is a common neurodegenerative disorder among the elderly, with its prevalence rising due to global population aging (Breijyeh and Karaman, 2020). Current research suggests that physiological processes such as metabolism, endocrine function, and immunity can link gut microbiota to the brain via the MGBA, exerting regulatory effects (Yuan et al., 2022). XTS, derived from the dried stems of the traditional Chinese medicinal plant Xuetong, has shown anti-inflammatory and metabolic regulatory properties (Yu et al., 2022) and may exert anti-AD effects through the MGBA.

In this study, the Morris water maze test revealed that XTS can enhance learning and memory in APP/PS1 mice. Histological examinations using HE and Nissl staining indicated that XTS preserved neuronal morphology in the brains of APP/PS1 mice and prevented Nissl body dissolution. Immunofluorescence assays showed that XTS intervention significantly reduced Aβ plaque deposition and downregulated the activation of astrocytes and microglia in the brain tissue of APP/PS1 mice, suggesting that XTS decreases the production of pathological products and reduces neuroinflammation, as confirmed by qPCR detection of inflammatory markers.

16S rDNA sequencing demonstrated that XTS increased the abundance of gut microbiota in APP/PS1 mice, with significant differences in microbial species between the NC, M, and Tre groups, highlighting the substantial impact of XTS on gut microbiota. Notably, Akkermansia showed a significant increase in abundance in the Tre group, whereas it was scarcely present in the M group. Akkermansia is associated with anti-inflammatory effects and metabolic regulation (Dao et al., 2016), and it can modulate the MGBA by maintaining the intestinal mucosal barrier and regulating lipid metabolism (Dao et al., 2016; Gu et al., 2021). Studies have shown that Akkermansia can ameliorate diabetes-related AD and alleviate its pathological features (Qu et al., 2023). Similar increases in Akkermansia abundance have been observed in other studies involving drug interventions in AD mouse models (Li et al., 2023; Liu et al., 2023). Functional predictions based on the KEGG database from 16S rDNA data indicated that XTS intervention upregulated carbohydrate metabolism, which is notably disrupted in AD and can exacerbate neuroinflammation and neurotoxicity due to microglial dysfunction (Baik et al., 2019; Traxler et al., 2022). XTS demonstrated significant regulatory effects on this pathological phenomenon, suggesting it can enhance Akkermansia abundance in APP/PS1 mice, exert anti-AD effects through the MGBA, and significantly regulate aberrant carbohydrate metabolism.

In metabolomic studies of gut and brain tissues, we found that XTS intervention markedly increased the levels of Isosakuranetin in the gut. Isosakuranetin has notable anti-inflammatory properties and has shown efficacy in a mouse model of pneumonia induced by Staphylococcus aureus (Tian et al., 2023). Additionally, it reduces neurological damage in a rat model of cerebral infarction, demonstrating neuroprotective effects (Janyou et al., 2024), and exhibits anti-nociceptive properties in a rat model of peripheral neuropathy (Jia et al., 2017). In brain tissue metabolomic studies, Citraconic acid levels were elevated in APP/PS1 mice, while XTS intervention reduced 5-KETE levels. Both Citraconic acid and 5-KETE are fatty acyl metabolites involved in fatty acid metabolism, which is disrupted in AD (Huang and Mahley, 2014; Essayan-Perez and Südhof, 2023). 5-KETE acts as a chemotactic factor, inducing eosinophil migration and exacerbating neuroinflammation (Archambault et al., 2019), and it can regulate steroid hormone production and activate immune cells (Hughes et al., 2019). Post-XTS intervention, 4-methylcatechol levels increased in the brain, a compound with neuroprotective properties that stimulates the synthesis of brain-derived neurotrophic factor (BDNF) and nerve growth factor (NGF) (Fukuhara et al., 2012). 4-methylcatechol has demonstrated protective effects in models of neurological disorders, depression, pain, and recovery from motor and sensory nerve injury (Hsieh et al., 2009; Ishikawa et al., 2014; Gezginci-Oktayoglu et al., 2018). These findings suggest that XTS exerts anti-AD effects by upregulating Isosakuranetin in the gut, increasing 4-methylcatechol in the brain, and decreasing 5-KETE levels.

In combined analyses of gut microbiota and brain tissue metabolomics, Akkermansia again emerged as significant, showing a positive correlation with the metabolite Sphinganine. Sphinganine displayed notable importance in O2PLS analysis between the Tre and M groups. Studies have reported decreased urinary Sphinganine levels in AD patients (Li et al., 2013), and Sphinganine can regulate the balance between Th17 and Treg cells (Wang et al., 2023). KEGG database analysis indicated that the Neuroactive ligand-receptor interaction pathway showed high metabolic differentiation in gut tissues post-XTS intervention. Abnormalities in this pathway are closely associated with AD pathogenesis and play critical roles in regulating nervous system function and cellular communication (Pushparaj et al., 2022). In brain tissue, the Alanine, aspartate, and glutamate metabolism pathway was identified as the key pathway with the highest correlation with metabolic differences. D-Alanine positively correlates with behavioral symptoms in AD patients, while D-Glutamate and L-Glutamate negatively correlate (Lin et al., 2019; Ren et al., 2019). This pathway is essential for energy metabolism and neurotransmitter biosynthesis, supporting neuronal function (Wilkins and Trushina, 2018). N-Acetylaspartylglutamic acid (NAAG), a significant intermediate in this pathway, can convert to N-acetylaspartate (NAA) and ultimately aspartate, and is closely related to cognitive function and neuron survival (Schuff et al., 2006; Neale and Olszewski, 2019). AD patients show decreased levels of NAAG and NAA, correlating with cognitive impairment and neuronal loss (Jaarsma et al., 1994; Hollinger et al., 2019; Li et al., 2023). Additionally, this pathway is linked to neuroinflammation, with increased arginine levels observed in 3 × TgAD female mice, correlating with neuroinflammation (Liu et al., 2014). These findings suggest that XTS may link the gut and brain through the Neuroactive ligand-receptor interaction and Alanine, aspartate, and glutamate metabolism pathways, exerting anti-AD effects via the MGBA.

However, this study has limitations. The extraction process and yield of XTS require further research and improvement. The specific mechanisms and pathways of XTS’s anti-AD effects have not been fully elucidated, and the APP/PS1 double transgenic mouse model is only one type of AD rodent model, not encompassing all AD pathologies. Future studies should utilize more AD animal models, such as 5 × FAD and 3 × TgAD, to further explore the anti-AD effects of XTS.



6 Conclusion

Our study demonstrates that XTS effectively improves learning and memory function in APP/PS1 mice, ameliorates neuropathological changes and pathological products in brain tissue, and mitigates dysbiosis and metabolic disturbances in gut microbiota. XTS significantly modulates the abundance of Akkermansia microbiota and regulates the levels of metabolites such as Isosakuranetin, 5-KETE, 4-methylcatechol, and Sphinganine, exerting anti-AD effects via the MGBA.
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Background: Xiaojin Pill (XJP) is a traditional Chinese medicine prescribed for treating benign prostatic hyperplasia (BPH). It has been proven to have multiple effects, such as regulating sex hormone levels, exhibiting anti-tumor, anti-inflammatory, analgesic, and anti-platelet aggregation properties, and improving immunity. However, the material basis of XJP's therapeutic effect on BPH and its metabolic process in vivo remains to be clarified. At the same time, many microorganisms that exist in the urogenital tract, including those related to BPH, can also affect the health of the host.

Methods: Using ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), the chemical components of XJP were identified. A BPH model was created through bilateral testicular ablation and injections of testosterone propionate. A comprehensive evaluation of XJP efficacy was conducted using pathological ELISA, TUNEL, and immunohistochemical techniques. In addition, UPLC-MS metabolomics and 16S rRNA sequencing revealed the serum metabolic profile and intestinal microbiota composition. We performed a Spearman correlation coefficient analysis to highlight the interactions between “intestinal microbiota-serum factors” and “intestinal microbiota-metabolites.”

Results: XJP contains 91 compounds that alleviate pathologies of BPH in rats, decreasing prostate weight, index, and serum levels of Dihydrotestosterone (DHT), Prostate-Specific Antigen (PSA), epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF) levels. It inhibits prostatic epithelial cell apoptosis and downregulates Bax, TGF-β1, and IGF-1 proteins in the caspase-3 pathway. Metabolomics studies have revealed 10 upregulated and 10 downregulated metabolites in treated rats, with 5-methylcytosine, uracil, and cytosine enriched in pyrimidine metabolism. L-arginine plays a pivotal role in metabolic pathways encompassing pyrimidine metabolism, arginine biosynthesis, and the mammalian target of rapamycin (mTOR) signaling pathway. 16S rRNA sequencing revealed that XJP optimized the diversity and balance of intestinal flora in BPH rats by decreasing the Bacteroidetes/Firmicutes (B/F) ratio, enhancing the beneficial bacteria, such as Eggerthellaceae, Anaerovoracaceae, and Romboutsia, and suppressing the dysfunctional bacteria, such as Atopobiaceae, Prevotellaceae_NK3B31_group, Dorea, and Frisingicoccus. According to the Spearman correlation coefficient analysis, Lactobacillus was found to be most associated with serum factors, whereas Romboutsia showed the highest correlation with metabolites. This finding suggests that XJP modulates pyrimidine metabolism disorders in BPH rats, a regulation that aligns closely with Romboutsia, Prevotellaceae_NK3B31_group, Lactobacillus, Chujaibacter, and Enterorhabdus, thereby providing valuable biological insights.

Conclusion: In summary, these findings indicate that XJP possesses a synergistic anti-BHP effect through its multi-component, multi-target, multi-gut microbiota, and multi-metabolic pathway properties. The effect involves the regulation of sex hormone levels, growth factors, and the anti-epithelial cell apoptosis process. The modulation of specific gut microbiota by the host and the involvement of multiple metabolic pathways are likely one of the significant mechanisms of XJP in treating BPH. Notably, pyrimidine metabolism and the intestinal microbial ecosystem are closely intertwined in this process.
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1 Introduction

Benign prostatic hyperplasia (BPH) is a prevalent chronic urinary disorder that predominantly affects middle-aged and elderly men, with its incidence escalating with age. According to the 2022 “Guide for Diagnosis, Treatment, and Health Management of Benign Prostatic Hyperplasia” published in China, BPH affects nearly 20% of men aged 51–60 years, increasing to 50% in the 61–70 age group and culminating in an astonishing 83% prevalence among those aged 81–90 years (Wang et al., 2022). Anatomically, BPH is characterized by the benign overgrowth of epithelial and stromal tissues within the prostate's transition zone, accompanied by the remodeling of adjacent epithelial and fibromuscular tissues along the urethra (Bauman et al., 2014; Ren et al., 2018). The underlying pathology revolves around the disruption of the intricate balance between cellular proliferation and apoptosis, a phenomenon attributed to a complex interplay of factors, including hormonal imbalances (androgen–estrogen ratio), stromal–epithelial crosstalk, overexpression of growth factors, and inflammatory infiltration (Claus et al., 1997; Wang Q. et al., 2023; Wang R. et al., 2023; Wang S. et al., 2023). The progression of BPH is gradual, transitioning from subtle tissue alterations to overt clinical manifestations. As the prostate enlarges, it compresses the urethra, inducing urinary tract obstruction and stimulating the bladder's detrusor muscle. This, in turn, results in a range of lower urinary tract symptoms (LUTS), encompassing urinary irritation (urgency, frequency, nocturia, reduced urine volume, and urge incontinence), obstruction (thin urine stream, interrupted urination, weak flow, tense urination, or prolonged urination), and post-micturition symptoms (incomplete emptying or post-void dribbling; Yu, 2022). If BPH remains untreated, it can progress to severe complications, such as urinary retention, bladder stones, and renal failure (Thorpe and Neal, 2003). Multiple factors such as metabolic syndrome, cardiovascular disease, diabetes, obesity, hypertension, diet, and depression are linked with the development of BPH (Kim et al., 2016; Zhang et al., 2022). Treatment options vary based on severity, encompassing conservative measures, medications, and surgery (Hollingsworth and Wilt, 2014). Common drugs include 5α-reductase inhibitors (e.g., finasteride and dutasteride) and α-adrenoceptor blockers (e.g., tamsulosin and silodosin; Gacci et al., 2014). BPH significantly impacts patients' physical and mental health as well as their quality of life, emphasizing the need for effective management strategies. China's aging population, which has a higher than average elderly ratio (9.3% aged 65+ years) (Ren, 2023), is projected to exceed 400 million by 2035, accounting for over 30% of the total population (CCTV News, 2022). This severe aging trend highlights how BPH could significantly burden healthcare workers and the national health system, owing to its prevalence among middle-aged and elderly men (Chughtai et al., 2016; Xia and Lin, 2023). Thus, the prevention and treatment of BPH have emerged as a pressing public health concern in China.

Xiaojin Pill (XJP), a renowned traditional Chinese medicine featuring in Wang Hongxu's Qing Dynasty text, targets yin abscess treatment. XJP alleviates nodules, reduces swelling, enhances blood flow, removes stagnation, and eases pain as it comprises 10 herbs, such as musk, Momordica cochinchinensis, and processed Aconiti kusnezoffii radix. It addresses early-stage abscesses, swollen/painful lumps, multiple abscesses, scrofula, goiter, and mammary gland issues. In modern medical practice, XJP is primarily used for mammary hyperplasia and has shown promise in addressing urinary disorders, such as BPH, non-bacterial prostatitis, and male urethritis syndrome (Su et al., 2022). Pharmacological studies revealed its anti-inflammatory, analgesic, anti-tumor, hormonal balancing, anti-platelet, and immune-modulatory properties (Xiong et al., 2018). A study by Qu (2008) reported that XJP and finasteride are equally effective in treating BPH; however, XJP surpasses finasteride with its fewer side effects such as sexual dysfunction and gastrointestinal discomfort, thereby making it a safer alternative. While the therapeutic effects of XJP on BPH are evident (Yang et al., 2023), its active components and mechanisms remain elusive.

Current studies have shown that gut flora is involved in the metabolism of testosterone and androgens, which are related to prostate diseases (Yu et al., 2022; Bui et al., 2023). Hence, this study initially identified the constituent foundation of XJP via a component analysis. We then evaluated its therapeutic impact on BPH rats. We investigated the interplay between host metabolism and gut microbiota utilizing non-targeted metabolomics and 16S rRNA sequencing, which elucidated the mechanism of XJP in BPH treatment. This research offers a promising therapeutic candidate for BPH management (Figure 1).
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FIGURE 1
 The scheme of investigating anti-BPH efficacy and the potential mechanism of XJP through metabolomics and gut microbiota analysis.




2 Materials and methods


2.1 Regents and drugs

The materials used in this study included XJP supplied by Jiuzhaigou Natural Pharmaceutical Co., Ltd. (Sichuan, China), finasteride tablets sourced from Hangzhou MSD Pharmaceutical Co., Ltd. (Hangzhou, China), testosterone propionate (TP) injection sourced from Ningbo Second Hormone Factory (Ningbo, China), and soybean oil and carboxymethylcellulose sodium sourced from Shanghai-based companies (Macklin Biochemical & Yien Chemical Technology, respectively). ELISA kits for PSA, DHT, epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF) were procured from Jiangsu Jingmei Biotechnology (Jiangsu, China). A TUNEL kit was procured from Elabscience Biotechnology (Wuhan, China), while Bax and caspase-3 were procured from Cell Signaling Technology (Danvers, Massachusetts, USA). TGF-β1 and IGF-1 were sourced from ZEN-BIOSCIENCE (Chengdu, China) and Beijing Boaosen Biotechnology (Beijing, China), respectively.



2.2 UPLC-MS/MS for the qualitative detection of XJP components

A total of 50 mg of the sample were weighed, and 500 μL of ice-cold 80% methanol was added. The sample was ground with steel balls and kept in a freezer at −20°C for 30 min. It was then centrifuged at 20,000 g for 15 min, and 400 μL of the supernatant was collected. The collected supernatant was freeze-dried to remove the solvent. The sample was redissolved in 100 μL of ice-cold 50% methanol, centrifuged again, and filtered through a 0.22-μm membrane to obtain the test solution. The Thermo UltiMate 3000 UPLC system utilized an ACQUITY UPLC T3 column (100 x 2.1 mm, 1.8 μm) at 0.35 ml/min, 40°C, with an injection volume of 4 μl. Ultrapure water (5 mmol/L ammonium acetate + 5 mmol/L acetic acid) was used as A, and acetonitrile was used as B in a gradient elution (0–1 min: 1% B; 1.0–9.5 min: 1%−99% B; 9.5–11.5 min: 99% B; 11.5–12.0 min: 99%−1% B; and 12.0–15.0 min: 1% B). The Thermo Q-Exactive MS system was set up with sheath/auxiliary gas pressure at 0/10 psi, a capillary temperature of 350°C, ESI ±4.0/−4.5 kV, and in the DDA mode. MS1 (70–1,050 m/z, 70 k res., 100 ms IT) and MS2 (top 5 ions >100 k intensity, 17.5 k res., 50 ms IT, 6 s dynamic exclusion) were acquired. Xcalibur raw data were imported into MSDIAL for peak extraction, matching room temperature (RT) and mass with OrbitrapTCM (errors: 0.01 Da MS1 and 0.05 Da MS2). Compounds with Retention Score (RS) >70 were qualified, and active BPH-interfering components were predicted in the ETCM database.



2.3 Animals and treatments

A total of 54 male, specific pathogen-free, 8-week-old Sprague-Dawley rats (280 ± 20 g) from Beijing Huafukang Biotechnology Co., Ltd. [License No.: SCXK (Beijing) 2019-0008] were acclimatized for a week and then randomized into six groups (Xu et al., 2002): Sham (10 ml/kg 0.05% CMC-Na), Model (10 ml/kg 0.05% CMC-Na), Finasteride (0.52 mg/kg), and three XJP groups (low: 320 mg/kg, medium: 630 mg/kg, and high: 1,260 mg/kg) based on human–rat dose conversion. The Sham group underwent sham surgery, while the other groups underwent bilateral orchidectomy (ORC). Starting from day 8 after surgery, the non-Sham groups received a subcutaneous injection of TP (5 mg/kg), while the Sham group was administered soybean oil (1 mL/kg). Oral medications were administered daily for 4 weeks. The rats were housed in an Specific Pathogen Free (SPF) system with a controlled temperature (20–22°C), humidity (40–70%), and a 12-h light–dark cycle. These rats had ad libitum access to food and water.



2.4 Sample collection

Approximately 3 g of fresh rat feces were collected 12 h after the final administration and subsequently stored at −80°C for 16S rRNA sequencing. On the 2nd day, the rats were anesthetized with 2% pentobarbital sodium IP. After 30 min at room temperature, the serum obtained from the abdominal aorta was centrifuged (3,000 rpm, 10 min, 4°C) and stored at −80°C for ELISA and metabolomics analysis. The rats were euthanized by CO2 asphyxiation (KW-AL device, Nanjing Calvin Biotechnology). The prostate tissue was excised to calculate the prostate index (PI) [PI = prostate mass [mg]/body mass [g]] (Jin et al., 2019), and the ventral lobes were fixed in 4% paraformaldehyde for histopathological, TUNEL, and immunohistochemical assessments. All procedures were conducted in strict compliance with the guidelines of the Experimental Animal Ethics Committee of the Sichuan Provincial Hospital of Traditional Chinese Medicine.



2.5 Histopathology

Prostate tissues were processed through paraffin sectioning, dewaxing, hematoxylin-eosin (HE) staining, dehydration, and sealing. The images were captured using optical microscopy (Nikon SI, Japan) at 100 × magnification for lesion analysis. The thickness of the epithelial tissues in four glands at 200 × magnification was measured using Image J 6.0 (NIH and LOCI, USA) (de Abreu et al., 2018). The scoring adhered to the criteria outlined in Table 1 (Scolnik et al., 1994; Boehm et al., 2012; Bello et al., 2023).


TABLE 1 Pathology scoring criteria.
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2.6 ELISA

The levels of serum PSA, DHT, EGF, bFGF, and VEGF in each group were measured using ELISA, following the manufacturer's instructions.



2.7 TUNEL

TUNEL staining was performed in accordance with the manufacturer's protocol to assess cell apoptosis. The images were captured using a Nikon Eclipse Ti-SR microscope and an Olympus VS200 slide scanner. The apoptosis rate was calculated at × 8 magnification using Image J 6.0.



2.8 Immunohistochemical assessment

A immunohistochemical assessment involved antigen retrieval, blocking endogenous peroxidase with 3% H2O2 and 3% BSA for 30 min. Primary antibodies (Caspase-3 1:500, Bax 1:500, TGF-β 1:100, and IGF-1 1:500) were incubated overnight at 4°C. Secondary antibodies (HRP-labeled) were added for 50 min at RT. DAB staining yielded brownish-yellow positives. Nuclei were counterstained, dehydrated, and mounted. The images were captured and analyzed using ImageJ to determine the positive area percentage.



2.9 Metabolomics analysis

A comprehensive description of the metabolomics method is provided in detail in Supplementary material 1.



2.10 16S rRNA sequencing

A comprehensive description of the gut microbiota method is provided in detail in Supplementary material 1.



2.11 Statistical analysis

Statistical analysis (IBM SPSS 27) included ANOVA for multi-group comparisons with LSD for significant pairs. The Kruskal–Wallis test was conducted to evaluate non-normal data, including pathological scores. Significance was set at a p-value of < 0.05/0.01. Data were presented as mean ± SD. Spearman's correlation analysis was used to analyze relationships between serum indicators, metabolites, and gut microbiota.




3 Results


3.1 Chemical components of XJP and its active ingredients for treating BPH

Figures 2A, B demonstrate BPH in XJP's positive (POS) and negative (NEG) ion modes. A total of 91 compounds were identified from XJP, including 26 alkaloids, 23 terpenes, nine phenolic acids, eight phenylpropanoids, three steroids, three phenols, two flavonoids, one quinone, and 16 other compounds. Detailed information is provided in Supplementary Table 1 and Supplementary material 2.
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FIGURE 2
 UPLC-MS/MS was used to identify the chemical composition of XJP. (A) BPH of XJP in the positive (POS) mode. (B) BPH of XJP in the negative (NEG) mode.




3.2 Evaluation of the therapeutic effect of XJP on BPH rats
 
3.2.1 Surface observation and pathological changes

Androgen depletion was induced in rats using ORC and combined with TP-induced BPH modeling (Huang et al., 2022). The experimental setup is illustrated in Figure 3A. On the second post-operative day (Figure 3D), body weights in all groups, except the Sham group, declined slightly, confirming the success of ORC. Subsequently, weights steadily increased throughout modeling and treatment. Figures 3B, C show the prostate phenotypes and pathologies, respectively. The Model group displayed glandular dilation, epithelial thickening/shedding, and inflammation. The drug-treated groups exhibited improved wound healing. As shown in Figures 3E, F, significant increases in prostate weight and PI were observed in the Model group compared to the Sham group (p < 0.01). The Finasteride, XJP-L, and XJP-M groups exhibited significantly reduced prostate weights (p < 0.05), while all drug groups showed a declining PI trend. Figure 3G demonstrates the effect of XJP on prostate epithelial thickness in BPH rats, highlighting the hyperplastic state. When compared with Sham rats, Model rats displayed a pronounced elevation in epithelial thickness (p < 0.01). However, therapeutic intervention in the Finasteride, XJP-L, and XJP-H groups led to a significant reduction in epithelial thickness compared to Model rats. The Finasteride and XJP-L groups achieved statistical significance with a p-value of <0.05 and the XJP-H group achieved a p-value of <0.01. Finally, as shown in Figure 3H, lower pathological scores were observed in all treatment groups except the Model group.


[image: Figure 3]
FIGURE 3
 The impact of XJP on the apparent observation and pathological changes in BPH rats. (A) A timeline of the experimental design. (B) Prostate phenotypes in the different groups. Sham: pale red color, no nodules; Model: enlarged prostate, dark red color, with nodules; and Drug-treated groups: decreased prostate volume, grayish-red color, no nodules. (C) Representative images of pathological examination (scale bar: 100 um). Sham: epithelial cells arranged in a single layer of columnar or cuboidal shape (black arrows), no inflammatory reaction in the stroma (red arrows); Model: dilated acini, epithelial hyperplasia protruding into the lumen (black arrows), granulocyte infiltration in the epithelium, lumen, and surrounding stromal tissues (red arrows); Finasteride: epithelial cells arranged neatly, no hyperplasia (black arrows), and stromal vascular congestion (red arrows); XJP-L: epithelial cells arranged neatly, no hyperplasia (black arrows), mild stromal inflammatory reaction (red arrows); XJP-M: slight epithelial hyperplasia (black arrows); and XJP-H: epithelial cells arranged in a single layer of columnar or a cuboidal shape (black arrows). (D) A line chart of the body weight changes (n = 9, [image: image] ± SD). (E) Prostate weight (n = 8–9, mean ± SD). (F) Prostate index (n = 8–9, mean ± SD). (G) Epithelial thickness of the prostate tissue (n = 8–9, mean ± SD). (H) Pathological score (n = 8–9, mean ± SD). *p < 0.05, **p < 0.01.




3.2.2 Relevant serum factors and the apoptosis status of the prostate tissue

As shown in Figures 4A, B, a heightened apoptosis rate was observed in the Model group compared to the Sham group (p < 0.05), which was mitigated by XJP-M and XJP-H treatments (p < 0.05). Consequently, TUNEL staining confirmed the pro-apoptotic effect in BPH epithelial cells, which XJP was able to inhibit. As shown in Figures 4C–G, PSA, EGF, bFGF, and VEGF levels increased in the Model group but significantly reduced in all treatment groups (p < 0.01), with Finasteride and XJP-H groups exhibiting further lowering of DHT (p < 0.01), suggesting XJP's dose-dependent modulation of BPH-related serum factors.


[image: Figure 4]
FIGURE 4
 Effects of XJP on relevant serum factors and apoptosis of the prostate tissue in BPH rats. (A) Representative images of TUNEL staining (scale bar = 100 μm). DAPI (blue) displays nuclear staining, TUNEL (green) shows apoptotic cells, and the Merge image displays apoptotic cells and all cell nuclei simultaneously. (B) Apoptosis rate (n = 6, [image: image] ± SD). (C) PSA. (D) DHT. (E) EGF. (F) bFGF. (G) DHT (n = 8–9, [image: image] ± SD). *p < 0.05, **p < 0.01.




3.2.3 Expression of related proteins in the prostate tissue

As shown in Figures 5A, B, the ICH results indicated that the expression of Bax, caspase-3, TGF-β1, and IGF-1 proteins in the prostate tissue of the Model group was significantly increased compared to the Sham group (p < 0.01). In contrast, the expression of these proteins was significantly reduced in the Finasteride, XJP-L, XJP-M, and XJP-H groups compared to the Model group (p < 0.01).


[image: Figure 5]
FIGURE 5
 Effects of XJP on the expression of related proteins in the prostate tissue of BPH rats. (A) IHC staining of Bax, caspase-3, TGF-β1, and IGF1-1 (scale bar = 100 μm). (B) Positive area ratio (n = 3, [image: image] ± SD, **p < 0.01).





3.3 The effect of XJP on the level of serum metabolites in BPH rats
 
3.3.1 Data quality control

Figures 6A–C demonstrate robust reproducibility and system stability for metabolite profiling. As shown in Figure 6A, consistent serum Base Peak Chromatogram (BPC) peaked across POS/NEG modes for Sham, Model, and XJP-H rats. In Figure 6B, the principal component analysis (PCA) highlights tight QC clustering with minimal POS variance and substantial NEG overlap. As shown in QA data of Figure 6C, the PCA exhibits uniform patterns and high-quality features (RSD <30%), affirming system fitness for metabolic analysis.
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FIGURE 6
 Data quality analysis. (A) Typical BPC charts of serum obtained from Sham, Model, and XJP-H rats in both positive (POS) and negative (NEG) modes. (B) PCA plots of the overall sample QC in POS and NEG modes, with PC1 accounting for 10% and PC2 for 9.5% in the POS mode and PC1 accounting for 13.4% and PC2 for 9% in the NEG mode. (C) QA results of the overall samples in POS and NEG modes, with PC1 accounting for 10.5% and PC2 accounting for 9.6% in the POS mode, with 77.7% of features having Relative Standard Deviation (RSD) < 30%. In the NEG mode, PC1 accounted for 12.2% and PC2 accounted for 8.4%, with 79.4% of features having RSD < 30%.




3.3.2 Analysis of differential metabolites

The partial least squares-discriminant analysis (PLS-DA) analysis (Figure 7A) distinctly separated the profiles of the three sample groups in POS and NEG modes. Within each group, five samples were clustered tightly, exhibiting significant PC1–PC2 differences. Notably, the metabolic disparities between the Sham–Model groups and the XJP-H–Model groups were more evident, with wider 95% CI lateral distances (colored blocks), which emphasized richer metabolic variations. The heatmap (Figure 7B) visually depicts these metabolic differences. The z-score plot shown in Figure 7C further confirms the significant variations in metabolic components (v) between the Sham–Model and XJP-H–Model groups (p < 0.05; Sreekumar et al., 2009). The statistical analysis (Supplementary material 3) identified 12 differential metabolites (6 up and 6 down) in the Sham–Model and 20 differential metabolites (10 up and 10 down) in the XJP-H–Model groups. Identification diagrams are shown in Supplementary material 4. Notably, cytosine and L-phenylalanine were detected in XJP, which indicated potential entry into the bloodstream in their native forms.
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FIGURE 7
 Metabolic characteristics of the rat serum in BPH. (A) A PLS-DA score plot comparing different groups under positive (POS) and negative (NEG) modes. (B) A cluster heatmap showing differential metabolites between the two groups. The horizontal axis represents samples, and the vertical axis represents metabolites. Redder colors indicate higher expression levels of metabolites, while bluer colors indicate lower expression levels. (C) A z-score plot of differential metabolites between the two groups. The horizontal axis represents the z-score, and the vertical axis represents metabolites.




3.3.3 Analysis of differential pathways

As shown in Figure 8A, comparisons between the Sham and Model groups, as well as between the XJP and Model groups, revealed common metabolic pathways, including pyrimidine, arginine, D-amino acid, and ABC transporter metabolism. Figure 8B highlights the prominence of 5-methylcytosine, uracil, and cytosine in pyrimidine metabolism, while L-arginine is found to be crucial in multiple pathways. Figure 8C provides details about pyrimidine metabolism. As shown in Figure 8D, further analysis revealed that 5-methylcytosine expression dropped post-modeling (p < 0.01) but rose with XJP treatment (p < 0.05), suggesting its role as a biomarker for XJP's BPH intervention. Contrarily, uracil and cytosine expressions decreased in the XJP-H group compared to the Model group.
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FIGURE 8
 Impact of differential metabolites on metabolic pathways. (A) An enrichment map comparing two groups, with the horizontal axis indicating the enrichment factor (higher for greater enrichment) and the vertical axis showing sorted pathway names by p-values (redder for more significant enrichment). Bar chart numbers represent the number of enriched compounds per pathway. (B) Network visualization of metabolites and their associated metabolic pathways. (C) Pyrimidine metabolism pathway. (D) The boxplot of the pyrimidine metabolism pathway shows the quantitative results of 5-methylcytosine, uracil, and cytosine.





3.4 The effect of XJP on the gut microbiota of BPH rats
 
3.4.1 Data quality control and analysis of gut microbiota diversity and composition

The sequencing depth across 18 samples was consistent, with counts ranging from 44,457 to 55,741 (Figure 9A). The amplicon sequence variant (ASV) cumulative curve plateaued at 1984 ASVs, indicating comprehensive species coverage (Figure 9B). The Sham group had the highest sequence count, followed by the XJP-H and Model groups, suggesting an even species distribution and richness (Figure 9C). A total of 132 shared and unique ASVs highlighted species diversity (Figure 9D), validating the adequacy of the data. As shown in Figure 9E, there were significant increases in microbial diversity indices in XJP-H compared to the Model group (p < 0.05), but no difference was observed when compared to the Sham group, indicating that XJP reverses BPH-induced microbiota decline. As shown in Figure 9F, significant Beta diversity differences were observed between the groups (p < 0.001), with slight variations (PC1: 11.6% and PC2: 7.96%) requiring further investigation. As shown in Figure 9G, significant changes in the microbiota composition at the phylum level were observed: Firmicutes increased, while Bacteroidota decreased in the Model and XJP-H groups, with the XJP-H group showing the most significant alterations (p < 0.05). Both the Model and XJP-H groups had lower B/F ratios than the Sham (p < 0.05) group. Figure 9H highlights the genus-level variations: Lactobacillus increased in both the Model and XJP-H groups, Clostridia_UCG-014-014 increased only in the XJP-H group, and Prevotella decreased in the XJP-H group, thereby altering the microbial ecosystem.
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FIGURE 9
 Data quality control, gut microbiota diversity, and composition analysis. (A) Sequence coverage curve. (B) Specaccum species accumulation curve, with the horizontal axis representing the number of samples and the vertical axis representing the number of ASVs. The blue shaded area indicates the confidence interval of the curve. (C) Relative abundance rank abundance curve. Each curve represents the ASVs of a sample sorted based on the number of sequences they contain. The vertical axis represents the relative abundance of each ASV, and the sequence number and relative abundance are connected by a broken line. (D) Petal plot based on amplicon sequence variants (ASVs). Each petal corresponds to a sample, with the overlapping area indicating the ASVs shared among all 18 samples. The number on a single petal represents the unique ASV count for that sample. (E) Impact on alpha diversity indices (n = 6, [image: image] ± SD, #p < 0.05 vs. Model). (F) Principal component analysis (PCA) plot for beta diversity analysis. (G) Bar charts showing species composition at the phylum level for the three groups, along with a significant analysis of phylum-level abundances and B/F ratios (n = 6, [image: image] ± SD, *p < 0.05 vs. Sham). (H) Bar charts depicting species composition at the genus level for the three groups, with significant analysis of genus-level abundances (n = 6, [image: image] ± SD, *p < 0.05 vs. Sham). A, B, and C stand for Sham, Model, and XHP-H groups.




3.4.2 Differential bacterial species

The cladogram (Figure 10A) illustrates the relationships between different microbial groups from the phylum level to the genus level. The letters “p,” “c,” “o,” “f,” and “g” represent phylum, class, order, family, and genus, respectively. The diameter of each small circle is proportional to the relative abundance of the corresponding taxonomic unit. As shown in the linear discriminant analysis (LDA) score plot (Figure 10B), significantly different intestinal flora components were identified in the three groups [LDA score (log 10) > 3, p < 0.0]: p_Bacteroidota, c_Bacteroidia, o_Cellvibrionales, o_Bacteroidales, f_Cellvibrionaceae, f_Prevotellaceae, g_Fusicatenibacter, g_Oribacterium, and g_Prevotella in the Sham group; f_Lactobacillaceae, f_Atopobiaceae, g_Dorea, g_Lactobacillus, g_Frisingicoccus, g_Prevotellaceae_NK3B31_group, and g_Allobaculum in the Model group; and c_Firmicutes, o_Peptostreptococcales_Tissierellales, o_Xanthomonadales, o_Lactobacillales, f_Rhodanobacteraceae, f_Peptostreptococcaceae, f_Eggerthellaceae, f_Anaerovoracaceae, g_Romboutsia, g_Eubacterium_brachy_group, g_Enterobacter, g_Chujaibacter, and g_Enterorhabdus in the XJP-H group.


[image: Figure 10]
FIGURE 10
 Differential bacterial species analysis. (A) Differential species annotation cladogram. (B) A histogram of the linear discriminant analysis (LDA) effect size. A, B, and C stand for the Sham, Model, and XHP-H groups, respectively.


Subsequently, a histogram comparing the relative abundance differences at the family level between the three groups (p < 0.05) was plotted (Figure 11A). It was observed that the relative abundance of Eggerthellaceae and Anaerovoracaceae decreased after modeling and increased after administering XJP, while the relative abundance of Atopobiaceae increased after modeling and decreased after administering XJP. In addition, at the genus level (p < 0.05), as shown in Figure 11B, it was found that the relative abundance of Prevotellaceae_NK3B31_group, Dorea, and Frisingicoccus increased after modeling and decreased after administering XJP, while the relative abundance of Romboutsia decreased after modeling and increased after administering XJP.


[image: Figure 11]
FIGURE 11
 Differential bacterial species histogram. (A) A histogram of relative abundance at the family level of representative taxa in the three groups. (B) Ahistogram of relative abundance at the genus level of representative taxa in the three groups [the solid line represents the mean, and the dashed line represents the median, n = 6, *p < 0.05 (Supplementary material 5). A, B, and C stand for Sham, Model, and XHP-H groups, respectively].





3.5 Correlation analysis of serum biochemical markers, serum metabolites, and gut microbiota

We analyzed the functional relationships between serum factors–gut microbiota and metabolites–gut microbiota variations using the Spearman correlation coefficient. Significant correlations (p < 0.05, |r| > 0.6) were identified, which revealed 17 serum factor–microbiota pairs (Figure 12A, details in Supplementary material 3), with Lactobacillus being the most prevalent bacterium associated. In parallel, 25 metabolite–microbiota pairs showed significant correlations (Figure 12B, details in Supplementary material 3), with Romboutsia being most frequently linked. Notably, 5-methylcytosine, influencing pyrimidine metabolism, correlated with Prevotellaceae_NK3B31_group, Lactobacillus, and Chujaibacter. Uracil correlated with Romboutsia, and Cytosine correlated with Romboutsia and Enterorhabdus. Furthermore, L-arginine, which is essential in multiple metabolic pathways, exhibited a significant correlation with Romboutsia.
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FIGURE 12
 Heatmap of the Spearman correlation analysis. (A) Correlation between serum factors and differential bacterial genus. (B) Correlation between differential metabolites and differential bacterial genus. Color intensity reflects the correlation strength; *for 0.01 < p < 0.05, **for 0.001 <p ≤ 0.01, and ***for p ≤ 0.001.





4 Discussion

This study clarifies the therapeutic effect of XJP and the pathogenesis of BPH using UPLC-MS metabolomics and 16S rRNA sequencing. PSA, a glycoprotein from prostatic epithelial cells, is crucial for prostate health, which is regulated by androgen/AR signaling. Elevated PSA levels correlate with BPH risk (La Vignera et al., 2016). In prostate tissue, testosterone converts to DHT via 5α-reductase, stimulating cell growth and differentiation. DHT binds the androgen receptor (AR) with a higher affinity, activating androgen response elements in the PSA promoter, which enhances transcription and protein synthesis (Roehrborn et al., 2008; Vignozzi et al., 2014; Lee et al., 2022). This process drives prostatic cell growth and differentiation, contributing to BPH development. Furthermore, the proliferative process of BPH is associated with the aberrant regulation of numerous growth factors (Wei et al., 2012). Vascular endothelial growth factor (VEGF) plays a pivotal role in neovascularization and in increasing vascular permeability. VEGF mainly binds to VEGF receptor 1 and VEGF receptor 2 (VEGFR1/2; Wang Q. et al., 2023; Wang R. et al., 2023; Wang S. et al., 2023). DHT stimulates the expression of VEGF in prostate epithelial RWPE-1 cells, thereby inducing BPH (Kim et al., 2019). Prostatic secretions are enriched with epidermal growth factor (EGF; Fuse et al., 1992), which promotes proliferation in cultures of rat prostate epithelial cells by binding to epidermal growth factor receptors (EGFRs) present in the prostate (Fong et al., 1991). Fibroblast growth factors (FGFs) exhibit mitogenic activity, and their receptors, fibroblast growth factor receptors (FGFRs), are crucial for prostate development. Notably, basic fibroblast growth factor (bFGF), an isoform of FGFs, is abundantly expressed in glandular epithelial and stromal cells (Ma et al., 2005). In prostatic hyperplasia tissue, TGF-β1 plays a pivotal role in facilitating the transformation of fibroblasts into myofibroblasts and inducing apoptosis in prostatic epithelial cells (Cunha et al., 2002). Furthermore, XJP modulates stromal–epithelial interactions, reducing epithelial responsiveness to IGF-1, thereby inhibiting prostatic growth (Gevaert et al., 2014). In apoptosis, Bax forms pores in mitochondrial membranes, disrupting the membrane potential and releasing cytochrome C. This, in turn, activates caspases (Boehm et al., 2012), thereby accelerating cell death. H&E staining showed that XJP reduced prostate wet weight and PI, with serum levels of DHT, PSA, EGF, bFGF, and VEGF significantly lower in rats treated with XJP compared to Model rats. TUNEL staining indicated apoptotic necrosis in the prostate tissue of BPH rats, suggesting that XJP inhibits BPH through apoptosis suppression. Immunohistochemical analysis revealed that XJP downregulates Bax, caspase-3, TGF-β1, and IGF-1, corroborating TUNEL results and reinforcing XJP's therapeutic potential in treating BPH.

The diverse non-targeted metabolomic profiles across the experiment groups aid in identifying specific metabolites and elucidating the mechanism of XJP. Our research revealed 20 serum metabolites with significant differences in Model rats post XJP intervention. The non-targeted metabolomic profiles of different groups can not only help us identify specific metabolites but also provide clues for the mechanism of action of XJP. We found that 20 serum metabolic differences were identified in Model rats after administering XJP. The KEGG enrichment analysis of metabolites between the Model group and the XJP-H group showed that multiple metabolic pathways were involved, including pyrimidine metabolism, mTOR signaling pathway, aminoacyl-tRNA biosynthesis, ABC transporters, D-amino acid metabolism, and arginine biosynthesis. Among them, the mTOR signaling pathway is closely related to various biological processes, including protein synthesis, cellular autophagy (Zhang et al., 2023), and cellular energy metabolism. Notably, uracil, cytosine, and 5-methylcytosine were enriched in pyrimidine metabolism, highlighting their role in XJP's therapeutic effect on BPH. 5-methylcytosine, a crucial epigenetic modification, regulates RNA functions, such as stability, translation, and transcription. Catalyzed by NOL1/NOP2/sun and DNMT2, it mediates cell proliferation, differentiation, apoptosis, and stress response (Li et al., 2022). Abnormal methylation patterns of 5-methylcytosine are linked to the occurrence of tumors, such as prostate cancer (Yang et al., 2013; Munari et al., 2016). Our findings suggest that 5-methylcytosine may promote RNA degradation in BPH, while XJP intervention protects against this trend. When metabolites were compared between the Sham, XJP-H, and Model groups, 5-methylcytosine expression was found to be reduced in the Model group but increased in the XJP-H group, approaching the levels observed in the Sham group. This suggests a regulatory role of 5-methylcytosine in response to XJP. TUNEL staining showed necrotic apoptotic cell death in the prostate tissue of BPH rats, indicating that 5-methylcytosine might promote RNA degradation. However, XJP protected against this degradation trend. We conclude that 5-methylcytosine is crucial in the XJP intervention for treating BPH. Its abnormal expression could impact uracil metabolism, indirectly influencing the occurrence of BPH and potentially serving as a serum metabolic biomarker.

Studies link gut microbiota imbalance to BPH, which is evident in intestinal dysfunction and flora disruption (Tsai et al., 2022). BPH compresses the rectum, causing abdominal distress, such as distension, pain, and constipation, disrupting gut function and flora. It also reduces prostatic fluid and antibacterial agents, fostering microbiota growth and inflammation. Pathogens such as Neisseria are found in the urethras of BPH patients (Porter et al., 2018). Prolonged drug use may worsen flora imbalance. 16S rRNA sequencing sheds light on the anti-BPH effects of XJP by analyzing the dynamics of intestinal flora. According to literature reports, Eggerthellaceae (Parvibacter) aids in food digestion and vitamin synthesis, regulating the intestinal immune system (Little et al., 2024). Anaerovoracaceae decomposes complex carbohydrates in food to generate beneficial short-chain fatty acids for intestinal cell energy (Nichols et al., 2017). Romboutsia, a Firmicutes bacterium, regulates physiological processes such as blood sugar and lipids, exhibiting probiotic and immune-modulating effects (Yin et al., 2023). Conversely, the overgrowth of certain Atopobiaceae bacteria may trigger intestinal inflammation (Wong et al., 2022). The Prevotellaceae_NK3B31_group is associated with health issues, including colitis exacerbation (Elinav et al., 2011). Changes in the quantity and activity of Dorea bacteria, a gas-producing bacterium, were observed in patients with abnormal sugar metabolism (Zhao et al., 2023). Frisingicoccus, a gram-positive bacterium, is depleted in patients with diarrhea-dominant irritable bowel syndrome complicated by functional dyspepsia (Kovaleva et al., 2023).

The integrated analysis of gut microbiota, serum factors, and metabolites offers broader perspectives for identifying BPH markers, enhancing our comprehension of gut microbiota's role in BPH pathogenesis beyond single-omics approaches. Elevated urine PSA levels in BPH patients correlate with increased Lactobacillus abundance (Mariotti et al., 2024), as suggested in prior studies. EGF, by inhibiting MAP kinase-mediated JNK2 activation and cytoskeleton remodeling, safeguards intestinal barriers against osmotic stress, which are further strengthened by Lactobacillus casei (Samak et al., 2021). Notably, Lactobacillus positively correlates with EGF, suggesting a potential synergistic gut-protective effect. Moreover, 5-methylcytosine, modulating pyrimidine metabolism, is strongly linked to Prevotellaceae_NK3B31_group, Lactobacillus, and Chujaibacter, while uracil and cytosine show significant associations with Romboutsia and Enterorhabdus, respectively. The findings suggest that gut microbiota dysbiosis disrupts pyrimidine metabolism in BPH rats, emphasizing the need for further metabolomics analyses in urine and prostate tissue. L-arginine, a versatile metabolic biomarker, hints at a potential connection to BPH development. Additionally, serum organic acid metabolites differentiate between prostatitis, BPH, and PCA (He et al., 2023). This study highlights the protective effects of XJP against BPH in rats, which is closely linked to gut microbiota and metabolite shifts.

This study has certain limitations, particularly its reliance on bioinformatics and statistical analyses, which lack direct biological validation. Being prospective in nature, we aim to build upon our animal model findings by conducting future fecal microbiota transplantation studies to substantiate the therapeutic potential of specific gut microbiota in benign prostatic hyperplasia (BPH).



5 Conclusion

Our research has revealed that XJP possesses a synergistic anti-BHP effect through multiple components targeting multiple gut microbiota and metabolic pathways (Figure 13). It involves the regulation of sex hormone levels, growth factors, and anti-epithelial cell apoptosis processes, demonstrating the'protective effect of XJP on the prostate tissue as well as PSA, DHT, EGF, bFGF, VEGF, Bax, caspase-3, TGF-β1, and IGF-1 serum levels in BPH rats. It is possible that XJP achieves this effect by participating in the caspase-3 and TGF-β signaling pathways. We focused on elucidating the interaction mechanism between host-regulated specific gut microbiota (such as Eggerthellaceae, Anaerovoracaceae, Romboutsia, Atopobiaceae, Prevotellaceae_NK3B31_group, Dorea, and Frisingicoccus) and various metabolic pathways (including pyrimidine metabolism, arginine biosynthesis, and the mTOR signaling pathway). In particular, pyrimidine metabolism is closely associated with the bacterial genera Romboutsia, Prevotellaceae_NK3B31_group, Lactobacillus, Chujaibacter, and Enterorhabdus, with 5-methylcytosine potentially serving as a serum biomarker for BPH. This study provides new insights into the biological mechanisms of XJP in treating BPH and offers data supporting the secondary development of XJP as a traditional Chinese medicine in China.
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FIGURE 13
 The mechanisms of Xiaojin Pill therapy for treating BPH through metabolomics and gut microbiota analysis.
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Gegen Qinlian Decoction (GGQLT) is a traditional Chinese herbal medicine that has been reported to have a significant therapeutic effect in the management of type II diabetes mellitus (T2DM). In this study, we constructed a T2DM rat model by feeding a high-fat diet and injecting streptozotocin (STZ) and tested the effects of feeding GGQLT and fecal transplantation on the physiological indices, microbiota, and metabolism of rats. The results showed that the administration of GGQLT can significantly improve the growth performance of rats and has a remarkable antihyperlipidemic effect. In addition, GGQLT altered the composition of gut microbiota by increasing beneficial bacteria such as Coprococcus, Bifidobacterium, Blautia, and Akkermansia. In addition, GGQLT elevated levels of specific bile acids by metabolomic analysis, potentially contributing to improvements in lipid metabolism. These findings suggest that GGQLT may have beneficial effects on T2DM by influencing lipid metabolism and gut microbiota. However, further studies are needed to elucidate its mechanisms and assess clinical applications.
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1 Introduction

Type II diabetes mellitus (T2DM), a chronic condition resulting from genetic predisposition and environmental factors, is characterized by hyperglycemia, low-grade inflammation, and insulin resistance (Liu L. et al., 2022; Peng et al., 2023). It was reported that the global prevalence of diabetes in individuals aged 20–79 in 2021 was estimated to be 10.5% (536.6 million people), and this number is projected to increase to 783.2 million by 2045 (Ogurtsova et al., 2022). T2DM was reported to be responsible for approximately 90% of all diabetes cases worldwide (Dou et al., 2021; Ahmad et al., 2022; Peng et al., 2023). The consequences of T2DM are profound. Chronic hyperglycemia can damage multiple organs and systems, ultimately leading to severe complications such as cardiovascular disease, retinopathy, nephropathy, and neuropathy. These complications significantly impact patients’ quality of life and lifespan (Sadry and Drucker, 2013; Song and Lee, 2018; Sui et al., 2020). As the world’s largest diabetes endemic country, the number of adults with diabetes in China exceeds 114 million (2013), and the prevalence of pre-diabetes is as high as 35.7%, which predicts that the population of T2DM in China will greatly increase in the future (Wang et al., 2017). T2DM can disrupt homeostasis in patients, affecting the metabolism and gut microbiota (van Doorn et al., 2007; Liu L. et al., 2022; Chen et al., 2023). It was reported that T2DM alters metabolite profiles, including urinary hippurate and aromatic amino acids, and leads to an increase in plasma branched-chain amino acids, alanine, glutamine, and glutamate (van Doorn et al., 2007). This dysbiosis can disrupt the balance within the gut, leading to impaired intestinal barrier function and the entry of harmful substances into the blood circulation, thereby exacerbating the condition of diabetes (Cani and Delzenne, 2011). Therefore, effective interventions to reduce and delay the development of type II diabetes in high-risk groups for T2DM have become a global health issue that requires urgent attention.

In the past few decades, researchers have developed several treatments for T2DM through numerous studies and clinical trials. The current therapeutic options for T2DM include lifestyle modifications, oral hypoglycemic agents, and insulin therapy. Previous studies have shown that initiating insulin early can rapidly alleviate hyperglycemic toxicity, improve insulin sensitivity, restore and protect β-cell function, and delay the onset of complications (Rachdaoui, 2020). Early insulin therapy has been associated with hyperphagia, weight gain, and lipogenesis, which may exacerbate insulin resistance and metabolic changes in T2DM, potentially necessitating intensified treatment (Anderwald et al., 2002; McFarlane, 2009; Rachdaoui, 2020). In addition, novel insulin formulations, such as insulin glargine U-300, insulin degludec, insulin 287, oral insulin, and basal insulin peglispro, have been used to treat diabetes (Eldor et al., 2013; Riddle et al., 2016; Marso et al., 2017; Halberg et al., 2019; Wilson and Castle, 2020). While drug treatment for insulin resistance often requires long-term or even lifelong medication, it is accompanied by certain side effects. Currently, the most commonly used thiazolidinediones can exacerbate heart failure, increase peripheral fat accumulation, and lead to edema, and bimatoprost is known to cause serious gastrointestinal reactions (Fang et al., 2019; Guerra et al., 2019). Herbal therapy has extensive experience in the clinical treatment of T2DM and improving insulin resistance. More and more clinical studies have demonstrated the definite efficacy of Chinese herbs in improving islet resistance in T2DM (Zhu et al., 2018). Traditional Chinese medicine (TCM) has also made significant efforts in the treatment of T2DM (Dou et al., 2021; Xu et al., 2022). TCM formulations such as Tianqi notoginseng root extract (Lian et al., 2014), Tianqi Jiangtang Capsule (Zhang et al., 2010; Piao et al., 2020), and Jinlida Granule (Kang et al., 2023) have been proven to be highly effective in treating T2DM.

Gegen Qinlian Decoction (GGQLT) is a classic traditional Chinese medicine (TCM) formula. It is composed of four TCMs, namely, Gegen (Puerariae Lobatae Radix), Huangqin (Scutellariae radix), Huanglian (Coptidis rhizoma), and Zhigancao (Glycyrrhizae radix et Rhizoma Praeparata cum Melle) (Lu et al., 2021). The application of GGQLT has been reported for use in the clinical treatment of T2DM within the realm of traditional Chinese medicine (Ren et al., 2020; Xu et al., 2020; Bao et al., 2022). For example, Zhang et al. (2013) found that GGQLT enhanced glucose consumption, triglyceride content, adiponectin protein concentration, and mRNA expression of adiponectin in 3T3-L1 adipocytes through in vitro experiments. In addition, it significantly decreased fasting blood glucose, glycosylated serum protein, and glycosylated hemoglobin levels in diabetic rats in vivo (Zhang et al., 2013). In the meantime, it has been found that the bioavailability of orally administered drugs is low, which makes it challenging to achieve the effective concentration required for target regulation. Furthermore, drug efficacy cannot be fully understood solely from the perspective of oral absorption. In contrast, herbal therapy affects the metabolism, absorption, and transformation of intestinal microbes through the gut microbiota, thereby influencing drug efficacy (Liu J. et al., 2022; Li et al., 2023). It has been shown that the gut microbiota and its derived metabolites, including substances such as bile acids, lipopolysaccharides, tryptophan, and indole derivatives, played a role in modulating the immune response in the treatment of T2DM (Rastelli et al., 2018; Sittipo et al., 2018; Fan and Pedersen, 2021; Wu J. et al., 2023). Animal studies have also revealed that treatment with probiotics may be beneficial in insulin-resistant states and alter the gut microbiota in T2DM (Alokail et al., 2013). In addition, GGQLT was able to specifically upregulate the ratios of short-chain fatty acids and anti-inflammatory bacteria (flavonoids and acetyls factors), which also reduced the diabetic phenotype associated with the proportion of the number of pathogenic bacterial communities such as conditional anaerobes and Gamma Aspergillus phylum, thus contributing to the treatment of T2DM (Tian et al., 2021).

Research suggests that GGQLT may exert its lipid-lowering effect by regulating lipid metabolism and improving gut microbiota (Jiang et al., 2020). Specifically, it has shown significant lipid-lowering effects on rats with dyslipidemia induced by a high-fat diet. Its preventive mechanism is associated with the metabolic pathways of tryptophan, fatty acid biosynthesis, α-linolenic acid metabolism, arachidonic acid, and glycerophospholipid metabolism (Xu et al., 2021). Xiong et al. (2016) found that GGQLT was able to reduce the body weight, FPG, TG, TC, and insulin levels in KK-Ay mice, while increasing HDL levels, thus regulating glucose and lipid metabolism. Furthermore, Zhang et al. (2017) showed that GGQLT can reduce the levels of LPS, TNF-α, and IL-6 and modulated gut microbiota disorders in diabetic KK-Ay mice. In addition, another study explored the mechanisms underlying the improvement of atherosclerosis and hepatic lipid metabolism in rats. They found that GGQLT achieved this by regulating the expression of PPAR-γ, LXR-α, LXR-β, ABCA1, ABCA7, and ABCG1 and enhancing intercellular substances through the GAS6/TAM pathway (Zhang et al., 2024). Moreover, clinical studies have also validated the effectiveness of Gegen Qinlian Decoction in reducing blood lipid levels among patients with type 2 diabetes (Tian et al., 2016). These studies indicate that GGQLT may have a positive effect on the regulation of blood lipids.

Therefore, GGQLT’s regulation of intestinal microbiota and metabolite disorders is significant for reducing glucose or blood lipid levels. However, its impact on intestinal microbiota and metabolism remains elusive. To address this, our study assesses the effects of GGQLT on the intestinal microbiota and its metabolites in T2DM rats. The results of this study serve as a framework for elucidating the mechanism of action of GGQLT, influential microbiota, and key metabolic regulation pathways in T2DM management.



2 Materials and methods


2.1 Model construction of type II diabetes mellitus

One hundred and five male Sprague–Dawley (SD) rats, aged 6–8 weeks, were selected and obtained from Slack Jingda Experimental Animal Co., Ltd. (Hunan, China). They were raised under specific pathogen-free (SPF) conditions with a temperature of 22–26°C, relative humidity of 50–60%, and artificial lighting for 12 h of light and 12 h of darkness. After 3–7 days of adaptive feeding, the rats were randomly divided into a control group and a model group. The principles of random grouping include three steps: Animals are weighed individually, numbered sequentially based on their weights from light to heavy, and then start selecting random numbers from any number in the random number table. The random number table methods were as follows: (1) Number the individuals in the population; (2) Select any number in the random number table as a starting point; (3) Starting from the selected number, read in a certain direction. If the obtained number is not in the numbering list, skip it. If it is in the numbering list, select it. If the number obtained has already been selected before, skip it as well. Continue this process until the required number of samples is achieved; (4) Draw the samples based on the selected numbers. A total of 75 healthy Sprague–Dawley (SD) rats underwent modeling procedures. The model group was fed a high-fat diet for 8 weeks and then intraperitoneally injected with streptozotocin (STZ 35 mg/kg). After injection, the rats were maintained on a high-fat diet for 1 week before blood glucose measurement. The control group was administered an equal volume of normal saline via gavage and fed a basic diet. At the end of the modeling process, blood was collected from the tail vein to measure fasting blood glucose levels in the rats. If the random blood glucose levels of rats were greater than 16.7 mmol/L, the modeling was considered successful. Ultimately, we have successfully established 45 rats (60%) as our model subjects.



2.2 Culture experiment and microbiota transplantation in rats

After the establishment of the T2DM rat model, the model rats were randomly divided into five experimental groups: model group (T2DM rats, administered with 2 mL of normal saline by gavage), positive drug control group (metformin), and treatment groups (Gegen Qinlian Decoction treatment group (GGQLT), fecal microbiome transplant (FMT) treatment group, and GGQLT + FMT treatment group). Each experimental group comprised nine rats. Nine rats of the same batch, used as control group, were administered 2 mL of normal saline by gavage.

The rats were treated according to the following dosing protocols: ① control group (SD rats, maintained under normal conditions); ② model group (T2DM rats, administered with 2 mL of sterile water by gavage); ③ positive drug control group (T2DM rats, administered with 40 mg/mL of metformin at a volume of 5 mL/kg by gavage once daily for 8 weeks); ④ GGQLT group (T2DM rats, administered with 25 g/kg of GGQLT concentrate at a volume of 5 mL/kg and a concentration of 5 g/mL by gavage once daily for 8 weeks); ⑤ FMT group (T2DM rats, administered with 2 mL of fecal suspension [prepared by collecting 8 g of fresh feces from healthy control rats, adding 40 mL of normal saline, and homogenizing for 3 min] by gavage once daily for 6 days); ⑥ GGQLT + FMT group (T2DM rats, first administered with 2 mL of fecal suspension by gavage for 6 days, followed by the administration of 5 g/mL GGQLT concentrate at a volume of 5 mL/kg by gavage once daily for 8 weeks).



2.3 Sample collection

During the breeding process, the body weights of the rats were measured and recorded weekly. After the breeding experiment, the rats were euthanized with excessive pentobarbital sodium (100 mg/kg) (Jamieson et al., 2020; Ding et al., 2021). Rat feces were collected for 16S rDNA sequencing and non-targeted metabolomic sequencing analysis. At the time of sampling, the rats were anesthetized with 3% pentobarbital sodium, and blood was collected from the abdominal aorta. After centrifugation at 3,000 × g for 15 min, the blood samples were stored at −80°C.



2.4 Detection of physiological and biochemical indices in cultured rats

Physiological and biochemical indices of the rats were primarily examined after the acquisition at the end of breeding. These included changes in body weight, fasting blood glucose levels, glucose tolerance tests, insulin tolerance tests, as well as serum levels of triglycerides, cholesterol, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol. The main testing methods were as follows: ① Body weight changes: Rats were weighed twice daily during the administration period, and changes in body weight were recorded. ② Fasting blood glucose levels: After 7 weeks of drug administration, the rats were fasted for 12 h overnight. Blood was collected from the tail vein, and fasting blood glucose levels were measured using a Roche glucometer and test strips. ③ Glucose tolerance test: After 7 weeks of drug administration, the rats were fasted for 12 h overnight. The participants were then administered 50% glucose (2 g/kg) via gavage, and their glucose levels were measured at 0, 30, 60, and 120 min using a Roche glucometer and test strips. ④ Insulin tolerance test: Eight weeks after drug administration, the rats were fasted for 4 h overnight. Insulin (5 U/kg) was injected subcutaneously, and glucose levels were measured at 0, 30, 60, and 120 min post-injection. The insulin sensitivity index (ISI) was calculated using the formula ISI = 1/(fasting blood glucose × fasting insulin), and the insulin resistance index (HOMA-IR) was calculated as HOMA-IR = (fasting blood glucose * fasting insulin/22.5). ⑤ Pathological sections: liver and small intestine tissues were collected from the rats, fixed in 4% paraformaldehyde, and used to prepare histological sections. ⑥ Serum triglycerides, cholesterol, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol levels were measured by separating: Serum was separated and all samples were analyzed using a Shenzhen Mindray BS-420 automatic biochemical analyzer. The detection reagents were provided by Shenzhen Mindray, and the levels of triglycerides, cholesterol, high-density lipoprotein cholesterol, and low-density lipoprotein cholesterol in the serum were determined following the instructions provided in the reagent kit.



2.5 Sequencing of 16S rRNA gene in rat fecal

Genomic DNA was extracted from fecal samples using a magnetic bead-based soil and fecal genomic DNA extraction kit (Tiangen Biotech Co., Ltd., Beijing, China) according to the manufacturer’s instructions. The concentration of the extracted DNA was determined using a NanoDrop One, and the integrity of the genomic DNA was assessed through PCR amplification and 1% agarose gel electrophoresis. Specific primers containing barcodes were designed for PCR amplification of the 16S rRNA gene targeting the sequencing regions (V3–V4 regions). The barcoded primers were as follows: BarcodeF: 5′-CCTACGGGNGGCWGCAG-3′ and BarcodeR: 5′-GACTACHVGGGTATCTAATCC-3′. A 10 μL reaction system was set up using a PCR machine for PCR detection, with the following configuration: Primer-F/R (10 μM), 0.5 μL; PCR mix, 5.0 μL; cDNA, 1.0 μL; and double distilled water, 3.0 μL.

The PCR amplification program involved an initial denaturation at 95°C for 3 min, followed by 25 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 15 s, and a final extension at 72°C for 5 min. The amplified samples were then stored at 4°C. The quality of the amplification was assessed using 1% agarose gel electrophoresis. The PCR products were sent to a commercial company for high-throughput sequencing of the 16S rRNA gene. BLASTN searches were conducted in the GenBank database to determine the identity of the gene sequences.

The raw data were obtained by separating the sample data from the sequencing results and removing barcode and primer sequences (V1.2.11, http://ccb.jhu.edu/software/FLASH/). The raw tags (V0.23.1) were processed using the fastp software to retain only high-quality data. Effective data were collected by distinguishing the obtained data from chimeric sequences through comparison with the Silva database. The DADA2 module in QIIME 2 was utilized to denoise the data and generate amplicon sequence variants (ASVs) and their representative sequences. All obtained sequences were classified according to their respective unique barcodes. The sequences from each sample were merged using Flash-1.2.8. Microbiome analysis was conducted using QIIME1.8.0, which involved sequence dereplication and quality filtering. Chimeric sequences were identified by comparing high-quality sequences with species annotation databases and were removed using the UCHIME algorithm.

The OTU clustering analysis was conducted to analyze the species composition of various groups, with a homology threshold of 97%. Species annotation was based on the OTU sequences. Alpha diversity was analyzed using QIIME2 software, considering metrics such as Shannon, Simpson, Chao1, and Good’s coverage. Beta diversity analysis was conducted using QIIME2, utilizing weighted and unweighted distances, to evaluate variations in microbial communities among different groups. The feature values and feature vectors were ranked using principal coordinate analysis (PCoA) to extract the most dominant elements and structures from the multidimensional data. PCoA was based on both weighted and unweighted UniFrac distances. The principal coordinates with the highest contribution were selected for graphical representation. Linear discriminant analysis effect size (LEfSe) (LDA > 3.0) was used to evaluate significant differences in microbial abundances between groups. PICRUSt 1.00 was used to predict the functional spectra of microbial communities, and PAST 2.16 was utilized for clustering analysis. Differences were considered significant when the p-value was less than 0.05 (p < 0.05).



2.6 Metabolomic sample preparation, sequencing, and analysis

Following the intervention with salvianolic acid A, 50 mg of rat intestinal contents were accurately weighed and mixed with 1 L of extraction solution (acetonitrile: methanol: water = 2:2:1 v/v) containing isotope-labeled internal standards. The mixture was then ultrasonically ground for 5 min in an ice-water bath. After a 1-h incubation at −40°C to precipitate proteins, the mixture was centrifuged at 12,000 rpm for 15 min at 4°C. The supernatant was transferred to a sample vial for quality control.

The LC–MS/MS analysis was performed using a UHPLC system (Vanquish, Thermo Fisher Scientific) coupled with a Waters ACQUITY UPLC BEH Amide column (2.1 mm × 50 mm, 1.7 μm) and an Orbitrap Exploris 120 mass spectrometer (Orbitrap MS, Thermo). An auto-sampler with a 2 μL injection volume, maintained at an average temperature of 4°C, was used. The mobile phase consisted of NH4OH (25 mmol/L, pH = 9.75), CH3COONH4 (25 mmol/L), and acetonitrile. MS/MS spectra were acquired using the information-dependent acquisition mode (IDA) in the acquisition software (Xcalibur, Thermo) controlling the mass spectrometer (Orbitrap Exploris 120). ESI source conditions were set with a full MS resolution of 60,000 and an MS/MS resolution of 15,000, with collision energy set at SNCE 20/30/40. Spray voltages were set at 3.8 kV (positive) and −3.4 kV (negative), with sheath gas and auxiliary gas flows set at 50 Arb and 15 Arb, respectively. The capillary temperature was maintained at 320°C.

The Metware Database (MWDB) is constructed based on standard products. Qualitative analysis of mass spectrometry data is carried out, and the quantification is performed using multiple reaction monitoring (MRM) analysis using triple quadrupole mass spectrometry. The mass spectrum data were processed using Analyst 1.6.3 and MultiQuant 3.0.3 software. Metabolites with a p-value of <0.05 in the analysis of variance (ANOVA) were selected. If there is a statistically significant difference in metabolites between different groups, the difference is considered significant. The functional annotation and enrichment analysis of differential metabolites were performed based on the KEGG and HMDB databases. Then, the correlation between gut microbiota and metabolites was analyzed using Spearman’s correlation analysis.



2.7 Statistical analysis

The analysis of all data was conducted utilizing GraphPad Prism 5 and OriginPro 8.5 software, with a significance level set at 0.05 (two-tailed) (n = 9). The error discovery rate (FDR) was managed via the Benjamin-Hochberg (BH) method, where an FDR value below 0.25 served as the threshold for determining significant differences. The t-test was employed to assess the statistical significance of differences among various groups.




3 Results


3.1 Effect of GGQLT on growth indices of rats

To evaluate the therapeutic effects of the medication, a type II diabetes mellitus (T2DM) model in rats was established. The success rate of the T2DM model in rats was 60%. Over the course of 8 weeks, which included breeding, drug administration, and fecal microbiota transplantation (FMT), the rats’ body weights were measured twice a week, and any changes in weight were recorded. After 8 weeks of breeding, the body weights of the control group rats increased, and the weights of the healthy control rats were significantly higher than those of type II diabetic rats. Notably, the weights of the rats in the GGQLT + FMT group were significantly higher than those in the model group (p < 0.05). These findings indicate that administering GGQLT in combination with fecal microbiota transplantation can significantly enhance the body weight of T2DM rats (Figure 1A).
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FIGURE 1
 Influence of GGQLT and FMT treatment on the growth performance (A), concentration of sugar in the blood of the seventh week of drug administration (B), and insulin treatment (C).


Glucose tolerance tests were conducted on the rats. In the 7th week of drug administration, after a 12-h overnight fast, the rats were given a 50% glucose solution by gavage (2 g/kg). Glucose levels were measured at 0, 30, 60, 90, and 120 min post-gavage. No significant fluctuations in blood glucose concentrations were observed in the control group. In the FMT group, blood glucose levels peaked at 60 min and then decreased, while in the other experimental groups, blood glucose levels peaked at 30 min and then decreased. However, there were no significant differences in the magnitude of blood glucose reduction among the experimental groups (Figure 1B).

Insulin tolerance tests were also performed on the rats. After 8 weeks of drug administration and a 4-h overnight fast, insulin (5 U/kg) was injected subcutaneously. Glucose levels were measured at 0, 30, 60, and 120 min post-injection. The control group exhibited no significant changes in blood glucose concentration, while the experimental groups showed a certain degree of blood glucose reduction following insulin injection. However, there were no significant differences in the insulin-induced hypoglycemic effect among the experimental groups (Figure 1C).



3.2 GGQLT changed the serum biochemical indices

The rat serum was carefully isolated for the purpose of determining the concentrations of total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C). The results are presented in Figure 2. As depicted in the figure, the levels of TC, TG, and LDL-C in the control group and other experimental groups were significantly lower than those in the model group (p < 0.05), while the HDL-C levels were significantly higher (p < 0.05). These findings indicate that both GGQLT and fecal microbiota transplantation (FMT) can reduce the concentrations of TC, TG, and LDL-C and increase the concentration of HDL-C in the serum of diabetic rats to some extent.
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FIGURE 2
 Influence of GGQLT and FMT treatment on the concentrations of serum biochemical indices. (A) Triglyceride (TC); (B) cholesterol (TG); (C) high-density lipoprotein cholesterol (HDL-C); (D) low-density lipoprotein cholesterol (LDL-C). Significant differences (p < 0.05) are represented by different letters.


When comparing the GGQLT, FMT, and GGQLT + FMT groups with the control and positive control groups, it was observed that the combined treatment of GGQLT with fecal microbiota transplantation exhibited superior therapeutic effects on T2DM rats compared to administering GGQLT or FMT alone.



3.3 GGQLT changed the intestinal microbial composition in rats

By establishing a type II diabetes mellitus model in rats, we investigated the changes in gut microbiota in response to various treatments, including the GGQLT treatment group, fecal microbiota transplantation (FMT) treatment group, combined GGQLT + FMT treatment group, and a positive control group treated with metformin. 16S rDNA sequencing was conducted, and the saturation of sequencing results was indicated by the plateau in the rarefaction curve (Supplementary Figure S1A). The raw data, which represent the characteristic nucleic acid sequences revealing biological species, have been stored in GenBank under the accession number PRJNA1106079. The distribution of read counts per group revealed that there were no differences in alpha diversity (including ACE, Chao, Shannon, and Simpson indices) among all these groups (Supplementary Figures S1B–E). This suggests that there is no significant function regulating the alpha diversity with the addition of GGQLT.

In the composition and structure of the rat gut, significant changes occurred. At the phylum level, the differential composition of intestinal microbiota following drug administration was investigated (Figure 3). The PCoA results showed that the control group was clearly separated from the other groups. GGQLT, FMT, and GGQLT + FMT were distinctly separated from the model groups (Figure 3A). The top 10 bacterial phyla across all groups primarily include Firmicutes, Bacteroidota, Patescibacteria, Cyanobacteria, and Spirochaetota. Compared to the model group, FMT and GGQLT + FMT significantly increased the abundance of Firmicutes and significantly decreased the abundance of Bacteroidota in the intestine (p < 0.05). The positive and GGQLT groups significantly increased the abundance of Proteobacteria and Actinobacteriota in the intestine. GGQLT + FMT significantly increased the abundance of Campylobacterota in the intestine. The GGQLT group significantly increased the abundance of Verrucomicrobiota in the intestine (Figure 3B).

[image: Figure 3]

FIGURE 3
 Modulation of gut microbiota of rats fed diets supplemented with GGQLT and FMT treatment. (A) Principal coordinate analysis (PCoA) of GGQLT and FMT treatment. (B) Predominant phyla and (C) genera of microbiota in the intestine. (D,E) Linear discriminant analysis effect size (LEfSe) (LDA > 2, p < 0.05).


At the genus level, the main genera included Lachnospiraceae, Lactobacillus, Roseburia, Ruminococcus, Allobaculum (beneficial bacteria), Prevotellaceae, Christensenellaceae, and Bacteroides. Compared to the model group, the positive, GGQLT, and GGQLT + FMT groups significantly increased the abundance of Lachnospiraceae, showing a trend similar trend to the positive group. GGQLT, FMT, and GGQLT + FMT groups significantly increased the abundance of Lactobacillus compared to the model group. FMT and positive significantly increased the abundance of Roseburia. Positive, GGQLT, FMT, and GGQLT + FMT significantly decreased the abundance of Prevotellaceae compared to the model group. FMT and GGQLT + FMT significantly increased the abundance of Ruminococcus in the intestine, showing a trend toward the control group. Both the FMT and GGQLT + FMT groups significantly increased the abundance of Allobaculum in the intestine, promoting the growth of beneficial gut bacteria (Figure 3C).

The involvement of specific bacterial taxa in the rat intestine was investigated using linear discriminant analysis effect size (LEfSe) analysis (with an LDA threshold set at 3.0) (Figures 3D,E). The results indicated that there were 12 taxa enriched in the control group, including Lachnospiraceae, Prevotellaceae, Alloprevotella, Intestinimonas, Cyanobacteria, Vampirivibrionia, Gastranaerophilales, and Ruminantium. In the model group, six taxa were enriched, namely, Prevotellaceae_Ga6A1, Anaerostipes, Lachnospiraceae_AC2044, Quinella, Selenomonadaceae, and Veillonellales−Selenomonadales. In the positive group, eight taxa were enriched, namely, Pseudomonadales, Acidaminococcales, Acidaminococcaceae, Phascolarctobacterium, Moraxellaceae, Psychrobacter, Negativicutes, and Oscillibacter, while in the GGQLT group, 20 taxa were predominant compared to other groups. These included Proteobacteria, Gammaproteobacteria, Christensenellales, CAG-352, Christensenellales, Christensenellaceae, Christensenellaceae_R-7_group (genus), Blautia, Lachnospiraceae_FCS020_group (genus), Enterobacterales, Dubosiella, Verrucomicrobiota, Verrucomicrobae, Verrucomicrobiales, Akkermansiaceae, Akkermansia, NK4A214_group (genus), Burkholderiales, Peptostreptococcales–Tissierellales, Lachnoclostridium, and Comamonadaceae. In the FMT group, four taxa were enriched, namely, Bacilli, Erysipelotrichales, Erysipelotrichaceae, and Allobaculum. Finally, in the GGQLT + FMT group, 10 taxa were observed to be significantly enriched, namely, Fusicatenibacter, Frisingicoccus, Actinobacteriota, Actinobacteria, Bifidobacterium, Bifidobacteriales, Bifidobacteriaceae, Marvinbryantia, Turicibacter, and Staphylococcaceae. These results show that the GGQLT functions in the regulation of microbial composition.

When using PICRUSt2 to analyze the function of the intestinal microbiome, the results showed that the intestinal microbiota mainly plays a role in brite hierarchies, cellular processes, environmental information processing, genetic information processing, human diseases, metabolism, and organismal systems. The results revealed distinct functional differences among the groups. However, no significant differences among these groups were found (Supplementary Figure S2).



3.4 GGQLT changed the abundance of beneficial bacteria on gut microbiota distribution

To investigate the beneficial influence of GGQLT and the fecal microbiome transplant (FMT group) on the distribution of intestinal microbiota, the beneficial bacteria or potentially beneficial bacteria were analyzed. The results showed that compared to the control group, the abundances of beneficial bacteria Bifidobacterium, Coprococcus, Lactobacillus johnsonii, Phascolarctobacterium, and Akkermansia were significantly higher in the GGQLT group (Figures 4A,C–F). For the fecal microbiome transplant treatment group, the fecal transplantation significantly improved the relative abundance of Lactobacillus johnsonii (Figure 4D). When combined with the fecal microbiome transplant and GGQLT treatment, the GGQLT + FMT group significantly improved the relative abundance of Bifidobacterium, Blautia, Lactobacillus johnsonii, and Phascolarctobacterium (p < 0.05) (Figures 4A,B,D,E). These results fully demonstrated the beneficial influence on the composition of the gut microbiome of this treatment.
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FIGURE 4
 Regulation of intestinal beneficial bacteria with GGQLT and FMT treatment. (A–F) represented the concentration of different metabolites. Significant differences (p < 0.05) are represented by different letters.




3.5 GGQLT changed the intestinal metabolites

To understand the regulatory effect of GGQLT on intestinal metabolism in rats, a targeted metabolite detection method was used to measure the changes in metabolic levels. The results showed that GGQLT was able to alter the content of metabolites (Figure 5).
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FIGURE 5
 Regulation of intestinal metabolites with GGQLT and FMT treatment. (A–I) represented the concentration of different metabolites. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).


A total of 74 metabolites were identified by the independent sample Kruskal–Wallis test, of which 9 were major differential metabolites, namely, 12-ketolithocholic acid, 6,7-diketolithocholic acid, 5-β-cholanic acid-3α-ol-6-one, 7,12-diketolithocholic acid, murideoxycholic acid, β-hyodeoxycholic acid, 3β-ursodeoxycholic acid, glycoursodeoxycholic acid 3 sulfate sodium, and glycochenodeoxycholic acid. In the T2DM model group, the levels of 12-ketolithocholic acid, 6,7-diketolithocholic acid, 5-β-cholanic acid-3α-ol-6-one, murideoxycholic acid, β-hyodeoxycholic acid, 3β-ursodeoxycholic acid, and glycoursodeoxycholic acid 3 sulfate sodium were significantly decreased compared to the control group (Figures 5A–C,E). While the GGQLT group demonstrated a high ability to address this situation, the concentrations of 12-ketolithocholic acid, 6,7-diketolithocholic acid, 5-β-cholanic acid-3α-ol-6-one, and 7,12-diketolithocholic acid significantly increased in the GGQLT group compared to the T2DM model group (Figures 5A–D). In addition, FMT also plays a role in regulating the content of metabolites. Specifically, 12-ketolithocholic acid, murideoxycholic acid, β-hyodeoxycholic acid, 3β-ursodeoxycholic acid, and glycoursodeoxycholic acid 3 sulfate sodium were significantly increased compared to the model group. While glycochenodeoxycholic acid showed almost rarely change when treated separately, its levels significantly increased when combined with GGQLT and FMT treatment (Figure 5I).

The KEGG and HMDB analyses were used to search for the function and the pathways of metabolites. The results showed that the differential metabolites were enriched in the “metabolic pathways” and “secondary bile acid biosynthesis,” and further analysis showed that the bile acids enriched metabolic pathways related to Zellweger syndrome, familial hypercholanemia, congenital bile acid synthesis defect types II and III, cerebrotendinous xanthomatosis, bile acid biosynthesis, and 27-hydroxylase deficiency (Supplementary Figure S3). Spearman’s analysis was conducted to delve into the potential pathways that differential metabolites might be associated with. The result showed that most of these metabolites were positively correlated with the “signaling molecules and interaction” and “endocrine system” and negatively correlated with “xenobiotics biodegradation and metabolism,” “cardiovascular disease,” “infectious disease: parasitic,” “cellular community—eukaryotes” and “circulatory system” (Supplementary Figure S4).



3.6 Correlation analysis of biochemical indices, intestinal metabolites, and microbiota under GGQLT treatment

To further elucidate the effects of GGQLT on various indices in rats, we conducted Spearman’s correlation analysis to investigate the relationship between biochemical markers and gut microbiota changes. The results revealed significant positive correlations between TC, TG, and LDL-C with the relative abundance changes of Psychrobacter, Aerococcus, CAG-352, Christensenellaceae_R-7_group, Lachnospiraceae_UCG-010, Corynebacterium, and Akkermansia. In addition, TC and LDL-C showed a significant positive correlation with the abundance changes of Lactobacillus johnsonii, while HDL-C exhibited a significant negative correlation with the abundance changes of Akkermansia, A2, and Quinella (Figure 6A).
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FIGURE 6
 Correlation analysis between biochemical indices with gut microbiota (A) and the correlation between gut microbiota and metabolites (B).


Moreover, when analyzing the correlation between differential metabolites and gut microbiota, we found that glycocholic acid, glycodeoxycholic acid, norcholic acid, glycochenodeoxycholic acid, dehydrolithocholic acid, 3β-glycocholic acid, cholic acid 7 sulfate, and nor-deoxycholic acid were significantly positively correlated with most of the differential microbiota. Conversely, taurocholic acid, β-hyodeoxycholic acid, murideoxycholic acid, hyodeoxycholic acid, tauro-α-muricholic acid sodium salt, tauroursodeoxycholic acid, taurohyodeoxycholic acid (sodium salt), β-muricholic acid, 3β-ursodeoxycholic acid, and glycoursodeoxycholic acid 3 sulfate sodium were significantly negatively correlated with the majority of the differential microbiota (Figure 6B).




4 Discussion

With rapid economic development and urbanization, people are more likely to adopt sedentary lifestyles and unhealthy eating patterns, which are believed to be the main environmental factors fueling the increasing number of patients with T2DM (Ahmad et al., 2022). Many medications, such as insulin, are used to treat T2DM. They can effectively alleviate symptoms; however, insulin resistance may require long-term or even lifelong use by patients. This treatment is often accompanied by certain side effects, including heart failure, increased peripheral fat accumulation, edema, and potentially serious gastrointestinal reactions (Fang et al., 2019; Guerra et al., 2019). While it was reported that traditional Chinese medicine (TCM) has advantages in preventing and treating T2DM due to its anti-inflammatory, antioxidant, immunomodulatory, and intestinal flora-regulating functions (Xie et al., 2023), Gegen Qinlian Decoction (GGQLT) was a traditional Chinese herbal formula, and many previous studies have reported that GGQLT may have the ability in lipid-lowering effect by regulating lipid metabolism or gut microbiota (Jiang et al., 2020; Xu et al., 2021). Therefore, GGQLT was used to investigate the therapeutic potential of GGQLT in alleviating T2DM in this study. The results obtained from our experimental study on T2DM rats treated with GGQLT are highly encouraging and indicate a significant role for GGQLT in enhancing various physiological aspects associated with diabetes mellitus.

First, the most noteworthy finding of our study was that the combination of fecal matter and GGQLT significantly increased the weight in T2DM rats. Although FMT and GGQLT did not lead to a notable reduction in blood glucose levels, they exhibited a remarkable ability to decrease lipid content, including the concentration of TC, TG, and LDL-C, and a significant increase in HDL-C. These changes are considered the most important serum lipid parameters (Cui et al., 2022). These results suggest a beneficial role in lipid metabolism through the combined use of FMT and GGQLT, which is consistent with previous reports on the antihyperlipidemic effects of GGQLT or FMT treatment (Ho et al., 2012; Wang et al., 2022; Wu L. et al., 2023). Studies have identified that dyslipidemias are defined as a group of lipoprotein abnormalities that can result in any of the following lipid abnormalities (TC, TG, HDL-C, and LDL-C) (Gujral and Gupta, 2023). Another study has also reported that the levels of TC, TG, and LDL-C were closely associated with hypothyroidism (Su et al., 2022). These results suggest that FMT and GGQLT may play a beneficial role in lipid metabolism and have an antihyperlipidemic effect, showing potential therapeutic benefits for diabetes caused by obesity, especially when FMT and GGQLT are used in combination. The normalization of biochemical parameters, such as lipids and lipoproteins, is crucial for managing diabetes and reducing the risk of cardiovascular complications (Cao et al., 2021).

Gut microbiota plays an important role in maintaining intestinal homeostasis and immunity (Li et al., 2021). After the phylum level analysis, we found that compared to the model group, FMT and GGQLT + FMT significantly increased the abundance of Firmicutes in the intestine. It has been shown that the inclusion of GGQLT treatment significantly boosts the abundance of Firmicutes in the intestinal flora, enhances the structure of the intestinal flora, strengthens intestinal immunity, and consequently aids in the treatment of inflammatory lung diseases (Li et al., 2020, 2022). At the genus level, we found that positivity significantly decreased the abundance of Lactobacillus compared to the model group. It has been shown that GGQLT increases the abundance of Lactobacillus in the intestine and inhibits the proliferation of E. coli, regulating the structure of intestinal flora, restoring the intestinal barrier, and treating acute bacterial diarrhea in piglets (Luo et al., 2022). In addition, the results of the present study showed that FMT and GGQLT + FMT significantly increased the abundance of Ruminococcus in the intestine, approaching levels observed in the control group. It has been shown that GGQLT restores the downregulation of the abundance of intestinal flora caused by diarrheal diseases, increases the abundance of short-chain fatty acid-producing Ruminococcus bacteria, and attenuates diarrhea in piglets, which is consistent with the results of the present study (Liu C. S. et al., 2019). In summary, GGQLT alleviated the symptoms of T2DM in rats by regulating the structure of intestinal flora, increasing the abundance of beneficial flora, and improving intestinal immunity (Tian et al., 2021).

Furthermore, the change in gut microbiota composition following GGQLT treatment was observed. In the GGQLT group, the abundance of beneficial bacteria Coprococcus and Bifidobacterium was significantly higher than in the model group. This was consistent with a study by Ejtahed et al. (2011), which showed that probiotic yogurt containing Bifidobacterium lactis Bb12 can improve total cholesterol and LDL cholesterol levels, thus impacting cardiovascular disease risk factors in patients with T2DM. Regarding butyrate-producing bacteria, the GGQLT group exhibited a significant increase in the abundance of Akkermansia strains compared to the control group. Another study has also shown that GGQLT regulates intestinal flora by controlling Akkermansia muciniphila, Desulfovibrio_C21_C20, and Lactobacillus salivarius and reduces Escherichia coli, thereby treating patients with infectious pneumonia (Deng et al., 2021). In addition, the results showed that GGQLT reversed the decrease in gut microbiota richness, altered the structure of the gut flora, and significantly increased the relative abundance of short-chain fatty acid-producing bacteria (Akkermansia, Bacteroides, Clostridium, Ruminococcus, and Phascolarctobacterium), further alleviating bacterial diarrhea in piglets (Liu C. S. et al., 2019). GGQLT was also reported to be able to reverse the abundance of Akkermansia in methamphetamine-withdrawn mice and restore the growth of Akkermansia affected by methylmercury in vitro (Lu et al., 2023). In summary, GGQLT was able to improve host immunity and thus participate in the immune response to T2DM by modulating the overall structure of the gut microbiota and enriching the abundance of many butyric acid-producing and beneficial bacteria. This modulation of the gut microbiota may contribute to the hypoglycemic or antihyperlipidemic effects of GGQLT by influencing the production of metabolites that regulate glucose metabolism (Gao et al., 2024; Hu et al., 2024).

Bile acids play a key role as regulatory substances in metabolic and immune homeostasis and are largely controlled by the gut microbiota (Cai et al., 2022b; Su et al., 2023). Metabolites produced by the gut flora, such as bile acids, amino acids, and short-chain fatty acids, may influence the reduced insulin sensitivity associated with dysfunction in T2DM (Liu L. et al., 2022). In the present study, we found that the diseased T2DM model group showed significant downregulation of metabolites. In contrast, GGQLT exhibited a higher rescue ability compared to the model group. GGQLT was able to significantly increase 12-ketolithocholic acid, 5-β-cholanic acid-3α-ol-6-one, and 7,12-diketolithocholic acid, along with other bile acid metabolites. These metabolites are known to be involved in bile acid metabolism and cholesterol homeostasis, which are intricately linked to glucose metabolism (Chiang and Ferrell, 2020; Cai et al., 2022a). Some studies have shown that flavored GGQLT can help maintain bile acid homeostasis, regulate amino acid metabolism, improve the structure of intestinal flora in rats, and alleviate the symptoms of ulcerative colitis in rats (Liu L. et al., 2022). This suggests that GGQLT can efficiently modulate bile acid metabolites induced by T2DM. Furthermore, GGQLT may regulate these metabolic pathways, leading to enhanced glucose control and overall metabolic health.

Collectively, the findings of this study suggest that GGQLT has the potential to be a therapeutic agent for managing T2DM. The effect of improvements in growth performance, serum biochemical markers, gut microbiota composition, and metabolic profiles provides a comprehensive approach to addressing the multiple facets of this complex disease. However, it is important to note that further studies are needed to fully elucidate the mechanisms underlying the beneficial effects of GGQLT and to assess its long-term safety and efficacy in humans.



5 Conclusion

In conclusion, this study has investigated the function of GGQLT on T2DM rats. The results showed that GGQLT improved the growth performance of rats and had a remarkable antihyperlipidemic effect. In addition, GGQLT altered gut microbiota composition by increasing beneficial bacteria such as Coprococcus, Bifidobacterium, Blautia, and Akkermansia. Furthermore, GGQLT elevated levels of specific bile acids, potentially contributing to improvements in lipid metabolism. The present study offers promising insights into the role of GGQLT in alleviating T2DM. These findings not only enhance our understanding of the effects of GGQLT on physiological functions, microbiota, and metabolite composition in rats but also provide valuable insights for further research. In future studies, this research provides a stronger foundation for translating these preclinical findings into clinical applications and investigating the potential of GGQLT as an innovative therapeutic approach for managing diabetes mellitus.
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SUPPLEMENTARY FIGURE S2 | Prediction of intestinal microbial function by PICRUSt.
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Objective: Pulmonary artery hypertension (PAH) poses a significant challenge due to its limited therapeutic options and high mortality rates. The ACE2-Ang-(1-7)-Mas axis plays a pivotal role in regulating blood pressure and inhibiting myocardial remodeling. However, the precise mechanistic links between the ACE2-Ang-(1-7)-Mas axis and PAH remain poorly understood. This study aimed to elucidate the involvement of the ACE2-Ang-(1-7)-Mas axis in the development of PAH.

Methods: PAH was induced in mice using Sugen5416/hypoxia, PAAT/PET ratio and PA were detected using cardiac ultrasound; inflammation related factors such as MCP-1, TNF, IL-10and IL-12p70 were detected in intestines using cytometric bead array (CBA) kits; histopathological and morphological changes in lung and intestinal tissues were assessed via HE staining and Masson staining to evaluate the progression of PAH. Immunohistochemistry and western blotting were employed to determine the expression levels of two tight junction proteins, occludin and ZO-1, in intestinal tissues. Additionally, 16rRNA sequencing and non-targeted metabolomics by LC-MS/MS techniques were utilized to investigate the impact of the ACE2-Ang-(1-7)-Mas axis on microbial diversity and metabolomics of intestinal contents.

Results: Activation of the ACE2-Ang-(1-7)-Mas axis improves heart function, reduces intestines inflammatory factors and ameliorates pathological and histological alterations in SuHx mice. This activation notably upregulated the expression of occludin and ZO-1 proteins in intestinal tissues and promoted the proliferation of SCFA-producing bacteria genera, such as g_Candidatus_Saccharimonas. Furthermore, it enhanced the abundance of beneficial metabolites, including tryptophan and butyric acid.

Conclusion: The findings suggest that modulation of the ACE2-Ang-(1-7)-Mas axis can alleviate PAH by regulating intestinal microbes and metabolites. These results highlight the potential of the ACE2-Ang-(1-7)-Mas axis as a promising therapeutic target for clinical management of PAH.
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 SuHx; ACE2-Ang-(1-7)-Mas; gut flora diversity; metabolomics; correlative analyses
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Introduction

Pulmonary arterial hypertension (PAH) represents a severe clinical condition characterized by persistent vasoconstriction, vascular remodeling, perivascular inflammation, and fibrinoid necrosis. These pathological changes result in the narrowing and occlusion of the vascular lumen, leading to a progressive elevation in pulmonary vascular resistance and eventual right heart failure (Guignabert and Dorfmuller, 2013; Poch and Mandel, 2021). Notably, Sugen5416, by specifically binding to endothelial cells, triggers endothelial cell proliferation via sustained inhibition of vascular endothelial growth factor receptors, culminating in the formation of occlusive plexiform lesions (Neto-Neves et al., 2017). In the Sugen5416/hypoxia-induced pulmonary hypertension model, a hallmark histological feature is the pronounced hypertrophy and proliferation of pulmonary artery endothelial cells and pulmonary vascular smooth muscle cells. Unlike the chronic hypoxia alone model, the lesions observed in the Sugen5416/hypoxia (SuHx) model are irreversible (de Raaf et al., 2014). Despite continuous efforts and innovative strategies aimed at developing effective treatments, the options to impede the progression of pulmonary hypertension remain limited, rendering it a fatal disease.

The renin-angiotensin system (RAS) is integral to maintaining cardiovascular homeostasis and regulating water and electrolyte balance in mammals. Additionally, it plays key roles in cellular processes such as proliferation, differentiation, and apoptosis (Forrester et al., 2018). Of particular significance within the RAS are the antagonistic ACE-AngII-AT1R axis and the coordinating ACE2-Ang-(1-7)-Mas axis, wherein angiotensin converting enzyme 2 (ACE2) serves as an isoenzyme of angiotensin converting enzyme (ACE) (Shenoy et al., 2010), ACE2 counteracts the effects of ACE by promoting the synthesis of angiotensin (1-7) (Ang-(1-7)) and degrading angiotensin II (AngII) (Zhang et al., 2021). Chronic hypoxia induces an imbalance between ACE and ACE2 via hypoxia inducible factor-1α (HIF-1α), resulting in increased ACE levels and decreased ACE2 expression (Sharma et al., 2020a,b). ACE-mediated conversion of AngI to AngII leads to degradation of vasodilatory substances, thereby inducing pulmonary vasoconstriction, elevating pulmonary vascular resistance, and promoting proliferation of pulmonary arterial smooth muscle, vascular remodeling, and pulmonary hypertension. Studies utilizing ACE2 knockout mice have demonstrated abnormal cardiac development and severely impaired cardiac contractility, while ACE2 overexpression in the heart has shown protective effects against myocardial injury (Dang et al., 2020). Notably, an ACE2 receptor agonist, XNT, has been found to prevent the development of pulmonary hypertension and mitigate associated damage (Gheblawi et al., 2020). The ACE2-Ang-(1-7)-Mas axis exhibits multifaceted biological effects, including negative regulation of blood pressure, inhibition of myocardial remodeling, reduction of inflammatory factor production, and counteraction of the adverse effects mediated by the ACE-AngII-AT1R axis. These effects collectively suggest potential benefits for PAH pathophysiology (Zhang et al., 2021).

The intestinal flora, comprising a vast array of microorganisms inhabiting the animal intestine, serves as crucial companions to host cells and an integral aspect of precision medicine. These microbes play a pivotal role in the absorption and metabolism of both exogenous and endogenous substances. Consequently, various components of the intestinal microbiota and their metabolites can elicit diverse biological effects. With ongoing advancements in intestinal flora research, its potential in disease intervention has become increasingly evident (Chen et al., 2022). The gut microbiota constitutes a diverse community of microorganisms residing in gastrointestinal tissues, closely interacting with the host to provide genetic, metabolic, and immune benefits (Lozupone et al., 2012), alterations in gut microbiota composition and the activation of inflammation suggest the involvement of gut ecological dysregulation in the inflammatory processes associated with PAH. Dysbiosis, characterized by an imbalance in the gut microbial community, has been observed in models of SuHx induced and monocrotaline induced pulmonary hypertension (PH) (Callejo et al., 2018; Sharma et al., 2020a,b). Exposure to low-pressure hypoxia can induce gastrointestinal injury, oxidative stress, and increased gastrointestinal permeability, accompanied by changes in gut microbial composition and activity (Adak et al., 2014). Hypoxia exposure reduces oxygen pressure in the small intestine, further influencing gut microbiota composition. Activation of the sympathetic nervous system in SuHx rats may increase intestinal permeability, contributing to ecological dysregulation. Compared to controls, SuHx rats exhibited increased abundance of 14 genera of bacteria, including Bacteroides and Akkermansia, while the abundance of 7 genera of bacteria, including Rothia and Prevotellaceae was decreased (Sanada et al., 2020). In a study involving ACE2KI-N mice, Chao1 abundance, Shannon diversity, and homogeneity were significantly higher compared to WT-N mice, resulting in a lower F/B ratio. Intestinal ACE2 activity was notably higher in the ACE2KI-N and ACE2KI-H groups, although hypoxia decreased intestinal ACE2 activity in the ACE2KI-H group compared to the ACE2KI-N group. Full-scale overexpression of ACE2 rendered the animals resistant to hypoxia-induced intestinal pathology, alterations in microbiota, and neuroinflammation. Overall, ACE2 overexpression protected mice from neuroinflammation, microbiota alterations, and PH-related intestinal pathology. Intestinal repopulation with fecal microbiota from ACE2KI mice mitigated the hypoxia-induced increase in right ventricular systolic pressure (RVSP) and right ventricular hypertrophy in WT mice (Sharma et al., 2020a,b).

Emerging research underscores the significant impact of intestinal flora dysbiosis on the host’s pathophysiological state, mediated through various mechanisms including immune and metabolic alterations. Dysbiosis, characterized by an imbalance in intestinal flora, can foster the proliferation of potentially pathogenic bacteria, bacterial translocation, and release of endotoxins, thereby elevating intestinal epithelial reactive oxygen species (ROS) levels and increasing intestinal permeability (Ailizire et al., 2023). Fecal metabolites serve as reflective indicators of the intestinal flora state and the symbiotic relationship between flora and the host. Combining fecal metabolomics with 16SrRNA gene sequencing offers a comprehensive approach to elucidating the intricate interplay between gut microbiota and the host. PAH poses a significant challenge due to its limited therapeutic options and high mortality rates. The ACE2-Ang-(1-7)-Mas axis plays a pivotal role in regulating blood pressure and inhibiting myocardial remodeling. However, the precise mechanistic links between the ACE2-Ang-(1-7)-Mas axis and PAH remain poorly understood. In this paper, the findings suggest that modulation of the ACE2-Ang-(1-7)-Mas axis can alleviate PAH by regulating intestinalmicrobes and metabolites. These results highlight the potential of the ACE2-Ang-(1-7)-Mas axis as a promising therapeutic target for clinical management of PAH. Therefore, the objective of this study was to establish a chronic SuHx mouse model within a hypoxia chamber to investigate its impact on intestinal injury, gut microbiota characteristics, and fecal metabolomics (Zhou et al., 2020).



Materials and methods


SuHx animal model establishment and pharmacological intervention

Sixty 6-week-old male BALB/C mice were housed in a controlled environment with a temperature of 22°C and humidity of 50%, under a 12 h light/dark cycle. They had ad libitum access to water and food throughout the study. The control group (Con) consisted of mice housed at an altitude of 800 m. To induce the Sugen5416/hypoxia (SuHx) model, mice were subcutaneously injected with 20 mg/kg of Sugen5416 (MCE, Cat# HY-10374) once a week for 4 weeks under hypoxia conditions (10% O2). Following Sugen5416 administration, the mice were exposed to chronic hypoxia (10% O2) for an additional 4 weeks. After 4 weeks, the mice rats were divided into 4 groups: (A) Control group (Con): on the basis of Con group, saline was given for the last 4 weeks and injected intraperitoneally. (B) SuHx group (SuHx): on the basis of SuHx group, saline was given for the last 4 weeks and injected intraperitoneally. (C) SuHx + Ang1-7 intervention group (SuHxA): on the basis of SuHx group, Ang1-7 (0.5 mg/kg, MCE, Cat# HY-12403) was given for the last 4 weeks and intraperitoneal injection. (D) SuHx + MLN4760 group (SuHxM): on the basis of SuHx group, MLN-4760 (0.5 mg/kg, MCE, Cat# HY-19414), an ACE2 inhibitor, was given intraperitoneally on the latter 4 weeks (Figure 1).
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FIGURE 1
 Experiment protocol.




Echocardiography

The mice were anesthetized with 1% sodium pentobarbital (45 mg/kg) by intraperitoneal injection, and the breast region was prepared. The structural changes on the heart of rats in each group were investigated by Doppler color ultrasound, including the pulmonary artery blood flow acceleration time (PAAT), pulmonary artery ejection time (PET), pulmonary artery inner diameter (PA) and structural changes, etc., the cardiac motion state was observed, and the relevant parameters were measured and recorded.



Pathological examination


Hematoxylin-eosin staining

Intestinal and lung tissues were excised and immediately rinsed in saline, followed by fixation in 4% formaldehyde for 24 h. Subsequently, the tissues were washed in PBS and embedded in paraffin. Sections of 4 μm thickness were cut, baked, dewaxed, and dehydrated using gradient ethanol. Hematoxylin staining was performed for 5 min, followed by differentiation in 1% ethanol solution for 5 s and 1% ammonia solution for 30 s to restore the blue color. Eosin staining solution was applied for 1 min, followed by sequential immersion in 80% ethanol, 95% ethanol I, 95% ethanol II, anhydrous ethanol, xylene I, and xylene II for 5 s each. The sections were then sealed, air-dried, and observed under a microscope for image capture.



Masson staining

Sections of intestinal tissue were prepared, deparaffinized, and dehydrated. Hematoxylin staining was performed for 5 min, followed by differentiation in acidic ethanol differentiation solution for 8 s. Blueing solution was applied to restore the blue color, followed by staining with Lichun red magenta. Subsequently, the sections were washed with weak acid working solution and phosphomolybdic acid solution for 1.5 min each. Aniline blue was applied for 1 min, followed by rinsing with distilled water to stop the staining process. The sections were then dehydrated in 95% ethanol for 2 s, followed by three rounds of differentiation in anhydrous ethanol for 10 s each and xylene for 1 min each. Finally, the sections were sealed, dried, observed, and photographed.



Immunohistochemistry

Paraffin sections of lung tissue and intestinal tissue were defatted and rehydrated. Antigen retrieval was performed by placing the sections in citrate buffer under high pressure and heat. After washing with PBS, the sections were incubated with 3% hydrogen peroxide for 15 min to remove endogenous catalase. Subsequently, the sections were incubated in goat serum solution at room temperature in the dark for 20 min, followed by incubation with primary antibodies against α-smooth muscle actin (α-SMA) (Affinity, Cat# AF1032, 1:400), ZO-1 (Proteintech, Cat# 21773-1-AP, 1:3,000) and occludin (Proteintech, Cat# 27260-1-AP, 1:5,000) overnight at 4°C. After washing with PBS, the sections were incubated with secondary antibody solution in a 37°C water bath for 20 min. The sections were then stained with DAB to visualize positive staining, followed by counterstaining with hematoxylin and routine sealing. Staining results were observed and photographed under a light microscope, and the positive expression rates of α-SMA, ZO-1 and occludin were calculated based on the number of positive nuclei (brown-yellow staining) relative to the total number of nuclei.




Cytometric bead array assay

Take 30 mg intestinal tissue, add 180 μL PBS containing protease inhibitor to grind, centrifuge 500 × g for 10 min, and take supernatant for detection. Fifty microliters of intestines sample was gently mixed with an equal volume of the mixed captured beads (BD, Cat# 552364). All assay tubes were added 50 μL of the PE detection reagent and incubated in the dark at room temperature for 2 h. After the incubation, each assay tube was added 1 mL of Wash Buffer and centrifuged at 200 g for 5 min, followed by discarding the supernatant. The bead pellet was resuspended with 300 μL of Wash Buffer and all samples were tested by flow cytometry (BD, LSR Fortessa).



Western blotting analysis

Intestinal tissue was retrieved for grinding and homogenizing. Proteins were extracted, and their concentration was determined using the BCA method. Each sample’s concentration was then normalized using lysate. A 7.5% SDS-PAGE gel was prepared, and the protein was loaded as a top sample for gel electrophoresis to separate the proteins. Subsequently, the membranes were subjected to a constant flow rate of 100 V, allowing the separated target proteins to be transferred onto PVDF membranes. These membranes were then incubated with 5% skimmed milk powder sealing solution for 2 h. Following this, the membranes were separately immersed in 1xTBST diluted with ZO-1 (Affinity, Cat# AF1032, 1:1,000) and occludin (Proteintech, Cat# 27260-1-AP, 1:1,000) monoclonal antibody working solutions overnight at 4°C. The next day, the membranes were washed three times with 1xTBST for 10 min each, followed by co-incubation with horseradish peroxidase-labelled goat anti-rabbit IgG (1:20,000) diluted in 1xTBST for 1 h at room temperature. Subsequently, the membranes were washed again with 1xTBST. The images were developed in a dark box using enhanced ECL chromogenic solution, and captured using a gel imaging system. The grey value of each target protein and the internal reference protein actin were analyzed using Image-Pro Plus 6.0 software. The ratio of the grey value of the target protein to that of the internal reference protein was considered as the relative expression of the target proteins.



16SrRNA sequencing analysis of intestinal contents

The mice were anesthetized and euthanized, and the specimens were aseptically removed in a sterile environment. Approximately 0.3 g of intestinal contents were collected and placed in sterilized centrifuge tubes. The samples were rapidly frozen in liquid nitrogen and then stored at −80°C. Total genomic DNA extraction of the microbial community was performed according to the instructions of the E.Z.N.A.® soil DNA kit (Omega Bio-tek, Norcross, GA, United States). Using the extracted DNA as a template, the V3–V4 variable region of the 16SrRNA gene was amplified via PCR with the forward primer 338F (5′-ACTCCTACGGGGAGGCAGCAG-3′), which included the Barcode sequence, and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR reaction system consisted of 4 μL of 5× TransStart FastPfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL of the forward primer (5 μM), 0.8 μL of the reverse primer (5 μM), 0.4 μL of TransStart FastPfu DNA polymerase, 0.2 μL of BSA, and 10 ng of template DNA, with the final volume adjusted to 20 μL. The amplification procedure included an initial denaturation step at 95°C for 3 min, followed by 27 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 45 s, and a final extension at 72°C for 10 min. The PCR products were then stored at 4°C. Purified PCR products were used for library construction with the NEXTFLEX Rapid DNA-Seq Kit and quantified using Quantifluor-ST (Promega, Madison, WI, United States). Sequencing was performed according to standard procedures on the Illumina MiSeq platform by Major Biomedical Technology Co.



Metabolomics analysis of gut contents

The mice were anesthetized and euthanized, and the specimens were aseptically removed in a sterile environment. Approximately 0.3 g of intestinal contents were collected and placed in sterilized centrifuge tubes. The samples were rapidly frozen in liquid nitrogen and then stored at −80°C. Non-targeted metabolomics analyses were conducted using LC-MS/MS technology. Positive and negative ion data were collected using an ultra-high performance liquid chromatography tandem time-of-flight mass spectrometry (UPLC-TripleTOF) system (AB SCIEX) to enhance metabolite coverage. Progenesis QI software (Waters Corporation, Milford, United States) was utilized for LC-MS/MS data processing, which included peak extraction, peak comparison, and compound identification. Pre-processed data were uploaded to the Meggie Bio cloud platform1 for further analysis. The R package ropls (Version 1.6.2) was employed to perform principal component analysis (PCA) and orthogonal least partial squares discriminant analysis (OPLS-DA). Model stability was assessed using seven cycles of cross-validation. Student’s t-test and multiplicative analysis of variance were conducted. Significantly different metabolites were selected based on variable weight values (VIP) obtained from the OPLS-DA model and the student’s t-test p-value. Metabolites with VIP >1 and p < 0.05 were considered as significantly different metabolites. A total of 1,779 and 1,496 differential metabolites were identified in electrospray ionization positive (ESI+) mode and electrospray ionization negative (ESI−) mode, respectively. Pathway analysis of the differential metabolites was performed using the KEGG database. Pathway enrichment analysis was conducted using the Python package, scipy.stats, and Fisher’s exact test to determine the most relevant biological pathways associated with the experimental treatments.



Statistical analyses

All data analyses were conducted using the Meggie BioCloud platform (see text footnote 1). Results were presented as mean ± standard deviation (SD). Statistical analyses were carried out using the unpaired Student’s t-test for comparisons between two groups or ANOVA for comparisons among multiple groups. Software employing the Wilcoxon test or Kruskal–Wallis test was utilized to determine the significance of genera or functions. Statistical significance was denoted as follows: *p < 0.05, **p < 0.01, and ***p < 0.001 vs. SuHx group.




Results


Effects of the ACE2-Ang-(1-7)-Mas axis on Sugen5416/hypoxia induced PAH mice

The Echocardiography results showed that the PAAT/PET ratio was reduced and the PA widened in the SuHx mice compared with the control group; The PAAT/PET ratio and PA were basically restored to normal levels after Ang1-7 treatment compared with the SuHx group, but the reduction in the PAAT/PET ratio and the widening of the PA were more pronounced after MLN-4760 intervention (Figure 2A).
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FIGURE 2
 Sugen5416/hypoxia induced PAH mouse results. (A) Histogram of PAAT/PET ratio and PA bar chart. (B) Typical HE staining of small pulmonary arteries in the peripheral lungs as well as histograms of wall area/total area of the small pulmonary arteries (WA/TA) and wall thickness/total thickness of the small pulmonary arteries (WT/TT). (C) Immunohistochemical detection of α-SMA expression levels in lung tissue. N = 6 in each group.


Histological examination via hematoxylin-eosin (HE) staining revealed a noteworthy thickening of the pulmonary artery wall and luminal narrowing in SuHx mice compared to control mice. Notably, treatment with Ang1-7 led to a gradual improvement in these abnormalities. Conversely, treatment with MLN-4760 resulted in a significant exacerbation of these phenomena compared to the SuHx group (Figure 2B). In addition, immunohistochemistry of lung tissue showed the degree of mesangial smooth muscle hypertrophy and hyperplasia as reflected by the expression level of α-SMA. The expression level of α-SMA was significantly increased in SuHx group mice compared with the control group, and decreased after intervention with Ang1-7, but abnormally increased after intervention with MLN-4760 (Figure 2C).



Effect of ACE2-Ang-(1-7)-Mas axis on intestinal function in SuHx mice

Histological examination of the intestinal tract by HE staining and Masson staining showed that the (Figures 3A,B) demonstrated a significant increase in intestinal fibrosis and muscle thickness, coupled with a decrease in villi length, in SuHx group mice compared to control mice. Conversely, treatment with Ang1-7 led to a significant reduction in intestinal fibrosis and muscle thickness, along with an increase in villi length. These findings underscore the pivotal role of an intact intestinal barrier in maintaining organismal homeostasis.
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FIGURE 3
 Morphological changes and protein expression levels in the intestines of mice in each group. (A) Intestinal tissue HE staining graphs, intestinal tissue muscularis propria thickness and chorionic villus length histograms. (B) Masson staining of intestinal tissues stained with collagen staining in blue. (C) Intestinal tissue occludin and ZO-1 positive expression rate. (D) Intestinal tissue occludin and ZO-1 protein expression level. (E) Statistical chart of inflammation-related factor levels. N = 6 in each group.


Impairment of the intestinal mucosal barrier function can heighten host susceptibility to intestinal antigens and pathogens, potentially disrupting immune homeostasis and inciting inflammatory responses. The formation of epithelial tight junctions (TJs) is crucial for maintaining the integrity of the intestinal barrier. TJs typically consist of proteins such as occludin and ZO-1, which are indispensable for epithelial barrier integrity. Immunohistochemistry and protein immunoblotting of intestinal tissues revealed decreased expression of TJ proteins occludin and ZO-1 in the SuHx and SuHxM groups, indicative of increased intestinal permeability in these mice. Notably, treatment with Ang1-7 led to an augmentation in the expression of occludin and ZO-1, thereby ameliorating intestinal permeability (Figures 3C,D).

Inflammatory factors levels have been shown to be an independent predictor of survival in patients with PH and, in combination with other markers of disease severity, can predict patient prognosis (Heresi et al., 2014). The results of the cytometric bead array (CBA) kit showed that the levels of pro-inflammatory factor such as monocyte chemotactic protein-1 (MCP-1) and tumor necrosis factor (TNF) and were significantly elevated but anti-inflammatory factor such as interleukin-10 (IL-10) and interleukin 12p70 (IL-12p70) were reduced in the SuHx group compared to the control group. Ang1-7 and MLN-4760 treatments resulted in a progression of these cytokine’s towards normal levels (Figure 3E).



Effect of ACE2-Ang-(1-7)-Mas axis on gut microbiological changes in SuHx mice

Initially, α-diversity analysis revealed significant differences, with notable variations observed in the Ace and Chao indices among the groups, indicating alterations in bacterial species abundance and community richness induced by Sugen5416/hypoxia (Figure 4A).
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FIGURE 4
 Alterations in the gut microbiome of mice in each group. (A) Alpha diversity of mice in each group. (a–d) Ace, Chao, Shannon, Simpson indices. (B,a,b) Gut microbiome composition at the family and genus level, respectively. The relative abundance of microbiota below 0.5% in all samples was combined as others in the histograms. (C,a,b) Analysis of species differences between multiple groups at the family and genus levels, respectively. (D) F/B ratio for each group. (E) LEfSe for each group to show differences in bacterial genera. N = 6 in each group.


Secondly, at the portal level, the gut microbiota was mainly composed of Firmicutes, Bacteroidota, Desulfobacterota, Actinobacteriota, Proteobacteria, Verrucomicrobiota, and Patescibacteria (Figure 4B,a), with Firmicutes having the highest abundance, followed by Bacteroidota, Desulfobacterota and Actinobacteriota, among others. At the genus level, it consisted of Lactobacillus, norank_f_Muribaculaceae, Desulfovibri, Lachnospiraceae_NK4A136_group, Alistipes, Enterorhabdus, Enterorhabdus and Akkermansia et al. (Figure 4B,b). The Firmicutes/Bacteroidetes (F/B) ratio, a marker of intestinal dysfunction in hypertensive patients, was elevated in the SuHx group compared to control mice. Notably, treatment with Ang1-7 and MLN-4760 restored the F/B ratio to near-normal levels (Figure 4D).

Subsequently, significant differences were observed in specific bacterial genera between the control, SuHx, SuHxA and SuHxM treatments. Specifically the microbial phylum Firmicutes (p = 0.0002623) was significantly more in the SuHx group and significantly less in the SuHxA and SuHxM groups, while the microorganisms Bacteroidota (p = 0.001597), Actinobacteriota (p = 0.00267), Patescibacteria (p = 0.0007149) and other microorganisms were significantly reduced in SuHx group and significantly increased in SuHxA and SuHxM groups (Figure 4C,a). At the level of microbial genera, norank_f_Muribaculaceae (p = 0.0003084), Enterorhabdus (p = 0.002704) and Candidatus_Saccharimonas (p = 0.0007149) were significantly reduced in SuHx group and significantly increased in SuHxA and SuHxM groups were significantly increased (Figure 4C,b), while harmful genera such as norank_f_Erysipelotrichaceae (p = 0.0002998) were significantly increased in the SuHx group. In addition, linear discriminant analysis of effective size (LEfSe) was used to account for differences in microbial genera, and these findings collectively showed alterations in the gut microbiomes of the control, SuHx, SuHxA, and SuHxM groups (Figure 4E).



Effect of ACE2-Ang-(1-7)-Mas axis on intestinal metabolites in SuHx mice

To further elucidate the intestinal metabolite profile of the ACE2-Ang-(1-7)-Mas axis in SuHx mice, the intestinal contents of our groups of mice were subjected to LC/MS non-targeted metabolic profiling in both positive and negative modes. In electrospray ionisation positive (ESI+) mode and electrospray ionisation negative (ESI−) mode, 1,779 and 1,496 metabolites were detected in the intestinal contents, respectively, and 1,294 and 1,437 metabolites were identified in ESI+ and ESI− modes, respectively, after removing low mass ions with relative standard deviation (RSD) ≤30%. Fractional scatter plots of the 2D PLS-DA model showed satisfactory modelling and distinguished the experimental group from the control group in ESI+ mode (Figure 5A,a) and ESI− mode (Figure 5A,b). Validation of the model revealed no overfitting, indicating that the model can accurately characterise the samples and can be used for further data analysis.
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FIGURE 5
 Changes in the metabolome of mouse intestinal contents in each group. (A,a,b) Validation plots of the PLS-DA model based on serum metabolome in electrospray ionised positive ions (ESI+) (a) and electrospray ionised negative ions (ESI−) (b). (B,a,b) Heatmaps based on metabolic profiles of gut contents in ESI+ (a) and ESI− (b). (C) KEGG function annotation bar graph, X-axis indicates the number of metabolite annotations and Y-axis indicates the annotated KEGG pathways. (D,a,b) Volcano plots based on the metabolic profiles of intestinal contents in the SuHx group vs. control group in electrospray ionised positive ions (ESI+) (a) and electrospray ionised negative ions (ESI−) (b). The volcano plots show the differential abundance of gut content metabolites (VIP >1 or p-value <0.05). Red dots represent a differential increase in metabolites, and blue dots represent a differential decrease in metabolites. (E) KEGG enrichment analysis plots, with the horizontal coordinate indicating the pathway name and the vertical coordinate indicating the enrichment rate; N = 6 in each group.


Consistently, intestinal metabolites were significantly different between the two groups by VIP criteria (VIP >1) and student’s t-test (p < 0.05). Heatmaps constructed on the basis of significantly altered metabolites also showed that the separation between the control, SuHx, SuHxA and SuHxM treatment groups basically existed in the ESI+ (Figure 5B,a) and ESI− (Figure 5B,b) modes, where in the ESI+ mode, the SuHx, SuHxA and especially the SuHxA treatment groups were closer to the normal control group, which suggests that SuHxA treatment group has a better therapeutic effect on mice with hypoxia-induced metabolic disorders. However, the relevance of the SuHxM treatment group was closer to the normal control group in the ESI− mode.

In addition, we annotated the identified metabolites using the KEGG database to understand the functional characteristics of the different metabolites and to identify the major biochemical metabolic pathways and signal transduction pathways of the metabolites. As shown in Figure 5C, the number of metabolites in each metabolic pathway is represented in each of the two ionic modes. Amino acid metabolism, cofactor and vitamin metabolism, lipid metabolism, carbohydrate metabolism, nucleotide metabolism, exogenous biodegradation metabolism, biosynthesis of other secondary metabolites, and energy metabolism are the major biochemical metabolic pathways of intestinal metabolites.

A total of 905 differentially expressed metabolites were identified in the serum of the model and control groups in both ESI+ (Figure 5D,a) and ESI− (Figure 5D,b) modes (p < 0.05), of which 363 and 542 metabolites rose and fell in the SuHx group. In the SuHx group, the abundance of metabolites such as indole-3-propionic acid, tryptophan, penicillin G, butyric acid and deoxycholic acid decreased and the abundance of harmful metabolites such as monocrotaline, bile acids and cyclophosphamide increased (Table 1).



TABLE 1 Details of differential metabolites by group.
[image: Table1]

The differentially expressed metabolites were subjected to enrichment analysis to detect metabolic pathways or enzymes that may be affected. Of the total 230 metabolic pathways enriched in the enrichment analysis, the enrichment results with significant differences were 20 metabolic pathway maps. The results of this analysis showed (Figure 5E) that the significant differences were in the 20 metabolic pathways of Biosynthesis of phenylpropanoids, linoleic acid metabolism, tryptophan metabolism, glycerophospholipid metabolism, phenylpropanoid biosynthesis and phenylalanine metabolism were more enriched (p < 0.01).



Results of combined gut microbiological and metabolite analyses in SuHx mice

Finally, we analysed the possible links between gut microbiota and metabolites. In order to visualise the relationship between the flora and environmental factors, we examined the relational relationship between environmental factors, samples, and flora based on microbial diversity by the RDA/CCA sequencing method and correlation Heatmap plots. The results of the RDA/CCA sequencing method showed (Figure 6A) that the deleterious metabolites, such as wild lily alkaloids, bile acids, and cyclic phosphonoacetyls, were associated with additionally g_norank_f_Muribaculaceae and g_Lachnospiraceae_NK4A136_group were enriched near the samples of SuHx group and had a positive correlation but a negative correlation in the control, SuHxA and SuHxM groups. Alistipes were enriched in the control group. In addition, metabolites such as indole-3-propionic acid, tryptophan, penicillin G, butyric acid and deoxycholic acid were enriched with beneficial bacteria such as g_Enterorhabdus and g_Candidatus_Saccharimonas in the SuHxA and SuHxM groups and had positive correlation but negative correlation in the SuHx group.
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FIGURE 6
 Correlation plots of microbial diversity and metabolome of the gut contents of mice in each group. (A) Scatterplot of RDA/CCA analysis of microbial diversity and metabolome of the gut contents of mice in each group. (B) Heatmap plot of the correlation between co-expression clusters of the metabolites and the microbiota. (C) Sequential regression analysis of the environmental factors between the metabolites penicillin G and bile acids and the microbiota. N = 6 in each group.


On the basis of microbial diversity, at the SuHx level, correlation Heatmap plot results showed (Figure 6B) that Ackermannia was positively correlated with the genera bile acids (r = 0.66319) 0.03046 and cyclophosphamide (r = 0.42783), but negatively correlated with penicillin G (r = −0.53043) and butyric acid (r = −0.46087). g_Escherichia-Shigella was positively correlated with cyclophosphamide (r = 0.66319) but negatively correlated with butyric acid (r = −0.31929). g_norank_f_Muribaculaceae genera were positively correlated with indole-3-propionic acid (r = 0.87913), tryptophan (r = 0.63478), penicillin G butyric acid (r = 0.65391) and deoxycholic acid (r = 0.8287) were positively correlated. g_Candidatus_Saccharimonas was positively correlated with penicillin G (r = 0.72059) but negatively correlated with bile acids (r = −0.68421).

Secondly, the magnitude of the effect of this metabolite on the differences in the community composition of the samples was assessed by environmental factor ordination regression analysis, based on the results of the PCA analysis, scatter plots made with each sample and the environmental factor corresponding to that sample and linear regression, which was used to study the correlation between penicillin G (Figure 6C,a) and bile acids (Figure 6C,b) and the microbial flora structure. The results showed that penicillin G among the beneficial metabolites (r = 0.589) and bile acids among the deleterious metabolites (r = 0.4058) had a high degree of explaining the differences in the samples on the ordination axis.




Discussion

In the current study, we present novel findings regarding the therapeutic effects of Ang1-7 and MLN-4760 on pathological alterations within the intestinal tract, encompassing changes in microbial diversity of intestinal contents and metabolite profiles, including increased intestinal fibrosis, disorganization of the muscular layer in the intestinal wall, villi hypoplasia and heightened intestinal permeability in SuHx group mice. These observed therapeutic effects hold significant implications for understanding the interactions between the host microbiome and the correlation between intestinal microbes and metabolites in the pathogenesis of SuHx-induced pathology. Marsh et al. (2018) and Wu et al. (2022) stated that the gut microbiota can modulate the immune status of the host, and altered gut microbiota composition and activation of inflammation support the involvement of gut ecological dysregulation in the inflammatory process of PAH. In addition, the HySu-induced group showed a significant increase in the abundance of thick-walled phyla, a significant decrease in the abundance of anamorphic phyla and unidentified bacteria, and an increase in the F/B ratio (Luo et al., 2023). Intestinal villi not only harbor digestive enzymes but also contribute to an enlarged surface area for nutrient absorption. Therefore, the observed impaired intestinal pathology in PH animals may compromise metabolism and nutrient absorption, potentially fostering an environment conducive to the proliferation of pathogenic microbial populations (Sharma et al., 2020a,b).

Prior research has demonstrated that the norank_f_Muribaculaceae microbial genera exhibit a significant increase in ulcerative colitis model mice. Moreover, treatment with deferasirox, known for its ability to reduce inflammatory factors and oxidative stress, results in a decrease in norank_f_Muribaculaceae genera in ulcerative colitis model mice, accompanied by elevated expression levels of tight junction proteins (Wu et al., 2023). In contrast, our current study revealed a reduction in the relative abundance of the anti-inflammatory microorganism norank_f_Muribaculaceae spp. In the SuHx group of mice, with a more pronounced decrease observed in the SuHxA and SuHxM groups. Previous studies have found reduced plasma levels of SCFA and secondary bile acids in PAH patients with a gut microbiome enriched for microbial genes encoding the pro-inflammatory microbial metabolite trimethylamine (Oliveira, 2023). Consistent with previous findings of decreased abundance of beneficial short-chain fatty acid (SCFA)-producing bacteria in the SuHx group, such as the butyrate-producing and propionate-producing bacterial genera such as g_Candidatus_Saccharimonas, these alterations may alter the intestinal epithelium and increase intestinal permeability, and thus we suggest that this bacterial genus may alter intestinal epithelial cells and increase intestinal permeability. Previous research has highlighted the critical role of butyrate in anti-inflammatory processes and maintaining the integrity of the intestinal barrier, as evidenced by increased intestinal permeability observed in the SuHx group of mice. Emoto et al. (2016) have reported that hypoxia exposure reduces oxygen pressure in the small intestine, induces alterations in the gut microbiota, sympathetic activation in SuHx mice, increases intestinal permeability, and inflammatory suppression associated with a decrease in Akkermansia. In the present study, we found that the establishment of SuHx mouse model and associated with typical intestinal flora, metabolites and pathological alterations, such as reduction of antioxidant flora Akkermansia and anti-inflammatory metabolite butyric acid in the intestinal contents of mice in the SuHx group, significant increase in the degree of intestinal fibrosis and thickness of the muscularis propria, and significant reduction in the length of the villi.

Furthermore, alterations in tryptophan metabolites and metabolic enzymes have been documented in patients with inflammatory bowel disease (IBD), where serum and fecal levels of tryptophan are notably lower compared to healthy subjects (Shiomi et al., 2011; Lamas et al., 2016). Building upon these findings, we conducted further investigations into the metabolic profile of intestinal contents. Our results revealed significant reductions in metabolites such as butyric acid and tryptophan in the SuHx group, both of which possess anti-inflammatory properties and contribute to the maintenance of immune cell homeostasis and function. Importantly, after treatment with Ang1-7 and MLN-4760, the levels of these metabolites progressed towards normal levels. Therefore, it can be inferred that alterations in these metabolites exacerbate hypoxia-induced cardiovascular disease and contribute to intestinal damage and disturbances in microbial diversity. In addition to this, the intestines levels of inflammatory cytokines IL-10 and MCP-1 were elevated in the SuHx group of mice in the present study, a result that supports that changes in intestinal microbial metabolites promote perivascular inflammation, and proliferation of pulmonary vascular smooth muscle cells, which triggers lung injury and pulmonary vascular remodeling, and ultimately leads to pulmonary arterial hypertension (Karoor et al., 2021; Song et al., 2021; Huang et al., 2022).

In the current study, the effects of MLN-4760 as an ACE2 inhibitor on gut microbes and metabolites differed from those observed in previous related studies. While prior research has demonstrated the attenuation and arrest of PH progression through various ACE2-related interventions, such as ACE2 supplementation, activation of endogenous ACE2, overexpression via viral-mediated gene delivery, or oral delivery of ACE2 through transplasmid technology (Sharma et al., 2020a,b), our findings regarding MLN-4760 present a distinct outcome. Contrary to expectations, MLN-4760 did not induce changes in the expression of inflammatory genes (TNF, Nos2, Ptgs1, Ptgs2) or the anti-inflammatory gene Pparg. Furthermore, gene expression analyses in our study did not confirm the pro-inflammatory effects of MLN-4760 (Ayuso et al., 2021). Our results were consistent with those of previous studies, indicating that compared with SuHx group, the contents of anti-inflammatory factors IL-10 and IL-12p70 in intestinal tissues of SuHxM group were increased, and the abundance of short-chain fatty acid microorganism norank_f_Muribaculaceae in intestinal contents was increased. Increased levels of the anti-inflammatory metabolite Butyric acid. Additionally, another study reported an increase in the expression of antioxidant genes Sod1, Sod2, and Hmox1, as well as elevated plasma levels of the antioxidant molecule H2S following MLN-4760 treatment. These findings suggest a potential compensatory mechanism for the oxidative damage induced by ACE2 inhibitor-MLN-4760 treatment (Kluknavsky et al., 2022).

The gut microbiota serves as a source of both anti-inflammatory and pro-inflammatory metabolites, including SCFA, which can influence the integrity of the gut barrier. Excessive production of potential toxins by the gut microbiota may compromise the gut barrier, leading to increased circulation of microbial ligands associated with microbe-associated molecular patterns (Moutsoglou et al., 2023). Furthermore, alterations in the composition of gut microbiota metabolites, such as secondary bile acids and trimethylamine, can contribute to systemic immune dysregulation. Considered as another metabolic organ of the host, the gut microbiota and its metabolites play a crucial role in influencing host health (Chung et al., 2018). Metabolic disorders are often associated with changes in the composition and function of the gut microbiota, which interact with the host by metabolizing various exogenous dietary substrates or endogenous host compounds. While Spearman’s correlation analysis revealed certain associations between the gut microbiota and fecal metabolites, establishing a clear causal relationship remains challenging. Notably, our analysis identified correlations between Akkermansia spp. and low levels of expression of beneficial metabolites such as indole-3-propionic acid, tryptophan, penicillin G, butyric acid and deoxycholic acid.

In SuHx group, our study highlights significant gut ecological dysregulation associated with Sugen5416/hypoxia-induced disease development. Moreover, we elucidate the therapeutic role of Ang1-7 and MLN-4760 in the progression of this pathology. Specifically, our findings underscore the effects of Ang1-7 and MLN-4760 on gut pathological alterations, as well as alterations in the gut microbiome and metabolome.

These results contribute to a deeper understanding of the intricate relationship between the gut and lung in the SuHx model, shedding light on the underlying mechanisms involving gut microbes and metabolites. Furthermore, our findings offer new insights into potential therapeutic, diagnostic, or management strategies for hypoxia-induced gut pathology. Overall, this study enhances our comprehension of the unique characteristics of gut-lung interactions and provides a foundation for further exploration in this field.
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In this study, the effects of Lactobacillus rhamnosus SDSP202418 isolated from shrimp paste on the exercise performance of fatigued mice were analyzed, and the potential action mechanism was revealed. L. rhamnosus SDSP202418 significantly improved the exhaustion time of the mice and regulated the biochemical indices (lactate dehydrogenase, nitrogen, and uric acid) of the fatigued mice to resist fatigue. L. rhamnosus SDSP202418 also upregulated the mRNA expression of slow muscle fibers and downregulated the mRNA expression of fast muscle fibers in the exercise mice by activating the AMPK/PGC-1α pathway in the fatigued mice. It also increased the contents of antioxidant enzymes (superoxide dismutase (SOD), catalase (CAT), and glutathione (GSH)) in the liver and muscle. These enzymes removed and repaired oxidative free radicals to achieve antifatigue. In addition, L. rhamnosus SDSP202418 can change the gut microbial structure and modulate the abundance and balance of fatigue-related gut microbiota, which in turn exerts antifatigue effects. L. rhamnosus SDSP202418 is a functional food component that relieves fatigue after exercise.
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1 Introduction

Exercise fatigue is a physiological phenomenon that occurs after the body has completed a certain amount of mental and physical activity. The body’s physiological processes are unable to maintain their functions at a specific level and intensity (Liu et al., 2022). Excessive fatigue is detrimental to the improvement of athletic performance and may have harmful effects on physical and mental health (Zhang et al., 2019). At present, the physiological mechanism underlying the production of exercise-induced fatigue is primarily summarized as energy and material consumption theory, metabolite accumulation and blockage theory, and protective inhibition theory (Spector et al., 1995; Verkerke et al., 2005; Weisleder and Ma, 2008). High-intensity exercise increases the consumption of energy sources, such as serum and muscle, and the accumulation of metabolites, such as lactic acid (LA), ammonia, and blood urea nitrogen (BUN) (Nikolaidis et al., 2018). Additionally, free radical accumulation caused by exercise-induced fatigue leads to muscle damage and muscle fatigue by triggering lipid peroxidation and disrupting the antioxidant defense system (Gonzalez et al., 2016). The gut is an important organ for maintaining healthy homeostasis, and excessive fatigue can also lead to gut microbial disruption, exacerbating fatigue-induced physical injuries. The relationship between the gut microbiota and exercise fatigue has been extensively studied. An imbalance of intestinal flora and an increased number of pathogenic bacteria were observed in exhaustively exercised mice (Li et al., 2022). The disorders of gut microbes can also cause oxidative stress and exacerbate fatigue. Zhu et al. (2022) found that the Maca compound could increase the number of beneficial bacteria species (Lactobacillus and Akkermansia) and decrease the number of harmful bacteria species (i.e., Candidatus_Planktophila and Candidatus_Arthromitus) to modulate gut flora at the genus level. Moreover, a high correlation between fatigue-related biomarkers and fecal microbiota was found. Therefore, fatigue can be ameliorated by maintaining a balanced gut flora.

Delaying or eliminating exercise fatigue is particularly crucial for augmenting training and exercise results. Domestic and foreign researchers have recently conducted several studies on antifatigue active substances in animals and plants. They found that some natural active ingredients, such as polypeptides, amino acids, polysaccharides, vitamins, and polyphenols can exert certain antifatigue effects (Zhou et al., 2023). These substances exist widely in food-borne animals and plants. Active substances with antioxidant or anti-inflammatory properties, such as curcumin (McFarlin et al., 2016), omega-3 fatty acids (Lewis et al., 2015), and polyphenolic extracts (Cases et al., 2017), are currently popular sports nutrition supplements. Attention has recently been focused on the relationship between gut microbes and exercise performance (Przewłócka et al., 2020). Interfering with the gut microbiome of athletes has certain positive effects, including improved immunity, gastrointestinal health, exercise performance, antioxidant capacity, fatigue recovery, energy supply, nutrient absorption, and body composition. All of these parameters are critical for the endurance of health and performance in athletes (Pyne et al., 2015). Probiotics are an effective means of regulating the composition and function of gut flora. This promotes microbial diversity, increases reproduction, and helps to promote the growth of healthy species. Thus, appropriate doses of probiotic supplementation improve fatigue-related symptoms, reduce exercise fatigue, and accelerate recovery from muscle injuries (Jäger et al., 2019; Li et al., 2022; Yeh et al., 2022; Miray et al., 2024).

The World Health Organization defines probiotics as “living microorganisms that have health benefits when used in sufficient quantities” (Hill et al., 2014; Lee et al., 2022). Specific genera, such as Lactobacillus and Bifidobacterium, as well as specific species, such as Lactobacillus rhamnosus, can improve the gastrointestinal discomfort caused by a single bout of high-intensity or endurance exercise (Zhang et al., 2023). According to Zhang et al., Lactobacillus casei Zhang effectively improved the average running time of rats by affecting their intestinal flora and serum metabolism (Li et al., 2022). Bifidobacterium longum OLP-01 (OLP-01), isolated from the intestinal microbiome of a female Olympic champion weightlifter, augmented the grip strength and endurance of mouse forelimbs and significantly reduced the serum levels of LA, ammonia, and CK following acute exercise. At the same time, OLP-01 intervention also significantly increased the basic glycogen level in the liver and muscle (Huang et al., 2020). Lactobacillus paracasei PS23, isolated from the fecal samples of healthy people, improved muscle mass and strength in aging mice. Additionally, continuous PS23 supplementation for 6 weeks prevented post-muscle injury strength loss and improved blood muscle injury and inflammatory marker levels in young people (Lee et al., 2022). Probiotic supplementation increases energy supply during exercise, which may offer metabolic benefits for athletes during high-intensity exercise and recovery. L. plantarum PS128 supplemented during training significantly increased plasma levels of branched-chain amino acids (increased 24–69%) in triathletes compared to the placebo (Yu and Fu, 2023). On isolating a large number of Leptococcus bacteria from the fecal samples of elite marathon runners and transplanting them into mice, Sheiman’s team at Harvard University found that the endurance performance of normal mice significantly improved after supplementation. Compared to the control group, the time spent exercising to exhaustion on the treadmill increased by 13% (Scheiman et al., 2019). L. rhamnosus exerts substantial antioxidant effects, which can slow down the oxidative damage caused by free radicals generated during exercise, reduce apoptosis, and enhance exercise capacity. Martarelli et al. (2011) found that L. paracasei IMC502 and L. rhamnosus IMC501 (1 × 109 colony-forming units (CFUs)/days) supplemented for 4 weeks reduced the serum CK level of cyclists after strenuous exercise, promoted fatigue elimination, and improved the test performance of athletes. However, the effects of this LA bacteria on recovery after long-term exercise have been less studied.

In this study, a strain of L. rhamnosus SDSP202418 with high gastric acid and bile salt resistance was isolated from traditional shrimp paste to explore the antifatigue effect of this bacterium. This study offers a theoretical basis for developing functional foods that can enhance endurance and relieve fatigue.



2 Materials and methods


2.1 Sample preparation

L. rhamnosus SDSP202418 (SDSP18) was selected and isolated from the shrimp paste, Shandong, China, with the accession number CGMCC No. 29613, and was deposited in the China General Microbiological Culture Collection Center (CGMCC, Beijing, China). Furthermore, the strain was further identified by the BGI Group (Wuhan, China), an independent third party. The strain maintained at −80°C was resuscitated and cultured in MRS. The bacteria were then diluted with 0.9% normal saline to 1.0 × 109 CFU.



2.2 Animals studied and treatments administered

Forty Kunming mice (6 weeks old) with weights between 20 and 22 g were obtained from the experimental animal center of the Chongqing Medical University and used in the experiment. The mice were kept in a warm room at 20–24°C, a relative humidity of 50%, and a 12 h/12 h light–dark cycle. All mice received a standard diet, and food and water were freely available to them. The animals were randomized into four groups of six mice each. In the normal (Nor) and control (Con) groups, the mice were treated with 200 μL of 0.9% normal saline. The vitamin C group and the SDSP18 group were treated with 200 mg/kg of vitamin C and SDSP18 (1.0 × 109 CFU/mL), respectively. The experimental protocol was approved by the Ethics Committee of Chongqing Collaborative Innovation Center for Functional Food (2023102702B, Chongqing, China).



2.3 Treadmill fatigue test

After 1 week of intragastric administration, the 3-week training began. A treadmill (YH-CS, Wuhan Yihong Technology Co., Ltd., Wuhan, Hubei, China) was used to train the mice after 30 min of gavage. The treadmill running protocol was designed based on the scheme of Xu et al. (2013) and Okamoto et al. (2019) as shown in Figure 1 with some modifications. The normal group was not subjected to any exercise. The other groups of mice underwent 1 week of adaptive training, followed by 2 weeks of intensive training. The adaptation training was established as follows: the speed was 10 m/min, the slope was 0, 10 min a day, 6 consecutive days a week. Intensive training was established at a speed of 10 m/min and a 5° slope for 10 min a day for 6 consecutive days a week. To prevent the mice from deviating from the track, 0.8 ma of electric current was supplied. After 3 weeks, exhaustion tests were conducted on the second day following high-intensity training. The test slope was 15°, running at a speed of 20 m/min. Under electrical stimulation, the mice were considered exhausted when they stopped moving and left the runway for 10 s. Finally, blood was collected from the mouse eyeballs, and the liver, kidney, heart, spleen, lung, and skeletal muscle were dissected for the subsequent analysis (Li et al., 2022).

[image: Figure 1]

FIGURE 1
 Experiment scheme of Kunming mice.




2.4 Physical and chemical indices

The blood was centrifuged at 3,500 rpm for 10 min at 4°C to separate serum, and the serum was then stored at −80°C. Commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) were used to determine serum indicators according to instructions.



2.5 Hematoxylin and eosin staining

The liver and skeletal muscles of each group were immobilized with 4% polyformaldehyde. The slices were prepared and finally stained with 1% water-soluble eosin staining solution for 5 min. Magnified microscopes (BX43F, Olympus Co., Tokyo, Japan) were used for observing the tissues (200×) after they were sealed with neutral glue.



2.6 Real-time PCR

RNA from the liver and muscle was extracted using the TRIzol reagent (Gan et al., 2021). cDNA was synthesized using HiScript SuperMix (Vazyme, Nanjing, China). Real-time quantitative PCR was performed using the StepOnePlus real-time PCR system (Thermo Fisher Scientific, Waltham, MA, United States) and a fluorescent dye (SYBR Green PCR Master Mix). Table 1 presents the primer pairs applied. The target gene expression levels were analyzed using the 2−ΔΔCT method. Beta-actin was selected as an internal parameter (Li et al., 2018).



TABLE 1 Details regarding the primers utilized in real-time PCR.
[image: Table1]



2.7 Assays for intestinal microbiota

Feces were collected from each mouse (n = 5) and immediately stored at −80°C. Total genomic DNA was extracted using a fecal genomic DNA extraction kit (TianGen) following the manufacturer’s instructions. The quality of the DNA was checked by spectrophotometric analysis (optical density ratio at 260/280 nm) using ultra-microspectrophotometry and agarose gel electrophoresis (Wang et al., 2020). 16S rRNA gene sequencing was performed. Specific primers 515F and 806R amplified the 16S V4 region. Briefly, PCR reactions were performed with 10 ng gDNA under the following conditions: 98°C, 1 min; 30 cycles: 10s at 98°C, 30s at 50°C, 30s at 72°C; and storage at 72°C for 5 min. Library construction was carried out using the NEBNext® Ultra™ II FS DNA PCR-free Library Prep Kit (New England Biolabs). The constructed libraries were quantified with Qubit and Q-PCR, and after passing quality control, PE 250 sequencing was performed on the NovaSeq 6,000 platform. The augmented sequence data are processed using the QIIME2 Comparison Platform1 (Bolyen et al., 2019). The main process is shown in Figure 2. Split each sample data from the raw data based on the barcode sequence and PCR amplification primer sequence. After trimming the barcode and primer sequences, the reads of each sample were assembled using FLASH (version 1.2.111), resulting in the assembled sequences as the Raw Tags. The assembled Raw Tags were subjected to rigorous filtering using fastp software (version 0.23.1) to obtain high-quality clean tags. After the aforementioned processing, the Tags obtained need to undergo the removal of chimeric sequences. The Tags sequences are aligned with species annotation databases (Silva 138.1 annotation database https://www.arb-silva.de for 16S/18S, Unite database https://unite.ut.ee/ for ITS) to detect chimeric sequences and ultimately remove them to obtain the effective tags.

[image: Figure 2]

FIGURE 2
 Pre-processing of sequencing data.




2.8 Statistical analyses

All experiments were performed at least three times. The figures were statistically analyzed and visualized by Origin 2021Pro and SPSS software (version 22.0; IBM Corp., Armonk, NY, United States), and comparison among groups was performed using a one-way ANOVA. All data were expressed as means and standard deviations. Statistical significance was set at a p-value of <0.05. We used the LEfSe method, which uses the LEfSe to determine the impact of taxa. Microbiotas displaying differential expression between groups were defined as those with an LDA score of >2.5.




3 Results


3.1 Effects of L. rhamnosus SDSP202418 on body weight and blood glucose of exhausted mice

No significant difference was observed in the initial body weight of the mice in the four groups (Figure 3A). After SDSP18 was supplemented for 4 consecutive weeks, the body weight of the mice in the four groups increased to varying degrees. The body weights of the control group were 0.4, 2.6, and 1.2% lower than the normal group, vitamin C group, and SDSP18 group, respectively. However, no significant differences were noted (p > 0.05). Blood sugar is the substance supplying direct energy to the body during exercise. The blood sugar levels in the exercise mice were significantly lower than those in the normal group (Figure 3B), especially in mice supplemented with vitamin C and probiotics. This may be due to higher glucose consumption in the vitamin C and SDSP18 groups, which means that the SDSP18-supplemented mice receive a more adequate energy supply during exercise, which augments their exercise ability and delays physical fatigue.

[image: Figure 3]

FIGURE 3
 Effect of Lacticaseibacillus rhamnosus SDSP202418 on body weight (A) and blood glucose (B) in mice. The lowercase letters represent significant differences between groups (p < 0.05).




3.2 Effects of Lacticaseibacillus rhamnosus SDSP202118 on exhaustion time and physiological indices of exhausted mice

Exhaustion time is the most intuitive data representing exercise endurance. No fatigue experiment was conducted in the normal group. After 3 weeks of daily running training, the running exhaustion time of the SDSP18 and vitamin C groups was 3.24 and 2.01 times that of the control group, respectively, with significant differences noted (p < 0.05). At the same time, the exhaustion time of the SDSP18 group was 2,219 s longer than that of the vitamin C-positive group (Figure 4A), indicating that SDSP18 supplementation significantly augments endurance and delays fatigue.

[image: Figure 4]

FIGURE 4
 Effect of Lacticaseibacillus rhamnosus SDSP202418 on the exhaustive running time (A) and body composition (B) in mice. The lowercase letters represent significant differences between groups (p < 0.05).


Figure 4B presents the ratio of major organs to the body weight of mice. Compared to the normal group, no significant difference was observed in the organ indices of mice in the vitamin C and SDSP18 groups. This indicated that the ingestion of SDSP18 during 3-week running had no effects on the body and organ weights of the mice. The liver index was significantly higher in the exercise group than in the normal group, which indicated that exercise fatigue can cause liver injury. The liver index of the SDSP18 group decreased to the level of the normal group, indicating that SDSP18 exerts a better effect on alleviating the liver injury of mice with exercise fatigue. Compared to the normal group, the muscle index in the other three groups increased, and that in the SDSP18 group significantly increased. This indicated that adaptive exercise improves the muscle index of mice, and probiotic intervention promotes an increase in muscle mass.



3.3 Effects of Lacticaseibacillus rhamnosus SDSP202418 on biochemical indices of exhausted mice

Table 2 presents the biochemical indices of mice after exhaustive exercise. When the exercise intensity exceeds the aerobic metabolic capacity of the body, LA is produced. This LA accumulates in the body, acidifies muscles, and causes fatigue. The LA content was higher in the vitamin C and SDSP18 groups than in the control group, which may be due to the increased exercise ability of the mice supplemented with antioxidants or probiotics, which in turn increased LA production. BUN is the product of protein aerobic metabolism. If the body’s ability to adapt to exercise load is reduced, the increase in serum BUN levels is more obvious. The serum BUN content in the vitamin C and SDSP18 groups decreased by 32.24 and 41.49% compared to that in the control group, respectively. Lactate dehydrogenase (LDH) primarily catalyzes the reversible reaction between pyruvate and LA. It is a crucial enzyme involved in sugar anaerobic metabolism in the body. Compared to the normal group, LDH levels significantly increased in the control group. Compared to the control group, serum LDH levels in the vitamin C and SDSP18 groups significantly reduced by 24.6 and 42.7%, respectively. The aforementioned indices comprehensively indicated that SDSP18 alleviates exercise fatigue.



TABLE 2 Effect of Lactobacillus fermentum SDSP202418 on the serum biochemical parameters of exercise-induced fatigue mice.
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The liver index of the control group significantly increased (Figure 2A), which indicates abnormal liver development after exercise fatigue. Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) are commonly used as clinical and experimental crucial indicators that reflect liver function. High AST and ALT levels often indicate liver function impairment. Therefore, serum ALT and AST levels were further detected. Serum ALT and AST contents were significantly higher in the control group than in the normal group. SDSP18 and vitamin C could significantly downregulate serum ALT and AST levels in the exercise fatigue mice. These results indicate that SDSP18 improves abnormal liver function after exercise fatigue in mice.



3.4 Effects of Lacticaseibacillus rhamnosus SDSP202418 on antioxidant levels in exhausted mice

Physical exercise produces numerous free radicals, whereas moderate exercise activates the antioxidant defense system and eliminates free radicals. However, excessive exercise decreases the ability to scavenge free radicals in the body, resulting in cell damage (Liu et al., 2016). Therefore, the antioxidant factors SOD, GSH, and CAT must be urgently removed (Wen et al., 2013; Ziolkowski et al., 2015). Table 3 presents the effects of L. rhamnosus SDSP18 on serum antioxidant factors in mice. T-AOC is the total antioxidant capacity, which directly reflects the body’s antioxidant capacity. SOD, CAT, and GSH are the main antioxidant defense systems of the body. The activities of these enzymes can directly reflect the strength of the antioxidant capacity. Exercise reduced the serum T-AOC compared to the normal group. Compared to the control group, the serum T-AOC in the SDSP18 group increased by 24.3%, which was higher than that in the vitamin C group (7.05%). This indicated that SDSP18 was more effective than the antioxidant vitamin C in improving the T-AOC of the mice fatigued after exercise. Regarding antioxidant enzymes, compared to the control group, the CAT activity in the SDSP18 and positive control groups increased by 81.5 and 93.5%, respectively, and the GSH content exhibited no significant difference. In summary, SDSP18 reduces the degree of cellular oxidative damage and enhances the ability of the body’s antioxidant system.



TABLE 3 Effects of Lacticaseibacillus rhamnosus SDSP202418 on serum antioxidant capacity in mice.
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Figure 5 presents the mRNA expression of liver oxidative stress-related indicators. Compared to the control group, the mRNA expression levels of Cu/Zn SOD and Mn SOD significantly increased in the SDSP18 group by 185.5 and 158.2%, respectively, and returned to a level equivalent to that in the normal group. These results indicate that SDSP18 improves the body’s antioxidant capacity and relieves fatigue by increasing antioxidant enzyme expression in the liver.

[image: Figure 5]

FIGURE 5
 Effects of Lacticaseibacillus rhamnosus SDSP202418 on liver antioxidant capacity in mice. The lowercase letters represent significant differences between groups (p < 0.05). (A) Cu/Zn-SOD mRNA expression; (B) Mn-SOD mRNA expression; (C) CAT mRNA expression.


Figure 6 presents the mRNA expression levels of Cu/Zn SOD, Mn-SOD, and CAT in the skeletal muscle. SDSP18 significantly promoted the expression of the antioxidant enzyme gene, which increased the Cu/Zn SOD, Mn-SOD, and CAT contents by 362, 53.06, and 65.2%, respectively, compared to the control. At the same time, the effect of increased antioxidase-related genes in the SDSP18 group was better than that in the vitamin C group. These results suggest that, in the skeletal muscle, SDSP18 regulates the expression of oxidative stress-related genes and ameliorates exercise-induced oxidative damage.

[image: Figure 6]

FIGURE 6
 Effects of Lacticaseibacillus rhamnosus SDSP18 on muscle antioxidant capacity in mice. The lowercase letters represent significant differences between groups (p < 0.05). (A) Cu/Zn-SOD mRNA expression; (B) Mn-SOD mRNA expression; (C) CAT mRNA expression.




3.5 Lacticaseibacillus rhamnosus SDSP202418 regulates muscle fiber type conversion

The composition of different muscle fibers has a crucial regulatory role in muscle function and exercise endurance. Vitamin C and SDSP18 significantly increased the expression of slow muscle fibers (MyHC I) 6 times and 13 times that of the control (Figure 7). Meanwhile, SDSP18 significantly downregulated the expression of the three fast muscle fibers (MyHC IIa, IIb, and IIx).

[image: Figure 7]

FIGURE 7
 Effect of Lacticaseibacillus rhamnosus SDSP202418 on the mRNA expression level of MyHC I (A), MyHC IIa (B), MyHC IIb (C), and MyHC IIx (D) in the muscle. The lowercase letters represent significant differences between groups (p < 0.05).


Figure 8 presents the mRNA expression levels of the AMPK/peroxisome proliferator-activated receptor gamma coactivator 1α (PGC-1α) pathway-related genes. Compared to the control group, the SDSP18 group exhibited significantly upregulated expression of PGC-1α and sirtuin1 (Sirt1) genes. The expression increased by 1.6 and 20 times, respectively. Of note, SDSP18 had a considerably higher gene expression-promoting effect than the positive control.

[image: Figure 8]

FIGURE 8
 Effect of Lacticaseibacillus rhamnosus SDSP202118 on the mRNA expression level of PGC-1α (A) and Sirt1 (B) in the muscle. The lowercase letters represent significant differences between groups (p < 0.05).




3.6 Effects of Lacticaseibacillus rhamnosus SDSP202418 on histology

Figure 9 presents the evaluation results of potential pathological changes in different liver and muscle tissues following programmed exercise training and probiotic supplementation. In the normal group, the liver cells were arranged radially from the central vein, and sinusoid and hepatic cords were arranged in order. By contrast, in the control group, which underwent forced exercise, the liver cells exhibited a disordered arrangement, and the nuclei and cytoplasm were condensed with broken nuclear membranes and nucleoli. The arrangement of sinusoid and hepatic cords exhibited no significant change among the groups after the mice were supplemented with vitamin C or SDSP18 (Figure 9A), similar to those in the normal group. This indicated that SDSP18 supplementation improves the oxidative damage of the mouse liver tissue.

[image: Figure 9]

FIGURE 9
 Effects of exercise and vitamin C or SDSP18 interventions on histopathology. (A) Liver and (B) skeletal muscle. Specimens are photographed using a light microscope (200×).


Over-exercise can cause muscle tissue damage, which is manifested by blurred boundaries of muscle bundles, irregular arrangement of muscle fibers, interlaminar spreading, increased interstitial space, connective tissue hyperplasia, inflammatory cell infiltration, and apoptosis (Yu et al., 2022). No significant changes in muscle tissue were seen in the normal group. The control group showed large tissue gaps, probably caused by muscle strain. Dietary supplementation with SDSP18 or vitamin C improved this phenomenon. It also reduced inflammatory infiltration and muscle fiber gaps and prevented exercise-induced muscle tissue damage, thereby improving exercise endurance in mice (Figure 9B).



3.7 Effects of Lacticaseibacillus rhamnosus SDSP202418 on intestinal microbiota in fatigued mice

Our results indicated that among the top 20 most abundant microbial phylum and genera, the levels of Bacteroidota in fatigued mice were higher than that in fatigued mice treated with vitamin C or SDSP18 (Figure 10A). The species distribution map (Figure 10B) showed that the dominant species at the genus level were Lactobacillus, Odoribacter, Prevotellaceae_UCG-001, Alistipes, and Anaeroplasma in fatigued mice administered vitamin C or SDSP18. Compared to the normal group, the unclassified and other groups of microorganisms increased in the group control, Lachnospiraceae_NK4A136_group decreased, and the populations of Lactobacillus, Odoribacter, Prevotellaceae_UCG-001, Alistipes, and Anaeroplasma in the group vitamin C and the group SDSP18 increased, compared to the control group.

[image: Figure 10]

FIGURE 10
 Assay for feces microbiota in mice administered with different treatments. The top 20 abundance from the taxa analysis of microbiota composition at (A) phylum and (B) genus.


We analyzed the gut microbiota at the phylum and genus level using thermography, and Figure 9 shows the proportion of fecal microbiota in mice with different treatments (Figure 11). The intestinal abundance of the Bacteroidota group (phylum) elevated in exercised mice. The abundance of [Eubacterium]_siraeum_group, and Ligilactobacillus was also observed to increase. However, these bacteria were inhibited in fatigued mice given by vitamin C or Lacticaseibacillus rhamnosus SDSP18, even though populations of Alistipes and Prevotellaceae_UCG-001 were increased in fatigued mice treated with SDSP18. We also found that the Lactobacillus and Alloprevotella levels were increased in fatigued mice by administering SDSP18. A similar result that the administration of LA bacteria elevated the abundance of Bifidobacterium, Bacteroides, Alistipes, and Alloprevotella has been reported (Li et al., 2020). Meanwhile, exercise and SDSP18 can also decrease the abundance of Candidatus_Saccharimonas, compared to the normal group. Our results suggested that SDSP18 elevated the levels of LA bacteria (Lactobacillus) and maintained intestinal microbiota (Coriobacteriales) in fatigued mice.

[image: Figure 11]

FIGURE 11
 Heat map of species abundance clustering for (A) phylum level and (B) genus level in mice with different treatments.


Changes in the composition of the intestinal flora lead to the formation of dominant species for certain groups of bacteria in the intestinal ecosystem. To assess whether SDSP18 intervention has the potential to modulate intestinal microbiota in vivo, this study analyzed mouse fecal bacteria in a 16S metagenomic. The Shannon diversity index was negatively correlated with diversity. No significant change was noted between groups (Figure 12A). Further analysis by PCA also found no obvious differences in the gut microbiota structure between the normal group and other groups (Figure 12B). In addition, 261, 152, 241, and 191 different bacteria (operational taxonomic units; OTUs) were found in normal mice, fatigued mice, and fatigued mice given vitamin C and SDSP18. However, a total of 373 bacterial species were present in these three groups (Figure 12C).

[image: Figure 12]

FIGURE 12
 (A) Box plot of alpha index distribution between groups and (B) genus PCA. (C) Flower plot based on OTU abundance.




3.8 Effects of Lacticaseibacillus rhamnosus SDSP202418 on microbial LEfSe analysis

Significantly different abundances between species were revealed by linear discriminant analysis (LDA) and effect size (LEfSe) analysis (Figure 13). Major microbiota, including Butyricimonas virosa and Bacteroides stercorirosoris, were significantly elevated in fatigued mice and may serve as biomarkers. However, administration of SDSP18 reduced all of these bacteria in the intestines of fatigued mice. We hypothesized that this could be related to the fact that we tested microbes in the feces and that SDSP18 allowed more flora to remain working in the gut. These results suggest that SDSP18 has the potential to modulate the gut microbiota in fatigued mice.

[image: Figure 13]

FIGURE 13
 Histogram of the distribution of LDA values (A) and evolutionary branching plot (B).





4 Discussion

High-intensity exercise leads to metabolite accumulation and consumption of antioxidant enzymes, which results in muscle tension and induces sports injury. The most direct and objective expression of body fatigue is the decline of exercise endurance. Exercise exhaustion time is among the most commonly used indicators of body endurance. In animal experiments, the supplementation of specific probiotics increased the endurance running time of mice to a certain extent (Lee et al., 2020; Scheiman et al., 2019). In the present study, supplementation with L. rhamnosus SDSP18 daily during 3 weeks of running training significantly increased the exercise exhaustion time of the mice from 1824 s in the control group to 5,915 s in the SDSP18 group. It was 2,219 s longer than that in the vitamin C-positive group. Supplementation with L. rhamnosus SDSP18 for 3 weeks increased muscle index, decreased blood glucose levels after exercise, and improved glucose utilization. This suggested that L. rhamnosus SDSP18 may be beneficial for energy supply during exercise, which is consistent with the results of Chen et al. (2016).

LDH is a key enzyme in the body’s glycolysis energy supply system. It reversibly catalyzes pyruvate hydrogenation to LA during the anaerobic glycolysis of sugar. LDH chiefly exists in the skeletal muscle and ensures that muscles can obtain ATP even during a short hypoxia period, which reflects the energy supply characteristics of the glycolysis system. When the tissue is destroyed, LDH from inside the cell enters the blood, which leads to an elevation in serum enzyme activity. In this study, compared to the control group, the supplementation of a certain dose of L. rhamnosus SDSP18 significantly reduced the serum LDH level of the exercise mice, indicating that SDSP18 ameliorates exercise-induced cell and muscle injuries to some extent.

LA, urea (UA), and BUN are also biochemical indices of exercise-induced fatigue. UA, a metabolite of protein and amino acid decomposition, is a common indicator used for evaluating the degree of exercise-induced fatigue. Intense exercise and physical labor accelerate nucleotide metabolism, nucleotide, and nucleoside decomposition, and their transformation cycle to produce UA. Accordingly, the blood UA content increases. Therefore, UA is inversely proportional to exercise endurance, that is, the lower the body’s exercise endurance, the more obvious the increased UA content. The experimental results revealed that SDSP18 supplementation restored the UA content in the mice to normal levels after long exhaustive exercise. L. rhamnosus SDSP18 improved the energy supply and utilization capacity of the metabolic system and augmented the body’s exercise level. BUN is the key end product of human protein metabolism. When the body exercises for a long period, it is unable to obtain sufficient energy through sugar and fat breakdown. The protein and amino acids in the skeletal muscle participate in catabolism to provide energy and produce BUN. This experiment thus unveiled that SDSP18 supplementation during 3-week running training significantly reduced the serum BUN level in exercise mice. LA is a byproduct of muscles produced during high-intensity exercise when the muscles obtain sufficient energy from the anaerobic glycolysis pathway. Excess LA causes H+ and H3PO4 accumulation in the muscles, thereby decreasing muscle pH, inhibiting phosphofructokinase activity, and reducing the sugar breakdown rate. This ensures that the stromal reticulum binds more Ca2+, which then affects the muscle tone. This result is different from those of other studies. In the present study, the serum LA content of the SDSP18-supplemented mice increased, which was speculated to be related to the enhanced tolerance of mice to LA and delayed the emergence of the blood LA fatigue threshold. Combined with exhaustion time, mice in the L. rhamnosus SDSP18 group persisted for a long time under the high LA concentration, indicating that probiotic supplementation enhanced the exercise ability of the exercise mice.

Vigorous exercise can accelerate reactive oxygen species (ROS) production, affect the balance of oxygen free radicals and the free radical scavenging system, resulting in oxidative stress damage, and reduce antioxidant enzyme activity (Powers et al., 2004). Growing evidence has shown that ROS induces protein oxidation and strongly promotes muscle fatigue (Yan et al., 2024). Probiotics can reduce oxidative stress, increase exercise capacity, and reduce fatigue levels. CAT and GSH peroxidase (GSH-Px) catalyze H2O2 decomposition into H2O and O2, thus protecting the structural and functional integrity of cell membranes. Dietary supplementation with L. rhamnosus SDSP18 increased CAT, GSH-Px, and T-AOC activities in the serum of mice with exercise-induced fatigue and reduced oxidative stress-induced damage. SOD is a type of antioxidant metalloenzyme that widely exists in various body tissues and cells. Its main function is to remove excess superoxide anion-free radicals from the body. Both Cu/Zn-SOD and Mn-SOD can inhibit free radicals produced during exercise and are vital for reducing exercise fatigue (Muradian et al., 2002). The study results revealed that L. rhamnosus SDSP18 inhibited exercise-induced liver injury by increasing antioxidant enzyme activity in the liver. At the same time, similar results were observed in the muscle tissue, indicating that L. rhamnosus SDSP18 protects against fatigue-induced oxidative damage of muscles to a certain extent.

At present, there is no report on the regulation of probiotics on muscle composition. Muscle composition is crucial for resisting exercise fatigue. Therefore, we studied the effect of L. rhamnosus SDSP18 on the muscle composition of exhausted mice. Based on contractile and energy metabolic properties, skeletal muscle fibers consist of slow and fast muscle fibers (Chang et al., 2017). Slow muscle fibers (MyHC I) contract at a slower rate, but are able to sustain movement for longer periods of time. Fast muscles contract very fast and are capable of generating strong forces in a short period of time, which can easily lead to fatigue, including MyHC IIx, MyHC IIa, and MyHC IIb (Reyes et al., 2015). SDSP18 can promote the formation of slow muscle fibers and reduce the movement of fast muscle fibers. SDSP18 promotes the formation of slow muscle fibers and reduces the movement of fast muscle fibers. The AMPK/PGC-1α pathway has a crucial role in the regulation of mitochondrial energy metabolism and the regulation of myofiber type (Kahn et al., 2005). GC-1α and Sirt1 are two major downstream factors of AMPK signaling.PGC-1α is closely related to cellular energy metabolism, which is closely related and can activate the expression of slow oxidative fiber genes (Zhang et al., 2017). At the same time, its overexpression increases the proportion of MyHC I (Li et al., 2002). PGC-1α, as a transcriptional coactivator, is closely related to cellular energy metabolism (Lantier et al., 2014). L. rhamnosus SDSP18 mitigated exercise-induced downregulation of PGC-1α and Sirt1 gene expression. Meanwhile, SDSP18 promoted the formation of slow muscle fibers and reduced the formation of fast muscle fibers. SDSP18 affects myotube differentiation through the AMPK/PGC-1α pathway and regulates skeletal muscle type conversion, thus enhancing skeletal muscle energy metabolism and alleviating fatigue progression.

The gut microbiota has a crucial role in maintaining human health. Meanwhile, the production and elimination of harmful serum metabolites, oxidative stress response, and muscle are all closely related to gut microbiota Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteriota are the major intestinal flora of the body. The composition and function of the gut microbiota functional components are affected and altered by exercise. Meanwhile, the gut microbiota regulates energy metabolism, inflammatory response, stress resistance, and oxidative stress, which further affect exercise regulation. Many dietary supplements have been shown to improve athletic performance and combat physical fatigue by altering the composition of the gut microbiota. For example, salidroside extract may increase the abundance of beneficial microorganisms, mediate the integrity of the gut barrier, and remodel the gut microbiota (Zhu et al., 2022). Probiotics can produce substantial benefits by directly shaping the microbiota. In the present study, we found no significant changes in microbiota diversity (as reflected by the Shannon diversity index) between the different groups, and the alpha diversity index was not statistically significant. This may not be consistent with a “healthier” microbiota with high species richness. However, considering that the purpose of probiotic supplementation is to allow some gut flora to proliferate more than others to promote beneficial metabolites in gut microbial producers, it is not sufficient to alter overall species diversity, and even species diversity may be compromised. Interestingly, the structure of the gut microbiota changed significantly in the control and SDSP18 groups (as shown in PCoA). We further delved into the changes in the composition of the intestinal flora after the gavage of SDSP18. The number of Lactobacillus and Alistipes increased in SDSP18-gavaged mice. Among them, Lactobacillus could positively regulate exercise-induced fatigue. Alistipes are closely related to chronic stress and human health and help to alleviate memory impairment in ecological disorders and diseases. Meanwhile, SDSP18 could reduce the number of Candidatus Saccharimonas. These results suggest that SDSP18 may modulate gut flora content, especially by suppressing the content of undesirable flora. The regulation effect of SDSP18 on intestinal microbiota is an important means to alleviate exercise fatigue.

In summary, L. rhamnosus SDSP18 alleviates muscle fatigue and improves muscle function through the timely elimination of fatigue-produced metabolites, inhibiting oxidative stress and changing muscle fiber composition.



5 Conclusion

In conclusion, the present study demonstrated that L. rhamnosus SDSP202418 can alleviate exercise-induced fatigue through several targets, including eliminating harmful serum metabolites, reducing oxidative damage, and changing the muscle fiber composition. Additionally, L. rhamnosus SDSP202418 could change the gut microbial structure and modulate the abundance and balance of fatigue-related gut microbiota. Increased probiotics in the gut can restore imbalances in the intestinal ecosystem, normalize serum biomarkers, and reduce oxidative stress, thereby relieving fatigue and enhancing exercise function. Although the direct physiological relationship between skeletal muscle and gut is not obvious, the signals generated by the interaction of intestinal microbiota affect the normal operation of various parts of the body, and can also indirectly affect the physiological activities of muscle tissue. L. rhamnosus SDSP202418 may ameliorate fatigue and intestinal injury by targeting small intestinal microbiota. The comprehensive analysis indicated that SDSP18 has the potential to be a novel functional food ingredient for preventing and relieving sports fatigue. In the future, further studies are required to continue to disentangle the complex relationships between L. rhamnosus SDSP202418, the gut-muscle axis, and exercise-induced fatigue.
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Introduction

Liquiritigenin (LQ), a natural flavonoid found in traditional Chinese medicine and often administered orally, holds potential to affect both the gut and its microbiota, that potentially mediating or influencing its biological and pharmacological effects. However, the effects of LQ on gut microbiota composition and intestinal function remain poorly understood. In this study, we aimed to explore the impact of LQ on gut microbiota and gene expression in both intestinal and extraintestinal tissues.





Methods

We orally inoculated six-week-old SPF C57BL/6 mice with either LQ (a concentration of 4 mg/ml diluted in dimethylsulfoxide, (DMSO)) or DMSO, and administered daily for a duration of 2 weeks. At the end of the experimental period, all mice were euthanized. Fresh fecal samples, as well as samples from the intestine, lung, and liver, were collected for subsequent microbiota analysis, RNA-seq, or histochemical and immunohistochemical (IHC) staining.





Results

Findings show that LQ alters gut microbiota composition, enhancing microbial correlations in the colon but causing some dysbiosis, evidenced by increased pathobionts, decreased beneficial bifidobacteria, and reduced microbiota diversity. Gene expression analysis reveals LQ upregulates mucosal immune response genes and antiinfection genes in both the intestine and lung, with histology confirming increased Paneth cells and antimicrobial peptides in the intestine. Additionally, LQ affects tissue-specific gene expression, triggering hypersensitivity genes in the colon, downregulating metabolic genes in the small intestine, and reducing cell motility and adhesion genes in the lung.





Discussion

These results suggest LQ’s potential to modulate common mucosal immunity but also highlight possible risks of gut dysbiosis and hypersensitivity, particularly in vulnerable individuals. Our study, while informative about the effects of LQ on gut health, lacks direct evidence on whether changes in gut microbiota and gene expression caused by LQ impact inflammatory diseases or are causally linked. Future research should investigate this through fecal microbiota transplantation to explore the causal relationships and LQ’s potential effects on immune responses and disease outcomes in relevant models.
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1 Introduction

Phytochemicals are a diverse group of bioactive compounds found in plants, which have gained significant attention due to their potential health benefits and therapeutic properties (Ramalingam et al., 2018). Among these phytochemicals, liquiritigenin (LQ), a flavonoid predominantly found in the roots of Glycyrrhiza glabra (licorice), has been reported to exhibit various biological activities, such as anti-infection, antioxidant, and anticancer properties (Kim et al., 2008; Liu et al., 2012; Chen et al., 2014; Ji et al., 2021). Many therapeutic formulations containing LQ are administered orally, necessitating their passage through the gastrointestinal tract. This interaction between LQ and the digestive system suggests that LQ may have significant effects on gut microbiota and overall intestinal health (Wang et al., 2015). However, despite LQ’s promising attributes, the full extent and nature of its impact on gut microbiota and intestinal function remain largely unknown (Ramalingam et al., 2018). This highlights the need for further detailed studies to elucidate how LQ influences these crucial aspects of human health, potentially guiding the development of more effective phytochemical-based therapeutics. Empirical research has demonstrated LQ’s capability to inhibit the growth of various bacteria and viruses and to suppress tumor growth, indicating its potential to impact host immune status positively (Wang et al., 2015). The gut microbiota plays a crucial role in sustaining host health by modulating immune responses, metabolism, and other physiological processes (Shen et al., 2013; Belcheva et al., 2014; Wang et al., 2023). A balanced gut microbial community is essential for the proper functioning of the gastrointestinal tract and overall well-being (Selma et al., 2009; Verbeke et al., 2015). However, factors such as diet, drug, and environmental exposure can disrupt this delicate balance, leading to dysbiosis and potentially contributing to the development of various diseases (Belcheva et al., 2014). Therefore, understanding the effects of drug bioactive compounds like LQ on gut microbiota and host immunity is crucial to use this drug properly to maximize its effectiveness, avoid its side effects.

Gene expression is a key factor in determining the functional status of cells and tissues and can be modulated by various external factors, including dietary components (Wang et al., 2021b, 2022). Recent studies have indicated that certain phytochemicals can influence gene expression profiles in different tissues, which may contribute to their health-promoting effects (Wang et al., 2022). Exploring the impact of LQ on gene expression in both intestinal and extraintestinal tissues of mice offers valuable insights into the mechanisms through which it exerts diverse biological activities, spanning anti-infection, antioxidant, and anticancer properties, and its potential role in disease prevention. This study was conducted to investigate the effects of oral inoculation of LQ on gut microbiota and gene expression in intestinal and extraintestinal tissues. Our findings showed that LQ treatment has a dual effect: it enhances gut microbial correlations in the colon but also causes some gut dysbiosis characteristics. Meanwhile, such changes may enhance the mucosal immune response to pathogen infection while triggering hypersensitivity, which serves as a warning for its use in inflammatory diseases. Understanding these mechanisms is integral to harnessing the benefits of LQ treatment effectively while mitigating associated risks and side effects.




2 Materials and methods



2.1 Animals

Six-week-old specific pathogen-free (SPF) C57BL/6 mice were obtained from Beijing Huafukang Biotechnology Co., Ltd. (Beijing, China). The mice were provided with a pathogen-free diet and access to water ad libitum throughout the study. Animal experiments were conducted with approval from the Beijing Administration Committee of Laboratory Animals, and all procedures adhered to the guidelines outlined by the China Agricultural University Institutional Animal Care and Use Committee (AW122022-1-2), following the International Guiding Principles for Biomedical Research Involving Animals.




2.2 Chemicals and antibodies

Liquiritigenin (CAS No.: 69097-97-8) and dimethylsulfoxide (CAS No.: 67-68-5) were procured from Sigma-Aldrich (Shanghai, China). Ki67 polyclonal antibody (Cat No. 28074-1-AP, Proteintech Group) and PCNA Polyclonal antibody (Cat No. 10205-2-AP, Proteintech Group) were sourced from M&C Gene Technology Ltd. (Beijing, China).




2.3 Liquiritigenin treatment and sample collection

Six-week-old SPF C57BL/6 mice were randomly assigned to two groups (n=8 mice per group): LQ treatment group and the vehicle (dimethylsulfoxide, DMSO) group. Mice in the LQ group received oral inoculation of 20 mg/kg of body weight LQ, a dosage established based on previous studies demonstrating its efficacy in mouse models (Ramalingam et al., 2018). LQ was diluted in DMSO to a concentration of 4 mg/ml and administered daily for a duration of 2 weeks. The vehicle group received an equivalent volume of the vehicle alone for the same duration. Throughout the experiment, the mice were closely monitored for any clinical symptoms or abnormalities. At the end of the experimental period, all mice were euthanized. Fresh fecal samples, as well as samples from the intestine, lung, and liver, were collected for subsequent microbiota analysis, RNA-seq, or histochemical and immunohistochemical (IHC) staining.




2.4 Histology and immunohistochemistry

Freshly collected intestinal tissues were fixed in 4% paraformaldehyde (Beyotime), embedded in paraffin, and sectioned. Hematoxylin and eosin staining was performed for histological assessment. For AB-PAS staining, sections were sequentially treated with AB-PAS C, B, and A solutions, rinsed, dehydrated, and sealed. Phloxine B staining involved dewaxing, hydration, staining with hematoxylin and phloxine B solution, rinsing, dehydration, xylene treatment, and sealing with neutral gum. IHC analysis was conducted on 4 μm sections. After de-paraffinization and rehydration, antigen retrieval was performed using Tris EDTA (pH 9.0) via a pressure cooker. Sections were then blocked with 10% goat serum and incubated with primary antibodies against anti-mouse Ki67 (Proteintech) or PCNA (Proteintech) overnight at 4°C or for 2 hours at room temperature. Immunostaining was carried out using a kit from Vector Laboratories following the manufacturer’s protocol. Analysis of the processed tissue sections was performed using an Olympus IX71 microscope and an automated digital slide scanner at Wuhan Servicebio Technology Co., Ltd. (Wuhan, China).




2.5 16S rRNA sequencing and microbiota analysis

Fresh individual fecal and small intestinal content samples from 8 mice per group were collected at 2 weeks post LQ or vehicle treatment, blended, and stored at -80°C in sterile 1.5 mL centrifuge tubes. Microbial genomic DNA extraction was performed using the QIAamp DNA Stool Mini Kit by QIAGEN following the manufacturer’s instructions (Li et al., 2003). The V3-V4 hypervariable regions of the 16S rRNA gene were PCR-amplified from the extracted genomic DNA using barcoded fusion primers (338-F: 5’-ACTCCTACGGGAGGCAGCAG-3’ and 806-R: 5’-GGACTACHVGGGTWTCTAAT-3’) (Gong et al., 2022). Sequencing of the amplified products was conducted on the Illumina Miseq PE300 platform by Shanghai Majorbio Bio-pharm Technology (Shanghai, China) (Ni et al., 2022). Sequences not meeting quality standards—such as primer mismatches, lengths shorter than 100 bp, homopolymer runs exceeding 6, and uncertain bases—were excluded. Paired end reads of V3 and V4 that had an overlap of more than 10 bp without mismatches were merged based on their overlapping sections; unassembled reads were removed. The refined sequences underwent taxonomic classification by comparison with Silva v138 databases. A correlation heatmap illustrating the association between cell differentiation-associated differentially expressed genes (DEGs) and bacterial genera was created using the vegan package in R. Additionally, SPSS 19.0 software was employed to conduct a Pearson correlation analysis. Data analysis, including both heatmap generation and correlation analysis, was carried out by Shanghai Majorbio Bio-pharm Technology in China.



2.5.1 RNA extraction and RNA-seq

Total RNA from intestine, lung, or liver tissues was isolated using TRIzol® reagent. RNA quality was assessed using the Agilent 5300 Bioanalyzer and quantified with the ND-2000 (NanoDrop Technologies). RNA purification, reverse transcription, library construction, and sequencing were conducted at Shanghai Majorbio Bio-pharm Biotechnology Co., Ltd. (Shanghai, China) following Illumina’s guidelines (Illumina, San Diego, CA). The RNA-seq library for mice was prepared with the Illumina® Stranded mRNA Prep Ligation Kit from Illumina (San Diego, CA) using 1 μg of total RNA. Initially, mRNA was isolated through polyA selection using oligo(dT) beads. Subsequently, it was fragmented using a specific buffer. Double-stranded cDNA was synthesized with the SuperScript kit (Invitrogen, CA) and random hexamer primers from Illumina. This cDNA underwent end-repair, phosphorylation, and ‘A’ base addition as per Illumina’s protocol. The resulting libraries were size selected for 300 bp cDNA fragments using 2% Low Range Ultra Agarose and amplified for 15 cycles with Phusion DNA polymerase (NEB). Post quantification with Qubit 4.0, the RNA-seq library was sequenced on the NovaSeq 6000 with a read length of 2 × 150 bp. The raw reads underwent quality assessment and trimming using Fastp, followed by alignment to a reference genome through HISAT2 (Kim et al., 2015). StringTie was employed for assembling the mapped reads of each sample using a reference-based approach (Pertea et al., 2015).





2.6 Differential expression analysis and functional enrichment

Transcripts per million reads (TPM) was utilized to quantify the expression level of each transcript, employing RSEM for gene abundance estimation. Differential expression analysis was conducted using either DESeq2 or DEGseq. Specifically, genes displaying |log2FC|≧1 and FDR≤ 0.05 (DESeq2) or FDR ≤0.001 (DEGseq) were considered statistically significant. Further analysis involved Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment assessments to identify DEGs significantly enriched in GO terms and metabolic pathways. Enrichment was determined against the entire transcriptome background, and significance was established at a Bonferroni-corrected P-value ≤0.05. GO analysis was executed using Goatools, while KEGG evaluations were conducted through KOBAS (Xie et al., 2011).




2.7 Statistical analysis

The data are presented as the mean ± SEM. Statistical analysis was performed using GraphPad Prism 8.0. T-tests and Mann-Whitney test were utilized to determine the significance of differences between distinct treatments. Statistical significance was denoted as *P < 0.05, and **P < 0.01. Conversely, non-significant differences (P > 0.05) were indicated as ns.





3 Results



3.1 Liquiritigenin impacts the microbiota composition in both small intestine and colon

To investigate the potential of LQ in modulating gut microbiota composition, we administered LQ orally to mice for 2 weeks. Subsequently, we analyzed the gut microbiota communities in colonic feces and small intestine contents using 16S ribosomal RNA (rRNA) gene sequencing. We selected 1,798,769 high-quality sequences, with an average of 56,211 sequences per sample, and identified a total of 16,358 Operational Taxonomic Units (OTUs). The rarefaction curves and the Shannon diversity index based on these OTUs reached plateaus, suggesting that we had captured most of the diversity (Supplementary Figures S1A, B). A Venn diagram, based on these OTUs, illustrated the common and specific OTUs in the small intestine and colon, with or without LQ treatment, and suggested that LQ treatment may change the microbiota in both small intestine and colon (Supplementary Figure S1C). Furthermore, β-diversity analysis, conducted through Principal Coordinates Analysis (PCoA) and Non-metric multidimensional analysis (NMDS) using the OTU information, highlighted a clear separation in microbiota composition between the small intestine and large intestine without LQ treatment (Supplementary Figure S1D), consistent with previous reported (Kastl et al., 2020). Importantly, we also observed varying degrees of impact on the gut microbiota in the small intestine and large intestine after LQ treatment. Specifically, the bacterial structure was distinctly separated between LQ-treated and vehicle-treated groups in colonic feces but showed partial overlap in the small intestine (Figure 1A). The noticeable divergence in bacterial composition was prominently visualized at the phylum level using Circos (Supplementary Figure S2A). Specially, mice treated with LQ exhibited a trend of increased abundance of Verrucomicrobia and Firmicutes, alongside a decrease in Actinobacteria and Bacteroides in their intestinal microbiota (Figure 1B). Notably, Actinobacteria exhibited significant reduction in both the small intestine and colon (Supplementary Figure S2B).




Figure 1 | Changes in Fecal Microbiota following Liquiritigenin Treatment. C57BL/6 mice (n=8) received daily oral inoculation of liquiritigenin (LQ) or vehicle (DMSO) for 2 weeks, with fresh fecal samples in colon and small intestine (SI) collected for subsequent microbiota analysis. (A) Principal Coordinates Analysis (PCoA) displaying microbiota community clustering. (B) Column diagram illustrating community composition at the phylum level. (C) Relative abundance comparison of genera exhibiting significant differences between LQ and vehicle groups. D&E. Evaluation of gut microbiota diversity and richness using Ace (D) and Shannon indices (E). Data are presented as mean ± SEM. T-tests and Mann-Whitney tests were used to evaluate differences between treatments. Significance is marked as *P < 0.05 and **P < 0.01; ***P < 0.001, non-significant results are noted as ns (P > 0.05).



Using linear discriminant analysis effect size, we identified various taxa with differing abundances between mice treated with LQ and those receiving the vehicle treatment (Supplementary Figure S2C). Specifically, LQ treatment resulted in a significant decrease in the abundance of bacterial genera such as Bifidobacterium and Romboutsia in both the small intestine and colon (Figure 1C; Supplementary Figure S2C). Moreover, in the small intestine, we observed a more pronounced decrease in the abundance of bacteria genera, including Staphylococcus, Corynebacterium, Facklamia, and others. Conversely, we observed an increase in the abundance of a few bacterial taxa, including f-Clostridiales in both the small intestine and colon, as well as Bosea, which exhibited an increase limited to the small intestine (Figure 1C; Supplementary Figure S2C). α-diversity analysis indicated that LQ treatment resulted in a modest, albeit non-significant, reduction in gut microbiota richness and diversity indexes (Shannon, ACE) within both the colon and small intestine (Figure 1D).

Furthermore, we conducted a co-occurrence analysis of gut microbiota in mice to examine the impact of LQ treatment on interspecies interactions. In the colonic microbiota, the vehicle group displayed 95 positive and 23 negative correlations, whereas the LQ group exhibited 142 positive and 64 negative correlations (Figures 2A, B). This suggests that LQ treatment enhances the correlation networks within the colon’s microbiota. Notably, we observed that Oscillospiraceae in the Firmicutes phylum played a pivotal role in interspecies interactions within the vehicle group (Figure 2A). However, following LQ treatment, the Muribaculaceae in the Bacteroidetes phylum emerged as robust correlations and assuming a central position in the colonic microbiota’s ecological network (Figure 2B). Moreover, within the Actinobacteria phylum, which exhibited a significant reduction after LQ treatment, the genus Bifidobacterium showed significant positive correlations with Corynebacterium and negative correlations with Muribaculaceae in the colon of both vehicle and LQ-treated mice.




Figure 2 | Bacterium-Bacterium Ecological Networks in the Gut of Mice Treated with LQ and Vehicle. Co-occurring bacteria at the genus level are depicted in vehicle-treated (A, C) and LQ-treated (B, D) groups within the colon (A, B) and small intestine (SI, C, D). Node size and color represent relative abundance and differences in the microbiota. Positive and negative correlations are indicated by red and green lines, respectively. Each group consisted of 8 mice.



Comparing the colonic microbiota, the small intestinal microbiota in vehicle-treated group displayed a stronger correlation network (351 positive and 131 negative correlations). Although LQ treatment did not significantly alter the total number of correlations (334 positive and 120 negative correlations post-treatment), it did change the overall clustering pattern of microbiota in small intestine (Figures 2C, D). For instance, in the vehicle group, the genera g:norank, g:A2, g:Lachnospiraceae_FCS020_group, and g:family_XIII_UCG-001 showed the highest correlations with other bacteria, while in the LQ-treated group, g:Eubacterium and g:Enterorhabdus exhibited the highest correlations (Figures 2C, D). These shifts in the gut microbiota’s ecological network indicate a significant alteration in interspecies interactions due to LQ treatment.




3.2 Liquiritigenin differently impacts the gene expression in colon and small intestine

The modification of gut microbiota composition induced by LQ treatment may potentially influence intestinal function. To explore this possibility, we conducted an analysis of gene expression profiles in the colon and small intestine using RNA-seq techniques, aiming to investigate alterations in intestinal function after LQ treatment. The transcriptome analysis of the colon revealed a total of 665 differentially expressed genes (DEGs) in LQ-treated mice when compared to mice treated with the vehicle (590 upregulated and 75 downregulated, Figure 3A). To visually depict this difference, we created a heatmap that illustrates the expression patterns of the identified DEGs in both vehicle and LQ treated mice. Notably, cluster analysis of the heatmap provided further evidence of substantial differences in gene expression between the two groups (Figure 3B). Moreover, to unveil the biological processes, molecular functions, and cellular compartments associated with the identified DEGs, we conducted Gene Ontology (GO) analysis (Figure 3C). This analysis provided insights into the functional implications of these gene alterations. Notably, our observations suggest that LQ treatment may have a substantial influence on increasing immune cells function and inflammatory response in the colon. This is exemplified by the significant enrichment of DEGs associated with activation of immune response, regulation of mononuclear cells proliferation, positive regulation of type II hypersensitivity, immune response-activating cell surface receptor and signal transduction among others (Figure 3D). Conversely, downregulation was observed in categories related to cell differentiation and tissue development (Supplementary Figure S3A). Along with enhanced immune function by GO enrichment analysis, KEGG analysis indicated that LQ treatment might bolster resistance against pathogen infections. This was evidenced by the enrichment of protective genes associated with infectious diseases such as coronavirus disease, Staphylococcus aureus infection, tuberculosis, among others (Figure 3E). This enrichment potentially elucidates the anti-infectious disease and immune-regulatory functions attributed to LQ.




Figure 3 | Intestinal Transcriptomic Analysis of Colon in Mice Treated with Liquiritigenin. (A) Volcano plots depicting DEGs (Differentially Expressed Genes) between the LQ and vehicle treatment groups (n=4 per group). (B) Heatmap displaying DEGs between the LQ and vehicle treatment groups. (C, D) GO annotations (C) and enrichment (D) analysis of DEGs in the LQ versus vehicle treatment groups. (E) KEGG enrichment analysis of upregulated genes in the LQ group compared to the vehicle group.



In contrast to its impact on the colon, LQ treatment had a milder effect on gene expression in the small intestine, leading to the upregulation of 122 genes and the downregulation of 62 genes (Figure 4A). Similar to the colon, the most enriched terms in molecular function, cellular component, and biological process of small intestine were binding, cell part, and cellular process, respectively (Supplementary Figure S3B). Furthermore, cluster analysis of the heatmap (Supplementary Figure S3C), which identified differentially expressed genes (DEGs) between vehicle-treated and LQ-treated mice, highlighted a distinct functional landscape in the small intestine due to LQ treatment (Figure 4). These gene alterations were associated with various biological processes. Notably, there was enrichment of downregulated genes observed in nutrient metabolic processes such as lipid and fatty acid process, primarily occurring in the small intestine (Figure 4B). Conversely, an upregulation was noted in genes enriched for responses to bacterial stimuli and hypoxia, developmental processes, and the regulation of hormone levels (Figure 4C). Particularly, there was a notable enrichment of genes associated with cell differentiation (Figure 4D).




Figure 4 | Intestinal Transcriptomic Analysis of Small Intestine in Liquiritigenin-Treated Mice. (A) Volcano plots displaying DEGs (Differentially Expressed Genes) between the LQ and vehicle treatment groups (n=4 per group). (B, C) GO enrichment analysis of downregulated (B) and upregulated (C) DEGs in the LQ versus vehicle treatment groups. (D) Heatmap representation of DEGs associated with cell differentiation in the LQ versus vehicle treatment groups.






3.3 Liquiritigenin increases the differentiation of Paneth cells in small intestine, that correlated with alteration in the abundance of several bacterial species

The RNA-seq analysis indicated the potential of LQ treatment to augment cell differentiation in the small intestine (Figure 4D). Consequently, we proceeded to assess the fully differentiated cell population, encompassing Paneth cells and goblet cells, within this intestinal region. The results demonstrated a significant elevation in Paneth cell numbers in LQ-treated mice compared to the vehicle group within the small intestine (Figures 5A, B). Additionally, AB-PAS staining analysis of goblet cells revealed that LQ treatment did not increase goblet cells in the small intestine (Figures 5C, D). The significantly increasing of Paneth cells differentiation was further supported by significantly increasing of Paneth cells related genes as indicated by RNA-seq data (Figure 5E). Conversely, genes associated with goblet cells, including Muc2 and Tff3, did not exhibit an increase (Figure 5E). Furthermore, we noted that the upregulation of cell differentiation genes was associated with alterations in several bacterial species in the small intestine, notably a reduction in bifidobacteria due to LQ treatment (Supplementary Figure S4A). Additionally, we evaluated the effect of LQ treatment on intestinal stem cell proliferation using Ki67 staining. Our results indicated a moderate, albeit statistically non-significant, increase in the proliferation of intestinal cells (Supplementary Figure S4B). Moreover, analysis of the overall intestinal structure showed that LQ treatment did not cause any signs of intestinal epithelial damage or disease (Supplementary Figure S5).




Figure 5 | Impact of Liquiritigenin on Paneth Cell Differentiation in the Small Intestine. (A) The small intestine (n=4 per group) sections were stained using Hematoxylin and Eosin (HE), and Paneth cells were identified and indicated by arrows. (B) Quantification of Paneth cells in randomly selected crypts. (C) Visualization and analysis of goblet cells via AB-PAS staining. (D) Quantification of the Paneth cell count per crypt. (E) Heatmap representation of DEGs linked to Paneth cells and goblet cells in the LQ versus vehicle treatment groups. T-tests was used to evaluate differences between treatments. ** means p < 0.01, ns means p > 0.05.






3.4 The influence of liquiritigenin treatment on gene expression in the liver and lung

To explore the impact of LQ treatment on extraintestinal tissues, we conducted gene expression analysis via RNA-seq on both the liver and lung. Interestingly, the gene expression in the liver showed minimal change, with only 2 upregulated and 4 downregulated genes after LQ treatment (Supplementary Figure S6A). These differentially expressed genes exhibited a scattered distribution across various pathways based on KEGG analysis (Supplementary Figure S6B). In contrast, the analysis of gene expression in the lungs of LQ-treated mice revealed 110 differentially expressed genes, comprising 103 downregulated and 7 upregulated genes (Figure 6A). A detailed display of these differentially expressed genes was comprehensively depicted in a heatmap (Figure 6B). Subsequently GO enrichment analysis was conducted to delineate the biological functions associated with all the DEGs (Figure 6C). The analysis revealed that the most prominent alteration in enrichment degree among these DEGs was observed in the fibrillar collagen trimer category, followed by platelet-derived growth factor binding, as indicated by the Rich factor. The GO enrichment analysis of DEGs revealed notable downregulation in categories associated with cell motility, adhesion, and developmental regulation (Figure 6D). Conversely, there was significant upregulation in immune response categories, particularly mucosal and antibacterial humoral responses, among others (Figure 6E).




Figure 6 | Transcriptomic Analysis of Lung in Liquiritigenin-Treated Mice. (A) Volcano plots depict the differential expression of genes (DEGs) between the LQ and vehicle treatment groups (n=4 per group) for lung tissue. (B) Heatmap illustrating the expression pattern of DEGs between the LQ and vehicle treatment groups in lung tissue. (C) Gene Ontology (GO) annotations analysis of the DEGs in the LQ versus vehicle treatment groups in lung tissue. D&E. Go enrichment analysis displaying downregulated (D) and upregulated (E) genes in the LQ group compared to the vehicle group in lung tissue.



The data presented above demonstrate that LQ treatment alters gut microbiota, enhancing intestinal mucosal immune responses and anti-infection potential. Additionally, LQ treatment extends these effects to the lungs, impacting mucosal immune responses there as well. This suggests that LQ treatment induces a ‘common mucosal response’ across both the intestine and lungs. Moreover, LQ treatment elicited tissue-specific impacts, as evidenced by the enrichment of differentially expressed genes (DEGs) associated with processes such as cell differentiation, structure development, and metabolic activities in the intestine, while in the lung, DEGs were linked to cell motility, cell adhesion, and structural organization. Our analysis further reveals that many of these shared DEGs are upregulated in the intestine but downregulated in the lung (Supplementary Figures S6C, D).





4 Discussion

Several drugs containing LQ have been proven effective in treating or preventing obesity, infections, and cancer through oral administration (Feldman et al., 2011; Ramalingam et al., 2018; Wang et al., 2021a). In our current study, by utilizing a mouse model, our RNA-seq analysis revealed that LQ treatment led to the upregulation of immune response genes in both the intestine and lungs, potentially mediating its anti-infection properties. Simultaneously, it resulted in the downregulation of genes related to nutrient metabolic processes in the small intestine and cell motility and adhesion in the lungs. These changes may contribute to the prevention of obesity and lung cancer. Interestingly, LQ treatment induced alterations in gut microbiota and enhanced correlation networks within the colon’s microbiota, potentially mediating or influencing its biological and pharmacological effects. However, attention is warranted due to the observed induction of certain aspects of gut dysbiosis by LQ.

In the current study, an intriguing discovery is the alteration of gut microbiota induced by LQ treatment, particularly a notable increase in the “so-called” pathobiont Clostridium sensu stricto 1 (Fan et al., 2017) in both the small intestine and colon. Accumulated evidence suggests that certain commensal bacterial strains, termed pathobionts, can exhibit beneficial effects on the host (Jochum and Stecher, 2020). For example, segmented filamentous bacteria did not cause intestinal damage; instead, they enhanced immune defenses and provided protection against certain pathogen infections in immunocompetent mice (Shi et al., 2019). Similarly, Mucispirillum schaedleri, identified as another pathobiont, showed no harmful effects in healthy mice while conferring protection against Salmonella-induced colitis in these hosts (Herp et al., 2019). Our current study demonstrated that increased immune cell function and inflammatory response, coupled with the absence of epithelial damage or colitis following LQ treatment, as indicated by the enrichment of its related DEGs and histology analysis, associated with the elevation of Clostridium sensu stricto 1 in healthy mice, further supporting this notion. However, it should be noted that these pathobionts were found to induce intestinal damage or colitis in severely immune-deficient host, suggesting caution in the use of LQ in immunocompromised patients.

Another intriguing finding is that LQ treatment significantly decreases the abundance of several species, including Bifidobacterium spp., in both the small intestine and colon. Bifidobacteria, belonging to the Actinobacteria phylum, are normal inhabitants in the host intestine (O’Callaghan and van Sinderen, 2016). The presence of bifidobacteria in humans has been associated with improvements in overall health conditions, including enhanced immunity, reduced intestinal infections, lower cholesterol, and anti-aging effects, among others (Hidalgo-Cantabrana et al., 2017; Zhao et al., 2018; Chen et al., 2021). Our short-term LQ treatment, which resulted in a reduction of bifidobacteria, did not appear to have immediate side effects. However, considering the potential implications of long-term LQ consumption, it may be advisable to supplement it with probiotic bifidobacteria or prebiotics like inulin, known to specifically promote the growth of bifidobacteria (Zou et al., 2018, 2023). This supplementation could potentially enhance the positive effects of LQ or mitigate any undesirable side effects associated with the reduction of bifidobacteria.

Growing evidence indicates that gut microbiota not only influences mucosal immune responses in the intestine but also has an impact on remote organs, such as the lungs (Keely et al., 2012; Belkaid and Harrison, 2017). Various mechanisms may underlie the influence of gut microbiota on lung immunity (Rastogi et al., 2022). First, the gut microbes and their metabolites may traverse from intestinal sites to stimulate mucosal immune responses in the lungs (Trompette et al., 2014; Anand and Mande, 2018) Second, effector immune cells induced by gut microbiota in the intestine can migrate to the lungs through the lymphatic system, thereby influencing mucosal immune responses in this distant organ, called a common mucosal immunity (Anand and Mande, 2018). Our study demonstrated that LQ treatment led to the upregulation of genes associated with boosting immune response and anti-bacterial infection in the lung rather than the liver, suggested that LQ treatment may induce a common gut-lung mucosal immunity. However, the precise role of gut microbiota in the regulation of lung mucosal immunity induced by LQ treatment remains unclear. This aspect is particularly relevant considering the widespread use of licorice, which contains liquiritigenin as its primary active component, in Traditional Chinese Medicine for the relief of persistent long-term coughs. Therefore, it is crucial to explore the potential mechanisms through which LQ treatment influences lung immunity, particularly in the context of its potential to alleviate persistent coughs, marking an important area for future research.

It is well documented that flavonoids can interact with gut microbiota in a bidirectional manner (Adamczak et al., 2019; Xiong et al., 2023). They have antibacterial properties that can inhibit the growth of certain bacteria while also serving as metabolic substrates that promote the growth of others (Parkar et al., 2013; Farhadi et al., 2019). In our study, we found that liquiritigenin, a plant-derived flavonoid, significantly altered the gut microbiota composition in mice following oral administration. This alteration led to a marked decrease in several species, including Bifidobacterium, in both the small intestine and colon, with the reduction being particularly notable in the small intestine, indicative of its antibacterial activity. Conversely, the abundance of a few bacterial species, notably those in the Clostridiaceae family, increased in both the small intestine and colon after liquiritigenin treatment. This suggests that some Clostridium isolates, which have been shown to degrade flavonoids (Schoefer et al., 2003), might metabolize liquiritigenin, potentially facilitating their growth. This interaction warrants further investigation in future studies to better understand the metabolic relationships between liquiritigenin and specific gut bacteria.

Several flavonoids are known for their beneficial effects, including anti-inflammatory, antioxidant, anti-infection, anti-aging, and anticancer properties (Kurnia et al., 2019; Kopustinskiene et al., 2020). Consistent with these effects, our study found that oral administration of liquiritigenin significantly enhanced the immune response in the colon, evident through increased complement activation, phagocytosis, and B-cell-mediated immunity. These enhancements may help the host fend off bacterial and viral infections and potentially exhibit anticancer activities. However, our study does present limitations that warrant consideration. Firstly, our findings are derived from a single, two-week treatment period with data collected at only one time point, and it is uncertain how these effects might evolve over a longer duration, especially concerning the gut microbiota. Secondly, the study was conducted using normal mice; additional research is necessary to determine if similar outcomes would be observed in disease models or human subjects. Key gaps include exploring the causal relationship between changes in gut microbiota and gene expression induced by LQ treatment and assessing whether these modifications could influence inflammatory-related diseases, such as inflammatory bowel disease and diabetes. To address these limitations and gaps, future research should employ techniques like fecal microbiota transplantation to establish whether changes in gut microbiota induced by LQ have a direct role in mediating its biological effects, including enhancing host immune responses and its potential anti-infection and anticancer properties in disease-specific mouse models with prolonged LQ treatment.





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 below: PRJNA1082879 and PRJNA1080063.





Ethics statement

The animal study was approved by China Agricultural University Institutional Animal Care and Use Committee. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

ZS: Data curation, Formal analysis, Investigation, Visualization, Writing – original draft. YY: Data curation, Investigation, Methodology, Writing – original draft. FS: Data curation, Investigation, Methodology, Writing – original draft. JT: Data curation, Investigation, Methodology, Writing – original draft. ZH: Conceptualization, Supervision, Writing – review & editing. JRZ: Conceptualization, Writing – review & editing. JZ: Conceptualization, Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (32172897).




Acknowledgments

We thank Ruiping She for her guidance in observation of histological and immunohistochemical tissue sections and to Fujie Xie, Xinyu Jiang, Zixuan Wang, and Bingyan Wei for their technical assistance during the experiment.





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.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/frmbi.2024.1380152/full#supplementary-material

Supplementary Figure S1 | Alterations in Fecal Microbiota upon Liquiritigenin Treatment. (A, B) Rarefaction and Shannon curves depicting operational taxonomic unit (OTU) diversity and richness. (C) Venn diagram illustrating core OTUs shared among LQ and vehicle-treated groups in the small intestine (SI) and colon. (D) Principal Coordinates Analysis (PCoA) and Non-metric Multidimensional Scaling (NMDS) plots exhibiting microbiota community clustering in the small intestine and colon within the vehicle-treated groups.

Supplementary Figure S2 | Impact of Liquiritigenin Treatment on Fecal Microbiota. (A) Circos visualization depicting microbial community distribution at the phylum level. (B) Relative abundance comparison of phyla showing significant differences between LQ and vehicle groups. (C, D) Bacterial taxa displaying differential enrichment in colon and small intestine (SI) between LQ and vehicle treatments, identified using the effect size (LEfSe) algorithm.

Supplementary Figure S3 | Effect of Liquiritigenin Treatment on Gene Expression in the Intestine. (A) GO enrichment analysis of downregulated DEGs in the colon of the LQ versus vehicle treatment groups. (B) GO annotations analysis of DEGs in the small intestine of the LQ versus vehicle treatment groups. (C) Heatmap depicting the expression pattern of DEGs in the small intestine between the LQ and vehicle treatment groups.

Supplementary Figure S4 | Correlation heatmap depicting the association between cell differentiation-associated DEGs and bacterial genera. (A) Correlation heatmap depicting the association between cell differentiation associated DEGs and bacterial genera. B&C. Cell proliferation in the colon and small intestine was assessed using Ki-67 staining (B), and the density of Ki-67 positive cells was quantified (C).

Supplementary Figure S5 | Impact of Liquiritigenin Treatment on the Overall Intestinal Structure. (A, B) The overall intestinal structure of the small intestine (A) and colon (B) was assessed using hematoxylin and eosin (H&E) staining, and villus length and crypt length were quantified.

Supplementary Figure S6 | Impact of Liquiritigenin Treatment on Gene Expression in Extraintestinal Tissues. (A) Volcano plots illustrating the differential expression of genes (DEGs) between the LQ and vehicle treated groups in the liver. (B) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of DEGs in the LQ group compared to the vehicle group in the liver. (C) Heatmap illustrating the expression pattern of tissue-shared differentially expressed genes (DEGs) in the small intestine vs lung. (D) Heatmap illustrating the expression pattern of tissue-shared DEGs in the colon vs lung.




References

 Adamczak, A., Ozarowski, M., and Karpinski, T. M. (2019). Antibacterial activity of some flavonoids and organic acids widely distributed in plants. J. Clin. Med. 9 (1), 109. doi: 10.3390/jcm9010109

 Anand, S., and Mande, S. S. (2018). Diet, microbiota and gut-lung connection. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.02147

 Belcheva, A., Irrazabal, T., Robertson, S. J., Streutker, C., Maughan, H., Rubino, S., et al. (2014). Gut microbial metabolism drives transformation of MSH2-deficient colon epithelial cells. Cell 158, 288–299. doi: 10.1016/j.cell.2014.04.051

 Belkaid, Y., and Harrison, O. J. (2017). Homeostatic immunity and the microbiota. Immunity 46, 562–576. doi: 10.1016/j.immuni.2017.04.008

 Chen, J., Chen, X., and Ho, C. L. (2021). Recent development of probiotic bifidobacteria for treating human diseases. Front. Bioeng Biotechnol. 9. doi: 10.3389/fbioe.2021.770248

 Chen, L., Chen, W., Qian, X., Fang, Y., and Zhu, N. (2014). Liquiritigenin alleviates mechanical and cold hyperalgesia in a rat neuropathic pain model. Sci. Rep. 4, 5676. doi: 10.1038/srep05676

 Fan, P., Liu, P., Song, P., Chen, X., and Ma, X. (2017). Moderate dietary protein restriction alters the composition of gut microbiota and improves ileal barrier function in adult pig model. Sci. Rep. 7, 43412. doi: 10.1038/srep43412

 Farhadi, F., Khameneh, B., Iranshahi, M., and Iranshahy, M. (2019). Antibacterial activity of flavonoids and their structure-activity relationship: An update review. Phytother. Res. 33, 13–40. doi: 10.1002/ptr.6208

 Feldman, M., Santos, J., and Grenier, D. (2011). Comparative evaluation of two structurally related flavonoids, isoliquiritigenin and liquiritigenin, for their oral infection therapeutic potential. J. Nat. Prod 74, 1862–1867. doi: 10.1021/np200174h

 Gong, Y., Liu, X., Zhang, S., Tang, X., Zou, J., and Suo, X. (2022). Antibiotic changes host susceptibility to eimeria falciformis infection associated with alteration of gut microbiota. Infect. Immun. 90, e0022922. doi: 10.1128/iai.00229-22

 Herp, S., Brugiroux, S., Garzetti, D., Ring, D., Jochum, L. M., Beutler, M., et al. (2019). Mucispirillum schaedleri Antagonizes Salmonella Virulence to Protect Mice against Colitis. Cell Host Microbe 25, 681–694.e688. doi: 10.1016/j.chom.2019.03.004

 Hidalgo-Cantabrana, C., Delgado, S., Ruiz, L., Ruas-Madiedo, P., Sanchez, B., and Margolles, A. (2017). Bifidobacteria and their health-promoting effects. Microbiol. Spectr. 5 (3). doi: 10.1128/microbiolspec.BAD-0010-2016

 Ji, Y., Hu, W., Jin, Y., Yu, H., and Fang, J. (2021). Liquiritigenin exerts the anti-cancer role in oral cancer via inducing autophagy-related apoptosis through PI3K/AKT/mTOR pathway inhibition in vitro and in vivo. Bioengineered 12, 6070–6082. doi: 10.1080/21655979.2021.1971501

 Jochum, L., and Stecher, B. (2020). Label or concept - what is a pathobiont? Trends Microbiol. 28, 789–792. doi: 10.1016/j.tim.2020.04.011

 Kastl, A. J. Jr., Terry, N. A., Wu, G. D., and Albenberg, L. G. (2020). The structure and function of the human small intestinal microbiota: current understanding and future directions. Cell Mol. Gastroenterol. Hepatol. 9, 33–45. doi: 10.1016/j.jcmgh.2019.07.006

 Keely, S., Talley, N. J., and Hansbro, P. M. (2012). Pulmonary-intestinal cross-talk in mucosal inflammatory disease. Mucosal Immunol. 5, 7–18. doi: 10.1038/mi.2011.55

 Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317

 Kim, Y. W., Zhao, R. J., Park, S. J., Lee, J. R., Cho, I. J., Yang, C. H., et al. (2008). Anti-inflammatory effects of liquiritigenin as a consequence of the inhibition of NF-kappaB-dependent iNOS and proinflammatory cytokines production. Br. J. Pharmacol. 154, 165–173. doi: 10.1038/bjp.2008.79

 Kopustinskiene, D. M., Jakstas, V., Savickas, A., and Bernatoniene, J. (2020). Flavonoids as anticancer agents. Nutrients 12 (2), 457. doi: 10.3390/nu12020457

 Kurnia, D., Apriyanti, E., Soraya, C., and Satari, M. H. (2019). Antibacterial flavonoids against oral bacteria of enterococcus faecalis ATCC 29212 from sarang semut (Myrmecodia pendans) and its inhibitor activity against enzyme murA. Curr. Drug Discovery Technol. 16, 290–296. doi: 10.2174/1570163815666180828113920

 Li, M., Gong, J., Cottrill, M., Yu, H., de Lange, C., Burton, J., et al. (2003). Evaluation of QIAamp DNA Stool Mini Kit for ecological studies of gut microbiota. J. Microbiol. Methods 54, 13–20. doi: 10.1016/s0167-7012(02)00260-9

 Liu, Y., Xie, S., Wang, Y., Luo, K., Wang, Y., and Cai, Y. (2012). Liquiritigenin inhibits tumor growth and vascularization in a mouse model of HeLa cells. Molecules 17, 7206–7216. doi: 10.3390/molecules17067206

 Ni, W., Jiao, X., Zou, H., Jing, M., Xia, M., Zhu, S., et al. (2022). Gut microbiome alterations in ICU patients with enteral nutrition-related diarrhea. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.1051687

 O’Callaghan, A., and van Sinderen, D. (2016). Bifidobacteria and their role as members of the human gut microbiota. Front. Microbiol. 7. doi: 10.3389/fmicb.2016.00925

 Parkar, S. G., Trower, T. M., and Stevenson, D. E. (2013). Fecal microbial metabolism of polyphenols and its effects on human gut microbiota. Anaerobe 23, 12–19. doi: 10.1016/j.anaerobe.2013.07.009

 Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and Salzberg, S. L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295. doi: 10.1038/nbt.3122

 Ramalingam, M., Kim, H., Lee, Y., and Lee, Y. I. (2018). Phytochemical and pharmacological role of liquiritigenin and isoliquiritigenin from radix glycyrrhizae in human health and disease models. Front. Aging Neurosci. 10. doi: 10.3389/fnagi.2018.00348

 Rastogi, S., Mohanty, S., Sharma, S., and Tripathi, P. (2022). Possible role of gut microbes and host’s immune response in gut-lung homeostasis. Front. Immunol. 13. doi: 10.3389/fimmu.2022.954339

 Schoefer, L., Mohan, R., Schwiertz, A., Braune, A., and Blaut, M. (2003). Anaerobic degradation of flavonoids by Clostridium orbiscindens. Appl. Environ. Microbiol. 69, 5849–5854. doi: 10.1128/AEM.69.10.5849-5854.2003

 Selma, M. V., Espín, J. C., and Tomás-Barberán, F. A. (2009). Interaction between phenolics and gut microbiota: role in human health. J. Agric. Food Chem. 57, 6485–6501. doi: 10.1021/jf902107d

 Shen, J., Obin, M. S., and Zhao, L. (2013). The gut microbiota, obesity and insulin resistance. Mol. Aspects Med. 34, 39–58. doi: 10.1016/j.mam.2012.11.001

 Shi, Z., Zou, J., Zhang, Z., Zhao, X., Noriega, J., Zhang, B., et al. (2019). Segmented filamentous bacteria prevent and cure rotavirus infection. Cell 179, 644–658.e613. doi: 10.1016/j.cell.2019.09.028

 Trompette, A., Gollwitzer, E. S., Yadava, K., Sichelstiel, A. K., Sprenger, N., Ngom-Bru, C., et al. (2014). Gut microbiota metabolism of dietary fiber influences allergic airway disease and hematopoiesis. Nat. Med. 20, 159–166. doi: 10.1038/nm.3444

 Verbeke, K. A., Boobis, A. R., Chiodini, A., Edwards, C. A., Franck, A., Kleerebezem, M., et al. (2015). Towards microbial fermentation metabolites as markers for health benefits of prebiotics. Nutr. Res. Rev. 28, 42–66. doi: 10.1017/s0954422415000037

 Wang, J., Cao, W., Ji, T., Zhao, M., Liu, T., Wu, J., et al. (2023). Gut microbiota and transcriptome profiling revealed the protective effect of aqueous extract of Tetrastigma hemsleyanum leaves on ulcerative colitis in mice. Curr. Res. Food Sci. 6, 100426. doi: 10.1016/j.crfs.2022.100426

 Wang, K. L., Yu, Y. C., and Hsia, S. M. (2021a). Perspectives on the role of isoliquiritigenin in cancer. Cancers (Basel) 13 (1), 115. doi: 10.3390/cancers13010115

 Wang, L., Yang, R., Yuan, B., Liu, Y., and Liu, C. (2015). The antiviral and antimicrobial activities of licorice, a widely-used Chinese herb. Acta Pharm. Sin. B 5, 310–315. doi: 10.1016/j.apsb.2015.05.005

 Wang, N., Wu, T., Du, D., Mei, J., Luo, H., Liu, Z., et al. (2021b). Transcriptome and gut microbiota profiling revealed the protective effect of tibetan tea on ulcerative colitis in mice. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.748594

 Wang, W., Jiang, S., Xu, C., Tang, L., Liang, Y., Zhao, Y., et al. (2022). Transcriptome and gut microbiota profiling analysis of ANIT-induced cholestasis and the effects of da-huang-xiao-shi decoction intervention. Microbiol. Spectr. 10, e0324222. doi: 10.1128/spectrum.03242-22

 Xie, C., Mao, X., Huang, J., Ding, Y., Wu, J., Dong, S., et al. (2011). KOBAS 2.0: a web server for annotation and identification of enriched pathways and diseases. Nucleic Acids Res. 39, W316–W322. doi: 10.1093/nar/gkr483

 Xiong, H. H., Lin, S. Y., Chen, L. L., Ouyang, K. H., and Wang, W. J. (2023). The interaction between flavonoids and intestinal microbes: A review. Foods 12 (2), 320. doi: 10.3390/foods12020320

 Zhao, L., Zhang, F., Ding, X., Wu, G., Lam, Y. Y., Wang, X., et al. (2018). Gut bacteria selectively promoted by dietary fibers alleviate type 2 diabetes. Science 359, 1151–1156. doi: 10.1126/science.aao5774

 Zou, J., Chassaing, B., Singh, V., Pellizzon, M., Ricci, M., Fythe, M. D., et al. (2018). Fiber-mediated nourishment of gut microbiota protects against diet-induced obesity by restoring IL-22-mediated colonic health. Cell Host Microbe 23, 41–53.e44. doi: 10.1016/j.chom.2017.11.003

 Zou, J., Ngo, V. L., Wang, Y., Wang, Y., and Gewirtz, A. T. (2023). Maternal fiber deprivation alters microbiota in offspring, resulting in low-grade inflammation and predisposition to obesity. Cell Host Microbe 31, 45–57.e47. doi: 10.1016/j.chom.2022.10.014




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.


Copyright © 2024 Suo, Yu, Shi, Tian, Hao, Zhang and Zou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








 


	
	
ORIGINAL RESEARCH
published: 07 November 2024
doi: 10.3389/fmicb.2024.1405566








[image: image2]

Banxia-Yiyiren alleviates insomnia and anxiety by regulating the gut microbiota and metabolites of PCPA-induced insomnia model rats
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Objective: This study aims to clearly define the effects of Banxia-Yiyiren on the gut microbiota and its metabolites in a para-chlorophenylalanine-induced insomnia model and the possible underlying mechanisms involved.

Materials and methods: We employed 16S ribosomal ribonucleic acid (rRNA) gene sequencing combined with metabonomic analysis to explore the mutual effects of the PCPA-induced insomnia model and the gut microbiota and the intrinsic regulatory mechanism of Banxia-Yiyiren on the gut microbiota and metabolites in the PCPA-induced insomnia model.

Results: Banxia-Yiyiren was identified by mass spectrometry to include amino acids, small peptides, nucleotides, organic acids, flavonoids, fatty acids, lipids, and other main compound components. The elevated plus maze (EPM) test results revealed that high-dose Banxia-Yiyiren may increase willingness to explore by improving anxiety-like symptoms caused by insomnia. Through 16S rRNA gene sequencing, at the phylum level, compared with those in G1, the relative abundances of Bacteroidota and Proteobacteria in G2 increased, whereas the relative abundance of Firmicutes decreased. At the genus level, compared with those in G1, the relative abundances of Prevotella_9, Prevotella, Ralstonia, Escherichia-Shigella, and UCG-005 in G2 increased, whereas the relative abundances of Lactobacillus, Ligilactobacillus, Alloprevotella, Blautia, and Prevotellaceae_NK3B31_group decreased. The metabolomics analysis results revealed 1,574 metabolites, 36.48% of which were classified as lipids and lipid-like molecules, 20.76% as organic acids and their derivatives, and 13.36% as organic heterocyclic compounds. The correlation between the top 20 differentially abundant metabolites in the G1–G2 groups was greater than that between the G3–G2 and G6–G2 groups. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis revealed that the main differentially abundant metabolites in each group were significantly enriched in various pathways, such as amino acid metabolism, adenosine triphosphate (ATP)-binding cassette (ABC) transporters, protein digestion, and absorption. Additionally, there was a significant Pearson correlation between the genus-level differences in the gut microbiota and the differentially abundant metabolites among the G1–G2, G3–G2, and G6–G2 groups.

Conclusion: This study preliminarily verified that the PCPA-induced insomnia model is closely related to gut microbial metabolism and microecological disorders, and for the first time, we confirmed that Banxia-Yiyiren can act on the gut microbiota of PCPA-induced insomnia model rats and alleviate insomnia and anxiety by regulating the species, structure, abundance, and metabolites of the gut microbiota.

Keywords
 Banxia; Yiyiren; insomnia; anxiety; gut microbiota; metabolites; PCPA


1 Introduction

Insomnia is a common sleep disorder that includes the following clinical features: difficulty falling asleep repeatedly, insufficient sleep, difficulty maintaining sleep after waking up early or waking up, susceptibility to fatigue, and unsatisfactory sleep quality (Li X. et al., 2023). The prevalence of insomnia is generally high, and serious cases may lead to cardiovascular disease, diabetes, depression, cognitive dysfunction, and other diseases; as such, insomnia has become a global public health problem. At present, the common pharmacological treatments for insomnia are far from satisfactory for clinical application because of their various adverse effects (Wang et al., 2023). Therefore, developing potential, effective, safe drugs from Chinese natural herbs with few side effects is highly important for the clinical treatment of insomnia (Liu et al., 2022).

Traditional Chinese medicine (TCM) has a definite therapeutic effect and a low incidence of adverse reactions, making it an effective intervention for treating insomnia (Wu et al., 2022). The Chinese herbal medicine pair Banxia-Yiyiren originates from the Banxia–Shumi decoction (Huangdi Neijing) and is known as the “ancestral formula for treating insomnia.” In clinical practice, Banxia-Yiyiren is commonly mixed at a ratio of 1:2 and consists of Pinellia ternata and Coix seeds. For approximately 2000 years, Banxia–Shumi decoction has been widely used to treat insomnia, and its specific forms include its use alone or in combination with other traditional Chinese and Western medicines, which have good therapeutic effects (Lin et al., 2021).

The interaction between the gut microbiota and sleep has a bidirectional regulatory effect (Zhou et al., 2022). On the one hand, the gut microbiota metabolizes various neurotransmitters, cytokines, and metabolites, such as 5-HT, GABA, melatonin, and other sleep-related compounds. On the other hand, insufficient sleep or sleep deprivation can affect the gut microbiota composition and metabolic function, leading to microbial imbalance (Wang X. et al., 2024). With the advancements in sequencing and metabolomics technology, the application of these materials in the study of medicinal and edible homologous Chinese medicines is increasing.

At present, the gut microbiota and metabolic mechanism related to Banxia-Yiyiren, a Chinese herbal medicine with dual medicinal and edible characteristics, are not yet clear, and research on its sleep regulatory mechanism is relatively limited. Therefore, based on the above research and the PCPA-induced insomnia model, this study integrated ultraperformance liquid chromatography (UPLC)-Q Exactive Orbitrap MS, 16S rRNA, and metabolomics to explore the regulatory effect of Banxia-Yiyiren on the gut microbiota and its metabolites in insomnia rats to reveal the mechanism of its anti-insomnia effect (Figure 1).

[image: Figure 1]

FIGURE 1
 Overall flowchart of this study.




2 Materials and methods


2.1 Drugs, reagents, and preparation


2.1.1 Banxia-Yiyiren

Provided and identified by the TCM Department, Chinese PLA General Hospital. The materials were prepared by mixing 10 g of Banxia (Anhui Puren Pharmaceutical Co., Ltd., batch number 2107158, origin: Gansu) and 20 g of Yiyiren (Beijing Lvye Pharmaceutical Co., Ltd., batch number 20082401, origin: Hebei). Detailed selection, preparation methods, and decoction procedure can be found in Appendix 1.

Following the TCM methods, the materials were decocted according to the equivalent dose ratio of human and rat body surface area; the products were concentrated to concentrations of 0.16 g/mL (low dose), 0.32 g/mL (medium dose), and 0.64 g/mL (high dose) of the raw drug and stored in a refrigerator at 4°C for future use. Diazepam (Beijing Yimin Pharmaceutical Co., Ltd., batch number H11020898) was used as a positive control drug, with a hypnotic dose of 0.5 mg/kg/day. The equivalent dose was calculated from the surface area between the human body and the rats, and the concentration of diazepam was 0.83 mg/kg. The samples were stored in a refrigerator at 4°C for future use.



2.1.2 PCPA

4-chloro-DL-phenylalanine (purchased from Sigma Corporation in the United States; specification 5 g; product batch number 1003164450) was dissolved in weakly alkaline saline water (pH 7–8). The samples were stored in a refrigerator at 4°C for future use.




2.2 UPLC-Q Exactive Orbitrap MS


2.2.1 Chromatographic methods

We used an ultrahigh-performance liquid-phase UHPLC (Vanquish Flex, Thermo Fisher Scientific) system. A Thermo Scientific™ Q Active instrument was used for quadrupole electrostatic field orbital trap high-resolution mass spectrometry, and the ± electrospray ionization (ESI) detection mode was used for chromatographic mass spectrometry analysis of Banxia–Yiyiren. The specific parameters were set according to the relevant literature. Mass spectrometry conditions: Using XCalibur 4.3 and Compound Discoverer 3.2 chemical workstations from Thermo Fisher in the United States for data correlation processing, a total ion map of Banxia-Yiyiren was obtained. Compared with existing databases, preliminary predictions were made for each chromatographic peak in the above results.




2.3 Experimental animals and the PCPA-induced insomnia model


2.3.1 Experimental animals

This animal experimental study was approved by the Experimental Animal Ethics Committee of the Chinese PLA General Hospital (ethical code: 2020-X16-102). Thirty-six male SPF-grade Wistar rats were purchased from Sibeifu (Beijing) Biotechnology Co., Ltd. (animal qualification certificate number: SCXK (Beijing) 2019-0010), weighed 160 ± 10 g, identified and raised by the Medical Experimental Animal Center of Chinese PLA General Hospital. The animals were adaptively fed for 1 week in an animal feeding room (with an ambient temperature of 25 ± 2°C, relative humidity of 50 ± 5%, and a 12/12-h light/dark cycle). Throughout the experiment, the animals’ feeding process was made to strictly adhere to relevant national guidelines for animal management and protection.



2.3.2 PCPA-induced insomnia model

According to the literature and previous studies by the research team, a PCPA-induced insomnia rat model was used. PCPA (300 mg/kg) was injected intraperitoneally once a day for 3 days. The normal group was injected with the same amount of normal saline for consecutive 3 days. At 48 h after the first injection of PCPA, the circadian rhythm of the rats in the model group disappeared, and both day and night were constantly active. The insomnia model was evaluated in combination with the classical pentobarbital sodium correction test, and the rats in the model group were intraperitoneally injected with pentobarbital sodium (35 mg/kg) at 8–9 a.m. on the third day. The sleep latency period and duration from injection to reversal disappearance were recorded (sleep time ranged from reversal disappearance to the suitable time of 30 s when the rats could not maintain the supine position after turning over). If the model group was compared with the normal group, the difference was statistically significant, indicating the model’s success.




2.4 Experimental grouping and intervention

All the rats were randomly divided into 6 groups via a random number table: G1 (normal group), G2 (model group), G3 (diazepam group), G4 (low-dose Banxia-Yiyiren group), G5 (medium-dose Banxia-Yiyiren group), and G6 (high-dose Banxia-Yiyiren group). G1 and G2 were given the same volume of weakly alkaline 0.9% sodium chloride by gavage. The rats in each group were treated with 1 mL/100 g of the corresponding medication by gavage for consecutive 7 days.



2.5 Elevated plus maze (EPM) test

Six rats from each group were selected for this test 12 h after the end of the last rat gavage to evaluate the anxiety status of the insomnia model. Super Maze and Visu Track animal behavior analysis software were used to track the motion trajectory within 5 min. The following parameters were recorded: the number of times the rats entered the open arm entry (OE), the number of open arms (OT), the number of times they entered the closed arm entry (CE), and the length of the closed arm (CT). The percentage of open arm entry was calculated as OE% = OE/(OE + CE) × 100%, and the percentage of open arm time was calculated as OT% = OT/(OT + CT) × 100%.



2.6 Sample collection

After 7 days of intragastric administration and completion of rat behavioral testing, the gut feces of each group of rats were collected on a sterile operating platform (disinfected before each operation to avoid contamination), placed in a prelabeled 2 mL sterile frozen tube, immediately frozen in liquid nitrogen, and then transferred to a −80°C freezer for testing.



2.7 Analysis of the gut microbiota


2.7.1 16S rRNA gene sequencing of the gut microbiota

Six rats were selected from each group for gut microbiota 16S rRNA analysis. According to the kit’s instructions (DP712) from TianGen Biotech (Beijing) Co., Ltd., DNA was extracted from rat feces, and the purity of the extracted DNA was checked via agarose gel electrophoresis. Then, PCR amplification was performed (using 5′-CCTAYGGGRBGCASCAG-3′ and 5′-GACATCNNGGGTTATCTAAT-3′) to complete the entire library preparation. Double-terminal sequencing was performed on the constructed library via the Illumina NovaSeq sequencing platform. Finally, species annotation and abundance analysis of the gut microbiota were conducted.



2.7.2 Metabolomic analysis of the gut microbiota

Beijing Nuohe Zhiyuan Technology Co., Ltd. conducted the metabolomic analysis of the feces. Non-targeted metabolomics research is based on liquid chromatography–mass spectrometry (LC–MS) technology (Want et al., 2010; Dunn et al., 2011). The experimental process included sample metabolite extraction, LC–MS/MS detection/metabolite qualitative and quantitative analysis, and data analysis. First, the mass spectrometry conditions were strictly set according to the established standards, and the original files (raw) obtained from mass spectrometry detection were imported into Compound Discoverer 3.3 software for spectrum processing and database searches to obtain qualitative and quantitative results for the metabolites. Then, quality control is carried out on the data to ensure the accuracy and reliability of the results. Next, we conducted multivariate statistical analyses, such as principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA), on the metabolites to reveal the differences in metabolic patterns among the different populations. Moreover, we used hierarchical clustering analysis (HCA) and metabolite correlation analysis to reveal the relationships between the samples and metabolites. Finally, the KEGG database.1

The HMDB2 and LIPIDMaps databases3 annotate bioinformatics-related functions such as metabolic pathways associated with identified metabolites (Sellick et al., 2011).



2.7.3 Correlation analysis of 16S rRNA and the metabolome

We conducted Pearson correlation analysis of the differential microbiota (16S rRNA analysis at the genus level) and differentially abundant metabolites (metabolomics). We plotted a correlation analysis heatmap between the differential microbiota (top 10) and differentially abundant metabolites (top 20). Finally, we selected results that satisfied |ρ| ≥ 0.8 and p < 0.05 while generating a scatter plot.




2.8 Statistical analysis

All the analyses were performed via Graph Pad Prism 7.0 software, SPSS (SPSS) 16.0 software, and the Novo Cloud platform.4 The data are presented as the means ± standard error of measurements (SEMs). The false discovery rate (FDR) error control method was used to correct p-values in the transcriptome and metabolome. Statistical differences were analyzed via one-way analysis of variance (ANOVA) and Student’s t-test. Differences with p < 0.05 were considered statistically significant.




3 Results


3.1 Banxia-Yiyiren as an ingredient

By the aforementioned chromatographic methods and mass spectrometry methods, UPLC-Q Exactive Orbitrap MS was used to qualitatively analyze the water extraction components of Banxia-Yiyiren under positive and negative ion detection modes, and a total ion flow diagram was generated (Appendix 2). Through accurate molecular weight calculations and ion fragmentation information, the main compound components, including amino acids, small peptides, nucleotides, organic acids, flavonoids, fatty acids, and lipids, were identified via mass spectrometry. Some compounds were confirmed by reference standards (Appendix 3).



3.2 EPM test

Compared with those in G1, the percentages of OE and OT in G2 and G3 rats were significantly lower (p < 0.01). Compared with those of G2, the TOC contents of G3, G4, G5, and G6 were significantly greater (p < 0.05), as shown in Appendix 4 and Figure 2. These findings indicate a decrease in the exploratory ability of the model group. In general, the exploratory activities of the model group were significantly lower than those of the control group, and they had decreased cognitive function; both of these findings are considered insomnia-related behaviors.
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FIGURE 2
 Trajectory of each group in the elevated plus maze (EPM) test.




3.3 Gut microbiota analysis

The richness and evenness of species within each community were evaluated via a diversity measure: Observed_Otus, Chao1, and dominance were used to calculate microbial abundance; Simpson and Shannon indices were used to reflect the diversity of the sample microbiota; and Pielou_E was used to calculate species evenness. The dominance and Simpson indices of G1 and G2 were significantly different (p < 0.05), whereas the overall differences in the other groups of samples were not statistically significant (p > 0.05), as shown in Figure 3A.
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FIGURE 3
 The α-diversity, principal coordinates analysis (PCoA), species composition structure analysis, and relative abundance of the gut microbiota. (A) α-Diversity of the gut microbiota (*p < 0.05 vs. G1; #p < 0.05 vs. G2); (B) unweighted UniFrac PCoA analysis chart of the gut microflora; (C) petals of the gut microflora; (D) relative abundance at the gut microflora phylum level; (E) relative abundance at the gut microflora genus level; (F) characteristic microbiota of each group. Notes: The large circles correspond to the hierarchical relationships of phyla, class, order, family, and genus from the inside out. The larger the diameter of the small circle is, the greater its relative abundance. Species with no significant differences are marked in yellow, while different groups indicate the different species biomarkers. The red nodes represent the microbial groups that play essential roles in the red group, and the green nodes represent the microbial groups that play vital roles in the green group. (G) LDA bar chart of the gut microflora. Note: The vertical axis represents the gut microbiota with significant differences between groups, whereas the horizontal axis represents the LDA score of each microbiota. The size of the LDA score is proportional to the impact of different species.


As shown in Figure 3B, based on unweighted UniFrac principal coordinates analysis (PCoA) analysis of differences in the gut microbial community structure, G1 and G2 were separated in the PCoA diagram. This indicates a significant change in species abundance between G1 and G2. However, after intervention with each group of drugs, the distribution of samples in G3, G4, G5, and G6 gradually tended toward G1. These findings indicate that G3, G4, G5, and G6 have varying degrees of influence on the gut microbiota of G2.

To study the species composition of each sample, a visualized petal map of the OTU distribution was constructed (Figure 3C). The species shared by G1, G2, G3, G4, G5, and G6 included 371 OTUs. Among them, G1 had 622 unique OTUs, G2 had 329 unique OTUs, G3 had 379 unique OTUs, G4 had 387 unique OTUs, G5 had 343 unique OTUs, and G6 had 478 unique OTUs.

16S rRNA gene sequencing confirmed the relative abundance of the species at the phylum level (Figure 3D). Analysis of the composition of the bacterial community structure in each sample revealed that the main phyla included Bacteroidota, Firmicutes, and Proteobacteria. Compared with those in G1, the relative abundance of Bacteroidota in G2 tended to increase, that of Firmicutes tended to decrease, and that of Proteobacteria tended to increase. G4, G5, and G6 reversed the changes in the abundance of the above dominant bacteria, with G6 having the most significant effect. At the genus level (Figure 3E), the dominant genera with abundances in the top 10 included Prevotella_9, Lactobacillus, Prevotella, Ralstonia, Ligilactobacillus, Escherichia, Shigella, UCG-005, Prevotelaceae_NK3B31_Group, Alloprevotella, and Blautia, compared with those in the G1 and G2 groups. The relative abundances of Prevotella, Ralstonia, Escherichia, Shigella, and UCG-005 tended to increase, whereas those of the other genera tended to decrease. In G4, G5, and G6, the trend of changes in the above bacterial genera improved, with the effects occurring more significantly in G5 and G6.

LEfSe analysis was used to compare and analyze the biomarkers with significant differences at different classification levels in each group, with a linear discriminant analysis (LDA) score set to 2. As shown in Figures 3F,G, a total of 91 differential species were identified, including 30 species in G1, 6 species in G2, 16 species in G3, 3 species in G4, 7 species in G5, and 28 species in G6. The characteristic microbiota with significant differences in G1 were g_Lactobacillus, s_Lactobacillus_gutis, o_Erysipelotrichales, f_Erysipelotrichaceae, g_Turiciactor, g_Dubosella, f_Bifidobacteriaceae, etc. The characteristic microbiota with significant differences in G2 were o_Coriobacteriales, c_Coriobasteria, p_Actinobacteriota, f_Eggerthellaceae, g_Enterorhabdus, and o_Staphyloccales. The characteristic microbiota with significant differences in G3 were c_Negativities, o_Acidaminoscales, f_Acidaminococcaceae, g_Phascolarctobacterium, f_Clostridiaceae, o_Clostridiales, and g_Clostridium_Sensu_Stricto_Class 1. The characteristic microbiota with significant differences in G4 were o_Peptoccales, f_Peptococcaceae, and g_Anaerotruncatus. The characteristic microbiota with significant differences in abundance in G5 were g_Prevotella_9, S_Parasutterella_Secunda, f_Marinifilaceae, g_Butyrisimonas, s_Lachnospiraceae_Bacterium_28_4, g_Odoribacter, g_DTU089, etc. The characteristic microbiota with significant differences in G6 were g_Prevotelaceae_NK3B31_Group, g_Roseburia, g_Oscillibacter, s_Helicobacter_Rodentium, g_Unidentified_Muribaculaceae, s_Gram_Negative_Bacterium_CTPY_13, f_UCG_010, g_Butyricicoccus, f_Elusimicrobiaceae, g_Elusimicrobium, p_Elusimicrobia, etc.



3.4 Metabolomic analysis


3.4.1 Quality control (QC)

The PCA modeling method was used to detect the aggregation degree of the QC samples and subsequently evaluate the quality of the experimental data. According to the PCA of each group and QC sample, the distribution of QC samples in positive (negative) ion mode was dense, and the difference was small, indicating that the data quality of this experiment was reliable and that its stability and reproducibility were good (Figures 4A,B). In addition, PCA revealed no significant separation between the groups, indicating that the positive control drug and Banxia-Yiyiren did not significantly affect the changes in the gut-fecal metabolism spectrum. A custom-built standard product database was used to search for and match the detailed information of metabolites in the samples. A total of 1,574 metabolites were identified (1,065 in ESI+ mode and 509 in ESI− mode). According to the chemical taxonomic information, 36.48% of the metabolites were classified as lipids or lipid-like molecules, 20.76% were organic acids or derivatives, and 13.36% were organic heterocyclic compounds (Figure 4C).
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FIGURE 4
 Quality control (QC) sample correlation analysis and total sample principal component analysis (PCA). (A) PCA score map for positive ion flow; (B) PCA score map for negative ion flow; (C) metabolite classification pie chart.




3.4.2 Screening for differentially abundant metabolites

To explore the differentially abundant metabolites between groups, we used PCA and partial least squares discriminant analysis (PLS-DA) models to analyze, observe, and verify the stability of the model. PCA and PLS-DA revealed a clear separation trend between G1–G2 and G6–G2, whereas there was no separation trend between G3–G2 (Figures 5A1–A3).
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FIGURE 5
 Metabolomic analysis of cecum contents. (A1–A3) PLS-DA; (B1–B3) alignment test plots of the OPLS-DA model; (C1–C3) volcano plots of the differentially abundant metabolites.


By determining the criteria for differentially abundant metabolites (FC > 1.5 and p < 0.05) and plotting volcano plots (Figures 5B1–B3), we found that there were significantly more differentially abundant metabolites between G1–G2 than between G3–G2, and G6–G2. We performed logarithmic conversion on the fold change values of different metabolites in each group. We selected the top 20 metabolites that were upregulated and downregulated between each group for the matchstick plot display. There were mainly upregulated cyclic and succinic acids between the G1 and G2 groups, whereas L-lysine and 8,8′-dicarboxy-1,1′-binaphthalene were downregulated. In G3 and G2, the expression of rhamnetin and 4-hydroxynordiazepam was upregulated, that of succinic acid and erythrono-1,4-lactone was downregulated, that of H-Trp-NH2 and stearic acid was upregulated, and that of succinic acid and erythrono-1,4-lactone was downregulated (Figures 5C1–C3; Table 1).



TABLE 1 Important differentially abundant metabolites among major groups (top 10).
[image: Table1]

To avoid overfitting the model, the grouping labels of each sample were randomly shuffled before modeling and prediction, and the model evaluation parameters (R2, Q2) were obtained through 7-fold cross-validation. The R2 values for G1–G2, G3–G2, and G6–G2 are greater than the Q2 values, and the intercept between the Q2 regression line and the Y-axis is less than 0. This finding indicates that the PLS-DA model does not have “overfitting” and can better describe the sample, which can be used to search for model biomarker groups (Appendix 5).



3.4.3 Analysis of differentially abundant metabolites and correlation analysis of the gut microbiota and metabolites

A heatmap of the main differentially abundant metabolites between the groups is shown in Figures 6A1–A3. Compared with those in G1, ferulic acid, phenolpyruvic acid, and citronic acid in G2 decreased, whereas the contents of GABA, nicotinamide N-oxide, and lauric acid ethyl ester increased. Compared with those in G2, the contents of lipoamide, 3-(3-nitrophenyl)-2-phenylacrylic acid and 2-{[2-oxo-2-(3-pyridylamino)ethyl]thio}acetic acid in G3 decreased, whereas the contents of 2-(3,4-dimethoxyphenyl)quinoline, 4-hydroxynordiazepam, melatonin, and ergosterol increased. Compared with those in G2, the contents of GNK, malic acid, and maleic acid in G6 decreased, whereas the contents of phosphoethanolamine, 5β-Pregnan-3,20-dione, and 2-amino-1,3,4-octadecanetriol increased.
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FIGURE 6
 Heatmaps and enrichment pathways of important differentially abundant metabolites. (A1–A3) Heatmaps of important differentially abundant metabolites among major groups (top 20); (B1–B3) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathway bubble chart of important differentially abundant metabolites among the major groups (top 20); (C1–C3) Heatmap of correlation analysis between significantly different microbial communities and significantly different metabolites at the genus level in each group (*p < 0.05).


KEGG enrichment analysis of the top 20 differentially abundant metabolites in each group revealed that each group’s main differentially abundant metabolites were significantly enriched in various amino acid metabolism, ABC transporter, protein digestion, and absorption pathways (Figures 6B1–B3). Among them, the enriched KEGG pathways in G1–G2 were ABC transporters, arginine and profile metabolism, and phenoline metabolism. The enriched KEGG pathways in G2–G3 were related mainly to Toxoplasma gondii metabolism, tyrosine metabolism, glyoxylate metabolism, and dicarboxylate metabolism. The enriched KEGG pathways in G2–G6 were primarily related to T. gondii metabolism, histidine metabolism, protein digestion, and absorption.

The gut microbiotas of G1–G2, G3–G2, and G6–G2 were significantly correlated with differentially abundant metabolites. From G1–G2, we found that the PCPA-induced insomnia model was related mainly to the correlation between the 5 gut microbiota constituents and the 13 metabolites (Figure 6C1). After screening for |ρ| ≥ 0.8 and p < 0.05, we found that the major gut microbiota (Blautia, UCG-005, Alloprevotella, Prevotella_9, and Ralstonia) and the major metabolites (rhamnetin, 4-hydroxynordiazepam, morin, melatonin, 2-(3,4-dimethoxyphenyl)quinoline, luteolin, 2-{[2-oxo-2-(3-pyridylamino)ethyl]thio}, and acetic acid) were positively correlated with G3–G2, and the major gut microbiota (Ralstonia, Prevotella, UCG-005, Lactobacillus, and Prevotellaceae_NK3B31_group) and the major metabolites (styrene, acetophenone, phenethylamine, citric acid, 5α-pregnan-3,20-dione, phosphoethanolamine, and maleic acid) were positively correlated with G6–G2. Additionally, we found that major gut microbiota (Lactobacillus, Alloprevotella, Prevotella_9, and UCG-005) and major metabolites (5α-Pregnan-3,20-dione, phosphoethanolamine, maleic acid, malic acid, GNK, 1,2,3-benzenetricarboxylic acid, GNK, and phosphoethanolamine) were negatively correlated in G6–G2 (Figures 6C2,C3).





4 Discussion

Good sleep contributes to physical and mental health, regulating emotions and metabolic function. Insomnia is a significant health issue in modern society (Yeung et al., 2022). Banxia–Shumi decoction, a classic Chinese herbal medicine with medicinal and edible homology used to treat insomnia for thousands of years—according to “Yin-Yang” and “Five Elements” theories that are the basis theories of TCM—guides Yang into Yin, clears middle energizers, and communicates Yin and Yang (Wang X. et al., 2024). In particular, adding Banxia–Shumi decoction to the conventional drug Eszolam is more effective at treating primary insomnia (Xuemin, 2020). Experiments have confirmed that Banxia–Shumi decoction can improve sleep structure by promoting the estrogen signaling pathway (Wu et al., 2022) and prolonging rapid eye movement sleep in rats (Wang Chenghao et al., 2023). It is still widely used in clinical practice and is safe and effective (Zhang et al., 2023).

Previous research by our group confirmed that Banxia-Yiyiren has specific sedative and hypnotic effects (Wang Liang et al., 2022), but the specific mechanism involved is still unclear. Modern pharmacological studies have shown that Banxia and Pinellia palmata have significant sedative and hypnotic effects (Lin et al., 2019; Guo et al., 2020). Research has shown that Banxia-Yiyiren has good anti-insomnia effects by regulating important neurotransmitters and sleep clock genes, while its metabolites, amino acids, and nucleotides may be essential materials for its anti-insomnia pharmacological effects (Yufeng Liu et al., 2023). The main components of Yiyiren can increase the number of sleeping animals, reduce their sleep latency, and increase their total sleep duration (Xiaoli et al., 2021); Yiyiren has pharmacological effects on promoting sleep quality and enhancing body immunity (Liang, 2019); and Yiyiren prepared via the traditional decoction method can exert sedative and sedative effects, the effects of which are positively correlated with its dosage (Haiyan, 2016). Chromatography–mass spectrometry analysis technology is fast, efficient, highly sensitive, and selective (Mingxi et al., 2021), providing strong technical support and high-quality data support for overcoming limitations in the study of the material basis and mechanism of action of TCMs.

We obtained qualitative data for Banxia-Yiyiren via UPLC-Q Exactive Orbitrap MS in both positive and negative ion detection modes and identified the main compound components, including amino acids, small peptides, nucleotides, organic acids, flavonoids, fatty acids, and lipids, via mass spectrometry. The EPM test has been applied to verify the antianxiety properties of Chinese herbal medicine (Murphy et al., 2010). The results of the EPM test revealed that Banxia-Yiyiren may increase people’s willingness to explore by improving anxiety-like symptoms caused by insomnia.

Modern pharmacological research has confirmed that Banxia is rich in active ingredients, such as alkaloids and flavonoids, which can have neuroprotective, sedative, and hypnotic effects on insomnia (Bai et al., 2022). Research has shown that the Banxia ethanol extract has sedative, hypnotic, and anticonvulsant pharmacological effects (Wu et al., 2011) and promotes sleep by increasing the number of REM sleep events, the number of transitions from NREM sleep to REM sleep, and the number of transitions from REM sleep to wakefulness (Lin et al., 2019). Yiyiren contains chemical components such as flavonoids, sugars, esters, unsaturated fatty acids, and lactams (Yang et al., 2022). Research has shown that amino acids are associated with GABAergic sleep/wakefulness regulation and that the ability of pallidin to regulate sleep in the surface glial cells of Drosophila depends on the availability of amino acids (Li X. et al, 2023). Another study revealed that flavonoids can significantly enhance the hypnotic effect of pentobarbital-induced sleep latency, and shortening and prolonging sleep times (Wang et al., 2012). Alkaloids have various pharmacological effects on improving sleep and combating depression, anxiety, and convulsions. Most flavonoids are quercetin and its derivatives (Kostikova et al., 2023). Flavonoids are important chemical components of plant-based sedative Chinese medicines that have pharmacological effects, such as improving sleep, combating depression and anxiety, and improving learning and memory (Peach et al., 2020).

In recent years, the gut microbiota has been shown to be an essential regulatory factor of the gut–brain axis that can affect brain function through neural, immune, and endocrine pathways, forming the microbiota–gut–brain axis (Lo et al., 2021). The gut microbiota is one of the hotspots in the study of neurological diseases and plays a role in the pathogenesis of insomnia (Zhang et al., 2021; Wang et al., 2022), and the relationship between insomnia and the gut microbiota has been elucidated (Feng et al., 2023). To date, relatively few studies have evaluated the relationships between gut microbiota and metabolism and insomnia (Han et al., 2022; Qi et al., 2022).

16S rRNA gene sequencing revealed significant differences in the abundance and diversity of the G2 microbiota compared with those of the G1 microbiota, indicating changes in the G2 microbiota. At the phylum level, compared with those in G1, the relative abundances of Bacteroidota and Proteobacteria in G2 increased, whereas the relative abundance of Firmicutes decreased. Recently, Mendelian randomization analysis of insomnia-related diseases revealed that a significant correlation between the class Negativicutes, the genus Clostridium innocuum, the genus Dorea, the genus Lachnoclostridium, the genus Prevotella7, and the order Selenomonadales is associated with an increased risk of insomnia (Li X. et al., 2023). Research has shown that Bacteroidota, Proteobacteria, and Firmicutes are associated with insomnia (Rizzatti et al., 2017; Wang et al., 2020; Agrawal et al., 2021; Zhang et al., 2022), and Bacteroidota and Firmicutes exhibit diurnal periodic changes (Liang et al., 2015). Therefore, Bacteroidota and Firmicutes are considered to be associated with improving sleep cycles to some extent. These findings need further verification via subsequent experiments. Proteobacteria are major pathogenic bacteria that primarily affect normal sleep by promoting inflammation and other pathways.

At the genus level, compared with those in G1, the relative abundances of Prevotella_9, Prevotella, Ralstonia, Escherichia–Shigella, and UCG-005 in G2 increased, whereas the relative abundances of Lactobacillus, Ligilactobacillus, Alloprevotella, Blautia, and Prevotellaceae_NK3B31_group decreased. Research confirms that Prevotella, Prevotella, UCG-005, Prevotellaceae_NK3B31_Group and Alloprevotella can produce short-chain fatty acids (Scheperjans et al., 2015; Li et al., 2019), which are associated with the sleep circadian cycle and neuroinflammation (Fung et al., 2017; Tahara et al., 2018); Escherichia-Shigella has been shown to produce norepinephrine (Zhong et al., 2019), which regulates rapid eye movement sleep through complex mechanisms such as multiple pathways and factors (Mehta et al., 2016); and Lactobacillus, Ligilactobacillus, Blautia, and others are recognized probiotics that can effectively improve the gut microbial environment and reduce inflammation (Sovijit et al., 2021).

Fecal microbiota transplantation may be a novel treatment option for insomnia and may provide an alternative to traditional Chinese medicine (TCM) for treating this disease (Fang et al., 2023). These effects were positively correlated with increases in probiotic agents, such as Bifidobacterium, Lactobacillus, Turicibacter, and Fusobacterium. Compared with G2, treatment with Banxia-Yiyiren effectively increased the abundance of beneficial bacteria (Firmicutes, Lactobacillus, Blautia, etc.) and reduced the abundance of pathogenic bacteria (Bacteroidota, Proteobacteria, Prevotella_9, etc.) in insomnia model rats, thereby affecting neuroinflammation and neurotransmission and ultimately regulating sleep in insomnia model rats.

Fecal metabolites are considered products of cometabolism between the gut microbiota and the host. They not only reflect the state of the gut microbiota but also serve as a bridge between symbiotic bacteria and the host. Research has shown that the gut microbiota and fecal metabolites can strongly affect host health and the central nervous system (Zhang et al., 2020). Metabolomic analysis of the gut microbiota revealed good stability and reproducibility of the QC sample data via PCA. Moreover, the positive control drugs and Banxia-Yiyiren had no significant effect on the changes in the fecal metabolic profile, and 1,574 metabolites were identified and matched with the database. Research has revealed that children who go to bed early have significantly greater diversity and richness of the gut microbiota, as well as metabolic pathways, whereas gut microbiota metabolites are significantly reduced, which may be related to differences in the gut microbiota (Xiang et al., 2023). Our research results also reflect, to some extent, the significant differences in metabolites between PCPA-induced insomnia rats and normal rats. These findings provide a reference for our future plans and further research on the potential metabolic mechanisms of Banxia-Yiyiren in treating insomnia. PLS-DA does not result in “overfitting” and can better describe the sample, which can be used to search for model biomarker groups. The volcanic map revealed that there were significantly more differentially abundant metabolites between G1–G2 than between G3–G2 and G6–G2. The match rod graph revealed that there was mainly upregulation of cyclic acid and succinic acid between G1–G2 and downregulation of L-lysine and 8,8′-dicarboxy-1,1′-binaphthalene. G3–G2 mainly showed the upregulation of rhamnetin and 4-hydroxynordiazepam and the downregulation of succinic acid and erythrono-1,4-lactone, whereas G6-G2 mainly showed the upregulation of H-Trp-NH2 and stearic acid and the downregulation of succinic acid and erythrono-1,4-lactone. A correlation analysis and chord plot of the differentially abundant metabolites revealed that the correlation between the top 20 differentially abundant metabolites in G1–G2 was greater than that between G3–G2 and G6–G2. KEGG enrichment analysis of the top 20 differentially abundant metabolites in each group revealed that the main differentially abundant metabolites in each group were significantly enriched in various amino acid metabolism, ABC transport, protein digestion, and absorption pathways. For a long time, neurotransmitter imbalances, including imbalances in GABA, serotonin, dopamine, and norepinephrine, were believed to be the cause of insomnia. Research has shown (Gonulalan et al., 2020) that BDNF plays an important role in the function of the central nervous system. The primary metabolites of the Krebs cycle (citric acid, fumaric acid, succinic acid, pyruvate, malic acid, and citric acid analogs) are positively correlated with brain-derived neurotrophic factor (BDNF) activity, whereas the secondary metabolites associated with high expression of BDNF are flavonoids, flavonoids, naphthalenes, terpenoids, etc. Our study revealed primary metabolites such as citric acid, fumaric acid, and succinic acid in the mass spectrometry analysis of Banxia–Yiyiren, which is consistent with the results of previous reports. L-lysine is an essential amino acid in the body (Hayamizu et al., 2019) that can promote human development, enhance immunity, and improve anxiety and central nervous system function (Lei et al., 2023). Plasma copper-binding peptides containing L-lysine have multiple biological effects, including angiogenesis and nerve growth, and have antioxidant, anti-inflammatory, anti-pain, and anti-anxiety effects (Pickart et al., 2017). Research has shown that L-lysine has a similar effect as a serotonin receptor 4 antagonist and can effectively reduce anxiety and basal cortisol levels in rats (Jalal et al., 2022).

Correlation analysis between the fecal 16S rRNA microbiota and metabolomics revealed significant Pearson correlations (p < 0.05; p < 0.05; p < 0.05) between G1–G2, G2–G3, and G2–G6 at the genus level. After screening for |ρ| ≥ 0.8 and p < 0.05, we detected positive correlations between the differential microbial communities (Blautia, UCG-005, Alloprevotella, Prevotella, Ralstonia, and Lactobacillus) and the differentially abundant metabolites (rhamnetin, 4-hydroxynordiazepam, morin, melatonin, luteolin, styrene, acetophenone, phenethylamine, citric acid, and photosynthethanolamine). There was a negative correlation between UCG-005 and differentially abundant metabolites (phosphoethanolamine, malic acid, malic acid, GNK, phosphoethanolamine, and 1,2,3-benzenetricarboxylic acid).

The metabolites produced by the gut microbiota can affect the metabolism and function of the CNS through neural, endocrine, and immune pathways. Research has shown that there is an increase in common Bacteroides and a decrease in Firmicutes in people with insomnia, and blue–green algae and rumen cocci belonging to the Firmicutes phylum are positively correlated with sleep quality (Xie et al., 2023). Research has shown that gut metabolites mediate the relationship between the microbiota and insomnia and can promote an important source of sleep signals (Han et al., 2022). Melatonin is a multifunctional neuroendocrine molecule secreted by the pineal gland that plays an important role in regulating circadian rhythms and sleep–wake cycles (Jia et al., 2023). It has antioxidant, neuroprotective, and immunomodulatory effects. Melatonin can prevent related diseases by regulating the host gut microbiota (Xu et al., 2017; Li X. et al, 2023).

Our previous bioinformatics research explored the network pharmacology and molecular mechanism of Banxia-Yiyiren in treating insomnia (Wang Q. et al., 2022). Several experimental studies have preliminarily confirmed that Banxia-Yiyiren may improve sleep by regulating the expression of serum inflammatory factors and the hippocampal neurotransmitters orexin and 5-HT and their receptors (Wang Liang et al., 2022); however, the specific pathway by which Banxia-Yiyiren regulates the gut microbiota and its metabolites in insomnia models is still unclear. As a traditional formula with the characteristic “medicinal food homology,” Banxia-Yiyiren can regulate sleep by affecting the composition, relative abundance, diversity, and metabolites of the relevant gut microbiota in PCPA-induced insomnia model rats. UPLC-Q Exactive Orbitrap MS analysis and metabolic analysis confirmed that Banxia-Yiyiren has an important effect on gut metabolites, especially citric acid and phenylalanine.



5 Conclusion

In summary, this study preliminarily verified that the PCPA-induced insomnia model is closely related to gut microbial metabolism and microecological disorders, and for the first time, we confirmed that Banxia-Yiyiren can act on the gut microbiota of PCPA-induced insomnia model rats, improving sleep and anxiety by regulating the species, structure, abundance, and metabolites of the gut microbiota. These findings provide a certain amount of gut microbiota and metabolic data for Banxia-Yiyiren to treat insomnia, which is highly important for further studies of the metabolic mechanism of Banxia-Yiyiren in the treatment of insomnia.
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Objective: This study aimed to explore the changes in gut microbiota and its metabolites in different pathophysiological stages of doxorubicin (DOX)-induced heart failure (DIHF) and the relationship between gut microbiota and metabolites in various degrees of DIHF.

Materials and methods: C57BL/6 J mice were injected intraperitoneally with 5 mg/kg of DOX once a week for 5 consecutive weeks. At different times after injection, the cardiac function and histopathological analysis was conducted, the serum levels of creatine kinase (CK), CK-MB, lactic dehydrogenase, and cardiac troponin T were determined. 16S rRNA gene sequencing of feces and the nontargeted metabolomics analysis of serum were performed. Multi-omics analyses were used to explore the correlation between gut microbiota and serum metabolites.

Results: The results showed that DOX caused cardiac contractile dysfunction and left ventricular (LV) dilation. The levels of myocardial enzymes significantly increase in 3 and 5 weeks after DOX injection. DOX-treated mice showed significant differences in the composition and abundance of gut microorganisms, and the levels of serum metabolites at different times of treatment. Multi-omics analyses showed that intestinal bacteria were significantly correlated with the differential metabolites. Some bacteria and metabolites can be used as biomarkers of DIHF (AUC > 0.8). KEGG analyses showed the involvement of different metabolic pathways in various degrees of DIHF.

Conclusion: Marked differences were found in the composition and abundance of gut microorganisms, the levels of serum metabolites and metabolic pathways in different degrees of DIHF. The intestinal bacteria were significantly correlated with differential metabolites in different degrees of DIHF. The gut microbiota may serve as new targets for the treatment of DIHF.
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 doxorubicin; heart failure; gut microbiota; 16S rRNA gene sequencing; metabolomics; multivariate analysis


1 Introduction

Doxorubicin (DOX) is a representative anthracycline antibiotic with a broad antitumor spectrum and potent action, and is widely used for treating various solid tumors and hematologic malignancies (Arcamone et al., 1969). However, DOX suffers from severe dose-dependent cardiotoxicity that leads to irreversible congestive heart failure (HF), thus limiting its clinical application (Yu et al., 2018; Wang et al., 2021). Research has shown that the DOX can induce myocardial toxicity via various mechanisms such as oxidative stress, iron metabolism, inflammation, and Ca2+overload (Yu et al., 2020; Christidi and Brunham, 2021; Zhu et al., 2010; Arai et al., 2000). Thus, a variety of strategies including limitation of cumulative DOX doses, use of antioxidant drugs, and standard anti-heart failure therapies have been proposed to ameliorate DOX-induced HF (DIHF), however, these strategies is not much satisfying (Huang et al., 2022). Therefore, it is crucial to better understand the pathological mechanisms and established novel strategies to prevent and treat DOX-induced myocardial toxicity.

Gut microbes has been found to play an essential role in the pathophysiological process of atherosclerosis, dyslipidemia, hypertension, heart failure, coronary heart disease (CAD), and obesity through immune response, inflammatory response, and oxidative stress (Kazemian et al., 2020; Rahman et al., 2022). The potential role of gut microbiota in DIHF has received widespread attention in recent years (Huang et al., 2022; Fan et al., 2023). The composition imbalance and functional changes of the gut microbiota can be one of the underlying etiological mechanisms of DIHF (Huang et al., 2022). However, how the gut microbiota change in different pathophysiological stages of HF under the action of DOX is still not fully clarified.

The gut microbiota related metabolites have been implicated in the progression of cardiovascular diseases (CVDs). Gut microbes provide nutrients and energy to the host through the digestion of the ingested food and metabolism, which subsequently producing biologically active signaling molecules to maintain the body’s health. Diseases can also be triggered when the metabolism of the intestinal flora is disturbed. Several studies have reported on the relationship between metabolites of some intestinal microorganisms and cardiovascular diseases (Kazemian et al., 2020; Rahman et al., 2022; Liu et al., 2019; Yousuf et al., 2022) However, whether gut microorganisms regulate the metabolites of DIHF is still not fully clarified.

We constructed a model of HF established by intraperitoneal injection of DOX. Comprehensive analyses of their gut microbiota and metabolomic profiles were conducted using 16S amplicon sequencing and liquid chromatography combined with tandem mass spectrometry (LC–MS/MS) to address the aforementioned issues. Furthermore, we assessed the correlation between gut microorganisms and serum metabolites and explored whether gut microbiota regulated the metabolism in DOX-treated mice. In addition, we screened the biomarkers of microflora and metabolites related to DIHF. This study might provide new targets and new ideas for treating DIHF.



2 Materials and methods


2.1 Materials

DOX was purchased from Shenzhen Wanle Pharmaceutical Co., Ltd. (Wanle, Shenzhen, China). The kits for lactate dehydrogenase (LDH), creatine kinase (CK), creatine kinase isozyme (CK-MB), and cardiac troponin T (cTnT) were acquired from Jiancheng Technology Co. (Nanjing, China).



2.2 Animals and treatment

The animal experiments in this study was approved by the Institutional Animal Care and Use Committee at Second Hospital of Shanxi Medical University (DW2022070) and conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institute of Health. Healthy male C57BL/6 J mice (aged 8 weeks) were purchased from the Shanxi Medical University (Taiyuan, China, SCXK Jin 2019-0004) and housed in the Specified Pathogen Free (SPF) Laboratory of the Second Hospital of Shanxi Medical University (Taiyuan, China, SYXK Jin 2021-0001). All C57BL/6 J mice were randomly divided into control group (n = 13), DOX-1w group (DOX treatment for 1 week, n = 13), DOX-3w group (DOX treatment for 3 week, n = 13), and DOX-5w group (DOX treatment for 5 week, n = 13) after 1 week adaptive feeding. DOX was configured with a concentration of 1 mg/mL, and the mice in the DOX-1w, DOX-3w, and DOX-5w groups were injected intraperitoneally with DOX (5 mg/kg) once a week for 1 week, 3 and 5 consecutive weeks, respectively. The cumulative doses of DOX in DOX-1w, DOX-3w and DOX-5w groups were 5 mg/kg, 15 mg/kg, and 25 mg/kg, respectively. The mice in the control group were intraperitoneally injected with an equal volume of normal saline once a week for 5 weeks. After the treatment of DOX, ten mice survived in the DOX-5w group, 12 mice survived in the DOX-3w group, and 13 mice survived in control and DOX-1w groups.



2.3 Cardiac echocardiography

At 1, 3, and 5 week after the injection of DOX, the mice were anesthetized with 1.5% isoflurane, and echocardiograms were performed with a MX-550D probe at the papillary muscle level near the sternum of mice for five consecutive cardiac cycles with the Vevo 3100 high-resolution imaging system (Fujifilm VisualSonics, Canada). The left ventricular ejection fraction (LVEF), left ventricular short-axis shortening rate (LVFS), left ventricular internal diameter at end-systole (LVIDs), and left ventricle posterior wall thickness at end-systole (LVPWs) were recorded.



2.4 Determination of serum biochemical indices

The serum levels of LDH, CK, CK-MB, and cTnT are direct signals of myocardium damage. The serum of mice was obtained by centrifugation at 3,000 rpm for 10 min. The serum levels of LDH, CK, CK-MB, and cTnT were detected using relevant commercial kits following the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, China). The nontargeted metabonomics was detected using LC-MS/MS.



2.5 Histological examination

After performing cardiac echocardiography and extracting blood, the mice were sacrificed with intravenous pentobarbital sodium (100 mg/kg) at the end of study.

The LV myocardial tissue was harvested, fixed in 4% formaldehyde, subsequently embedded in paraffin, and then routinely sectioned. Then hematoxylin–eosin (H-E) staining was performed, and Masson trichome staining was used to determine myocardial fibrosis.



2.6 Collection of fecal samples and DNA extraction

The feces were removed from mice in a sterile state and immediately placed in a sterile tube. Approximately 200–500 mg was taken from each tube, frozen in liquid nitrogen for 15 min, and then immediately stored in a refrigerator at −80°C. DNA was extracted from the gut microbes using a PowerFecal DNA isolation kit (MAGEN, Guangzhou, China) following the manufacturer’s protocols. DNA concentration and purity were assessed using a NanoDrop 2000 micro-ultraviolet spectrophotometer (Thermo Fisher Scientific, MA, United States) and quantified with a Qubit fluorometer using a Qubit dsDNA BR assay kit (Invitrogen, CA, United States). DNA quality was checked by running an aliquot on 1% agarose gel. The detection and analysis were performed by Shenzhen Huada Gene Technology Co., Ltd. (Shenzhen, China).



2.7 Gut microbiota 16S rRNA sequencing and data analysis

Variable regions, V3–V4, of the bacterial 16S rDNA gene were amplified with polymerase chain reaction primers, 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACT ACHVGGGTWTCTAAT-3′), and the products were purified using Agencourt AMPure XP beads and eluted with the elution buffer. The libraries were qualified using an Agilent Technologies 2100 bioanalyzer (Agilent Technologies, CA, United States) and sequenced using an Illumina HiSeq 2500 platform (BGI, Shenzhen, China), following the manufacturer’s protocols. Then, paired-end reads were generated. The raw reads were filtered and paired-end reads were tagged for clustering into operational taxonomic units (OTUs) with a cutoff value of 97%.

The OTUs representative sequences were taxonomically classified using Ribosomal Database Project Classifier v.2.2 with a minimum confidence threshold of 0.6 and trained on the Greengenes database v201305 using Quantitative Insights Into Microbial Ecology (QIIME) v1.8.0. (United States). Alpha and beta diversities were estimated using Mothur (v1.31.2) (https://www.mothur.org, United States) and QIIME (v1.8.0), respectively. R package 3.4.1 and R package “gg plots” were used to plot various clusters. The Wilcoxon test was used to ascertain significant species with R v3.4.1.



2.8 Serum nontargeted metabolomics analysis

The untargeted metabolomics analysis was conducted using LC–MS/MS. A Q-Exactive high-resolution mass spectrometer (Thermo Fisher Scientific, MA, United States) was used to collect data from both positive ions (pos) and negative ions (neg) to improve metabolite coverage. LC–MS/MS data were processed using the Compound Discoverer 3.1 software (Thermo Fisher Scientific, MA, United States), mainly including peak extraction, peak alignment, and compound identification. Data pre-processing, statistical analysis, metabolite classification annotations, and functional annotations were executed using the metabolomics R package metaX (Shenzhen Huada Gene Technology, China) and the metabolome bioinformatic analysis pipeline. The multivariate raw data were dimensionally reduced using Principal Component Analysis (PCA) to analyze the groupings, trends (intra-and inter-group similarities and differences), and outliers of the observed variables in the dataset (whether an abnormal sample was present). We used partial least squares–discriminant analysis (PLS-DA) to combine the variable importance in projection (VIP) values of the first two principal components of the model with the variability analysis, fold change, and Student t test to screen for differential metabolites. The metabolic pathway enrichment analysis of differential metabolites was performed based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. A p value <0.05 was considered statistically significant.



2.9 Statistical analysis

The experimental data were analyzed using SPSS 26.0 and GraphPad Prism 8.0 statistical software. Prior to analysis, normality and homogeneity of variance tests were conducted on the data. When the data met the criteria of normal distribution and variance homogeneity, data were expressed as mean ± standard deviation (SD), and the t-test was employed. In cases where the data did not conform to normal distribution and variance homogeneity, the Wilcoxon rank-sum test was used. A p value <0.05 was considered statistically significant.




3 Results


3.1 Echocardiography and serum cardiac enzymes

Echocardiography results illustrated that the LVEF, LVFS and LVPWs significantly decreased, and LVIDs significantly increased in the DOX-5w group compared with the control, DOX-1w, and DOX-3w groups. Moreover, LVEF, LVFS and LVPWs in the DOX-3w group were significantly lower than those in the DOX-1w group, whereas LVIDs in the DOX-3w group were significantly higher than those in the DOX-1w group (p < 0.05) (Figure 1A). These results suggested that the cardiac function deteriorate with the increase in the accumulation of drugs in mice.
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FIGURE 1
 DOX-induced cardiac dysfunction, myocardial necrosis (increase in the levels of myocardial enzymes) and histological injury. (A) Comparison of echocardiography parameters. Effects of DOX on the echocardiography parameters in different groups. n = 10. (B) Serum levels of CK, CK-MB, LDH, and cTnT in different groups. n = 10. (C) Representative photographs of H&E staining (scale bar = 50 μm). (D) Representative photographs and quantitative data of Masson trichrome staining of heart sections (scale bar = 100 μm). n = 8. EF%, Left ventricular ejection fraction; FS%, Left ventricular fractional shortening; LVIDs, Left ventricular internal diameter at end-systole; LVPWs, Left ventricle posterior wall thickness at end-systole. DOX, Doxorubicin; CK, Creatine kinase; CK-MB, Creatine kinase-MB; LDH, Lactic dehydrogenase; and cTnT, Cardiac troponin T. Data are presented as mean ± SD. **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. DOX-1w or DOX-3w.


As depicted in Figure 1B, LDH, CK, CK-MB, and cTnT were significantly increased in the DOX-5w group compared with the control group, DOX-1w group and the DOX-3w group (p < 0.05). Moreover, LDH, CK, CK-MB, and cTnT were significantly increased in the DOX-3w group compared with the DOX-1w group (p < 0.05).



3.2 Histological examination of mice heart

HE staining was performed to further clarify the histological changes in the heart caused by DOX. As shown in Figure 1C, we observed that the myocardial fiber of the control group mice were distributed regularly and tightly. The myocardial fiber arrangement was partially disordered in DOX-1w mice. The myocardium was slightly congested, the disorder of myocardial fiber arrangement was serious, edema was visible, and the plasma and fibrin in the vein were exuded in DOX-3w mice. Myocardial congestion was serious, myoplasm was dissolved, myocardial texture was not clear, and obvious swelling, degeneration, or necrosis of myocardial cells could be seen in the DOX-5w mice. Myocardial fibrosis was detected by Masson’s trichrome staining. There was no apparent myocardial fibrosis in the DOX-1w group, but the myocardial fibrosis significantly increased in DOX-3w group compared with the DOX-1w group. The most severe myocardial fibrosis was observed in the DOX-5w group (Figure 1D). The aforementioned results suggested that the cardiac toxicity caused by DOX increased with the increase in the accumulation of drugs in mice, and the DOX-5w group had the most serious myocardial damage.



3.3 Amplicon sequencing results of mice gut microbiota


3.3.1 Analysis of bacterial diversity

Alpha diversity is used to describe the diversity of microbial communities within a sample. No significant differences were observed in alpha diversity between different groups. This suggested no difference in microbial community diversity within samples. Beta diversity is used to describe the similarity or dissimilarity in species composition of gut microbial communities in different study subject groups.

Principal Coordinate Analysis (PCoA) of weighted and unweighted UniFrac distances is used to assess the beta diversity. The unweighted-unifrac-based beta diversity significantly differed between the control and DOX-5w groups (p = 0.0035), the DOX-1w and DOX-3w groups (p < 0.0001), DOX-1 and DOX-5 groups (p < 0.0001), and the DOX-3w and DOX-5w groups (p < 0.0001) (Figure 2A).
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FIGURE 2
 Beta diversity analysis of intestinal flora and species composition distribution. (A) PCoA plot based on the unweighted UniFrac distance of gut microbiota samples from Control vs. DOX-5 group (p = 0.0035), DOX-3 vs. DOX-1 group (p < 0.0001), DOX-5 vs. DOX-1 group (p < 0.0001), DOX-5 vs. DOX-3 group (p < 0.0001). (B) Species composition distribution at the phylum, genus, and species levels in different groups. n = 10.


These results suggested that with the extension of DOX treatment time and the cumulative measurement increased, the difference in the composition of intestinal microorganisms between different DOX treatment groups increased significantly.



3.3.2 Microbial composition analysis

Based on the species annotation analysis of OTUs, we found eight phylum of fecal flora sequence in the control, DOX-1w, DOX-3w, and DOX-5w groups, we found that the dominant phyla of the four groups were identical, which included Firmicutes, Bacteroidota, and Proteobacteria. At the phylum level, the relative abundances of Firmicutes, Bacteroidetes, and Proteobacteria were > 93% in all groups. Firmicutes was most higher in the DOX-1w group (approximately 63.62%), but decreased to 58.99 and 34.92% in the DOX-3w and DOX-5w groups, respectively. In contrast, Proteobacteria increased from 1.75% in the DOX-1w group to 4.81% in the DOX-3w, and even up to 31.41% in the DOX-5w group (Figure 2B).

The species composition bar chart at the genus level shows the top 20 species with the highest abundance (Figure 2B). The genus Prevotella increased from 0.98% in the DOX-1w group to 2.20 and 2.71% in the DOX-3w and DOX-5w groups, respectively, and the genus Bacteroides increased from 1.4 and 1.1% in DOX-1w and DOX-3w groups to 3.1% in the DOX-5w group.

The species composition bar chart at the species level shows the top 20 species with the highest abundance (Figure 2B). The species Bacteroides acidifaciens from 0.38% in the DOX-3w group to 1.10% in DOX-5w group, the species Escherichia from 0.008% in the DOX-1w group to 3.4 and 29% in DOX-3w and DOX-5w groups; While species Akkermansia muciniphila from 0.02% in the DOX-1w group to 0.08% in DOX-3w group, and even up to 5.8% in the DOX-5w group.



3.3.3 Differential analysis of intestinal microflora

Based on the abundance profiles, the features with significant differential abundance across groups were determined using the Wilcoxon rank-sum test. At the phylum level, the abundance of Verrucomicrobia in the DOX-3w group significantly increased compared with the DOX-1w group (p < 0.05). Also, the abundance of Proteobacteria significantly increased in the DOX-5w group compared with the control group and DOX-1w group (p < 0.05), while the abundance of Firmicutes in the DOX-5w group significantly decreased compared with the control group and DOX-1w group (p < 0.05). No difference was found in the DOX-5w group compared with the DOX-3w group. These results showed that the intestinal flora of mice changed significantly at the phylum level with the increase in the DOX dose (Supplementary Table S1).

At the genus level, 12 intestinal microorganisms were screened in the DOX-5w group compared with the control group, among which, the abundance of Bifidobacterium, Romboutsia, Escherichia, Mycoplasma, Turiciactor, Clostridium XVIII, Butyrisimonas, and Clostridium sensu stricto significantly increased, and that of Roseburia, Asaccharacter, Gemmiger, and Peptococcus significantly decreased.

Moreover, at the genus level, compared with the DOX-1w group, one intestinal microorganisms were screened in the DOX-3w group, and the abundance of Clostridium sensu stricto significantly increased in the DOX-3w group. However, 14 intestinal microorganisms were screened in the DOX-5w group compared with the DOX-1w group, among which, the abundance of Turicibacter, Escherichia, Butyricimonas, Klebsiella, Romboutsia, Mycoplasma, Staphylococcus, Bifidobacterium, and Clostridium sensu stricto significantly increased, while Roseburia, Mucispirillum, Butyricicoccus, Clostridium XlVa, and Rikenella significantly decreased. Compared with the DOX-3w group, DOX-5w group screened 6 intestinal microorganisms, among which, the abundance of Turiciactor, Bifidobacterium, Butyricomimonas, Faecalibacterium, Mycoplasma, and Klebsiella significantly increased. These results indicated that the gut microbiota significantly changed at the genus level with the increase in the DOX dose (Supplementary Table S2). Linear discriminant analysis effect size (LEfSe) was used to detect biomarkers (Figure 3).
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FIGURE 3
 LEfSe analysis between different groups. (A) LEfSe cladogram from phylum to genus levels between different groups. Different color nodes represent the microbiota that are significantly enriched in the corresponding group and have significant differences between the different groups. (B) Histogram analyzed by LEfSe showed that the microbiota with significant differences between the different groups. (LDA score > 4.0). p < 0.05. n = 10. LDA, Linear discriminant analysis; LEfSe, Linear discriminant analysis effect size.


At the species level, nine different bacteria were screened in the DOX-5w group compared with the control group, among which, the abundance of Bifidobacterium pseudolongum, Romboutsia sedimentorum, Escherichia, Mycoplasma hyorhinis, Turicibacter sanguinis, and Clostridium. cocleatum significantly increased and that of Roseburia faecis, Faecalicoccus pleomorphus, and Asaccharobacter celatus significantly reduced.

At the species level, no difference was observed in the DOX-3w group compared with the DOX-1w group. However, 13 intestinal microorganisms were screened in the DOX-5w group compared with the DOX-1w group, among which, the abundance of Clostridium disporicum, Turicibacter sanguinis, Escherichia, Butyricimonas virosa, Romboutsia sedimentorum, Bacteroides caccae, Staphylococcus cohnii, Mycoplasma hyorhinis, Bifidobacterium pseudolongum, and Bacteroides nordii significantly increased, while Roseburia faecis, Mucispirillum schaedleri, and Butyricicoccus pullicaecorum significantly decreased. Compared with the DOX-3w group, the abundance of Turicibacter sanguinis, Bacteroides caccae, Bifidobacterium pseudolongum, Faecalibacterium prausnitzii, and Mycoplasma hyorhinis significantly increased and that of Roseburia faecis significantly decreased in the DOX-5w group (Supplementary Table S3).




3.4 Analysis of untargeted metabolomics results in mice serum


3.4.1 PLS-DA analysis

Partial least squares–discriminant analysis (PLS-DA) uses partial least squares regression to establish the relationship model between metabolite expression and sample category. The analysis results are demonstrated in Figure 4A. Significantly different separation trends of serum metabolites were observed among three groups (DOX-1w group, DOX-3w group, and DOX-5w group), indicating significant differences in metabolites between different treatment groups.
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FIGURE 4
 PLS-DA score graph of positive and negative ion modes and metabolic pathway enrichment analysis. (A) PLS-DA score graph of positive and negative ion modes in different groups. (B) Bubble plots for metabolic pathway enrichment analysis. n = 10, p < 0.05. pos, positive ion mode; neg, negative ion mode.




3.4.2 Serum differential metabolites

We conducted nontargeted LC–MS/MS metabolomics analysis on the serum samples from different groups. We observed significantly different metabolite profiles based on the PLS-DA models of metabolite profiling data. A total of 149 substances were upregulated and 219 substances were downregulated in the DOX-5w group compared with the control group, among which, the levels of tauroursodeoxycholic acid (TUDCA), deoxycholic acid (DCA), indole-3-acrylic acid, cystine, and l-histidine significantly increased and that of gluconic acid, aceglutamide, and creatine significantly decreased. Further, 269 substances were upregulated and 348 substances were downregulated in the DOX-3w group compared with the DOX-1w group, among which, the levels of TUDCA, docosahexaenoic acid, l-tryptophan, and d-ornithine significantly increased and that of his-tyr, l-gulonolactone and 3-hydroxysebacic acid significantly decreased. Also, 365 substances were upregulated and 409 substances were downregulated in the DOX-5w group compared with the DOX-1w group, among which, the levels of indole-3-acrylic acid, jasmonic acid, arg-gln, and d-ornithine significantly increased and that of dl-arginine, leu-leu, and sphingosine-1-phosphate (d16:1) significantly decreased. Moreover, 112 substances were upregulated and 51 substances were downregulated in the DOX-5w group compared with the DOX-3w group, among which, the levels of cholic acid, nicotinic acid, and indole-3-acrylic acid significantly increased and that of lysolecithin, prohydrojasmon, and 3,10-dihydroxydecanoic acid significantly decreased (VIP ≥ 1, level ≤ 4, fold-change ≥1.2 or ≤ 0.83, and p value <0.05 were used as the screening conditions for differential metabolites).

We performed receiver operating characteristic (ROC) analysis on the metabolites identified in different groups to find the metabolic biomarkers of varying degrees of HF in serum. The metabolites with predictive value in the control vs. DOX-5w group were as follows: tyrosyltyrosine (AUC = 0.94), aldosterone (AUC = 0.90), DCA (AUC = 0.87), cystine (AUC = 0.86), n-acetyl-L-phenylalanine (AUC = 0.96), trimethylamine N-oxide (TMAO, AUC = 0.93), taurocholic acid (AUC = 0.90), indole-3-acrylic acid (AUC = 0.91), l-histidine (AUC = 0.89), and TUDCA (AUC = 0.81), among others (Supplementary Table S4).

The metabolites with predictive value in the DOX-1w vs. DOX-3w group were as follows: daminozide (AUC = 0.99), lycopsamine (AUC = 0.99), phthalic acid (AUC = 0.97), choline (AUC = 0.94), taurocholic acid (AUC = 0.88), l-tryptophan (AUC = 0.84), and TUDCA (AUC = 0.92), among others (Supplementary Table S5).

The metabolites with predictive value in the DOX-1w vs. DOX-5w group were as follows: d-ornithine (AUC = 0.99), 3-dehydroshikimate (AUC = 0.99), promegestone (AUC = 0.99), l-tryptophan (AUC = 0.91), and indole-3-acrylic acid (AUC = 0.99), among others (Supplementary Table S6).

The metabolites with predictive value in the DOX-3w vs. DOX-5w group were as follows: eslicarbazepine (AUC = 0.98), 4-hydroxybenzaldehyde (AUC = 0.90), indole-3-acrylic acid (AUC = 0.88), and cholic acid (AUC = 0.90) (Supplementary Table S7).

We could accurately distinguish the two groups and predict the disease by screening the metabolites with predictive value.



3.4.3 Metabolic pathway analysis

Based on the KEGG database, metabolic pathway enrichment analysis was performed on different groups. Fourteen metabolic pathways with p value <0.05 were significantly enriched by differential metabolites in the DOX-5w group compared with the control group. These metabolic pathways mainly included aldosterone-regulated sodium reabsorption; biosynthesis of amino acid; bile secretion; primary bile acid biosynthesis; aldosterone synthesis and secretion; tryptophan metabolism; and adrenergic signaling in cardiomyocytes pathways, among others. The differential metabolites involved in these KEGG metabolic pathways mainly included taurocholic acid, l-histidine, cholic acid, glycocholic acid, DCA, aldosterone, corticosterone, corticosterone, and tetrahydrocortisone, among others (Figure 4B; Supplementary Table S8).

Fourteen metabolic pathways with p value <0.05 were significantly enriched by differential metabolites in the DOX-3w group compared with the DOX-1w group. These metabolic pathways mainly included bile secretion; phenylalanine, tyrosine and tryptophan biosynthesis; aldosterone synthesis and secretion; tryptophan metabolism; linoleic acid metabolism; and adrenergic signaling in cardiomyocytes pathways, among others. The differential metabolites involved in these KEGG metabolic pathways mainly included choline, dopamine, cortisol, taurocholic acid, cholate, 3-dehydroquinic acid, l-tryptophan, corticosterone, and arachidonic acid, among others (Figure 4B; Supplementary Table S9).

Thirteen metabolic pathways with p-value <0.05 were significantly enriched by differential metabolites in the DOX-5w group compared with the DOX-1w group. These metabolic pathways mainly included aldosterone-regulated sodium reabsorption; neuroactive ligand-receptor interaction; nicotinate and nicotinamide metabolism; bile secretion; phenylalanine, tyrosine and tryptophan biosynthesis; tryptophan metabolism; and aldosterone synthesis and secretion, among others. The differential metabolites involved in these KEGG metabolic pathways mainly included cortisone, cortisol, dopamine, tyramine, d-(−)-morphine, spermidine, glycocholate, d-(−)-quinic acid, l-tryptophan, 3-dehydroshikimate, corticosterone, desoxycortone, among others (Figure 4B; Supplementary Table S10).

Ten metabolic pathways with p-value <0.05 were significantly enriched by differential metabolites in the DOX-5w group compared with the DOX-3w group. These metabolic pathways mainly included nicotinate and nicotinamide metabolism; histidine metabolism; neuroactive ligand-receptor interaction; and gastric acid secretion, among others. The differential metabolites involved in these KEGG metabolic pathways mainly included histamine; urocanate; melatonin and nicotinic acid, among others (Figure 4B; Supplementary Table S11).




3.5 Multi-omics analysis revealed the relationship between gut microbiota and serum metabolites and cardiac enzymes in DOX-treated mice

We further examined the correlation between intestinal microbiota and serum metabolites to further determine whether intestinal microbes were involved in body metabolism. We performed Spearman correlation analysis on the identified intestinal microbiota and differential metabolites in serum between different groups. The results demonstrated that the differential microorganisms in the gut were significantly correlated with the identified differential metabolites with predictive value for DIHF.

The differential metabolites aldosterone, cholic acid, cystine, DCA, ethyl docosahexaenoate, glycocholate, glycocholic acid, l-histidine, lithocholic acid taurine conjugate, n-acetyl-l-phenylalanine, orotic acid, taurocholic acid, TUDCA, TMAO, trithionic acid, and tyrosyltyrosine were positively correlated with bacterial strains Bifidobacterium pseudolongum, Clostridium cocleatum, Escherichia, Mycoplasma hyorhinis, Romboutsia sedimentorum, and Turicibacter sanguinis, and negatively correlated with Asaccharobacter celatus, Roseburia faecis, and Faecalicoccus pleomorphus in DOX-5w group compared with control group (Figure 5A).
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FIGURE 5
 Multi-omics joint analysis. (A) Spearman’s correlation heatmap of gut microbiota and differential metabolites in the DOX-5w vs. Control group. (B) Spearman’s correlation heatmap of gut microbiota and differential metabolites in the DOX-5w vs. DOX-1w group. (C) Spearman’s correlation heatmap of gut microbiota and differential metabolites in the DOX-5w vs. DOX-3w group. (D) Spearman correlation heatmap of gut microbiota and serum levels of CK, CK-MB, LDH, and cTnT in the DOX-5w vs. Control group. (E) Spearman correlation heatmap of gut microbiota and serum levels of CK, CK-MB, LDH, and cTnT in the DOX-5w vs. DOX-1w group. (F) Spearman correlation heatmap of gut microbiota and serum levels of CK, CK-MB, LDH, and cTnT in the DOX-5w vs. DOX-3w group. The color blocks represent the correlation coefficient. The darker the color, the stronger the correlation between the microbial groups and the different metabolites. Red represents a positive correlation, and blue represents a negative correlation. CK, Creatine kinase; CK-MB, Creatine kinase-MB; LDH, Lactic dehydrogenase; cTnT, Cardiac troponin T. n = 10. *p < 0.05, **p < 0.01.


The differential metabolites arg-gln, cholate, cortisol, cortisone, d-ornithine, daidzin, cyclohexylamine, corticosterone, diethyl succinate, drostanolone propionate, ethopabate, gamma-linolenic acid, glycocholate, heptadecanedioic acid, indole-3-acetic acid, indole-3-methyl acetate, jasmonic acid, indole-3-acrylic acid, and l-arginyl-l-arginyl-l-arginine were positively correlated with Bacteroides caccae, Bacteroides nordii, Bifidobacterium pseudolongum, Butyricimonas virosa, Clostridium disporicum, Escherichia, Mycoplasma hyorhinis, Romboutsia sedimentorum, Staphylococcus cohnii, and Turicibacter sanguinis, and negatively correlated with Butyricicoccus pullicaecorum, Mucispirillum schaedleri, and Roseburia faecis in DOX-5w group compared with DOX-1w group (Figure 5B).

The differential metabolites 3-hydroxysebacic acid, 3-methoxytyrosine, 4-hydroxy-3-methoxyphenylglycol sulfate, 4-hydroxybenzaldehyde, azelaic acid, caroxazone, cholic acid, ethylparaben, etretinate, histamine, indole-3-acrylic acid, methylhippuric acid, methylphenidate, nicotinic acid, nicotinuric acid, obeticholic acid, tranexamic acid, urocanate and urocanic acid were positively correlated with Bacteroides caccae, Bifidobacterium pseudolongum, Faecalibacterium prausnitzii, Mycoplasma hyorhinis and Turicibacter sanguinis, and negatively correlated with Roseburia faecis in DOX-5w group compared with DOX-3w group (Figure 5C).

The myocardial necrosis markers LDH, CK, CK-MB, and cTnT were positively correlated with Bifidobacterium pseudolongum, Clostridium cocleatum, Escherichia, Mycoplasma hyorhinis, Romboutsia sedimentorum, and Turicibacter sanguinis, and negatively correlated with Asaccharobacter celatus, Roseburia faecis, and Faecalicoccus pleomorphus in the DOX-5w group compared with the control group (Figure 5D).

The myocardial necrosis markers LDH, CK, CK-MB, and cTnT were positively correlated with Bacteroides caccae, Bacteroides nordii, Bifidobacterium pseudolongum, Butyricimonas virosa, Clostridium disporicum, Escherichia, Mycoplasma hyorhinis, Romboutsia sedimentorum, Staphylococcus cohnii and Turicibacter sanguinis, and negatively correlated with Butyricicoccus pullicaecorum, Mucispirillum schaedleri and Roseburia faecis in DOX-5w group compared with DOX-1w group (Figure 5E).

The myocardial necrosis markers LDH, CK, CK-MB, and cTnT were positively correlated with Bacteroides caccae, Bifidobacterium pseudolongum, Faecalibacterium prausnitzii, Mycoplasma hyorhinis, and Turicibacter sanguinis, and negatively correlated with Roseburia faecis in DOX-5w group compared with DOX-3w group (Figure 5F).




4 Discussion

Our study found that the LVEF, LVFS, and LVPWs significantly decreased, LVIDs significantly increased, and the levels of myocardial necrosis markers increased with the extension of DOX treatment time and the cumulative measurement increased. Our study also found that the abundance of Firmicutes significantly decreased whereas that of Proteobacteria significantly increased in intestine with the prolonged use of DOX and aggravation of myocardial injury in the DOX-5w group. At the genus level, the abundance of Clostridium XVIII, Butyricimonas, and Clostridium sensu stricto in intestine increased significantly with the aggravation of myocardial injury. Further, the abundance of Roseburia, Asaccharobacter, Gemmiger, and Peptococcus significantly decreased. At the species level, no difference in intestinal flora was detected in the DOX-3w group compared with the DOX-1w group. However, the mice developed severe HF, EF further decreased, and intestinal flora disorder was significantly aggravated with DOX dose accumulation (DOX-5w group). Thirteen different bacteria were screened in the DOX-5w group compared with the DOX-1w group, among which, the abundance of Clostridium disporicum, Turicibacter sanguinis, Escherichia, Butyricimonas virosa, Romboutsia sedimentorum, Bacteroides caccae, Staphylococcus cohnii, Mycoplasma hyorhinis, Bifidobacterium pseudolongum, and Bacteroides nordii increased significantly and that of Roseburia faecis, Mucispirillum schaedleri, and Butyricicoccus pullicaecorum decreased significantly. Six different bacteria were screened in the DOX-5w group compared with the DOX-3w group, among which, the abundance of Turicibacter sanguinis, Bacteroides caccae, Bifidobacterium pseudolongum, Faecalibacterium prausnitzii, and Mycoplasma hyorhinis significantly increased and that of Roseburia faecis significantly decreased. These results showed that the myocardial injury was aggravated, and the composition and abundance of the intestinal flora in mice significantly changed with the DOX dose accumulation.

In addition, the serum metabolites of mice significantly changed in different degrees of DIHF. Bile acids play an essential role in regulating energy homeostasis and lipid and glucose metabolism. Studies have found that secondary bile acid levels are closely related to HF, atrial fibrillation, hypercholesterolemia, coronary heart disease, and various metabolic diseases (Mayerhofer et al., 2017). In vitro, the secondary bile acid DCA significantly induced the release of tumor necrosis factor (TNF-α) mRNA from macrophages in a dose-dependent manner (Yan et al., 2021). TUDCA is a conjugated bile acid derivative and has anti-apoptosis and neuroprotective activities (Grant and DeMorrow, 2020). Díaz et al. (2021) found that endoplasmic reticulum (ER) stress inhibitor TUDCA could improve cardiac autonomic balance and reduce the incidence of arrhythmias and abnormal respiratory patterns; that is, it improved cardiac function by inhibiting endoplasmic reticulum stress. TUDCA also alleviated paraquat-induced cardiomyocyte dysfunction (Ge et al., 2010). Our research showed that the levels of DCA and TUDCA showed significantly increased in the DOX-5w group compared with the control group, also, they had a significant predictive value in the DOX-5w group. Moreover, the levels of TUDCA increased more significantly in the DOX-3w group (the early stage of myocardial injury) compared with the DOX-1w group. Further research showed that the DCA and TUDCA were positively correlated with Bifidobacterium pseudolongum, Clostridium cocleatum, Escherichia, Mycoplasma hyorhinis, Romboutsia sedimentorum, and Turicibacter sanguinis, and negatively correlated with Asaccharobacter celatus, Roseburia faecis, and Faecalicoccus pleomorphus in the DOX-5w group compared with the control group. These results suggested that DOX regulated DCA and TUDCA levels by increasing or decreasing the abundance of specific gut bacteria, thus affecting the occurrence and development of HF.

TMAO is a metabolite of intestinal flora. Previous studies have confirmed that TMAO can accumulate in the heart, kidney, or other tissues, and participate in a series of biochemical reactions, including activating platelet aggregation, increasing the formation of foam cells, inducing inflammatory reactions, and so forth. These reactions can accelerate atherosclerosis (Din et al., 2019; Yousuf et al., 2022), cardiac remodeling, and the progression of chronic kidney disease to some extent. Previous studies showed that the intestinal flora related to TMAO metabolism mainly included Anaerococcus, Clostridium, Desulfitobacter, Enterococcus, Streptococcus, and Proteus (Al-Obaide et al., 2017). Our study also found a significant increase in the levels of TMAO in the DOX-5w mice compared with the control group, also, TMAO had a significant predictive value in the DOX-5w group. In addition, we found that TMAO was positively correlated with Bifidobacterium pseudolongum, Clostridium cocleatum, Escherichia, Mycoplasma hyorhinis, Romboutsia sedimentorum, and Turicibacter sanguinis, and negatively correlated with Asaccharobacter celatus, Roseburia faecis, and Faecalicoccus pleomorphus in the DOX-5w group compared with the control group. These results suggested that DOX regulated TMAO levels by increasing the abundance of trimethylamine-producing bacteria, thus affecting the occurrence and development of HF.

The changes in cardiac energy metabolism can aggravate the development of HF, and the decrease in mitochondrial oxidation capacity is the main reason for the energy deficiency of the heart in the HF state. The decrease in glucose and amino acid oxidation and the increase in ketone oxidation and other factors can cause abnormal changes in mitochondrial energy (Lopaschuk et al., 2021). Amino acids are not only the building blocks of proteins but also intermediate metabolites that drive multiple biosynthetic pathways. In our studies, the levels of cystine and l-histidine increased significantly in DOX-5w group compared with the control group, the levels of l-tryptophan increased significantly in the DOX-3w group and DOX-5w group compared with the Dox-1w group, and indole-3-acrylic acid (a tryptophan metabolite secreted by gut microbiota) increased significantly in the DOX-5w group compared with the control, DOX-1w and DOX-3w groups, suggesting that the amino acid synthesis and utilization disorders aggravate with the DOX accumulation. Further our research showed that the intestinal differential bacteria Bifidobacterium pseudolongum and Clostridium cocleatum were significantly correlated with l-histidine, and Bifidobacterium pseudolongum, Escherichia, Mycoplasma hyorhinis and Roseburia faecis were significantly correlated with cystine in DOX-5w group compared with the control group. Moreover, our research showed that the Bifidobacterium pseudolongum, Mycoplasma hyorhinis, Turicibacter sanguinis, Bacteroides caccae, and Roseburia faecis were significantly correlated with Indole-3-acrylic acid in DOX-5w group compared with the DOX-1w group and DOX-3w group, suggesting that the different gut microbiota affected different amino acid metabolism and subsequently myocardial energy metabolism in different degrees of DIHF.

Our studies also showed that different metabolic pathways with significant enrichment of differential metabolites participated in different degrees of DIHF. The KEGG metabolic pathways, such as bile secretion; tyrosine metabolism; neuroactive ligand-receptor interaction; phenylalanine, tyrosine and tryptophan biosynthesis; aldosterone synthesis and secretion; and tryptophan metabolism were significantly enriched by differential metabolites in DOX-3w and DOX-5w groups compared with the DOX-1w group. In addition, the aldosterone-regulated sodium reabsorption; nicotinate and nicotinamide metabolism; steroid hormone biosynthesis; and primary bile acid biosynthesis also were significantly enriched by differential metabolites in DOX-5w group compared with the DOX-1w group, nicotinate and nicotinamide metabolism; histidine metabolism; neuroactive ligand-receptor interaction; and tryptophan metabolism were significantly enriched by differential metabolites in DOX-5w group compared with the DOX-3w. These results showed that different accumulated doses of DOX induced varying degrees of myocardial injury through different enrichment pathways.



5 Conclusion

In conclusion, the intestinal flora and serum metabolic profile changed significantly with the increase in the cumulative dose of DOX. The intestinal flora may participate in different pathophysiological process in DIHF by causing abnormal metabolism and their metabolites downstream signaling pathways. These gut microbiota and serum metabolites can be used as markers of myocardial damage in different degree of DIHF.
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Integrating 16S rDNA and metabolomics to uncover the therapeutic mechanism of electroacupuncture in type 2 diabetic rats
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Objective: This study aimed to investigate the impact of electroacupuncture (EA) on blood glucose levels, gut microbiota, short-chain fatty acids (SCFAs), and glucagon-like peptide-1 (GLP-1) in a rat model of type 2 diabetes mellitus (T2DM).

Methods: Forty Sprague–Dawley (SD) rats were randomly assigned to five groups (n = 8/group) using a random number table: normal control, T2DM model, electroacupuncture (EA), EA + antibiotics (EA + A), and antibiotics (A). The normal rats received a standard diet and saline gavage, while the other groups were fed a high-fat diet and emulsion. The EA + A and A groups received additional antibiotic solution gavage. The normal, model, and A groups were immobilized and restrained for 30 min, six times per week, for 4 weeks. The EA and EA + A groups received EA treatment at specific acupoints for 30 min, six times per week, for 4 weeks. EA parameters were continuous waves at 10 Hz and 1–2 mA. During the intervention, water and food consumption, body weight, fasting blood glucose (FBG), and oral glucose tolerance test (OGTT) were monitored. Pancreatic tissue was examined using hematoxylin and eosin (H&E) staining. Fecal microbial communities were analyzed by 16S rDNA sequencing, and short-chain fatty acids (SCFAs) were measured using gas chromatography–mass spectrometry (GC–MS). Serum levels of fasting insulin (FINS), glycated hemoglobin (HbA1c), and glucagon-like peptide-1 (GLP-1) were determined using enzyme-linked immunosorbent assay (ELISA).

Results: EA significantly improved daily water intake, food consumption, and body weight in T2DM rats (p < 0.01). EA also reduced FBG, the area under the curve of the OGTT, FINS, and homeostasis model assessment of insulin resistance (HOMA-IR) in T2DM rats (p < 0.05). The ELISA results showed a lower concentration of HbA1c in the EA group (p < 0.05). EA improved the overall morphology and area of pancreatic islets, increased the number of β-cell nuclei, and alleviated β-cell hypertrophy. The abundance of operational taxonomic units (OTUs) in the EA group increased than the model group (p < 0.05), and EA upregulated the Shannon, Chao1, and Ace indices (p < 0.05). EA increased the concentrations of acetic acid, butyric acid, and GLP-1 (p < 0.05). Correlation analysis revealed negative associations between Lactobacillaceae (R = −0.81, p = 0.015) and Lactobacillus (R = −0.759, p = 0.029) with FBG. Peptostreptococcaceae and Romboutsia were negatively correlated with HbA1c (R = −0.81, p = 0.015), while Enterobacteriaceae was positively correlated with OGTT (R = 0.762, p = 0.028). GLP-1 was positively correlated with acetic acid (R = 0.487, p = 0.001), butyric acid (R = 0.586, p = 0.000), isovaleric acid (R = 0.374, p = 0.017), valeric acid (R = 0.535, p = 0.000), and caproic acid (R = 0.371, p = 0.018). Antibiotics disrupted the intestinal microbiota structure and weakened the therapeutic effects of EA.

Conclusion: EA effectively improved glucose metabolism in T2DM rats. The hypoglycemic effects of EA were associated with the regulation of gut microbiota, SCFAs, and GLP-1.
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1 Introduction

Diabetes is characterized by hyperglycemia, resulting from insulin resistance (IR) and impaired insulin secretion by pancreatic beta cells. Due to unhealthy lifestyles and accelerated aging, the number of individuals with diabetes is increasing globally. According to the International Diabetes Federation, in 2021, 537 million adults (20–79 years old) worldwide had diabetes (10.5% prevalence), and this number is projected to rise to 643 million (11.3%) by 2030 and 783 million (12.2%) by 2045 (Sun et al., 2022). Among these, 90% of cases are type 2 diabetes mellitus (T2DM). In 2021, global diabetes-related healthcare expenditures reached US$966 billion (Sun et al., 2022). In China, age-standardized incidence, prevalence, and mortality rates for T2DM are 4,496.4/100,000, 201.1/100,000, and 9.2/100,000, respectively (Cheng et al., 2023). Currently, the primary clinical treatment for T2DM relies on oral hypoglycemic drugs and insulin injections (American Diabetes Association Professional Practice Committee, 2024). However, the efficacy of oral hypoglycemic drugs is limited due to drug tolerance (Díaz-Perdigones et al., 2022; Foretz et al., 2023), hepatic and renal toxicity (Kohler et al., 2017), and gastrointestinal side effects (Tong et al., 2023). Insulin injections are associated with hypoglycemia and weight gain (Satirapoj et al., 2020). Therefore, non-pharmacological therapies have received more attention.

Acupuncture has been shown to lower blood glucose levels, improve IR, reduce the need for hypoglycemic drugs/insulin, and alleviate adverse drug reactions. There is an increasing consensus suggesting that acupuncture can reduce blood glucose levels in T2DM by improving insulin sensitivity, ameliorating insulin resistance, inhibiting pancreatic β-cell apoptosis, and modulating insulin signaling pathways (Yingjie et al., 2020; Zhuang et al., 2022; Xu et al., 2022; Zhang et al., 2024). Meta-analyses have also demonstrated the effectiveness of acupuncture in reducing FBG and improving IR (Li et al., 2022). In addition, acupuncture can be used as an adjunctive therapy for hypoglycemic agents (Juntao et al., 2023). However, the hypoglycemic mechanism of EA remains unclear.

The intestinal microbiota plays a crucial role in various physiological processes, including metabolism, energy homeostasis, and immunity (Sanna et al., 2019; Zhernakova et al., 2016). Recent studies have demonstrated a strong association between the intestinal microbiota and the development and progression of T2DM (Sanna et al., 2019; Que et al., 2021). Clinical studies have shown that Lactobacillus is linked to low-density lipoprotein cholesterol in individuals with T2DM, and dietary interventions to modulate the intestinal Lactobacillus population can benefit diabetes, hyperlipidemia, and other metabolic disorders (Tingting and Dehong, 2012). Tong (2022). reported that fecal microbiota transplantation from T2DM mice increased the relative abundance of Bifidobacterium, Phascolarctobacterium, and Collisella while decreasing the relative abundance of Muribaculum, Ruminiclostridium_5, and Lachnospiraceae_FCS020_group. These changes were associated with reduced FBG and FINS, suggesting that the intestinal microbiota may be a potential therapeutic target for the prevention and treatment of T2DM.

Short-chain fatty acids (SCFAs) are the end products of dietary fiber and host glycan fermentation by the gut microbiota, essential for host physiology and health. Notably, a decrease in butyrate-producing bacteria is strongly associated with insulin resistance and the development of T2DM. As an important incretin, glucagon-like peptide-1 (GLP-1) regulates insulin secretion in a glucose-dependent manner, effectively reducing blood glucose and improving glucose metabolism disorders (Costes et al., 2021). GLP-1 receptor agonists have emerged as important drugs for managing obesity and T2DM (American Diabetes Association Professional Practice Committee, 2024). In addition, SCFAs combine with G protein-coupled receptors to promote GLP-1 secretion, which directly acts on pancreatic islet cells to maintain blood glucose stability (Tolhurst et al., 2012). SCFA supplementation has been reported to affect the satiety response mediated by GLP-1 and peptide YY (PYY) and promote insulin secretion, contributing to glucose homeostasis maintenance (Tolhurst et al., 2012; Christiansen et al., 2018). Zhao et al. found that diets rich in dietary fiber modulated the gut microbiota of T2DM patients, promoted butyric acid production, increased GLP-1 secretion, and ultimately improved glycated hemoglobin (Zhao et al., 2018). Probiotics increased SCFA-producing bacteria and SCFA levels, which enhanced insulin secretion through glucose-triggered GLP-1 secretion by upregulating G protein-coupled receptor 43/41 (GPR43/41), proglucagon, and proconvertase 1/3 activity (Wang et al., 2020). Han et al. documented that fecal microbiota transplantation (FMT) intervention increased the relative abundance of Bacteroides uniformis and Clostridium, decreased Mucispirillum schaedleri levels, and increased acetate and butyrate levels, GPR43 mRNA expression, and GLP-1 protein expression (Han et al., 2021). In summary, the intestinal microbiota metabolite SCFAs play a crucial role in connecting the gut microbiota to GLP-1.

Electroacupuncture (EA) has been shown to ameliorate metabolic disorders in obese rats by increasing beneficial bacteria and reducing harmful bacteria (Ding et al., 2023). Wang et al. (2022) observed that EA had a hypoglycemic effect and increased the abundance of Firmicutes and the ratio of Firmicutes to Bacteroidetes while decreasing the abundance of Bacteroidetes and Eubacterium. However, the mechanisms by which acupuncture affects SCFAs, regulates gut microbiota, affects SCFAs, stimulates GLP-1 secretion, and exerts a hypoglycemic effect remain unclear. Therefore, we hypothesized that EA reduces blood glucose by influencing gut microbiota, SCFAs, and GLP-1 in T2DM rats. To clarify the crucial role of gut microbiota and SCFAs in the hypoglycemic effect of EA treatment of T2DM, a pseudo-sterile model was established using antibiotic feeding.



2 Materials and methods


2.1 Reagents and consumables

Stainless acupuncture needles (25 mm × 0.25 mm) were purchased from Suzhou Medical Supplies Factory Co., Ltd., China. EA apparatuses (HANS-200) were obtained from Nanjing Jisheng Medical Technology Co., Ltd., China. A blood glucose meter and blood glucose test paper were provided by Sinocare Company, China. Cholesterol, sodium deoxycholate, Tween-80, propylene glycol, and sucrose were obtained from Beijing Solarbio Science & Technology Co., Ltd., and lard was mixed to prepare a high-fat emulsion. Citric acid and sodium citrate were purchased from Sigma-Aldrich, China. Streptomycin sulfate and penicillin were obtained from Shanghai Aladdin Biochemical Technology Co., Ltd. High-fat feeds were purchased from Chengdu Dossy Experimental Animal Co., Ltd. The enzyme-linked immunosorbent assay (ELISA) kits for fasting insulin (FINS), glycated hemoglobin (HbA1c), and GLP-1 were supplied by MEIMIAN, Jiangsu Feiya Biological Technology Co., Ltd.



2.2 Animal model

Forty male Sprague–Dawley (SD) rats, aged 8 weeks and weighing 200 ± 20 g, were purchased from Beijing Si Pei Fu Laboratory Animal Co., Ltd. (Production License: SCXK(Jing)2019–0008). All animal procedures were approved and supervised by the Animal Ethics Committee of Chengdu Senwell Experimental Animals Co., Ltd. (License No. DOSSYLL20220420001). The entire experimental process adhered to the Guide for the Care and Use of Laboratory Animals (8th Edition) published by the U.S. National Institutes of Health (NIH) (National Research Council Committee, 2011) and the Guideline for the Chinese Specifications in the Care and Use of Laboratory Animals. All animals were housed under controlled conditions: temperature (23 ± 1°C), relative humidity 50–60%, and a 12-h light/12-h dark cycle. Food and water were provided ad libitum.

After 1 week of adaptive feeding, the rats were randomly assigned to two groups: a normal group (n = 8) and a model group (n = 32) using a random number table. The normal group was fed a standard diet and received 3 mL/day of 0.9% sodium chloride solution. The model group was fed a high-fat diet and received 3 mL/day of a high-fat emulsion, 6 days/week for 4 weeks. In addition, the model group was intraperitoneally injected with 2% streptozotocin (STZ) at a dose of 30 mg/kg (Manaer et al., 2015). Seventy-two hours post-STZ injection, random blood glucose levels were measured from tail-tip blood samples, and an oral glucose tolerance test (OGTT) was performed. Three days later, random blood glucose levels were measured again. The model of T2DM was considered successfully established if both the previous two random blood glucose levels exceeded 16.7 mmol/L (Zhou et al., 2023) and the 2-h OGTT blood glucose level exceeded 11.1 mmol/L.



2.3 Animal grouping and intervention

Eight male SD rats were designated as the normal control group. T2DM model rats were randomly assigned to four groups (n = 8/group): model, electroacupuncture (EA), EA combined with antibiotic (EA + A), and antibiotic (A) groups, using a random number table. The rats in the EA + A and A groups received daily oral gavage of 2 mL antibiotic solution (containing 4.0 mg/mL streptomycin and 2.0 mg/mL penicillin) and continued to have ad libitum access to the antibiotic solution.

We selected bilateral acupoints Zusanli (ST36), Sanyinjiao (SP6), and Weiwanxiashu (EX-B3). Acupoint localization followed established methods (WHO Regional Office for the Western Pacific, 2022; Medicine NAoTC, 2021): Zusanli, 0.3 cm below the fibular head at the muscle gap, posterior lateral to the knee joint; Sanyinjiao, 10 mm superior to the medial malleolus tip; Weiwanxiashu, 1.5 inches lateral to the lower spinous process of the 8th thoracic vertebra. Disposable stainless-steel needles were inserted 2 mm deep and connected to an EA apparatus (continuous wave, 10 Hz, 1–2 mA). EA and EA + A groups received 30-min EA treatment six times weekly for 4 weeks. The control (normal, model, and A) groups underwent 30-min restraint with the same frequency and duration. Before and after the intervention, we measured FBG and body weight of rats in all groups. In addition, we monitored daily water and food intake.



2.4 Sample collection

Blood was collected from the abdominal aorta and left at room temperature for 2 h. Then, the blood was centrifuged (3,000 rpm, 4°C, 15 min), and the serum was carefully collected and kept in liquid nitrogen and stored at −80°C for further analysis. Alcohol was used to sterilize the perianal area of the rats and press the abdomen, and fresh fecal samples were collected into sterile tubes. After collection, the samples were frozen in liquid nitrogen and stored at −80°C. Pancreatic tissue was fixed and preserved using a 4% paraformaldehyde solution for hematoxylin and eosin (HE) staining.



2.5 OGTT measurement and area under the curve calculation

After an 8-h fast, FBG levels were measured in rats. Subsequently, they received a 20% glucose solution (1 mL/100 g body weight) via oral gavage. Blood glucose levels were then measured and recorded at 30, 60, 90, and 120 min post-gavage, and the AUC of the blood glucose response was calculated.



2.6 FINS, HbA1c, GLP-1 measurement, and homeostasis model assessment-insulin resistance calculation

The concentrations of FINS, HbA1c, and GLP-1 were determined using an ELISA kit according to the manufacturer’s protocol. Absorbance (OD) values were measured at 450 nm and plotted against standard curves to obtain analyte concentrations. Following the determination of FINS concentration, HOMA-IR was calculated using the formula (FBG × FINS)/22.5.



2.7 HE staining

The pancreatic tissue was fixed in 4% paraformaldehyde, dehydrated in graded ethanol, embedded in paraffin, sectioned at 4 μm, deparaffinized in xylene and graded ethanol, stained with hematoxylin for 3 min, differentiated, washed, counterstained with eosin for 2 min, dehydrated, cleared, mounted with neutral gum, and examined microscopically (Nikon, Tokyo, Japan).



2.8 16S rDNA sequencing

DNA library sequencing was performed on the Illumina HiSeq™ 2500/4000 platform by Gene Denovo Biotechnology Co., Ltd., China. Stool DNA was extracted using HiPure Stool DNA Kits, followed by a quality assessment. PCR amplification targeted the V4 region of the 16S rDNA gene using specific primers 341F (5’-CCTACGGGNGGC WGCAG-3′) and 806R (5’-GGACTACHVGGGTATCTAAT-3′). Amplicons were purified using the AxyPrep DNA Gel Extraction Kit and quantified using the ABI StepOnePlus Real-Time PCR System (Life Technologies, Foster City, United States). Purified amplicons were pooled in equimolar and paired-end sequenced (PE250) on an Illumina platform according to the standard protocols. Raw reads were filtered to remove low-quality sequences and spliced to generate high-quality reads. These reads were clustered into operational taxonomic units (OTUs) at a 97% similarity threshold using the UPARSE pipeline (version 9.2.64). Chimeric sequences were removed using UCHIME, and the remaining effective reads were further analyzed. Representative sequences were selected from each OTU based on abundance. Community composition, indicator species, alpha diversity (Chao1, Ace, Simpson, and Shannon indices), and beta diversity (principal coordinate analysis, PCoA) analyses were conducted. The Chao1 and Ace indices estimate richness, while the Shannon and Simpson indices reflect species diversity. Linear discriminant analysis effect size (LEfSe) was used to identify biomarker flora with statistically significant differences in abundance between groups.



2.9 Fecal SCFAs measurement by gas chromatography/mass spectrometry

SCFAs, including acetate, propionate, butyrate, isobutyrate, valeric acid, isovaleric acid, and hexanoic acid, were detected using a Thermo Trace 1,300 gas chromatograph-ISQ7000 mass spectrometer (Thermo Fisher Scientific, United States). The GC program began with an initial temperature of 90°C, followed by a ramp to 120°C by 10°C/min, then to 150°C by 5°C/min, and until to 250°C by 25°C/min, sustained for 2 min. Mass spectrometric detection of metabolites was performed in single ion monitoring (SIM) mode with an electron energy of 70 eV. The concentrations of SCFAs were calculated from a standard linear regression curve.



2.10 Statistical analysis

All data were expressed as means ± standard deviation (Mean ± SD). Statistical analyses were conducted using SPSS 25.0 for data analysis and GraphPad Prism 8 for figure generation. Paired t-tests were used to compare pre-and post-intervention data within each group. One-way analysis of variance (ANOVA) was employed to compare means between multiple groups, followed by LSD post-hoc tests to identify specific significant differences. Bioinformatics analysis of 16S rDNA library sequencing data was performed using the online platform Omicsmart.1 A p-value of less than 0.05 was considered statistically significant.




3 Results


3.1 Effect of EA on body weight and consumption of water and diet in T2DM rats

Figure 1A illustrates significant alterations in daily water and food consumption across the experimental groups. Compared to the normal group, the model, EA, EA + A, and A groups exhibited substantial increases in both drinking and eating behaviors (p < 0.01). Notably, the EA group demonstrated a reduction in consumption relative to the model group (p < 0.01). Furthermore, the EA group’s consumption levels were significantly lower than those of the EA + A and A groups (p < 0.05).

[image: Figure 1]

FIGURE 1
 Effect of EA on the body weight and consumption of water and diet. (A: Daily water/food intake; B: body weight.) **p < 0.01, *p < 0.05, vs. before treatment; △△p < 0.01, vs. normal group; ▲▲p < 0.01, vs. model group; ○p < 0.05, ○○p < 0.01, vs. EA group.


As shown in Figure 1B, prior to the intervention, the body weight of the model, EA, EA + A, and A groups significantly increased compared to the normal group (p < 0.05). However, no significant differences were observed between the model, EA, EA + A, and A groups themselves (p > 0.05), suggesting that a high-fat diet is responsible for the elevated body weight in T2DM rats.

Following a 4-week intervention period, a significant difference in body weight was observed among the groups. The normal group exhibited a significant increase in body weight compared to pre-intervention levels (p < 0.01). In contrast, the EA + A group and A group experienced significant decreases in body weight compared to pre-intervention levels (p < 0.05). Moreover, the EA group demonstrated a significantly higher body weight than the model group (p < 0.01). The EA + A group and A group exhibited significantly lower body weights than the EA group (p < 0.01).



3.2 Effect of EA on the FBG, HbA1c, and the AUC of OGTT of T2DM rats

Figure 2 illustrates the outcomes of FBG (A), HbA1c (B), and OGTT AUC (C). Before the intervention, the FBG and OGTT AUC levels in the model, EA, EA + A, and A groups were significantly higher than those in the normal group (p < 0.01). However, no significant difference in FBG was observed among the model, EA, EA + A, and A groups (p > 0.05).
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FIGURE 2
 Effect of EA on the FBG, HbA1c, and AUC of OGTT. (A: FBG; B: HbA1c; C: AUC of OGTT.) *p < 0.05, vs. before treatment; △△p < 0.01, vs. normal group; ▲p < 0.05, ▲▲p < 0.01, vs. model group; ○p < 0.05, ○○p < 0.01, vs. EA group.


After 4 weeks of intervention, the AUC of OGTT in the EA group decreased significantly compared to pre-intervention (p < 0.05). The model group exhibited significantly higher FBG, HbA1c, and AUC of OGTT levels than the normal group (p < 0.01). In contrast, the EA group showed significantly lower FBG, HbA1c, and AUC of OGTT levels than the model group (p < 0.05). Following oral antibiotic treatment of T2DM rats, the hypoglycemic effect of EA attenuated, leading to significant increases in FBG and AUC of OGTT in the EA + A and A groups than the EA group (p < 0.05). In addition, the concentration of HbA1c was significantly higher in the A group than in the EA group (p < 0.05).



3.3 Effect of EA on FINS and HOMA-IR of T2DM rats

Figure 3 displays the results for FINS and HOMA-IR, which were significantly higher in the model group than the normal group (p < 0.01). The EA group exhibited significantly lower FINS and HOMA-IR values than the model group (p < 0.05). Following oral antibiotic intervention, both the EA + A and A groups showed significantly higher FINS and HOMA-IR levels than the EA group (p < 0.01). These findings suggest that EA may mitigate insulin resistance in T2DM rats, with this therapeutic effect being attenuated by oral antibiotics.
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FIGURE 3
 Effect of EA on the FINS and HOMA-IR. △△p < 0.01, vs. normal group; ▲p < 0.05, ▲▲p < 0.01, vs. model group; ○○p < 0.01, vs. EA group.




3.4 Effect of EA on islet morphology in T2DM rats

The results of HE staining are presented in Figure 4. In the normal group, pancreatic islets exhibited a complete, oval structure with distinct boundaries. β-cells and nuclei within the islets displayed regular morphology and uniform distribution. In contrast, the model group showed irregular islet morphology, reduced islet area, indistinct borders, decreased β-cell nuclei, and compensatory β-cell nuclear enlargement. EA treatment partially alleviated these pathological changes. However, in the EA + A and A groups, pancreatic islet morphology remained irregular, islet area was reduced, and β-cells were disorganized. These findings indicate that EA ameliorate islet damage, and antibiotics reverse this effect.
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FIGURE 4
 Effect of EA on islet morphology. (A1,B1,C1,D1,E1: 100×; A2,B2,C2,D2,E2: 400×).




3.5 Effect of EA on the gut microbiota of T2DM rats


3.5.1 Effect of EA on the abundance of OTUs in T2DM rats

We grouped sequences with ≥97% similarity into OTUs, each representing a distinct microbial species. Prior to intervention, the OTU counts in the model, EA, EA + A, and A groups were significantly lower (p < 0.01) than the normal group. Furthermore, the OTU counts in the EA + A and A groups were significantly lower (p < 0.05) than those in the model and EA groups. The post-intervention OTU profiles are depicted in Figure 5. The unique OTU counts for the normal, model, EA, EA + A, and A groups were 476, 76, 121, 42, and 21, respectively. The number of shared OTUs among groups was 247, constituting 26.08, 42, 37.3, 52.22, and 58.12% of the total OTUs in the normal (n = 947), model (n = 588), EA (n = 662), EA + A (n = 473), and A (n = 425) groups, respectively. Compared to the normal group, the model group exhibited a significant decrease in OTU counts (p < 0.01). The EA group showed a significant increase in OTU counts compared to the model group (p < 0.05). In addition, the OTU counts in the EA + A and A groups were significantly lower than in the EA group (p < 0.01). These findings indicate that the intestinal microbiota of normal rats differs from that of T2DM rats, antibiotics reduce OTUs diversity, and EA treatment increases OTUs diversity in T2DM rats.
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FIGURE 5
 Effect of EA on the number of OTUs. △△p < 0.01, vs. normal group; ▲p < 0.05, vs. model group; ○○p < 0.01, vs. EA group.




3.5.2 Effect of EA on alpha diversity and beta diversity of T2DM rats

To assess sequencing depth, sample abundance, and homogeneity, rarefaction and rank abundance curves were employed. As depicted in Figures 6A,B, the plateauing of both curves indicates sufficient sequencing depth and suggests high sample abundance and homogeneity.
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FIGURE 6
 Effect of EA on the alpha diversity and beta diversity. △△p < 0.01, vs. normal group; ▲p < 0.05, ▲▲p < 0.01, vs. model group; ○p < 0.05,○○p < 0.01, vs. EA group. (A: Rarefaction curve; B: rank abundance; C: Chao 1 index; D: ACE index; E: Shannon index; F: Simpson index; G: beta diversity before intervention; H: beta diversity after intervention).


Before the intervention, the Shannon, Chao1, and Ace indices were significantly reduced in the model, EA, EA + A, and A groups compared to the normal group (p < 0.05), with the Shannon index in the EA + A and A groups being significantly lower than those in the model and EA groups (p < 0.05). The analysis of alpha diversity at post-intervention is shown in Figures 6C–F. After the intervention, Shannon, Chao1, and Ace indices decreased significantly in the model group compared to the normal group (p < 0.01), while they increased significantly in the EA group compared to the model group (p < 0.05). In contrast, the Shannon, Simpson, Chao1, and Ace indices in the EA + A and A groups remained significantly lower than those in the model and EA groups (p < 0.05). These findings indicate a decrease in the abundance and diversity of intestinal microorganisms in T2DM rats, an improvement in alpha diversity by EA, and a reduction in alpha diversity by antibiotics.

Figures 6G,H illustrate the results of beta diversity analysis, revealing distinct microbial community structures between the normal and other groups prior to intervention. Post-intervention, the samples from each group formed separate clusters, indicating significant variation in species beta diversity across groups.



3.5.3 Effect of EA on species composition of T2DM rats

Figures 7A–C illustrate the compositional changes in gut microbiota at the phylum, family, and genus levels. Prior to intervention, the dominant phyla in the normal group were Firmicutes, Bacteroidetes, and Proteobacteria, while in T2DM rats, Firmicutes, Proteobacteria, and Verrucomicrobia predominated. Post-intervention, the model group exhibited a decrease in Bacteroidetes and an increase in Proteobacteria and Actinobacteria compared to the normal group. The EA group displayed a higher proportion of Firmicutes and lower proportions of Actinobacteria and Proteobacteria than the model group. Conversely, the EA + A group showed a decrease in Firmicutes and an increase in Proteobacteria and Verrucomicrobia relative to the EA group. In addition, the EA + A group had a lower proportion of Bacteroidetes and a higher proportion of Proteobacteria than the A group.
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FIGURE 7
 Effect of EA on species composition of T2DM rats. (A: top five gut microorganisms at phylum level; B: top five gut microorganisms at family level; C: top five gut microorganisms at genus level; D: the evolutionary branch diagram of LEfSe analysis).


At baseline, Lachnospiraceae, Lactobacillaceae, and Peptostreptococcaceae were dominant in the normal group, while Lachnospiraceae, Lactobacillaceae, and Enterobacteriaceae were dominant in T2DM rats. Post-intervention, the model group exhibited increased Lachnospiraceae, Enterobacteriaceae, and Erysipelotrichaceae, with decreased Lactobacillaceae compared to the normal group. The EA group showed further increases in Lachnospiraceae, while Enterobacteriaceae and Erysipelotrichaceae decreased compared to the model group. In the EA + A group, Lactobacillaceae decreased, and Enterobacteriaceae and Akkermansiaceae increased compared to the EA group. In addition, Enterobacteriaceae increased in the EA + A group relative to the A group.

At the genus level, prior to intervention, Lactobacillus, Romboutsia, and Blautia were dominant in the normal group, while Blautia, Lactobacillus, and Escherichia–Shigella predominated in T2DM rats. Post-intervention, the model group exhibited decreased Lactobacillus and Romboutsia, along with increased Blautia and Escherichia–Shigella compared to the normal group. Conversely, the EA group showed increased Blautia and Romboutsia and decreased Escherichia–Shigella relative to the model group. In contrast to the EA group, the EA + A group displayed decreased Blautia, Lactobacillus, and Romboutsia and increased Escherichia–Shigella and Akkermansia. Furthermore, Escherichia–Shigella was more abundant in the EA + A group than in the A group. These findings indicate that EA intervention has positively influence the gut microbiota composition in T2DM rats.

As presented in Figures 7D, 53 characteristic flora changed significantly (LDA score > 4, p < 0.05). In T2DM rats, dominant bacterial groups included Actinobacteria, Erysipelotrichaceae, Bifidobacterium, Lactobacillus_gasseri, Turicibacter, Allobaculum, Ruminococcus_gauvreauii_group, and Weissella_sp_SXVIII3. EA treatment increased the abundance of Firmicutes, Lachnospiraceae, Bacilli, Lactobacillales, Clostridia, Clostridiales, and Blautia while decreasing Actinobacteria, Erysipelotrichaceae, Bifidobacterium, Lactobacillus_gasseri, Turicibacter, and Allobaculum. In the EA group, dominant bacteria included Firmicutes, Lachnospiraceae, Bacilli, Lactobacillales, Clostridia, Clostridiales, Blautia, Streptococcus, Lactobacillus_murinus, Eubacterium_coprostanoligenes_group, Enterococcus, and Fusicatenibacter. The EA + A group was dominated by Gammaproteobacteria, Proteobacteria, Enterobacteriales, Escherichia_Shigella, Verrucomicrobiales, and Akkermansia. In the A group, Candidatus_Stoquefichus, Atopobiaceae, Coribacteriaceae-UCG-002, Lachnoclostridium, Tannerellaceae, Parabacteroides, and Bacteroidaceae were dominant.




3.6 Correlation analysis between gut microbiota and glucose metabolism-related indicators

The correlation analysis revealed significant associations between specific gut microbiota and glucose metabolism-related indicators (FBG, OGTT, FINS, HOMA-IR, and HbA1c). Lactobacillaceae and Lactobacillus exhibited negative correlations with FBG (R = −0.81, p = 0.015 and R = −0.759, p = 0.029, respectively). Conversely, Peptostreptococcaceae and Romboutsia were negatively associated with HbA1c (R = −0.81, p = 0.015), while Enterobacteriaceae showed a positive correlation with the OGTT results (R = 0.762, p = 0.028).



3.7 Effect of EA on SCFAs in T2DM rats

Figure 8 presents the SCFA analysis results. The model group exhibited decreased levels of acetic acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid compared to the normal group, while propionic acid levels increased (p < 0.05). In contrast, the EA group showed elevated acetic acid and butyric acid concentrations and reduced propionic acid levels (p < 0.05) compared to the model group. Interestingly, the EA + A and A groups displayed decreased acetic acid, butyric acid, and valeric acid levels (p < 0.05) relative to the EA group. These findings suggest that EA upregulates SCFA content, while antibiotic administration downregulates it.
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FIGURE 8
 Effect of EA on the SCFAs. △p < 0.05, △△p < 0.01, vs. normal group; ▲p < 0.05, ▲▲p < 0.01, vs. model group; ○○p < 0.01, vs. EA group.




3.8 Effect of EA on GLP-1 of T2DM rats

Figure 9 illustrates the impact of GLP-1 on the studied groups. The model group exhibited significantly lower GLP-1 levels than the normal group (p < 0.01). While the EA group showed a significant increase in GLP-1 concentration relative to the model group (p < 0.05), the administration of antibiotics attenuated this effect.
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FIGURE 9
 Effect of EA on the GLP-1. △△p < 0.01, vs. normal group; ▲p < 0.05, vs. model group; ○p < 0.05, ○○p < 0.01, vs. EA group.




3.9 Correlation analysis between GLP-1 and SCFAs

The correlation analysis (Figure 10) revealed a positive association between GLP-1 levels and the concentrations of acetic acid (R = 0.487, p = 0.001), butyric acid (R = 0.586, p = 0.000), valeric acid (R = 0.535, p = 0.000), isovaleric acid (R = 0.374, p = 0.017), and caproic acid (R = 0.371, p = 0.018).
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FIGURE 10
 Correlation analysis between GLP-1 and SCFAs.





4 Discussion


4.1 EA could reduce blood glucose, ameliorate islet damage, and improve the symptoms of T2DM rats

The present study revealed that EA treatment significantly improved blood glucose levels and IR in rats with T2DM. Specifically, the EA group exhibited lower levels of FBG, HbA1c, FINS, AUC of OGTT, and HOMA-IR than the model group. These findings aligned with previous studies demonstrating the beneficial effects of EA on glycemic metabolism in T2DM. (Zhang et al., 2021). Xu et al. (2022) reported that EA reduced FBG and improved glucose tolerance. In addition, research has shown that EA at the “Weiwanxiashu”(EX B3) acupoint could effectively lower FBG levels by regulating pancreatic function and increasing the expression of the glucagon-like peptide-1 receptor (Cao et al., 2017). Furthermore, EA treatment has been observed to restore the overall morphology and area of pancreatic islets, increase the number of β-cell nuclei, and alleviate compensatory β-cell enlargement (Cao et al., 2017). Notably, our study also revealed that EA alleviated the symptoms of excessive drinking, excessive eating, and weight gain in T2DM rats. Ting et al. (2022) observed that EA ameliorated the symptoms of polydipsia and polyphagia, rough and lusterless hair, and urination in diabetic mice. Xu et al. (2016) reported that EA could effectively reduce blood glucose and FINS levels, improve insulin sensitivity and insulin resistance, and maintain the body mass of diabetic rats.

In summary, EA had the potential to improve glucose metabolism, as evidenced by reductions in FBG and HbA1c levels. In addition, EA appeared to alleviate insulin resistance, as indicated by the lower levels of FINS, AUC of OGTT, and HOMA-IR. Furthermore, EA treatment was associated with amelioration of islet damage and related symptoms such as polydipsia, polyphagia, and weight loss in T2DM rats.



4.2 The hypoglycemic effect of EA was associated with its regulation of the gut microbiota

The intestinal microbiota plays a crucial role in various physiological processes, including immune function enhancement, food digestion, intestinal endocrine regulation, metabolic modulation, and toxin elimination (Sanna et al., 2019). Accumulating evidence suggests a strong association between the intestinal microbiota and the development and progression of T2DM (Sanna et al., 2019; Zhernakova et al., 2016). In the present study, the number of OTUs and the indices of Chao1, ACE, Shannon, and Simpson decreased in the model group compared to the normal group. This finding aligned with previous research indicating a reduction in gut microbiota diversity in individuals with T2DM (Gong et al., 2021; Wang et al., 2020). Meanwhile, in contrast to the normal group, the proportion of Proteobacteria, Actinobacteria, Lachnospiraceae, Enterobacteriaceae, Erysipelotrichaceae, Blautia, and Escherichia–Shigella increased, while the proportion of Bacteroidetes, Lactobacillaceae, Lactobacillus, and Romboutsia decreased in the T2DM rats. The increased abundance of Actinobacteria in the T2DM group could potentially trigger increased intestinal permeability, leading to bacterial translocation into the bloodstream and tissues and subsequently contributing to IR and glucose metabolic disorders (Liu et al., 2023; Xiang et al., 2020). Allobaculum produces trimethylamine oxide (TMAO) (Zhu et al., 2016), which may promote fat production by inhibiting bile acid-mediated hepatic farnesoid X receptor signaling, inducing IR, thereby affecting blood glucose homeostasis and promoting the development of T2DM (Chen et al., 2022). Zhou et al. (2019) reported a positive correlation between Allobaculum abundance and random blood glucose levels in T2DM rats. Proteobacteria can generate large amounts of lipopolysaccharides, which contribute to diabetes by increasing pro-inflammatory cytokine levels and impairing pancreatic β-cell function (Wu et al., 2021; Zhang et al., 2022). Escherichia–Shigella and Enterobacteriales are Gram-negative bacteria, which are associated with inflammation, disruption of the intestinal barrier, and subsequent insulin resistance, hyperglycemia, and T2DM (Pinaud et al., 2018; Huang et al., 2021; Pedersen et al., 2018). In the present study, Enterobacteriaceae abundance was positively correlated with OGTT. Several studies have shown that antibiotic administration can reduce the abundance of fecal microbiota, disrupt the gut microbiota structure, and lead to microbial depletion (Josefsdottir et al., 2017; Liang et al., 2020). In our study, gut microbiota diversity decreased in both the EA + A and A groups, demonstrating a successful establishment of pseudo-sterile model. After antibiotic intervention, the therapeutic effects of EA on polyphagia, polydipsia, weight loss, hyperglycemia, glucose intolerance, insulin resistance, and dyslipidemia in T2DM rats were reversed, indicating that antibiotics can attenuate the beneficial effects of EA in T2DM.

Studies have documented that certain pathogenic bacteria, such as Proteobacteria, Actinobacteria (Rehman et al., 2022), Escherichia–Shigella (Deng et al., 2022), Enterobacteriales (Du et al., 2021), and Allobaculum (Yanling et al., 2022), are involved in the development of T2DM. EA can effectively improve intestinal microbial diversity, increase beneficial bacteria, reduce harmful bacteria, restore intestinal microecological balance, and improve disease conditions (Wang et al., 2022; Li et al., 2023). In the present study, EA increased microbial diversity and species richness and affected the microbial structure in T2DM rats. Pan et al. (2023) and An et al. (2022) reported that EA increased the Shannon index in T2DM rats. In addition, EA increased Firmicutes, Lachnospiraceae, Blautia, and Romboutsia while decreasing Actinobacteria, Proteobacteria, Enterobacteriaceae, Erysipelotrichaceae, and Escherichia–Shigella in T2DM rats. LEfSe analysis revealed that the dominant flora in T2DM rats included Actinobacteria, Erysipelotrichaceae, Bifidobacterium, Lactobacillus_gasseri, Turicibacter, and Allobaculum. In contrast, the dominant flora of rats after EA treatment included Firmicutes, Lachnospiraceae, Bacilli, Lactobacillales, Clostridia, Clostridiales, Blautia, and others. Chen et al. reported that Romboutsia could utilize glucose to produce butyric acid and acetic acid, which are beneficial for obesity (Chen et al., 2022). Butyric acid-producing bacteria, such as Peptostreptococcaceae, are inversely associated with insulin resistance or T2DM (Chen et al., 2021). Moreover, our findings demonstrated that Peptostreptococcaceae and Romboutsia were negatively correlated with HbA1c, which played a beneficial regulatory role in glucose metabolism for T2DM. Evidence suggests that Bacilli and Clostridiales can inhibit NF-κB activity, reduce the expression of pro-inflammatory factors, and exert anti-inflammatory effects (Zixin, 2019; Cunningham et al., 2021). Beneficial bacteria, such as Lactobacillales and Lactobacillus, can affect glucose absorption, regulate lipid metabolism, inhibit inflammation, reduce LPS content, and exert hypoglycemic and hypolipidemic effects (Tonucci et al., 2017; Ng et al., 2022; Chai et al., 2021). In the present study, Lactobacillaceae and Lactobacillus were negatively correlated with FBG. Lachnospiraceae can produce SCFAs, which are involved in the metabolism of multiple carbohydrates and fats (Chen et al., 2021; Zhang et al., 2021). SCFAs can enhance the acidic environment in the intestinal tract, inhibit the growth of harmful bacteria, and alleviate mucosal inflammation. In addition, SCFAs can combine with G protein-coupled receptors to exert hypoglycemic functions (Ma et al., 2019). The composition of the gut microbiota in the EA + A and A groups was similar to that of the T2DM group, indicating that both T2DM and long-term oral antibiotics can disrupt the gut microbiota structure. In summary, gut microbiota is closely related to T2DM, and EA can improve T2DM glucose metabolism by regulating gut microbiota. Gut microbiota plays an important role in the therapeutic effect of EA.



4.3 EA could regulate the production of SCFAs and stimulate the secretion of GLP-1, thereby exerting a hypoglycemic effect

The alteration of SCFAs caused by dysbiosis is a crucial mechanism underlying the involvement of gut microbiota in the pathogenesis of T2DM. Serena et al. discovered that an increase in intestinal production of the SCFA butyrate was linked to improved insulin response after oral glucose testing, while propionate was causally associated with an increased risk of T2DM (Sanna et al., 2019). Several studies have found that the abundance of butyrate-producing bacteria (such as Roseburia, Subdoligranulum, Ruminococcus, and Clostridiales spp.) in the intestines of patients with T2DM decreased, leading to increased abundance of pathogenic bacteria and subsequent insulin resistance and elevated blood glucose (Cunningham et al., 2021; Forslund et al., 2015). Meanwhile, we found that the levels of acetic acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid decreased, while propionic acid increased in T2DM rats. In contrast, EA increased the concentration of acetic acid and butyric acid and decreased the concentration of propionic acid. Patients with T2DM (An et al., 2023) and T2DM rats (Wang et al., 2022) exhibited lower acetic and butyric acid levels. Studies have documented that SCFAs, such as butyric acid, could increase the release of GLP-1, forming a feedback pathway for metabolic homeostasis, thereby lowering blood glucose and improving glucose metabolism (Tolhurst et al., 2012; Mazhar et al., 2023). Our study showed that GLP-1 was positively correlated with acetic acid (Cao et al., 2017), butyric acid, isovaleric acid, valeric acid, and caproic acid. Cao et al. found that EA could increase pancreatic GLP-1 receptor expression, partially restore islet morphology, and contribute to lowering blood glucose. Similarly, growing evidence suggests that EA can remodel the structure of the gut microbiota, increase intestinal SCFAs, affect circulating LPS levels, and reduce inflammatory responses (Zhang et al., 2021; An et al., 2022). In contrast to previous studies, we conducted in-depth research on the downstream effector GLP-1 of SCFAs. We also established pseudo-sterile rats to reversely verify that EA could regulate gut microbiota and SCFAs, affect GLP-1 secretion and lower blood glucose.



4.4 Limitations and implication for future studies

There are several limitations in the present study. First, our findings suggest that EA improves glucose metabolism in T2DM rats by modulating gut microbiota and SCFAs, while the specific role of individual bacteria in the therapeutic effect of EA has not been directly investigated. Techniques such as gut microbiota gene knockout, FMT, and metagenomic sequencing analysis could be employed to further identify specific bacteria or microbial products involved in the hypoglycemic efficacy of EA. Second, a sham EA group was not set as a comparison. A group without electrical stimulation or a sham acupoint group could serve as a control to elucidate the specific effects of EA. Third, antibiotics were used to deplete gut microbiota as a pseudo-sterile model. Although this approach reduced the majority of bacterial species, some bacteria may persist in the gut. A germ-free model could be used to eliminate the influence of gut microbiota, allowing for a direct validation of the relationship between the hypoglycemic efficacy of EA and gut microbiota. Fourth, we detected changes in gut microbiota and islet morphology and preliminarily investigated the hypoglycemic mechanism of EA, the existing evidence demonstrates a strong association between gut microbiota and impaired gut barrier function and inflammation during the progression of T2DM (Yao et al., 2022; Gurung et al., 2020). However, the specific regulatory mechanism of EA on gut microbiota-induced gut barrier damage or immune response remains unclear and warrants further exploration.




5 Conclusion

Our findings suggested that EA could improve glucose metabolism in T2DM rats. Its hypoglycemic effect was associated with the regulation of gut microbiota, SCFAs, and GLP-1.
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Introduction: Diabetic retinopathy (DR) is the most common complication of diabetes. Neuronal apoptosis, activated microglia, and microvascular changes are early features of DR. The gut microbiota is critical for the maturation and activation of microglia in the brain, and DR patients exhibit gut dysbiosis. However, the effect of the gut microbiota on retinal microglia under normal or diabetic conditions is still unclear.

Methods: Type 2 diabetes (T2D) was established in male adult Brown Norway (BN) rats, and they were treated with gavage of broad-spectrum antibiotic (ABX) suspension. Retinal fundus fluorescein angiography was performed to observe the dynamic growth process and leakage of blood vessels. Retro-orbital injection of FITC-Dextran was performed to observe the changes in blood-retinal barriers. After treatment with ABX and diabetes lasting for more than 6 months, 16S RNA sequencing of stool samples was performed to determine changes in the gut microbiome and mass spectrometry was used to analyze metabolome changes. IBA1, IB4, and Brn3 staining were performed on adult rats’ retinal wholemount or sections to observe the changes in microglia, blood vessels and the number of ganglion cells.

Results: Long-term (6 months) T2D caused gut dysbiosis with increased average taxa numbers. We showed that broad-spectrum antibiotics (ABXs) gavage can reduce the average number of gut microbiota taxa and retinal microglia in adult male BN rats with or without T2D. Interestingly, adult male BN rats with T2D for more than 6 months showed a loss of retinal ganglion cells (RGCs) without significant changes in retinal microglia or retinal vascular vessels. However, ABX gavage reduced retinal microglia and alleviated RGC damage in these T2D rats.

Conclusion: Our data suggests that ABX gavage-induced gut dysbiosis can reduce retinal microglia in adult rats and alleviate RGC loss in long-term T2D rats. Targeting the gut microbiota may be a future therapeutic strategy for DR management.
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1 Introduction

Diabetic retinopathy (DR) is the most common complication of diabetes. It seriously affects the vision of diabetic patients and is the leading cause of blindness in the working-age population. DR was initially considered a microvascular disease; however, current views agree that early changes in DR also include retinal neurodegeneration and retinal inflammation (Wong et al., 2016). Retinal microglia are essential participants in retinal inflammation. Microglial activation is considered the earliest manifestation of DR inflammation and can occur before Müller cell activation (Zeng et al., 2008; Sorrentino et al., 2016).

Many microorganisms (commensal microbiota) inhabit the mucosal and epidermal surfaces of the human body. Notably, the intestinal tract serves as these microorganisms’ primary site of activity and habitation. The gut microbiota comprises approximately 1013 microbial cells. The main gut bacterial phyla include Firmicutes (60%), Bacteroidetes, and Actinobacteria (Szablewski, 2018). The commensal and their hosts are in a mutually beneficial situation in which the commensal microbiota depends on the host for nutrient acquisition and propagation; in turn, the gut microbiota also plays essential roles in host digestion, mineral uptake, vitamin synthesis, drug metabolism, and immune modulation (Li et al., 2019). Dysbiosis represents a prevalent imbalance in the gut microbiota composition (Robles Alonso and Guarner, 2013). Dysbiosis can alter immune regulatory signals, leading to pathological conditions in many organs (Gritz and Bhandari, 2015). Increasing evidence suggests dysbiosis is closely related to many ocular diseases, including DR (Fu et al., 2023). DR patients (Jayasudha et al., 2020; Das et al., 2021; Huang et al., 2021; Ye et al., 2021; Zhou et al., 2021) and DR animal model, such as db/db mice (Beli et al., 2018), all have gut dysbiosis. Interestingly, intermittent fasting (IF) can prevent DR by regulating the gut microbiota in db/db mice (Beli et al., 2018). The gut microbiota is crucial for the maturation and activation of microglia in the brain (Erny et al., 2015; Thion et al., 2018; Mossad et al., 2022). However, the effect of the gut microbiota on retinal microglia is not fully understood. Whether the gut microbiota plays the same role on normal retinal microglia or microglia under diabetic conditions, as well as whether the gut microbiota can modify DR phenotypes through microglia, are not yet clear.

This study aimed to investigate the effect of gut microbiota on retinal microglia, neurons, and blood vessels in adult diabetic rats and to explore new ideas for DR treatment. We first established a T2D rat model and characterized its gut microbiota changes. We then administered broad-spectrum antibiotics (ABX) by gavage to mimic germ-free (GF) conditions (Bayer et al., 2019; Kennedy et al., 2018). We found that ABX gavage-induced gut dysbiosis could reduce the number of retinal microglia in adult rats. ABX gavage alleviated RGC loss in long-term T2D animals by reducing the number of retinal microglia.



2 Materials and methods


2.1 Animals

Specific pathogen-free (SPF)-grade male Brown Norway (BN) rats (8 weeks old, 200–250 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. The animals were raised and bred under SPF conditions. Access to water and standard rat chow was given ad libitum, and the animals were provided with a 12-h dark/12-h light cycle. All procedures used in the animal experiments followed the guidelines of the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and by the regulations of the Experimental Animal Ethics Committee of West China Hospital of Sichuan University (AUP# 2018008A). After 2 weeks of acclimation to standard diets, male BN rats were randomly divided into the following four groups (Figure 1), including Group 1 (R1, control, n = 4), Group 2 (R2, ABX gavage, n = 4), Group 3 (R3, T2D modeling, n = 6), and Group 4 (R4, ABX gavage after T2D modeling, n = 6).
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FIGURE 1
 The experimental groups of adult BN male rats. The control group (R1) was fed a standard diet throughout the entire experiment. The ABX group (R2) was fed a standard diet throughout the whole experiment and received ABX via gavage from 14 weeks to 38 weeks of age. T2D rats (R3) received an i.p. injection of STZ at 10 weeks old and were fed a high-fat diet throughout the experiment. T2D/ABX gavage rats (R4) received an i.p. injection of STZ at 10 weeks old. They were also fed a high-fat diet throughout the entire experiment and received ABX via gavage from 14 weeks to 38 weeks of age. ABX, broad-spectrum antibiotics; T2D, type 2 diabetes; STZ, streptozotocin.




2.2 Inducing type 2 diabetes (T2D)

Streptozotocin (STZ, Sigma–Aldrich Chemical Co., Saint-Quentin Fallavier, France) was freshly prepared in citrate buffer (pH 4.5) (Solarbio, China) to a final concentration of 40 mg/mL. Group 3–4 rats received an i.p. injection of STZ (40 mg/kg body weight) and were subsequently fed a high-fat diet (Beijing Keao Xieli Feed Co., Ltd., D12451). The control group (R1) and ABX gavage group (R2) received equal citrate buffer and were fed standard diets (Figure 1). Animals were weighed, and tail blood was collected for glucose measurement using a standard glucometer (Contour™ Plus, Ascensia).



2.3 Antibiotic treatment

Broad-spectrum antibiotic (ABX) treatment is commonly used in gut microbiome research and is considered a standard microbiome depletion protocol. An antibiotic cocktail was delivered to the rats by gavage to deplete the gut microbiota. The antibiotic cocktail was freshly made every day and was composed of five antibiotics, namely, vancomycin (10 mg/mL, MeilunBio), metronidazole (20 mg/mL, MeilunBio), neomycin (20 mg/mL, Solarbio), ampicillin (2 mg/mL, MeilunBio), and amphotericin B (0.2 mg/mL, MeilunBio), based on previous reports (Reikvam et al., 2011; Johnson and Burnet, 2020). This specific mixture has been shown to reduce the fecal bacterial DNA load by 400-fold without causing morbidity (Reikvam et al., 2011; Johnson and Burnet, 2020). The dosage of the ABX cocktail for gavage was 7 mL/kg body weight per day.



2.4 Plasma lipid and lipoprotein analysis

Blood was collected from 14-week-old rats (4 weeks after STZ injection). Triglyceride (TG), total cholesterol (TC), high-density lipoprotein (HDL) cholesterol, and low-density lipoprotein (LDL) cholesterol levels were determined using a Cobas8000c702 analyzer (Roche).



2.5 Fasting glucose and oral glucose tolerance test (OGTT)

The rats were fasting and water-free for more than 8 h. Fasting blood glucose was measured the next day. Then, the OGTT was performed using a previously described method. In brief, after overnight fasting, all rats received a gavage of 20% glucose solution (10 mL/kg of body weight), and blood samples were taken via the jugular vein 30, 60, 90, 120, 150, and 180 min later. A glucose meter measured blood glucose level (Accu-Check Performa, Roche Diagnostics, China).



2.6 Immunofluorescence staining

For immunofluorescence, eyeballs were fixed for 60 min at 4°C in 4% paraformaldehyde, embedded in OCT (TissueTek 4583), frozen at −80°C and cut into 12 μm sections on Superfrost slides. Antigen retrieval was performed as previously described (Chen et al., 2007). The slides were incubated with blocking solution (1% donkey serum and 0.1% Triton X-100 in PBS) for 1 h and then with primary antibodies against Iba-1 (1:500, Wako, 019–19741) and Brn-3 (1:200, Santa Cruz, SC-6062) overnight at 4°C. Vascular endothelial cells were labeled with FITC-IB4 (Sigma, L2895). Primary antibodies or labeled cells were visualized using donkey anti-rabbit and donkey anti-goat antibodies conjugated with Alexa-488 and Alexa-568 (1:1,000; Molecular Probes). Nuclei were counterstained with DAPI (Sigma, D9542) and mounted with Mowiol medium. Finally, the slides were counterstained with 4′6-diamidino-2-phenylindole (DAPI; Sigma Aldrich Corp.) and mounted with Mowiol mounting medium. The negative control was generated by replacing the primary antibodies with PBS.

Eyeballs were enucleated and incubated for 45 min for whole-mount staining with 4% paraformaldehyde in PBS. A circumferential incision was made around the limbus to harvest the retina. The retinas were incubated at 4°C with primary antibodies against Brn3 (Santa Cruz, SC-6026), Iba-1 (1:500, Wako) and FITC-IB4 for 1 days and then with secondary antibodies (donkey anti-goat/rabbit Alexa Fluor 488) for 1 day at 4°C. After briefly washing with PBS, radial cuts were made to divide the retina into four quadrants to flatten the retina, and the flattened retinas were mounted with Mowiol.



2.7 Gut microbiota analysis

Fecal pellets from the R1 (control) and R2 (ABX gavage) groups were collected at approximately 9 months of age, and fecal pellets from the R3–R4 groups were collected after 6 months of diabetic modeling (at approximately 9 months of age); all fecal pellets were immediately stored at −80°C until further analysis. DNA was extracted using the OMEGA Soil DNA Kit (M5635-02) (Omega Bio-Tek, Norcross, GA, USA) according to the manufacturer’s instructions. The V3–V4 region of 16S rRNA genes was amplified by PCR. The PCR amplicons were quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). Metagenomic sequencing was conducted utilizing the Illumina NovaSeq platform with paired-end 2 × 250 bp fragments, and subsequent bioinformatics analysis was performed mainly using the QIIME2 and R packages (v3.2.0) at Suzhou PANOMIX Biomedical Tech Co., Ltd.



2.8 Untargeted metabolomic analysis

An appropriate amount of fecal sample from the R1–R5 groups was taken and added to 0.6 mL of methanol containing 2-chlorophenyl alanine (4 ppm), vortexed, and ground. After centrifugation at 12,000 rpm at 4°C for 10 min, the supernatant was collected for liquid chromatography–tandem mass spectrometry detection by using an Ultimate 3,000 UHPLC System (Thermo Fisher Scientific, Waltham, MA, USA) at Suzhou PANOMIX Biomedical Tech Co., Ltd. The raw data was converted to mzXML format through MSConvert in the ProteoWizard software package (v3.0.8789). The metabolites were then identified with the HMDB, Massbank, LipidMaps, MzCloud, and KEGG databases. Subsequently, the multivariate data were analyzed and modeled using Ropels software. Differentially abundant metabolites were screened based on p values less than 0.05 and VIP values exceeding 1.



2.9 Fundus fluorescein angiography (FFA)

The animals were anesthetized via intravenous injection of soluble sodium pentobarbital (40 mg/kg). Tropicamide (5 mg/mL, Santen Pharmaceutical, Osaka, Japan) was used for pupil mydriasis. The Spectralis HRA + OCT imaging system (Heidelberg Engineering, Heidelberg, Germany) obtained FFA according to the manufacturer’s protocol, as previously reported (Querques et al., 2020; Arrigo et al., 2021). Then, FFA was performed by using 10% sodium fluorescein at 0.03 mL/kg at a rate of 1 mL/s from the tail vein. A series of images were taken at the early phase (30 s) and late phase (5–6 min) to identify retinal vessels.



2.10 Retro-orbital injection of FITC-dextran

FITC-dextran (FD2000S; Sigma) was dissolved in ultrapure water at 50 mg/mL. The rats were anesthetized via intravenous injection of soluble sodium pentobarbital (40 mg/kg) and placed in right lateral recumbency with their heads facing to the left. A 27-gauge needle was used at a 45° angle to produce a puncture of 3–4 mm in length into the rat’s orbital venous sinus, and 0.05 mL FITC-dextran was injected into the left orbit according to previous protocols for mouse (Li et al., 2011; Li et al., 2021). Three minutes after the injection, the animals were euthanized, and their eyeballs were enucleated. The enucleated eyeballs were fixed in 4% paraformaldehyde for 30 min at room temperature. Retinas were harvested, and four incisions were made to flatten them on slides. The retinal wholemounts were photographed using Zeiss Axio Imager Z2 fluorescence microscope.



2.11 Microscopy, quantification, and statistics

The stained sections and slides were analyzed using a Zeiss Axio Imager Z2 fluorescence microscope and a Nikon A1RMP confocal microscope. ImageJ 1.50b with a cell counter plugin1 was used for cell counting following the online guide. The cells positive for Brn3 and Iba-1 were counted manually. At least 2 images per section, 2 sections per retina, and 3 retinas from each group were counted. For Brn3+ and Iba-1+ cell counting on the wholemount retina, three equivalent areas (each measuring 150 μm × 150 μm) from each quadrant of each retinal wholemount (a total of 12 regions per retina) were selected. All images for cell counting were captured under a fluorescence microscope using a 20× objective lens.

Representative images were analyzed using AngioTool software (NCI) for vascular blood vessel analysis. The data are expressed as the mean ± standard deviation (mean ± SD). All experiments were carried out with n = 3–6. The data were compared using Student’s t-test or one-way ANOVA and Bonferroni correction by SPSS 20.0 (IBM, USA) and PRISM 6 (GraphPad, USA). All p values were two-sided and considered statistically significant when the values were <0.05. Statistical analysis methods for microbiomes and metabolites are available upon request.




3 Results


3.1 STZ and a high-fat diet-induced type 2 diabetes

STZ was i.p. injected into male 10-week-old BN rats fed a high-fat diet (Figure 1). Four weeks after the STZ injection, the body weights of the rats in the T2D groups did not change (Figure 2A). The OGTT curves were generally comparable between the T2D (R3 group) and T2D/ABX (R4 group) groups. Still, both groups exhibited a slower glucose clearance rate than the control group, indicating reduced insulin release (Figure 2B). The blood glucose and HbA1c levels in 14-week-old to 38-week-old rats were much higher than those in control rats, indicating successful induction of T2D (Figures 2C,D). Four weeks after STZ injection, the plasma cholesterol and triglyceride (TG) levels were both increased (Figures 2E,F), while the HDL and LDL levels showed no changes (Figures 2G,H).
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FIGURE 2
 Body weight, OGTT, random glucose, HbA1c, and plasma lipid profiles of the T2D rats. (A) Body weight. (B) OGTT at 14 weeks of age. (C) Random glucose from 14 to 38-week-old mice. (D–H) HBA1C, blood cholesterol, TG, HDL, and LDL levels were measured at 14 weeks of age. OGTT, oral glucose tolerance test; TG, triglyceride; HDL, high-density lipoprotein; LDL, low-density lipoprotein. The error bars represent the SDs of the measurements, and the asterisks (*, **) indicate significant differences between control (R1 group) and T2D rats (R3 group) or T2D/ABX rats (R4 group) (*p < 0.05, **p < 0.01, one-way ANOVA followed by Bonferroni correction).




3.2 T2D-induced dysbiosis in BN rats

The gut microbiome was assessed by 16S rDNA sequencing 6 months after T2D induction. T2D for 6 months increased the average ASVs/OTUs (Figure 3A) and taxa (Figure 3B) of the gut microbes, especially at the genus and species levels. Alpha diversity analysis (Figure 3C) revealed no changes in species richness (Chao1 and Observed species indices), increased diversity (Simpson and Shannon indices), and increased evenness (Peilou_e index). Principal coordinate analysis (PCoA) suggested that T2D considerably altered the beta diversity. Both the unweighted (Figure 3D) and weighted (Figure 3E) UniFrac distances showed differences in the structure and composition of the gut bacterial community between the control and T2D groups, which was confirmed by the Permanova test (Figure 3F).

[image: Figure 3]

FIGURE 3
 The effects of ABX gavage on the gut microbiota of adult rats. (A) The average ASVs/OTUs. (B) The average taxa in the control and gavage groups. (C) The alpha diversity (Chao1, Observed species, Simpson, Shannon, and Peilou_e indices). (D) Unweighted UniFrac PCoA. (E) Weighted UniFrac PCoA. (F) Permanova test. (G) The relative abundances at the phylum level. (H) The relative abundances at the genus level. (I) Heatmap of the dominant genera. (J) LEfSe (LDA effect size) analysis of the enriched genera. ASV, amplicon sequence variant; OTUs, operating taxonomic units. PCoA, principal coordinate analysis. Permanova, permutational multivariate analysis of variance. R1, control group; R2, ABX gavage group.


As such, the bacterial composition at the phylum and genus levels was also significantly changed. The abundance of Bacteroidetes was greatly reduced at the phylum level, but that of Firmicutes was significantly increased in the T2D group; thus, the F/B ratio was increased (Figure 3G). At the genus level, the abundances of Blautia and Bacteroides were increased, while those of Lactobacillus and Prevotella decreased in T2D rats (Figure 3H). A clustering heatmap using the abundance data of the top 50 genera showed significant differences between the control and ABX gavage groups (Figure 3I). Based on the LEfSe analysis (LDA), there were 47 dominant genera in the T2D group, while 18 dominant genera were in the control group (Figure 3J).

We also performed untargeted metabolomic analysis on fecal samples from these rats. PCA revealed significant differences between the control and T2D groups (Figure 4A) and identified 276 metabolite biomarkers (Supplementary Table S1), including 6 SCFAs (Supplementary Table S2). The top 10 increased metabolites and decreased metabolites are shown in Figure 4B.
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FIGURE 4
 Fecal metabolite profiling of the R1-R5 groups. The PCA score plots and top metabolite biomarkers are shown for the R2/R1 (A,B), R3/R1 (C,D), and R4/R3 (E,F) groups. Downregulated biomarkers are shown in green blocks, and upregulated biomarkers are in pink blocks. PCA, principal component analysis.


It is known that long-term T2D can induce DR, including retinal degeneration, inflammation, and microvascular defects (Zeng et al., 2000). We looked at these features in our T2D rat model. Retinal wholemount and section staining showed that the number and retinal distribution of IBA1+ retinal microglia did not change in the T2D group (Figures 5A–C). However, T2D significantly reduced the number of retinal ganglion cells (Figures 5D,E). Even though T2D persisted for more than 6 months, fundus fluorescein angiography (FFA) and FITC-Dextran perfusion by retro-orbital injection did not reveal any vascular leakage (Figures 6A,B), and IB4 staining did not reveal significant changes in retinal blood vessels (Figures 6C–F). Thus, 6 months after the onset of T2D, the substantial change in the retina was ganglion cell loss, supporting the notion that retinal degeneration is the earliest change of DR (Sachdeva, 2021).
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FIGURE 5
 The effects of ABX gavage and long-term T2D on retinal microglia and ganglion cells. (A) Retinal wholemounts of 38-week-old rats from the indicated groups were stained for microglia (IBA1, red). (B) Horizontal retinal sections of 38-week-old rats from the indicated groups were stained for the nuclei (DAPI, blue) and microglia (IBA1, red). (C) Quantification of IBA1+ cells in the retinal wholemounts. (D) Retinal wholemounts of 38-week-old rats from the indicated groups were stained for ganglion cells (Brn3, green). (E) Horizontal retinal sections of 38-week-old rats from the indicated groups were stained for nuclei (DAPI, blue) and ganglion cells (Brn3, green). (F) Quantification of Brn3+ cells in the retinal wholemounts. The error bars represent the SDs of the measurements, and the asterisks (*, **) indicate significant differences between the control group (R1 group) and the other groups, including the ABX gavage group (R2), T2D group (R3), and T2D/ABX group (R4) (*p < 0.05, **p < 0.01; one-way ANOVA followed by Bonferroni correction). The scale bars are 200 μm (A,D) and 50 μm (B,E). ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.
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FIGURE 6
 The effects of ABX gavage and long-term T2D on retinal blood vessels. (A) Images of ocular fundus from 38-week-old rats in the indicated groups in the late stage of FFA. (B) Retinal wholemounts of 38-week-old rats from the indicated groups received retro-orbital injection of FITC-Dextran (FITC-Dextran, green). (C) Retinal wholemounts of 38-week-old rats from the indicated groups were stained for vascular vessels (IB4, green). These are SVPs. (D) Retinal wholemounts of 38-week-old rats from the indicated groups were stained for vascular vessels (IB4, green). These are DVPs. (E) Quantification of the branching points of retinal blood vessels. (F) Quantification of the average vessel length of retinal blood vessels. The error bars represent the SDs of the measurements, and the asterisks (*, **) indicate significant differences between the control group (R1 group) and the other groups, including the ABX gavage group (R2), T2D group (R3), and T2D/ABX group (R4) (*p < 0.05, **p < 0.01; one-way ANOVA followed by Bonferroni correction). The scale bars are 600 μm (A,B) and 50 μm (C,D). FFA, fundus fluorescein angiography; ON, optic nerve; SVP, superficial vascular plexus; DVP, deep vascular plexus.


Gut dysbiosis and metabolite changes may contribute to the reduction in retinal ganglions. To test this hypothesis, we investigated if ABX (broad-spectrum antibiotics treatment) can affect rat microbiota and retinal phenotypes in control rats.



3.3 ABX gavage depleted the gut microbiota of adult BN rats and reduced retinal microglia

Like mice, gavage of the ABX cocktail depleted the gut microbiota of adult rats. 16S rDNA sequencing revealed that ABX gavage for 6 months significantly reduced the average ASVs/OTUs (Figure 7A) and taxa (Figure 7B) of the gut microbes, especially at the family, genus, and species levels. Alpha diversity analysis (Figure 7C) revealed significantly reduced richness (Chao1 and Observed species indices), reduced diversity (Simpson and Shannon indices), and reduced evenness (Peilou_e index). PCoA suggested that the beta diversity was significantly altered by ABX gavage. Both the unweighted (Figure 7D) and weighted (Figure 7E) UniFrac distances showed differences in the structure and composition of the gut bacterial community between the control and ABX gavage groups, which was confirmed by the Permanova test (Figure 7F).
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FIGURE 7
 The effects of long-term T2D on the gut microbes of adult rats. (A) The average ASVs/IPs. (B) The average taxa in the control and gavage groups. (C) The alpha diversity (Chao1, Observed species, Simpson, Shannon, and Peilou_e indices). (D) Unweighted UniFrac PCoA. (E) Weighted UniFrac PCoA. (F) Permanova test. (G) The relative abundances at the phylum level. (H) The relative abundances at the genus level. (I) Heatmap of the dominant genera. (J) LEfSe (LDA effect size) analysis of the enriched genera. ASV, amplicon sequence variant; OTUs, operating taxonomic units. PCoA, principal coordinate analysis. Permanova, permutational multivariate analysis of variance. R1, control group; R3, T2D group.


The bacterial composition at the phylum and genus levels was significantly changed. At the phylum level, there were almost no Bacteroidetes but many more Firmicutes in the ABX gavage group; thus, the Firmicutes/Bacteroidetes (F/B) ratio increased (Figure 7G). At the genus level, Lactobacillus accounted for more than 80% of the bacteria in the ABX-treated group (Figure 7H). A clustering heatmap using the abundance data of the top 50 genera showed significant differences between the control and ABX gavage groups (Figure 7I). Linear discriminant analysis (LDA) effect size (LEfSe) revealed that there were only 7 dominant genera in the ABX gavage group, while there were 79 dominant genera in the control group (Figure 7J).

Because the gut microbiota can affect microglia in the brain, we examined the number and distribution of retinal microglia in these adult rats. Retinal wholemount and section staining revealed significantly reduced IBA1+ microglia in the ABX gavage group (Figures 5A–C). Section staining indicated that the distribution of retinal microglia had not been changed; they were in the ganglion cell layer, inner nuclear layer, and outer plexiform layers (Figure 5B). However, Retinal wholemount and section staining of Brn3 suggested that ABX gavage did not considerably affect ganglion cells (Figures 5D–F). Furthermore, FFA and FITC-Dextran perfusion did not detect vascular leakage in either group (Figures 6A,B), and retinal wholemount staining of IB4 found no changes in vessel branching points and vessel length between R1 and R2 groups (Figures 6C–F).

Principal component analysis (PCA) on untargeted metabolomic data revealed significant differences between the control and ABX gavage groups (Figure 4C), and 495 metabolite biomarkers were identified (Supplementary Table S1), including 12 SCFAs (Supplementary Table S2). The top 10 decreased and increased metabolites are shown in Figure 4D. These metabolites may contribute to the reduction in retinal microglia.



3.4 ABX gavage reduced retinal microglia and rescued retinal ganglion cell loss in T2D BN rats

To test whether dysbiosis contributes to retinal ganglion cell loss in T2D rats, we gavaged T2D rats with ABX for approximately 6 months. 16S rDNA sequencing revealed that ABX gavage significantly reduced the gut microbes’ average ASVs/OTUs (Figure 8A) and taxa (Figure 8B), especially at the family, genus, and species levels. Alpha diversity analysis (Figure 8C) revealed significantly reduced species richness (Chao1 and Observed species indices), reduced diversity (Simpson and Shannon indices), and reduced evenness (Peilou_e index). PCoA suggested that the beta diversity was significantly altered by ABX gavage. Both the un-weighted (Figure 8D) and weighted (Figure 8E) UniFrac distances showed differences in the structure and composition of the gut bacterial community between the T2D and T2D/ABX gavage groups, which was confirmed by the Permanova test (Figure 8F).
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FIGURE 8
 The effects of ABX gavage on the gut microbes of adult T2D rats. (A) The average ASVs/OTUs. (B) The average taxa in the control and gavage groups. (C) The alpha diversity (Chao1, Observed species, Simpson, Shannon, and Peilou_e indices). (D) Unweighted UniFrac PCoA. (E) Weighted UniFrac PCoA. (F) Permanova test. (G) The relative abundances at the phylum level. (H) The relative abundances at the genus level. (I) Heatmap of the dominant genera. (J) LEfSe (LDA effect size) analysis of the enriched genera. ASV, amplicon sequence variant; OTUs, operating taxonomic units. PCoA, principal coordinate analysis. Permanova, permutational multivariate analysis of variance. R3, T2D group; R4, T2D/ABX gavage group.


As such, the bacterial composition at the phylum and genus levels was also significantly changed. At the phylum level, the abundances of both Bacteroidetes and Firmicutes were decreased, and the F/B ratio was reduced (Figure 8G). Proteobacteria was the most dominant phylum in the T2D/ABX-treated rats (Figure 8G). At the genus level, the abundances of Shigella and Providencia were increased in the T2D/ABX-gavage rats (Figure 8H). A clustering heatmap using the abundance data of the top 50 genera showed significant differences between the T2D and T2D/ABX gavage groups (Figure 8I). LEfSe revealed only 14 dominant genera in the T2D/ABX gavage group, while 99 dominant genera in the T2D group (Figure 8J).

We examined whether ABX gavage affects retinal phenotypes in T2D rats. Retinal wholemount and section staining revealed substantially fewer IBA1+ microglia in the T2D/ABX gavage group than in the T2D group (Figures 5A–C). Interestingly, ABX gavage rescued the ganglion cell loss in the T2D group, but the number of retinal ganglion cells was still lower than that in the control group (Figures 5D,E). The T2D rats had no major vascular defects, so ABX gavage did not affect the retinal blood vessels of these T2D rats based on FFA, FITC-Dextran perfusion, and IB4 staining (Figures 6A–F).

We performed untargeted metabolomic analysis on fecal samples to understand how ABX gavage rescued the ganglion cell loss in T2D rats. PCA revealed significant differences between the T2D and T2D/ABX gavage groups (Figure 4E), and 516 metabolite biomarkers were identified (Supplementary Table S1), including 14 SCFAs (Supplementary Table S2). The top 10 decreased metabolites and increased metabolites are shown in Figure 4F. These metabolites may contribute to rescuing retinal ganglion cells in T2D rats.

Comparing these metabolites, we identified the top 10 metabolites common among R2/R1, R3/R1, and R4/R3 groups (Table 1). All these metabolites increased in T2D rats but decreased in the ABX gavage groups (R1 and R4), including Cycloheximide, Chenodeoxycholic acid (CDCA), Tricyclodehydroisohumulone (TCD), palmitoleic acid, and others. Some of these metabolites may activate retinal microglia and reduce retinal ganglion cells in T2D rats.



TABLE 1 Top 10 common metabolite markers among R1–R4 groups.
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4 Discussion


4.1 DR and gut dysbiosis

Diabetic retinopathy (DR) is the most common diabetes complication and the leading cause of blindness in the working-age population. Both DR patients (Jayasudha et al., 2020; Das et al., 2021; Huang et al., 2021; Ye et al., 2021; Zhou et al., 2021) and DR animal models, such as db/db mice (Beli et al., 2018) and Akita mice (Prasad et al., 2022), exhibit gut dysbiosis. Gut dysbiosis may be necessary for DR development (Fu et al., 2023). This study found that long-term T2D can induce gut dysbiosis, with increased taxa number, alpha diversity, and Firmicutes/Bacteroidetes (F/B) ratio. At the genus level, the abundances of Blautia and Bacteroides increased, while those of Lactobacillus and Prevotella decreased.

Our rat model is different from that of human T2D patients, as previous studies have shown reduced diversity of the gut microbiota in T2DM patients, with a decrease in the abundance of Firmicutes and the F/B ratio (Huang et al., 2021), similar to the gut microbiota in aged humans (Mäkivuokko et al., 2010; Fernandes et al., 2019). Thus, the gut microbiota in the male BN rat model of T2DM we established may differ from the gut microbiota of human T2DM patients due to the relatively young age of the rats (12 months old, analogous to 20- to 30-year-old humans) (Sengupta, 2013).

There are many studies regarding how gut microbiota influences retinal health or retinal diseases (Fu et al., 2021; Fu et al., 2023; Huang et al., 2023; Serban et al., 2023). Gut microbiota influences retinal health in multiple ways and may represent future therapeutic targets in DR (Serban et al., 2023), such as destruction of intestinal barrier (leaky gut) and microbial metabolites, including SCFAs, TUDCA and lactic acid.



4.2 DR features in BN rats

Previous studies conducted using different rat strains have detected DR lesions at different durations of diabetes (Robinson et al., 2012). For instance, after 3 months of diabetes, inflammatory changes in the diabetic rat retina are highly strain dependent, which are detected only in Sprague–Dawley (SD) rats but not Brown Norway (BN), or Long-Evans rats (Kirwin et al., 2009). After 8 months of diabetes, Lewis rats showed the most accelerated loss of retinal vessels and RGCs, whereas Wistar rats showed degeneration of the retinal vascular vessels without significant neurodegeneration and SD rats showed no lesions at this time point (Kern et al., 2010). In this study, long-term (6 months) T2D induced retinal ganglion cell loss but did not increase the number of retinal microglia or alter the retinal vasculature. This may suggest that retinal degeneration is the earliest feature of DR, which is consistent with previous reports (Sachdeva, 2021). Metabolomic analysis revealed 276 differentially abundant metabolites in the T2D group, some of which can be regulated by ABX gavage, such as cycloheximide, chenodeoxycholic acid (CDCA), and palmitoleic acid. If these metabolites play a role in the development of DR, further investigation is needed.



4.3 Gut dysbiosis and microglia

Microglia is an immune cell in the brain that plays important roles in modulating inflammation and neurogenesis. The relationship between the gut microbiota and microglia has been a research hotspot in recent years (Mossad and Erny, 2020; Bettag et al., 2023). Several studies have investigated the correlation between the gut microbiota and brain microglia in embryonic, offspring, and adult mice, primarily utilizing germ-free (GF) mice (Erny et al., 2015; Mosher and Wyss-Coray, 2015; Thion et al., 2018). Microglia in GF mice exhibit increased cell density, likely due to the upregulation of Csf1r, Ddit4, and Tgf-ß1, which can promote cell survival and proliferation (Mossad and Erny, 2020). They also have a hyper-ramified morphology and defective function, as they fail to induce an immune response upon the lipopolysaccharide (LPS) challenge. These defects can be partially reversed by supplementation with short-chain fatty acids (SCFAs). Defective microglial morphology and functional phenotypes are also observed in mice treated with broad-spectrum antibiotics (ABXs) for 4 weeks, with an average microglial density of Erny et al. (2015).

In this study, we found that ABX gavage for 6 months can deplete the gut microbiota and reduce the density of retinal microglia, which is slightly different from previous observations in ABX-treated mice (Erny et al., 2015; Cordella et al., 2021). One possible explanation is that our treatment duration was much longer (6 months) than the 2 or 4-week duration used in previous studies.

In adult rats, the gut microbiota mainly affects the recruitment of retinal microglia through metabolites. Metabolomic analysis revealed 495 differentially abundant metabolites including 12 SCFAs in the ABX gavage group (Supplementary Tables S1, S2). The level of palmitoleic acid, which can promote the activation and proliferation of microglia (Wang et al., 2012; Urso and Zhou, 2021), was significantly decreased in ABX gavage-treated rats. This may partially explain ABX-induced microglia reduction.



4.4 ABX reduces retinal microglia and RGC loss of BN diabetic rats

Microglia cells are the resident immunocompetent cells in the retina. There are many studies regarding microglia function and retinal health (Guo et al., 2022; Murenu et al., 2022; Rathnasamy et al., 2019). In brief, retinal microglia contribute to the development and function of retina; In the developing retina, they are involved in the pruning of neuronal and vascular networks through the phagocytic removal of dead cell debris (Fernandes et al., 2014). In the adult retina, they reside in the plexiform layers and can secret neurotrophic factors to support retinal cell survival. They continuously monitor their environment and when activated, they shift toward an amoeboid morphology (Davis et al., 1994). Microglial activation is detrimental to normal functioning of the retina and indicative of a variety of retinal diseases. Microglia cells, with their highly motile processes extending into the capillary wall, are likely the first detector of metabolic changes in diabetes (Graeber et al., 2011). Once activated, microglia become mobile and migrate to the site of inflammation and will produce a wide range of pro-inflammatory cytokines, glutamate, ROS, nitrous oxide (NO) and proteases. Under chronic activation conditions, these products can be very toxic to RGCs, inducing retinal dysfunction (Zeng et al., 2008). Thus, activated retinal microglia are a therapeutic target in retinal diseases (Rathnasamy et al., 2019).

Using the same strategy in control rats, we treated T2D rats with ABX via gavage for 6 months. We found that ABX gavage reduced the density of retinal microglia and partially rescued ganglion cell loss in these T2D rats. The mechanism may be attributed to multiple factors, including a decline in the phagocytic function of microglia toward ganglion cells (Bodeutsch and Thanos, 2000; Schafer et al., 2012; Au and Ma, 2022), a reduction in the secretion of proinflammatory factors (Takeda et al., 2018), and potentially the influence of gut microbiota metabolites.

Metabolomic analysis revealed 516 differentially abundant metabolites including 14 SCFAs in the T2D/(T2D + ABX) group. Notably, microglia-activator palmitoleic acid increased in the T2D rats but greatly reduced in the ABX-treated T2D rats. Benzene-induced hematopoietic toxicity was mediated by the gut microbiota-palmitoleic acid axis (Zhang et al., 2024). If this axis mediates T2D-induced ganglion cell loss, it deserves further investigation.

Even though ABX gavage can partially rescue RGC loss in these T2D rats, it may be not practical to apply ABX to treat T2D patients, as known side effects (Wiens et al., 2018). Diabetes-induced dysbiosis can be treated by probiotics, or fecal microbiota transplantation (FMT) (Fu et al., 2023).



4.5 Limitations

There are some limitations of this study. First, we only measured the density and distribution of retinal microglia but not their morphology and function in the T2D rat model. Second, even though we had determined some candidate metabolites, we had not measured their plasma concentration and tested whether they were responsible for the retinal phenotypes we observed.




5 Conclusion

For more than 6 months, T2D in adult male BN rats led to dysbiosis and a significant reduction in retinal ganglion cells but without major changes in retinal microglia or retinal vascular vessels. Broad-spectrum antibiotic (ABX) gavage for 6 months depleted gut microbes in adult rats, reduced retinal microglia and rescued the ganglion loss in T2D rats. The gut microbiota and retinal microglia are future targets for diabetic retinopathy therapy.
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There is glandular epithelial hyperplasia, dilated and
congested stroma, and a slight inflammatory response.

++

There is glandular epithelial hyperplasia, dilated and
congested stroma, dilated acini, and a mild
inflammatory response in the acinar lumen and stroma.

e+

There is glandular epithelial hyperplasia, dilated and
congested stroma, dilated acini, and a moderate
inflammatory response in the acinar lumen and stroma.

ot

There is glandular epithelial hyperplasia, dilated and
congested stroma, dilated acini, and a severe
inflammatory response in the acinar lumen and stroma.
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Primers  Name Sequence (5 Size
(bp)
Sigmarl™~ | F1 TTCTGTGCTAGCAGACCTAGAAAG | KO: 456
PCR
RI GCTGTTTAGACACATAAGGAAACGA

FI TTCTGTGCTAGCAGACCTAGAAAG  WT:470

PCR

R2 AGAGAAGACGAAGTTTTGAGTGCC
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Gene Primer sequence (5’ to 3/

Cu/Zn SOD Forward: AACCAGTTGTGTTGTCAGGAC
Reverse: CCACCATGTTTCTTAGAGTGAGG

Mn SOD Forward: AGACCTGCCTTACGACTATGG
Reverse: CTCGGTGGCGTTGAGATTGTT

CAT Forward: TGGCACACTTTGACAGAGAGC
Reverse: CCTTTGCCTTGGAGTATCTGG

MyHCI Forward: ACTGTCAACACTAAGAGGGTCA
Reverse: TTGGATGATTTGATCTTCCAGGG

MyHClla Forward: TAAACGCAAGTGCCATTCCTG
Reverse: GGGTCCGGGTAATAAGCTGG
MyHC IIx Forward: GCGAATCGAGGCTCAGAACAA
Reverse: GTAGTTCCGCCTTCGGTCTTG
MyHCIIb Forward: CTTTGCTTACGTCAGTCAAGGT
Reverse: AGCGCCTGTGAGCTTGTAAA
Sirt 1 Forward: CGCTGTGGCAGATTGTTATTAA
Reverse: TTGATCTGAAGTCAGGAATCCC

PGC-la Forward: GGATATACTTTACGCAGGTCGA
Reverse: CGTCTGAGTTGGTATCTAGGTC
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Name of differentially abundant Formula Molecular =~ Retention m/z p-value  Up or

metabolites weight  time (min) down
FAHFA 150/17:2 C.Hi O, 50643054 9.655 505.42326 350E06  Down
FAHFA 14:0/16:2 CuHs O, 47839916 92 47739188 521606 Down
Tetramethylpyrazine CHuN, 13610041 252 137.10768 792606 Down
Lauric acid ethyl ester CuHL, 0, 22820822 9.193 227.20094 1266:05  Down
8 P (msemisa CoHLO, 135.04332 554 134036 LATE05 up
Glvs.Ga | dibydro-1H-2-benzopyran-1-one
2-Isobutyl-3-methoxypyrazine CHLN,0 16,1106 2648 16711834 L51E05  Down
Nicotinamide N-oide CHN, O, 13804325 2166 13905052 291605 Down
8,8-Dicarboxy-1,1"-binaphthalene CuHLO, 34209188 14955 34108461 345805 up
+-Aminobutyric acid (GABA) C.H,NO, 10306412 1298 1040714 347605 Down
Citraconic acid C.H,O, 13002529 1822 12901798 6.02E-05 up
4-Hydroxynordiazepam CoH,CINO, 28605164 5737 28705892 266506 Down
Rhamnetin CH,,0; 31606209 5906 3170693 9.17E:06  Down
Lipoamide CHNOS, 20505924 2016 185.05594 LA9E-04 Up
::;i;:::z::::ylpmwn'A'SA H, 0, 250.11988 5917 249.11259 166E-04 Down
2:(3,4-Dimethoxyphenylquinoline C HiuNO, 30306749 5592 30407476 309604 Down
G2vs.G3 3-(3-nitrophenyD)-2-phenylacrylic acid CsHyNO, 290.04567 537 28903836 580504 Up
Succinic acid C.H,O, 1802511 2486 1701783 580604 up
3-(3-Bromo-4-hydroxy-5-methoxyphenyl)-2-
A CoHBIN,O, 29598179 2514 20497451 6.08E-04 up
N-{6-{(5-Chloro-3-pyridyloxy]-3-pyridyl}-N'- H,CIN,O, | 27805917 2519 279.06644 6.62E-04 up
methylurea
Morin CHL,0; 30204676 5852 303.05403 826504 Down
Phenethylamine CHUN 12108964 5018 12209684 223804 up
Styrene C.H, 1040631 5018 1050704 274E-04 up
Phosphocthanolamine C.H,NO,P 141.01951 1.266 14202679 321E04  Down
GNK CuHu N, O 29916023 4309 30016751 454E-04 up
3-[3-(Methylthio)anilino]-1,3-
bt JHNO,S 27106895 4681 27006167 | 672504 up
G2v.G6  Ciicacid CH,O; 19202583 1.968 19101855 7.65E-04 Up
;:::x:;:zdmws'me‘hmphmy”'} CiHBEN,O, 29598179 2514 20497451 LO3E-03 Up
N-{6-{(5-Chloro-3-pyridyloxy]-3-pyridyl}-N'- C.H, CIN, O, 278.05917 2519 279.06644 1.04E-03 up
methylurea
2-Amino-1,3,4-octadecanetriol CHuNO, 31729348 6203 31830075 LI3E03  Down
Acetophenone CHO 12005788 2388 12106516 125E-03 Up

FAHEA, fatty acid esters of hydroxy fatty acids.
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Diet

Nutrients TL2019S LD5053 LD5001
Energy
Calories from carbohydrates (%) 55.00 6238 58.00
Calories from fat (%) 2200 1312 1350
Calories from protein (%) 2300 2450 2851
Metabolizable energy (kcal/g) 330 302 302
Fatty acids
C18:206 linoleic (%) 390 232 122
Fat (acid hydrolysis) (%) 9.00 630 570
Fat (ether extract) (%) 10.00 500 500
Fiber (crude) (%) 260 440 510
Total monounsaturated (%) 170 100 160
Total saturated (%) 120 077 156
Minerals
Copper (mg/kg) 15.00 13.00 013
Todine (mg/kg) 600 097 100
Manganese (mg/kg) 80.00 8200 070
Potassium (%) 0.40 107 118
Vitamins
Biotin (ppm) 090 030 030
Choline chloride (ppm) 1200.00 1575.00 2250.00
Folicacid (ppm) 9.00 300 7.10
Niacin (ppm) 12000 8400 12000
Pantothenic acid (ppm) 14000 17.00 2400
Pyridoxine (ppm) 26.00 960 600
Riboflavin (ppm) 27.00 810 450
‘Thiamin hydrochloride (ppm) 117.00 16.00 16.00
Vitamin A (IU/gm) 3000 15.00 15.00
Vitamin B12 (mcg/kg) 15000 5100 50.00
Vitamin D3 (1U/gm) 200 230 450
Vitamin E (1U/kg) 135.00 99.00 4200

Vitamin K (as menadione) (ppm) 100.00 330 1.30
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Chlamydia 0.0115 £ 0.0207 | 0.0000 % 0.0001 0.0293
Anaerotruncus 0.0017 £ 0.0011 0.0067 £ 0.0026 0.0426
Intestinimonas 0.0017 £ 0.0015 | 0.0065 % 0.0037 0.0326
Oscillibacter 0.0012 £ 0.0013 | 0.0061 % 0.0031 0.0019
Veillonella 0.0082 £ 0.0181 0.0001 = 0.0001 0.0047
Fibrobacter 0.0000 £ 0.0000 | 0.0062 % 0.0141 0.0164
Parabacteroides 0.0011 £ 0.0016 | 0.0053 % 0.0033 0.0047
Enterococcus 0.0059 £ 0.0063 0.0000 = 0.0000 0.0131
Helicobacter 0.0003 £ 0.0006 | 0.0040 % 0.0032 0.0047
Enterorhabdus 0.0026 £ 0.0025 | 0.0002 % 0.0002 0.0388
Lachnoclostridium 0.0019 £ 0.0021 | 0.0004 % 0.0003 0.0388
Oribacterium 0.0000 = 0.0001 0.0015 =+ 0.0025 0.0047
Eubacterium 0.0015 £ 0.0017 | 0.0000 % 0.0000 0.0124
Parasutterella 0.0009 =+ 0.0011 0.0001 = 0.0001 0.0388
Papillibacter 0.0001 = 0.0001 0.0006 = 0.0005 0.0016
Anaerovibrio 0.0000 £ 0.0000 | 0.0004 % 0.0004 0.0187
Anaerovorax 0.0000 £ 0.0000 0.0004 £ 0.0004 0.0007
Peptococcus 0.0000 £ 0.0000 | 0.0001 % 0.0002 0.0200
Fusicatenibacter 0.0001 = 0.0002 0.0000 = 0.0000 0.0027
Flavonifractor 0.0001 £ 0.0002 | 0.0000 % 0.0000 0.0007
Anaerofilum 0.0000 £ 0.0000 | 0.0001 % 0.0001 0.0124
Gelria 0.0000 £ 0.0000 | 0.0001 % 0.0000 0.0080
Barnesiella 0.0000 £ 0.0000 | 0.0000 % 0.0000 0.0019
SADI-S, single-anastomosis duodenal-ileal bypass with sleeve gastrectomy group; Sham-PF,

sham operation with pair-feeding.
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Verrucomicrobiaceae 0.0381 £ 0.0930 0.0001 = 0.0003 0.0146
Rikenellaceae 0.0036 £ 0.0062 0.0224 £ 0.0161 0.0080
Streptococcaceae 0.0238 £ 0.0398 0.0003 £ 0.0003 0.0080
Coriobacteriaceae 0.0140 £ 0.0176 0.0017 £ 0.0014 0.0293
Bifidobacteriaceae 0.0116 £ 0.0090 | 0.0000 % 0.0000 0.0016
Chlamydiaceae 0.0115 £ 0.0207 0.0000 £ 0.0001 0.0187
Porphyromonadaceae 0.0016 £ 0.0025 | 0.0060 % 0.0033 0.0127
Fibrobacteraceae 0.0000 £ 0.0000 | 0.0062 % 0.0141 0.0124
Alcaligenaceae 0.0052 £ 0.0067 | 0.0011 % 0.0009 0.0293
Enterococcaceae 0.0059 £ 0.0063 0.0000 £ 0.0000 0.0019
Helicobacteraceae 0.0003 £ 0.0006 | 0.0040 % 0.0032 0.0080
Clostridiaceae 0.0015 £ 0.0023 0.0001 £ 0.0001 0.0117
Eubacteriaceae 0.0015 £ 0.0017 0.0000 = 0.0000 0.0019
Defluviitaleaceae 0.0001 £ 0.0001 0.0004 £ 0.0003 0.0115
Thermoanaerobacteraceae | 0.0000 £ 0.0000 | 0.0001 £ 0.0000 0.0124
Genera level

Escherichia 0.3459 £ 0.1805 0.0007 £ 0.0008 0.0016
Prevotella 0.0151 £0.0145 0.1135 £ 0.0659 0.0187
Alloprevotella 0.0163 £ 0.0221 0.0529 £ 0.0354 0.0007
Lactobacillus 0.0117 £0.0187 0.0437 £ 0.0303 0.0200
Ruminococcus 0.0046 =+ 0.0067 0.0421 £ 0.0134 0.0027
Bacteroides 0.0070 £ 0.0058 0.0259 £ 0.0128 0.0007
Akkermansia 0.0381 £ 0.0930 0.0001 £ 0.0003 0.0124
Streptococcus 0.0238 £ 0.0398 0.0003 £ 0.0003 0.0080
Quinella 0.0026 £ 0.0054 0.0107 £ 0.0076 0.0019
Bifidobacterium 0.0116 £ 0.0090 0.0000 % 0.0000 0.0080
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SADI-S | Sham-PF | p

group group Value

Phylum level

Bacteroidetes 0.1759 £ 0.1237 | 0.5332+0.0714 0.0007
Proteobacteria 0.3670 £ 0.1706 | 0.0233 % 0.0059 0.0007
Verrucomicrobia 0.0381 £ 0.0930 0.0019 £ 0.0013 0.0426
Actinobacteria 0.0259 £ 0.0179 | 0.0017 & 0.0014 0.0013
Chlamydiae 0.0115 £ 0.0207 | 0.0000 % 0.0001 0.0187
Tenericutes 0.0002 £ 0.0002 | 0.0080 % 0.0100 0.0127
Fibrobacteres 0.0000 £ 0.0000 | 0.0062 % 0.0141 0.0124

Class level

Bacteroidia 0.1756 £ 0.1237 0.5125 £ 0.0774 0.0007
Clostridia 0.1862 £ 0.0527 0.2885 £ 0.0960 0.0426
Gammaproteobacteria 0.3503 £ 0.1825 | 0.0027 % 0.0026 0.0007
Erysipelotrichia 0.0460 £ 0.0496 0.0018 £ 0.0017 0.0127
Verrucomicrobiae 0.0381 £ 0.0930 | 0.0001 % 0.0003 0.0146
Coriobacteriia 0.0140 £ 0.0176 0.0017 £ 0.0014 0.0293
Actinobacteria 0.0119 £ 0.0088 0.0000 =% 0.0000 0.0024
Chlamydia 0.0115 £ 0.0207 0.0000 £ 0.0001 0.0187
Mollicutes 0.0002 =£ 0.0002 0.0080 £ 0.0100 0.0127
Fibrobacteria 0.0000 £ 0.0000 0.0062 £ 0.0141 0.0124
Betaproteobacteria 0.0053 £ 0.0067 | 0.0011 % 0.0009 0.0293
Epsilonproteobacteria 0.0003 £ 0.0006 | 0.0040 % 0.0032 0.0080
Opitutae 0.0000 = 0.0000 0.0003 £ 0.0004 0.0291

Order level

Bacteroidales 0.1756 £ 0.1237 0.5125 £ 0.0774 0.0007
Clostridiales 0.1862 £ 0.0527 0.2883 £ 0.0959 0.0426
Enterobacteriales 0.3481 £ 0.1828 | 0.0008 % 0.0008 0.0007
Erysipelotrichales 0.0460 £ 0.0496 0.0018 £ 0.0017 0.0127
Verrucomicrobiales 0.0381 £ 0.0930 | 0.0001 % 0.0003 0.0146
Coriobacteriales 0.0140 £ 0.0176 | 0.0017 & 0.0014 0.0293
Bifidobacteriales 0.0116 £ 0.0090 0.0000 £ 0.0000 0.0016
Chlamydiales 0.0115 £ 0.0207 0.0000 £ 0.0001 0.0187
Fibrobacterales 0.0000 £ 0.0000 0.0062 £ 0.0141 0.0124
Burkholderiales 0.0053 £ 0.0067 0.0011 £ 0.0009 0.0293
Campylobacterales 0.0003 £ 0.0006 | 0.0040 % 0.0032 0.0080

Thermoanaerobacterales 0.0000 =+ 0.0000 0.0001 =+ 0.0000 0.0124

Family level

Prevotellaceae 0.0787 £ 0.0925 | 0.3954 & 0.1345 0.0013
Enterobacteriaceae 0.3481 £ 0.1828 0.0008 =+ 0.0008 0.0007
Ruminococcaceae 0.0765 =+ 0.0225 0.1587 £ 0.0546 0.0007
Lactobacillaceae 0.0117 £ 0.0187 | 0.0437 & 0.0303 0.0200
Erysipelotrichaceae 0.0460 & 0.0496 | 0.0018 % 0.0017 0.0127

Bacteroidaceae 0.0070 £ 0.0058 0.0259 £ 0.0128 0.0047
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Parameters Group 2-Way ANOVA Statistics

ND-CJ
HFHFD-NC
HFHFD-CJ
ND-CJ HFHFD-NC HFHFD-CJ
BW(g) 265£0.76 3095 116" 41915445 46734148 P (diet) <0.001 p (jet leg) <0.001
Liver (g) 1155014 122£0.13 1.68:+0.40° 1982027 P (diet) <0.001 p (jet leg) <0.05
Liver % 4032024 4234033 3674052 4422051° P Getleg) <0.05
Visceral Fat (g) 0332008 04620016 2198033 2204024 P (diet) <0.001
Fat% 9.58+180 15.90+3.76° 5038466 56.52+3.86" P (diet) <0.001 p (jet leg) <0.001
TG (mmol/L) 1174044 1234032 1284050 1342033 ns
TC (mmol/L) 2532025 2684029 4728083 4935043 P (diet) <0.001
HDL-C (mmol/L) 1.67£0.14 174£0.14 3074055 317£026" P (diet) <0.001
LDL-C(mmol/L) 0.69+0.18 0714021 102020 104£0.11° P (diet) <0.001
1L-6 (pg/mL) 4372062 468096 477046 8644143 P (diet) <0.01 p (jet leg) <0.001
P (diet x light) <0.01

IL-1p (pg/mL) 132.10£25.96 189.00+30.84 298226216 288.7+42.40 ns
TNF-a (pg/mL) 77.06%1.94 9247£38.17 1043£11.79 36504 63.61° P (diet) <0.01 p (jet leg) <005
FBG (mmol/L) 6355175 769096 9.18+1.74' 10614283 ) <0.001 p (jet leg) <0.05

Data were expressed as Mean D, Differences were determined using a two-way ANOVA followed by a Tukey's multiple comparisons test,®p<0.05, vs. ND-NC group: ‘p<0.05, vs. ND-CJ
group; P<0.05,vs. HFHFD-NC group. p (diet), main effect of diet p (jetleg), main effect o jt leg p (light x jet leg), interaction effect ofjetleg and diet. BW, body weight;liver % liver weight
(0 body weight ratio; fat %, body fat rate; TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; L6, interleukin-6;
1L-1§, interleukin-1; TNF-a, tumor necrosis factor o; FBG, fasting blood glucose.
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Ingredients Botanical Latin name  Plant parts Amount used Batch No.

Rhubarb Rheun officinale Bail. Roots and rhizomes 12g 16,110,150
Curcuma Curcuma longa L. Rhizome 9g 16,080,008
Stiffsilkworm NA NA 6g 16,100,147

Cicada slough NA NA 3g 16,080,020
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Primer orward Reverse

P53 CCCCTGTCATCTTTTGTCCCT AGCTGGCAGAATAGCTTATTGAG
TNF-a AGTGACAAGCCTGTAGCCC GAGGTTGACTTTCTCCTGGTAT
NE-xB GACACGAACAGAATCCTCAGCATCC CCCACCAGCAGCAGCAGACATG

IL4 GGTCTCAACCCCCAGCTAGT GCCGATGATCTCTCTCAAGTGAT

116 TGTATGAACAACGATGATGCACTT ACTCTGGCTTTGTCTTTCTTGTTATCT
1L-10 CCTCGTTTGTACCTCTCTCCG AGGACACCATAGCAAAGGGC

IL-1p CAGGATGAGGACATGAGCACC CTCTGCAGACTCAAACTCCAC

118 AGCTTGTGAAAAAGAGAGAGACCT GCTAGTCTTCGTTTTGAACAGTGA

GAPDH TGGATTTGGACGCATTGGTC TTTGCACTGGTACGTGTTGAT
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Primer Forward primer Reverse primer (3’ — 5') Length/bp
1L1p CTCATTGTGGCTGTGGAGAAG ACACTAGCAGGTCGTCATCAT 148
L6 CCAGCCAGTTGCCTICTTG AATTAAGCCTCCGACTTGTGAA 139
TNF-« AGATGTGGAACTGGCAGAGG CACGAGCAGGAATGAGAAGAG 100

Actin AGACCTCTATGCCAACACAGT TCCTGCTTGCTGATCCACAT 210
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BW pre-gavage, g
BW post-gavage, g
“Te Max, °C

ALT, U/L
AST,U/L

BU, mmol/L.

CK, U/L

CREA, pmol/L.
I-FABP, ng/mL

D-Lactate, pmol/ml.

Col HA HA+HS
272004738 277.02£1450 - -
4269241440 380.56:48.41%4% - -

- - 43564136 41382066
4588649 44235564 2027184475 68.7820.10°
147.95£49.10 151.76£17.13 1091.52£433.73%% 361.98:+103.58"
5754068 815£113 1940 £3.46% 12.03+3.00"
847.08£458.7 677.65£69.85 3048.80 % 1313.26% 143898+ 447.16"
50334571 63234672 85.72417.65%% 740341746
7.14£121 7304102 184324124 14.47£0.98"

153025 142033 320£042%% 2624030

Data are shown as means  SD; BW, body weight, Te Max, mean value and SD of the maximun Te during the heat stroke period. ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BU, blood urea; CK, creatine kinase; CREA, creatinine; I-EABP, intestinal fatty acid binding protein; *p<(0.05, “p<0.01, ****5%%p.<0,001.
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GSH (umol/mg CuZn-SOD MDA (nmol/mg | IL-10 (pg/mg IL-6 (pg/mg | TNF-a (pg/mg

prot) (U/mg prot) prot) prot) prot) prot)
Normal 17.18 £ 0.54° 47.37 £ 0.40° 3.56 = 0.784 32.96 + 1.15% 7.53 = 0.554 119.90 + 13.274
Model 7.84 4 0.294 25.83 4 0.324 14.21 £ 1.10* 17.13 £ 0.814 19.62 + 0.812 262.91 + 12.84%
CA 14.86 + 0.60° 39.47 £ 0.37° 527 4+ 0.43° 27.39 4 0.95" 9.30 + 0.22° 168.54 + 14.86°
LLSLHFY14LD 11.58 £+ 0.61¢ 35.38 + 0.44¢ 9.16 4+ 0.67° 20.62 + 0.27° 13.04 £ 0.72° 203.18 4 13.36"
LLSLHFY14HD 14.32 4 0.69° 39.32 +0.57° 587 %+ 0.39° 26.49 + 1.27° 9.41 4+ 0.51° 174.36 + 8.60°

a=dValues presented are the mean = standard deviation, mean values with different letters in the same column are significantly different (p < 0.05) according to Tukey test, the same below.
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GSH (pmol/L) CuZn-SOD MDA IL-10 (pg/ml) IL-6 (pg/ml) TNF-a (pg/ml)

(U/ml) (nmol/ml)
Normal 140.83 + 11.36* 173.08 + 21.10* 4.86 +0.62¢ 25.41 + 3.44% 33.90 4+ 1.394 61.85 + 7.004
Model 64.37 + 9.29° 65.57 + 21.14° 1112 £ 1.312 3.45 + 2.45° 55.92 4+ 2,12 139.45 + 8.24°
CA 129.57 + 10.36* 131.51 £ 2591% 6.75 4+ 1.10° 17.02 + 5.18% 41.50 + 1.87¢ 81.61 + 7.35°
LLSLHFY 14LD 88.26 4+ 11.01° 79.46 + 23.57° 8.98 4 1.24° 6.13 £2.72° 47.93 +2.05" 11247 £ 8.79°
LLSLHFY 14HD 124.03 + 9.65% 121.41 + 29.45° 7.05 4+ 1.27° 1523 +3.38° 42,09 + 1.81¢ 83.77 + 6.37°

a=dValues presented are the mean = standard deviation, mean values with different letters in the same column are significantly different (p < 0.05) according to Tukey test, the same below.
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Body Liver Liver index

weight (g) = weight (g)

Normal 31.18 - 3.282 0.86 == 0.07% 2.76 4 0.29°
Model 23.77 £ 2.12¢ 0.91 = 0.042 3.88 £ 0.48%
CA 27.79 = 2.86% 0.85 % 0.06* 3.07 £ 0.37%
LLSLHFY14LD 25.52 = 2.36" 0.85 == 0.05* 3.35 + 0.43%
LLSLHFY 14HD 27.28 + 1.862 0.83 = 0.05% 3.07 £ 0.27%

a=dvalyes presented are the mean =+ standard deviation, mean values with different letters
in the same column are significantly different (p < 0.05) according to Tukey’s test, the same
below.
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Sample name RSEF RMEF PSEF PMEF

Dried paste folded raw med; 35721 24040 20613 27686
amount (1:1)

Limonin Content in dry paste (mg/g) 1576 1897 884 1546
EVO content in dry paste (mg/g) 0.67 078 043 091

SEF: aqueous extract of raw small-flowered EF dry paste, RMEF: aqueous extract of raw medium-flowered EF dry paste, PSEF: aqueous extract of processing small-flowered EF dry paste,
PMEF: aqueous extract of processing medium-flowered EF dry past.
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