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Editorial on the Research Topic
 Interaction between food homologous plants and intestinal microbiota




In recent years, experts have recognized the critical role of gut microbiota in maintaining overall health. The microorganisms, including bacteria, fungi, and viruses, living in the intestine are referred to collectively as the intestinal microbiota, which play a significant role in several physiological processes in the digestion and metabolism of numerous food constituents (Altveş et al., 2020). The interaction between food-homologous plants and the digestive tract bacteria is one component of this intricate interplay. Plants are considered food homologous if they have specific bioactive chemicals comparable to those found in food normally. Studies have demonstrated that these compounds, also known as phytochemicals, can modify the composition and activity of the gut microbiota under the influence of several variables, including genetics, food, and lifestyle. Moreover, research has shown that certain phytochemicals found in food homologous plants may perform the function of prebiotics and provide a source of nutrition for healthy gut microbiota (Orloff et al., 2016) (Figure 1).


[image: Figure 1]
FIGURE 1
 The ways of food homologous plants to prevent pathogens and nutrition to gut flora.


These phytochemicals bypass the digestive tract and end up in the colon, feeding beneficial microbes, such as Bifidobacteria and Lactobacilli. In addition, it has been shown that food homologous plants exhibit antibacterial characteristics that protect against disease-causing microorganisms. Phytochemicals, i.e., polyphenols and flavonoids, have antimicrobial properties that maintain a healthy gut flora balance and prevent the expansion of hazardous pathogens, which proves a correlation between food homologous plants and their remodeling toward the microbiota of the digestive system. Recent studies have demonstrated that the microbiota in the gut may convert phytochemicals into bioactive molecules that may improve the host's health, e.g., short-chain fatty acids (SCFAs) (Den Besten et al., 2013). The advantages of these SCFAs include enhanced energy metabolism, less inflammation, and better gut barrier integrity, that play an important role in the microbiome of the entire digestive system.

There is a very distinct relationship between food homologous plants and the bacteria in the gut of a host, which might be influenced by various variables, including age, genetics, and other health issues, regardless of the enormous variation between different hosts in the composition of their gut microbiota. The complex link between such plants and the microbiota of the digestive tract significantly affects overall health. Modulating the microbiota in the gut via the ingestion of these plants has the potential to not only maintain a healthy gut environment but also manage or prevent various health issues. Moreover, idling certain phytochemicals and their metabolites (responsible for the observed effects on the gut microbiota) might lead to targeted therapies and personalized dietary recommendations.

As a result of the ongoing expansion of study, several essential subfields of research have recently come to the fore. One of those areas focuses on the effect of food homologous plants on the microbial diversity in the gut. Numerous scientific investigations have shown a correlation between normal and abnormal microbiota in the gut. It is hypothesized that an enormous variety of helpful bacteria in the gut might contribute to better immune function, increased nutritional absorption, and protection against hazardous pathogens. This is because beneficial bacteria can inhibit the growth of harmful pathogens (Wu and Wu, 2012). Therefore, consuming a wide array of such plants has been associated with higher levels of microbial diversity in the gut, which is an interesting finding. Because these plants contain a vast spectrum of phytochemicals, they may supply a wide variety of substrates for the development and metabolism of microorganisms, encouraging a more diversified ecology of microorganisms. In addition, the interaction that takes place in the gut may have an effect on the creation of metabolites that have an impact on health. For example, some bacteria in the gut can transform chemicals derived from plants into metabolites with anti-inflammatory characteristics. These metabolites can potentially assist in regulating the immune system and protect against chronic inflammation that is associated with several disorders, including inflammatory bowel disease, cardiovascular disease, and some forms of cancer (Belkaid and Hand, 2014). Insight into the potential therapeutic uses of food homologous plants may be gained via understanding the unique processes by which these plants affect the metabolic activity of gut microbes. Furthermore, some phytochemicals can affect the metabolism of dietary fats and carbohydrates, which in turn may affect the control of weight and the development of metabolic illnesses such as diabetes and obesity. It has been shown that the microbiota in the gut contributes to the digestion and absorption of nutrients, hence playing an essential part in the metabolic processes being described.

The interaction between food-homologous plants and the microbiota of the digestive system has implications for brain functioning. The gut and the brain can interact through the gut-brain axis. Emerging research shows that abnormalities in the gut microbiota composition, often known as dysbiosis, may contribute to developing mental health issues such as depression and anxiety (Clapp et al., 2017). These illnesses may be prevented by maintaining a healthy balance in the gut microbiota. Additionally, the consumption of such plants has been shown in many studies to benefit the gut microbiota, mental state, and cognitive performance. Moreover, the gut microbiota is thought to generate neurotransmitters and other signaling chemicals that may impact brain function. However, the specific processes that underlie it are still being investigated. The Research Topic “Interaction between food homologous plants and intestinal microbiota” comprehensively explores the intricate relationship between traditional Chinese herbal medicines, plant-derived compounds, and seaweed polysaccharides with the gut microbiota. The articles highlight the potential therapeutic applications and underlying mechanisms by which these compounds interact with the gut microbiota to improve health outcomes. Several studies focused on the effects of traditional Chinese herbal medicines on various aspects of health. Danggui Buxue decoction (DBD) exhibited promising effects on type 2 diabetes. DBD treatment improved insulin sensitivity, reduced inflammation, and enhanced microbial diversity in the intestines, suggesting its potential as an antidiabetic and anti-inflammatory agent (Wang et al.). Similarly, Astragalus polysaccharides (APS) showed anti-inflammatory effects with lung injury induced by lipopolysaccharides (LPS). APS improved lung pathology and reduced inflammation, possibly through its modulation of gut microbiota (Ming et al.).

The interaction between plant-derived compounds and gut microbiota was also evident in studies involving animal models. Taxifolin, a natural flavonoid, enhanced semen quality in Duroc boars by modulating gut microbes and blood metabolites. It increases sperm motility and beneficial blood components while reducing harmful bile acids and cholesterol levels (Zhou et al.). Low-nicotine tobacco (LNT) supplementation in rabbits showed promising results on health parameters, altering gut microbiota diversity and metabolites. LNT positively impacted blood status and carcass weight, indicating its potential as a feed additive (Jing et al.).

Other studies delved into the immunomodulatory effects of Chinese medicine compounds. The compound small peptide of Chinese medicine (CSPCM) alleviated cyclophosphamide-induced immunosuppression in mice by modulating gut microbiota and regulating Th17/Treg balance. CSPCM increases immune organ indices, anti-inflammatory cytokines, and beneficial gut bacteria while decreasing immunosuppressive Treg cells and harmful bacteria (Cui et al.). Black Lycium barbarum polysaccharide (BLBP) demonstrated protective effects against lipopolysaccharide (LPS)-induced intestine damage. BLBP attenuated inflammation and improved intestinal morphology, possibly through the NAD(P)H dehydrogenase (quinone) 1/NF-κB pathway and modulation of gut microbiota (Yan et al.). The potential of seaweed polysaccharides as therapeutic agents was also explored. Seaweed polysaccharides alleviated hexavalent chromium-induced gut microbial dysbiosis, demonstrating their ability to restore gut microbiota balance (Mu et al.).

Overall, the articles in this Research Topic collectively emphasize the importance of gut microbiota in mediating the health benefits of traditional Chinese herbal medicines, plant-derived compounds, and seaweed polysaccharides. These studies shed light on novel therapeutic strategies for various health conditions, including diabetes, inflammatory lung injury, immunosuppression, and gut microbial dysbiosis. The findings underscore the significance of understanding the complex interactions between food-homologous plants and gut microbiota for developing innovative and effective therapeutic interventions.

Although studies on food-homologous plants have been conducted, many obstacles still need to be overcome. Determining which particular phytochemicals are responsible for the effects that have been seen is a significant obstacle. It is challenging to isolate and analyze the impact of individual components since many identical plants possess a complex variety of bioactive substances. This makes it tough to examine the effects of individual components. Moreover, the fact that the gut microbiota is uniquely composed presents a hurdle when formulating applicable dietary guidelines.

In conclusion, food homologous plants' interactions with the microbiota of the digestive tract is fascinating. The chemical compounds present in such plants can change the layout and activity of the gut microbiota, which might positively affect health. However, further study is required to understand the underlying processes and locate the particular phytochemicals that are accountable for the impacts that have been reported. This information might pave the way for personalized dietary plans to improve gut and body health.
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Background: Inflammatory bowel disease (IBD), a disease that seriously harms human and animal health, has attracted many researchers’ attention because of its complexity and difficulty in treatment. Most research has involved rats and dogs, and very little was cats. We should know that gut microbiota varies significantly from animal to animal. Traditional Chinese Medicine and its monomer component have many advantages compared with antibiotics used in pet clinics. Numerous studies have shown berberine (berberine hydrochloride) therapeutic value for IBD. However, the specific mechanism remains to consider.

Results: We assessed gut pathology and analyzed fecal bacterial composition using Histological staining and 16S rRNA sequence. Dioctyl sodium sulfosuccinate (DSS) administration destroyed intestinal mucosal structure and changed the diversity of intestinal flora relative to control. RT-PCR and western blot confirmed specific molecular mechanisms that trigger acute inflammation and intestinal mucosal barrier function disruption after DSS treatment. And autophagy inhibition is typical pathogenesis of IBD. Interestingly, berberine ameliorates inflammation during the development of the intestinal by modulating the toll-like receptors 4 (TLR4)/nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling pathway and activating autophagy. Berberine significantly reduces tumor necrosis factor α (TNF-α), interleukin (IL)-6, and IL-1β expression in cats’ serum. Enhancing the antioxidant effect of IBD cats is one of the protective mechanisms of berberine. We demonstrated that berberine repairs intestinal barrier function by activating the mammalian target of rapamycin (mTOR) complex (MTORC), which inhibits autophagy.

Conclusion: Berberine can restore intestinal microbiota homeostasis and regulate the TLR4/NF-κB pathway, thereby controlling inflammatory responses. We propose a novel mechanism of berberine therapy for IBD, namely, berberine therapy can simultaneously activate MTORC and autophagy to restore intestinal mucosal barrier function in cats, which should be further studied to shed light on berberine to IBD.

Keywords: inflammatory bowel disease, gut microbiota, intestinal barrier function, berberine, TLR4/NF-κB signaling pathway, autophagy, mTOR complex


INTRODUCTION

Cats are the most popular pets nowadays (Crowley et al., 2020). The change of living environment led to the change of diet from high protein to high carbohydrate (Grzeskowiak et al., 2015); it is one of the essential factors that predispose domestic cats to gastrointestinal diseases (Makielski et al., 2019). The fact that the gut is known as the “second brain” speaks volumes about the importance of a healthy gut. However, treating gastrointestinal diseases has always been a challenge for humans and pets.

Inflammatory bowel disease (IBD) is a common gastrointestinal disorder in cats and is a chronic immune-mediated disease affecting the gastrointestinal tract; so far, it is incurable (Marsilio et al., 2021). The number of IBD patients increases year by year due to wrong living habits (Habtemariam, 2016). Many studies have investigated the therapeutic agents of intestinal flora on IBD (de Mattos et al., 2015; Levine et al., 2018). Furthermore, intestinal barrier dysfunction was an essential mechanism of IBD, which has attracted more and more researchers’ attention (Glassner et al., 2020).

Antibiotics using in IBD, but whether they affect the body for better or worse remains highly controversial (Ianiro et al., 2016). To that end, researchers are turning to natural medicines that are safe and effective. Berberine hydrochloride (BBr) is the main ingredient in many commonly used Traditional Chinese Medicines (e.g., the genus Berberis). Studies have shown that BBr displayed numerous pharmacological activities, including anti-inflammatory as a mechanism of action for its therapeutic use in treating IBD (Chen et al., 2013, 2014; Habtemariam, 2016). However, the interplay between BBr and IBD is far more complex than it has to articulate.

We hypothesized that BBr would be safe and effective for IBD prevention. Here, we established IBD models in American shorthair treated with 5% dioctyl sodium sulfosuccinate (DSS) for 7 days to compare the clinical and histological changes with or without administration and further explore the therapeutic mechanism of BBr. In the following, we present data that demonstrates BBr restored intestinal barrier function, maintained intestinal microbiota homeostasis, regulated the expression of toll-like receptors 4 (TLR4)/nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), and activated both the mammalian target of rapamycin (mTOR) complex (MTORC) and autophagy. Thus, it suggests that the therapeutic mechanism of BBr is remodeling intestinal flora, restoring intestinal barrier function, alleviating inflammation through modulation of the TLR4/NF-κB pathway, and preventing intestinal mucosal over-repair by activation of MTORC and autophagy.



MATERIALS AND METHODS


Animal

This experiment conforms to the Animal Care and Use Committee of Northeast Agricultural University (SRM-11). The present study used twelve healthy adults American Shorthairs, including six women (all intact) and six men (all intact). They were vaccinated with the triple vaccine and were not in the vaccination period at the experiment. In vitro deworming was performed once a month, and in vivo deworming was performed every 3 months to eliminate the effects of viruses and parasites.



Drug Administration

All cat adaptability raised a week with 12 h of light/12 h of the dark cycle, 25°C, and free access to food and water. Cats allocate to three groups: control (CON or A, n = 3), vehicle (DSS or B, n = 3), and BBr-treated vehicle group (n = 6; BBr, Figure 1A). To verify the effect of BBr dose on curative effect, six cats in the BBr group divide into two groups: the low-dose group (C or L-BBr, 40 mg/kg) and the high-dose group (D or H-BBr, 80 mg/kg). A total of 5% DSS (w/v, DSS, 36–50 kDa, MP Biomedical, Solon, OH, United States) was added to the drinking water over 7 days to induce experimental IBD and then replaced with normal drinking water for an additional 7 days (Figure 1A). BBr (Sigma-Aldrich, St. Louis, MO, United States) was administered orally at 40 and 80 mg/kg daily to the BBr group for 14 days (Figure 1A). Cats have euthanized on Day 14 for the following analysis.


[image: image]

FIGURE 1. BBr exerted protective effects in DSS-induced IBD. (A) Graphical presentation of the study design. Intestinal inflammation is induced by administrating 5%DSS for 7 days and then replaced with pure water. Cats in the BBr group received BBr (40 and 80 mg/kg) orally for 14 days, and the vehicle group was left untreated. Bodyweight (B) and DAI score (C) monitor every day. (D) HE stained. (E) Colonic mucosal damage score. (F) Representative necropsy photographs of the colon. (G) Colon length. All data are present as mean ± SD. P < 0.05 was considered statistically significant, and ***P < 0.001, ****P < 0.0001 vs. the DSS group. CON, the control group, cats with no treatment; DSS, cats treated only with 5%DSS; L-BBr, cats treated with both 5%DSS and 40 mg/kg/day BBr; H-BBr, cats treated with both 5%DSS and 80 mg/kg/day BBr.




Fecal Collection

Feces have collected from each cat within 5 min of 2 ml glycerin injected into the rectum with a 2 mm diameter rectal administration tube after drug administration (day 14) and frozen at −80°C until further analysis.



Clinical Monitoring and Determination of the Histological Score

During the process of IBD, experienced personnel determined the cat IBD activity index score (DAI) as previously reported (Jergens et al., 2010) to assess the severity of inflammation in colitis, including bodyweight loss, stool consistency, and fecal blood (Supplementary Table 1).

On Day 14, Cats were euthanized and measured the length of the colon; about 1 cm of colon tissue was removed and fixed in 10% formalin to stain with H&E. The extent of tissue damage was observed under Leica laser microdissection systems (DM6B, Heidelberg, Germany) and assessed in Supplementary Figure 1 (Oktar et al., 2002). Performed all injury assessments by observers unaware of the treatment and expressed the final score as an average.



Oxidative Stress Measurement

The experiment examined only three groups with significantly different antioxidant levels: the CON, DSS, and H-BBr groups. Normal saline was mixed in 1 g of colon tissue from each group, ground on ice to homogenate, and taken the supernatant after centrifugation, determined the protein concentration with a BCA protein determination kit (Mei5 Biotechnology Co., Ltd, Beijing, China). The contents of CAT, T-AOC, GSH, MDA, and SOD in colon homogenate were detected using a CAT, T-AOC, GSH, SOD, and MDA assay kit (Njjcbio, Nanjing, China) following the manufacturer’s instructions.



16S rRNA Sequence Analysis

We used a 16S rRNA sequence to analyze the effects of BBr on the communities of intestinal flora and extracted total DNA from 2 g of feces in each group. SEQHEALTH (Wuhan, China) conducted the sequencing work. Nanodrop was used to quantify DNA and detected the extracted DNA quality by 1.2% agarose gel electrophoresis. We used the V3 + V4 region of the 16S rRNA gene, the target for PCR amplification. The amplified products were recovered and quantified by fluorescence. The sequencing library should be prepared using the TruSeq Nano DNA LT Library Prep Kit (Illumina, San Diego, CA, United States) and performing high-quality sequencing. For this experiment’s amplicon sequencing bioinformatics workflow, as follows:

The raw sequence is divided into library and sample according to index and Barcode information and then removed the Barcode sequence. Sequence denoising or OTU clustering was performed according to the QIIME2 DADA2 analysis or Searched software analysis process. Presented the specific composition of each sample (group) at the taxonomic level of different species to understand the overall situation. According to the distribution of ASV/OTU in different samples, each sample evaluated the Alpha diversity level and reflected the appropriate sequencing depth through the light curve. We calculated each sample’s distance matrix at the ASV/OTU level. At the level of taxonomic composition, we further measured the diversity of species abundance composition among different samples (groups) through various unsupervised sorting, clustering, and modeling methods, combined with corresponding statistical test methods, and tried to find marker species.



Enzyme-Linked Immunosorbent Assay

The forelimb saphenous vein blood was collected on the 14th day of treatment and centrifuged at 15,000 RPM/min for 15 min to separate the serum. The serum freezing at −80°C for later use. According to the manufacturer’s instructions, the concentrations of interleukin (IL)-6, IL-1ß, and tumor necrosis factor α (TNF-α) in the serum sample detecting by the ELISA kit (Cell Signaling Technology, Boston, United States). We draw a standard curve to calculate the content of cytokines in the sample.



RNA Extraction and Quantitative PCR

We conducted RT-PCR to verify gene-level changes in the CON, DSS, and H-BBr groups. Extracted total RNA from colon tissues using RNeasy Plus Kit (Invitrogen, New York, United States). Following the manufacturer’s instructions, reverse transcription performing by using the BioRT Master HisSensi cDNA First-Strand Synthesis kit (Shanghai Roche, China). PCR2720 thermal cycler (Applied Biosystems, United States) and ABI7500 PCR system perform RT-qPCR. The fluorescence reagent used in this experiment was SYBR Green I, and the cycling conditions refer to Supplementary Figure 2. The primers used for PCR amplification which listed in Supplementary Table 2.



Western Blot

We detected the protein levels of the CON group, DSS group, and H-BBr group by using Western blot. Extracted tissue protein on ice, and the protein concentration was determined with a BCA protein determination kit and diluted to an equal concentration (2–4 μg). Protein was separated by 6, 8, 10, and 12% SDS-polyacrylamide gel electrophoresis. The membrane transfer time is proportional to the protein size. After sealing with 5% non-fat milk for 2 h at room temperature, the membrane was incubated overnight with cat primary antibody (Supplementary Table 3) at 4°C and acquired with peroxidase-conjugated secondary antibody goat anti-rabbit IgG (1:2,000, Cell Signaling Technology) for 2 h at room temperature. Finally, it detected the signal with X-ray films (TransGen Biotech Co., Beijing, China).



Statistical

Using GraphPad Prism 7 software for experimental data, Student’s T-tests and one-way ANOVA analyze differences between groups. We processed the images by using Adobe Photoshop 2020 and Imagej_V1.8. SPSS 13 and statistics were analyzed by means ± standard deviation ([image: image] ± s). P < 0.05 was considered statistically significant.




RESULTS


Berberine Hydrochloride Alters the Experimental Features in Dioctyl Sodium Sulfosuccinate-Induced Inflammatory Bowel Disease

All cats developed significant IBD symptoms following DSS uptake, as evidenced by a severe DAI score (Figures 1B,C) and colon shortening (Figures 1F,G). However, BBr reverses these clinical characteristics (Figures 1A–G). The histological examination demonstrated that BBr showed a significant protective effect on colon damage and inflammation, with complete morphology of epithelial cells and abundant goblet cells, complete repair of the glandular structure, but still a small amount of inflammatory cell infiltration (Figures 1D,E). Consistently, the expression of serum inflammatory factors was upregulated in DSS-treated, while IL-6, IL-1β, and TNF-α were down-regulated after BBr treatment (Supplementary Figure 3). Moreover, DSS exposure disrupts the antioxidant system in the gut (Li H. et al., 2020). Compared with the CON group, the content of MDA increased in the DSS group while it decreased in the H-BBr group (Supplementary Figure 4). Meanwhile, the H-BBr group had an increased antioxidant effect, as evidenced by increased T-AOC, GSH, CAT, and SOD values (Supplementary Figure 4). Notably, the greater the dose of BBr, the less pronounced the DSS-induced IBD features.



Berberine Hydrochloride Rebuilt the Intestinal Tight Junction Barrier

The intestinal epithelium consists of intestinal epithelial cells and tight junction proteins, maintaining mucosal homeostasis (Parikh et al., 2019). We investigated the therapeutic effect of BBr on DSS-induced intestinal barrier dysfunction. We assessed the mRNA expression level of colonic tight junction proteins (ZO-1, ZO-2, E-cadherin, ZEB1, and occluding) by RT-PCR. As shown in Figure 2A, in contrast to the CON group, BBr significantly upregulated the mRNA expression level of tight junction proteins. Meanwhile, Western blot results demonstrated that BBr could repair the intestinal mucosal barrier. As illustrated in Figures 2B,C, increased E-cadherin and slug expression in H-BBr-treated cats and down-regulated the expression level of N-cadherin.
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FIGURE 2. BBr repairs DSS – induced intestinal mucosal barrier injury. (A) Histogram of the mRNA relative expression in colonic mucosa. (B) Western blot assay of E-cadherin, N-cadherin, and slug. (C) One-way ANOVA and Tukey’s post-test analyze the protein gray value of E-cadherin, N-cadherin, and slug. Data represent the mean ± SD. P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001 vs CON group.




Berberine Hydrochloride Modulates Dioctyl Sodium Sulfosuccinate-Induced Gut Microbiota Dysbiosis

To observe the effects of BBr on the gut microbiota, we evaluated the composition and diversity of intestinal microbiota using 16S rRNA sequence analysis. It can be seen in Figure 3A that the species accumulation curve of cat feces collected in this experiment tends to be smooth, which proves that the sequencing depth is adequate. To comprehensively assess the alpha diversity of the microbial community, the Chao1 and Observed Species index is used in this process to characterize the richness. The Shannon and Simpson index characterized diversity, and Faith’s PD index characterized evolution-based diversity. Pielou’s Evenness index characterized evenness, and Good’s Coverage index characterized coverage. Compared with the CON group, the diversity of the DSS group increased, but its richness and evolutionary diversity decreased (Figure 3B). As a carnivore, the diversity of intestinal flora of cats is much smaller than that of omnivores. The smaller the diversity of intestinal flora, the worse its stability. After DSS application, many harmful bacteria and opportunistic bacteria colonized, resulting in increased species diversity of the DSS group, but after BBr treatment, species diversity decreased (Figure 3B). Estimated differences in gut microbiota composition between groups by employing the principal coordinates analysis and non-metric multidimensional scaling. In the coordinate graph, species composition and structure differences are proportional to the distance between the two samples. The results showed little difference between the CON and H-BBr groups, while the composition and structure of intestinal flora in the DSS group were different from the other groups (Figures 3C,D). Taken together, BBr can partially alleviate the intestinal microflora disorder of IBD, and the effect is proportional to the dose.
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FIGURE 3. Analyze each group’s gut microbiota richness and diversity. (A) Specaccum species accumulation curve. The X-axis represents sample size, and Y-axis stands for the number of observed species (ASV/OTU). The blue part is the confidence interval of the curve (n = 3). (B) Alpha diversity indices of fecal samples in each group (n = 3). Principal coordinate analysis (PCoA; C) and non-metric multidimensional scaling (NMDS; D) based on OTU abundance (n = 3). The oval dotted circle represents the 95% confidence region. A: CON group; B: DSS group; C: L-BBr group; and D: H-BBr group.


Based on the above results, we expected to determine the intestinal microflora taxa and their relative abundance to determine the exact species with significant differences between the two groups. Here, draw a microbial classification hierarchy tree and show the composition of all taxa. As shown in Figure 4A, Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria were the phyla with a significant difference. Prevotella was the noticeably varied bacteria at the genus level in the DSS group, and the relative abundance of bacteria increased in the DSS compared to the CON group. Next, a heatmap figured out the exact species with a significant difference in the two groups. There were 50 species with significant variations and was a significant difference between DSS and CON groups (Supplementary Figure 5). LDA Effect Size analysis finds the marker species significantly different from each group. As illustrated in Figure 4B, Olsenella is the landmark species of the CON group, which belongs to a group of bacteria under the subclass Red Hemiptera of actinomycetes; the iconic species in the DSS group: Peptostreptococcaceae Clostridium is a bacterium belonging to the genus Clostridium of Digestive Streptococcaceae; the signature species of BBr group: Ruminococcus and Shrektonia.


[image: image]

FIGURE 4. The effect of BBr on gut microbiota composition. (A) Classification hierarchy tree diagram. The pie chart (threshold 0.5%) of each branch node in the classification hierarchy tree shows each group’s composition proportion of the taxon. The fan-shaped area represents the abundance of bacteria, and there is a positive relationship between them. (B) Histogram of marker species’ LDA affects value. The X-axis represents the logarithmic score value of LDA analysis, which is higher between groups and is more different. Y-axis is the marker species. (C) Dominant seed network diagram. The node size is proportional to its abundance [log2 (CPM/N) as a unit]. The pie chart shows the relative abundance ratio in different groups. The edge line indicates a correlation between the two nodes connected. The red line indicates a positive correlation, and the green line indicates a negative correlation. A: CON group; B: DSS group; C: L-BBr group; and D: H-BBr group.


Last but not the least, based on the network analysis of the relationships among microbial members, we try to explore the specific group of microorganisms to perform specific ecological functions and the keystone change is enough to move the composition of the entire community. As shown in Figure 4C, Lactobacillus was the most dominant species in the experimental group, and there was a negative correlation between BBr and DSS group.



Functional Prediction of Intestinal Microbiota Community After Berberine Hydrochloride Treatment

We employed KEGG and MetaCyc to analyze the metabolic and biosynthesis pathway and figure out the possible functions of intestinal microbiota after BBr treatment. As shown in Figure 5A, the metabolism and biosynthesis of amino acids have the highest abundance, followed by carbohydrate metabolism and nucleotide biosynthesis. Meanwhile, the abundance of species associated with fatty acid and lipid biosynthesis increased remarkably. Furthermore, we attempted to identify metabolic pathways with significant differences between groups. As illustrated in Figure 5B, after DSS treatment, the relative abundance of species whose functions are associated with the metabolism of linoleic acid and sphingolipid were significantly downregulated, whereas BBr treatment was upregulating. It indicates that BBr can control metabolic disorders.
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FIGURE 5. Potential biomarkers and correlation analysis. (A) The KEGG (left) and MetaCyc (right) functional pathway abundance map. The X-axis stands for relative abundance, and Y-axis represents function class. (B) The X-axis represents logFC[log2(fold change)], the positive value represents up-regulation of group (B) relative to group (A) the negative value is down-regulation, Y-axis stands for function class.




Berberine Hydrochloride Reduces Inflammation by Regulating the TLR4/NF-KB Signaling Pathway in the Colon

Studies have demonstrated that TLR4/NF-KB signaling pathway is the key mechanism leading to persistent inflammation (Rathinam and Chan, 2018; Tang et al., 2021). TLR4/NF-KB signaling pathway was assayed in our research to understand the anti-inflammatory mechanism of BBr deeply. Compared with the CON group, the mRNA expressions of TLR4 and IKB-ß significantly increased in the DSS group (Figure 6A). More interestingly, protein levels of TLR4 were lower in the DSS group than in the other groups (Figure 6C). It should note that TLRs have both protective and harmful effects on inflammation (Rakoff-Nahoum et al., 2004). The host activates the defense system and controls TLR4 protein expression to avoid excessive uncontrolled inflammation. Meanwhile, BBr can inhibit the mRNA expression of IL-1β, TNFα, and IL-6 (Figure 6B).
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FIGURE 6. BBr reduces the expression of inflammatory signaling. mRNA expressions of TLR4/NF-kB signaling (A) and inflammatory factor (IL-1β, TNFα, and IL-6; B). (C) Protein expressions of TLR4/NF-kB signaling pathway. Data represent the mean ± SD. P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 vs. CON group.




Berberine Hydrochloride Activates Both Mammalian Target of Rapamycin Complex and Autophagy

The cellular process of autophagy is required to maintain intestinal homeostasis (Elshaer and Begun, 2017). BBr activated autophagy, as evidenced by the expression of autophagy indexes, such as LC3, Atg5, Atg7, and P62. As shown in Figures 7A,B, after BBr treatment, the expression of Atg5, Atg7, and LC3 proteins increased and downregulated the expression of P62. MTORC is a negative regulator of autophagy in IBD, composed of mTOR and several adaptors, including Raptor, Rictor, Raptor, and GβL (Kim and Guan, 2015; Cosin-Roger et al., 2017). In contrast, our study found that MTORC and P-mTOR activated in the BBr group (Figures 7C,D). Hence, the relationship between MTORC and autophagy is elusive and requires further study. To sum up, MTORC and autophagy are essential mechanisms of BBr in the treatment of IBD.
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FIGURE 7. BBr-activated autophagy and MTORC are essential to cure colitis. mRNA (A) and Proteins (B) expressions of LC3, Atg5, Atg7, and P62. mRNA (C) and Proteins (D) expressions of MTORC (mTOR, Rictor, Raptor, and GβL) and P-mTOR. Data represent the mean ± SD. P < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, and ***P < 0.001 vs CON group.





DISCUSSION

As the status of cats increased in the family, so did their health and welfare. Changes in the environment increase the risk of IBD in cats. Similarly, the number of people with IBD has increased over the years due to deviant lifestyles. Human IBD consists of 2 subtypes: Crohn’s disease (CD) and ulcerative colitis (UC) (Habtemariam, 2016). Despite being recognized for decades, IBD remains a clinical challenge today. Currently, IBD treating with antibiotics or immunosuppressant drugs. However, unwanted side effects and poor efficacy are inherent problems associated with these drugs (Ianiro et al., 2016). As a result, many traditional plant-based therapies have to explore as alternatives Moreover, the mechanism of Traditional Chinese Medicine on IBD has increasingly raised interest in recent years.

As one of the most representative and most studied natural alkaloids, BBr has been shown to display numerous pharmacological activities (Habtemariam, 2016). There has been a significant and increasing interest in exploring the IBD-preventive effects BBr during the last decades. Our results show that BBr reduces the expression of IL-1β, TNF-α, and IL-6 in serum, suggesting a reduced inflammatory response (Cosin-Roger et al., 2017). What is more, we found that BBr maintains the homeostasis of the antioxidant system in the gut (Parikh et al., 2019). Studies have shown that BBr can produce oxidized berberine (OBB) under the action of intestinal flora (Zhang et al., 2021), and OBB can significantly reduce colon shortening and histological damage in IBD patients (Li C. et al., 2020). Therefore, BBr may also interact with the intestinal flora of cats to generate OBB, which is anti-inflammatory, alleviates diarrhea symptoms of cats with colitis, and makes the intestinal microenvironment conducive to the colonization of good bacteria.

Abnormal homeostasis of intestinal flora is one necessary pathologic mechanism for IBD (Glassner et al., 2020). Our study based on 16S rRNA sequence analysis verified that the diversity and composition of intestinal flora in cats with IBD altered. In contrast to previous studies, the diversity of bacteria in this study increased after DSS treatment. The reason may be that the diversity of cats is lower than that of mice and dogs and disrupts the homeostasis more quickly. It should note that the DSS group had a single and small amount of bacteria. It further explains that DSS treatment can promote the propagation of harmful bacteria and temporarily cause an increase in bacterial diversity. We treated IBD cats with BBr and found that their gut microbiota was roughly the same as healthy cats. Firmicutes and Bacteroidetes are the major bacterial phyla in the gastrointestinal tract, and the Firmicutes/Bacteroidetes (F/B) ratio associating with maintaining homeostasis (Deng et al., 2022). Our results are consistent with previous studies showing a reduced F/B ratio in IBD cats compared to the CON group. However, Firmicutes and Bacteroidetes were more abundant than in the CON group. The increase of other phyla may influence the F/B ratio.

Significant differences in microbiota composition exist among species (Suchodolski, 2016; Stojanov et al., 2020). One should remember that changes in this ratio can cause ecological disorders, thereby leading to various pathologies. Here, we found that the F/B ratio increased after BBr treatment to that of healthy cats. Specific probiotics can restore the gut microbial balance by influencing the F/B ratio, as the genus Lactobacillus (Stojanov et al., 2020). Our results imply that BBr treatment dramatically increased the abundance of Lactobacillus, suggesting that certain probiotic strains can manage IBD. Nevertheless, the therapeutic effect of Lactobacillus is limited, and their proliferation can cause pathological damage (D’Alessandro et al., 2021; Liu et al., 2022).

A dysbiotic microbiome can affect the host not only directly but also indirectly by altering metabolic processes. Linoleic acid, a component of many cat diets, is degraded less in IBD cats, suggesting an abnormal digestive process that leads to weight loss in IBD cats. Notably, abnormal linoleic acid metabolism increases toxoplasma susceptibility (D’Alessandro et al., 2021). The abundance of Clostridium spp. is significantly reduced in IBD cats, whose primary function is to deconjugate bile acids and promote fat absorption in the small intestine (Suchodolski, 2016). However, certain beneficial bacteria (e.g., Blautia spp., Faecalibacterium spp.) that produce immune metabolites, such as SCFA increased in IBD cats, caused by the body’s defense mechanism (Suchodolski, 2016). It also illustrates that the intestinal tracts of cats harbor a highly complex microbiota.

Enterotoxins produced by pathogenic bacteria can destroy villous effacement and dysfunction the mucosal barrier (Suchodolski, 2016; Deng et al., 2022). The physical barrier of intestinal epithelial cells and tight junction proteins is part of the intestinal barrier (Stojanov et al., 2020). This study demonstrated that DSS increases intestinal paracellular permeability, alters tight junction proteins’ expressions, and destroys colon tissue morphology, suggesting that DSS induces intestinal tight junction barrier dysfunction in vivo. In line with the results obtained in patients with IBD, disrupted the intestinal barrier in cats with 5%DSS. Here, BBr treatment could improve the harsh pathological environments.

Intestinal microflora dysbiosis induces inflammatory reactions through TLRs (Suchodolski, 2016). When properly activated, Toll-like receptors protect the gut, but when overactivated, they can cause persistent inflammation that can lead to severe disease (Rakoff-Nahoum et al., 2004). TLR4, the best-characterized member of the toll-like receptors, is known to activate adaptive immune responses and upregulate the expression of inflammatory genes by activating the NF-kB pathway (Ciesielska et al., 2021). Notably, more expression of TLR4 in the colon in healthy cats (Asahina et al., 2003). It may explain why the protein level of TLR4 in the DSS group was lower than that in the other two groups. Hence, BBr can maintain intestinal function and repair the intestinal barrier by controlling TLR4/NF-kB pathway.

Dysfunction of autophagy is associated with the pathogenesis of CD (Larabi et al., 2020). Autophagy is an intracellular degradation pathway and an essential cell survival mechanism. The index of autophagy induction mainly includes microtubule-associated protein one light chain 3 (LC3), Atg7, P62, and Atg5 (Klionsky et al., 2021). We found that BBr treatment activated autophagy in IBD cats, as evidenced by increased LC3, Atg5, and Atg7 expression and inhibited P62 expression. Studies have suggested a tight, inverse coupling of autophagy induction and MTORC activation (Kim and Guan, 2015). The components of MTORC include Rictor, Raptor, and GβL (Szwed et al., 2021). We found that both autophagy and MTORC were activated in IBD cats with BBr treatment, suggesting that the cross-talk between autophagy and MTORC has contradictory results. A recent study has revealed autophagy-induced MTORC activation to avoid excessive myofibroblast accumulation (Bernard et al., 2020). Long-term stimulation of intestinal mucosa with DSS can induce chronic inflammation, typically characterized by excessive myofibroblasts accumulation. They were reversing this direct interaction under BBr treatment further. Taken together, BBr activates autophagy and MTORC to work together to repair the intestinal barrier.

In conclusion, the principal finding of this study is that BBr could severely recover intestinal microbiome homeostasis, including composition and function. More importantly, BBr reduces inflammation by inhibiting the colon’s TLR4/NF-KB signaling pathway. Furthermore, BBr activates MTORC and autophagy in the intestine to promote intestinal epithelial cell proliferation and maintain cell metabolism, restoring intestinal barrier function. These findings provide new insights into the mechanisms of BBr therapy for IBD, in which activated MTORC and autophagy may be involved. Indeed, understanding the composition of intestinal flora in cats is beneficial to finding targeted drugs to treat intestinal diseases in cats, which is of great significance for treating pet gastroenteropathy.
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The study was designed to explore the improvement effect of CSPCM (compound small peptide of Chinese medicine) on intestinal immunity and microflora through the treatment of different doses of CSPCM. A total of 100 male Kunming mice were weighed and divided into five groups, namely, group A (control group), group B (model group), group C (0.1 g/kg·bw CSPCM), group D (0.2 g/kg·bw CSPCM), and group E (0.4 g/kg·bw CSPCM). The use of CTX (cyclophosphamide) caused a series of negative effects: the secretion of IL-2, IL-22, TNF-α, sIgA, length of the villi, and the area of Pey's node were significantly reduced (P < 0.05); the depth of crypt and the percent of CD3+ and CD4+ cells were significantly increased (P < 0.05); the cecal flora taxa decreased; the abundance of Firmicutes and Lactobacillus increased; and the abundance of Bacteroidetes, Deferribacteres, Proteobacteria, Mucispirillum, Bacteroides, and Flexisprra decreased. The addition of CSPCM improved the secretion of cytokines and the development of intestinal villi, crypts, and Pey's node. The number of CD3+ and CD4+ cells in groups C, D, and E was significantly higher than that in group B (P < 0.05). Compared with group B, the abundance of Firmicutes in groups C, D, and E was decreased, and the Bacteroidetes, Deferribacteres, and Proteobacteria increased. The abundance of Lactobacillus decreased, while that of Mucispirillum, Bacteroides, and Flexisprra increased. It is concluded that cyclophosphamide is extremely destructive to the intestinal area and has a great negative impact on the development of the small intestine, the intestinal immune system, and the intestinal flora. The CSPCM can improve the negative effects of CTX.
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Introduction

Due to the influence of food safety issues, environmental pollution, social pressure, obesity, and antibiotics, human beings are in a subhealthy state (Chakraborty, 2019). The subhealthy state of the human body will lead to the disorder or weakening of the human immune system. At this time, if you are infected with a virus or bacteria, the human immune system cannot accurately identify the pathogen and eliminate it. In addition, the probability of human beings suffering from tumors increases year by year and tends to be younger (Adolescent Young Adult Cancer Collaborators, 2021; Saab, 2021). As an important cancer treatment drug, cyclophosphamide has an unquestionable effect, but the side effects of tumor treatment are also very obvious, the most important of which is the destruction of the immune system (Liu et al., 2021; Zhou et al., 2021). Cyclophosphamide is absorbed by the body and is metabolized in the liver to produce active metabolites to play a role. It plays a role in tumor treatment by inhibiting the function of the immune system (Gomez-Figueroa et al., 2021). After cancer treatment, the treatment of the body no longer suppresses immunity but reshapes the body's immune system. As one of the most important components of complementary and alternative medicines, traditional Chinese medicines (TCM) have been practiced in China and surrounding areas for thousands of years. With rich experiences in fighting diseases and the growing trend of acceptance of complementary and alternative medicines, studies have shown that polysaccharides from Lycium barbarum could regulate immune response depending on the modulation of gut microbiota (Ding et al., 2019); ginseng-astragalus-oxymatrine injection could ameliorate cyclophosphamide-induced immunosuppression in mice (Li et al., 2021). Whether it is used alone or in combination, traditional Chinese medicine can effectively play a therapeutic or healthcare effect. The prescription can increase the site of action and exert the effect better.

In animals, the intestine is a special organ that communicates with the outside world. The intestinal immune system can not only accurately identify the survival of the normal flora in the intestine but also ensure that the bacteria in the intestine will not break through the barrier in the intestine and enter other organs of the body (Dominguez-Bello et al., 2019). The intestine is a complex ecosystem consisting of the intestinal epithelium, immune cells, mucus layer, and microbial communities (Jiao et al., 2020). The intestinal immune system can balance the immune response to pathogens and intestinal flora under normal conditions. Recent studies show that the intestinal flora is an important factor in stimulating the immune system (Kishida et al., 2018), as indicated by the fact that germ-free mice have poorly developed lymphoid tissues, spleens with few germinal centers, and poorly formed T and B cell zones, hypoplastic Pey's node, lower numbers of lamina propria CD4+ cells and IgA-producing plasma cells (Macpherson and Haris, 2004), and aberrant development and maturation of isolated lymphoid follicles (Bouskra et al., 2008). The intestinal microbiome has been considered a new method for the treatment of various intestinal diseases. Chinese herbal medicine interacts with intestinal microorganisms: the toxic substances and substances that cannot be directly absorbed in Chinese herbal medicine are metabolized and decomposed by intestinal microorganisms. For example, the intestinal flora degrades cinnabar into nontoxic mercuric polysulfides (Zhou et al., 2011). Human intestinal bacteria could convert aconitine to lipoaconitine (Feng et al., 2019). Traditional Chinese medicine and its metabolites affect the composition and metabolism of intestinal microbes. Astragalus administration significantly increased gut microbiota richness and diversity and significantly altered the abundance of several bacterial taxa, inducing an increased abundance of Lactobacillus and Bifidobacterium (Li et al., 2019). Red ginseng could alleviate Escherichia coli-induced gut dysbiosis (Han et al., 2020). The traditional theory of traditional Chinese medicine emphasizes that “both over and under are diseases.” A healthy animal body needs to achieve two balances in the intestinal tract: the balance between the intestinal flora and the animal body and the balance between various intestinal bacteria. When either of these balances is disrupted, the animal's body becomes dysfunctional.

Traditional Chinese herbal medicine (CHM) has evolved for thousands of years in China and still plays an important role in animal health. Since Brantl et al. (1979) initially isolated a novel opioid peptide from the bovine casein peptone in 1979, academic circles have been challenging the traditional concepts of protein nutrition by discovering the existence of bioactive peptides from plant and animal proteins (Liu et al., 2018). As part of the active ingredients of CHM, peptides have attracted the long-term enthusiasm of researchers (Cui et al., 2021). Peptides are widely distributed in plants and animals and have various pharmacological activities and potential medicinal values (Ling et al., 2018; Liu et al., 2018). Soy peptide is more easily absorbed than soy protein and is related to the maintenance, reinforcement, or restoration of the intestinal barrier function (Kimura and Arai, 1988). Walnut peptide intake augmented the antioxidant defense system and accelerated the survival rate (Zhu et al., 2019). Mice were treated with CSPCM containing 64.8% soy peptide, 25% wheat germ powder, 10% astragalus hydrolysate, and 0.2% vitamin C. Peptides are amino acids linked by amide bonds to compounds in the middle of amino acids and proteins. Small peptides are compounds of 2–3 amino acids linked together. Some di-/tripeptides permeate through the intestinal membranes in their intact forms via peptide transporter systems (Shen and Matsui, 2017). Compared with free amino acids, small peptides have the advantages of fast absorption, low energy consumption, and a high absorption rate (Matthews, 1975). They have independent absorption mechanisms in the animal body and do not interfere with each other (Webb Ke and Matthews, 1993). Making a traditional Chinese medicine into a peptide can increase its absorption rate while retaining its potency. In this study, mice were tested with CSPCM (containing 64.8% soybean peptide, 25% wheat germ powder, 10% astragalus hydrolysate, and 0.2% vitamin C) to explore the effects of CSPCM on intestinal immunity and intestinal microflora in human immunosuppressed state.



Materials and methods


Chemicals

The CSPCM was provided by HeBei TaiFeng Biotechnology Co., Ltd. The manufacturing process of CSPCM used in this experiment is as follows: confirming the ratio of material to water → adding enzyme at high temperature → rotating oriented enzyme → microfiltration → active purification of traditional Chinese medicine → recombination of active peptide → low-temperature concentration → spray drying. The acid-soluble protein content was detected after the preparation, and the acid-soluble protein was required to account for more than 30% of the total protein. CTX was purchased from Source Leaf Biotechnology Co., Ltd. (Shanghai, China). Hematoxylin dyeing solution and eosin were purchased from Beijing Boaotuo Technology Co., Ltd. (Beijing, China). Anti-stripping glass slides and cover glass were purchased from Shanghai Weibo Biotechnology Co., Ltd. (Shanghai, China). Feather microtome blade R35 was purchased from Leica Microsystems (Shanghai) Trading Co., Ltd. (Shanghai, China). IL-10, IL-17, IL-2, IL-22, TNF-α, and sIgA Elisa kits were purchased from Shanghai Enzyme-Linked Biotechnology Co., Ltd. (Shanghai, China). FITC anti-mouse CD3+ antibody, APC anti-mouse CD4+ antibody, PE anti-mouse CD8+ antibody, True-Nuclear™ Transcription Factor Buffer Set, True Nuclear TM 4X Fix Concentrate, True Nuclear TM 10X Per, and True Nuclear TM Fix Diluent were purchased from BioLegend, Inc (California, USA). DNeasy PowerSoil Kit was purchased from QIAGEN, Inc. (Hilden, Germany). Agencourt AMPure Beads was purchased from Beckman Coulter Co., Ltd. (Indianapolis, USA). PicoGreen dsDNA Assay Kit was purchased from Invitrogen Co., Ltd. (Carlsbad, USA).



Animals and experimental design

Male-specific pathogen-free (SPF) Kunming mice weighing 20.0 ± 2.0 g (6–8 weeks) were purchased from Spfanimals (Beijing) Laboratory Animal Science and Technology Co., Ltd. (Beijing, China). All mice were provided specific pathogen-free food and water ad libitum and acclimated for 1 week. All animal studies were approved by the Ethics Committee of Animal Experiments of Heibei Agricultural University.

After 1 week of adaptation, 100 male Kunming mice were divided into 5 groups, namely, group A (control group), group B (model group), group C (0.1 g/kg·bw CSPCM), group D (0.2 g/kg·bw CSPCM), and group E (0.4 g/kg·bw CSPCM). From day 1 to day 3, all groups except A were intraperitoneally injected with 0.08 g/kg·bw CTX, and the A group was intraperitoneally injected with normal saline. From the fourth day of the experiment, the A group and B group were given oral normal saline intragastrally, and the C, D, and E groups were given 0.1, 0.2, and 0.4 g/kg·bw CSPCM for 14 days, respectively. After 14 days of gavage, the middle section of the small intestine was dissected longitudinally, rinsed with normal saline, and then stored in a refrigerator at −80°C for use. Mesenteric lymph nodes were collected for flow cytometry. Cecal contents were taken and placed in cryopreservation tubes, preserved in dry ice, and transported to Paiseno Biotechnology Co., Ltd., for 16S rRNA high-throughput sequencing.



Cytokines in small intestinal tissue and morphological observation of small intestine

A 10% tissue homogenate was prepared from the cleaned midsection of the small intestine, and an ELISA kit was used for detection. Sections of the small intestine were taken, and the contents were gently rinsed with normal saline and soaked in a 3% formaldehyde solution. The sections of the small intestine and Pey's node were prepared by paraffin section and observed with a light microscope after HE staining. The length of villi, crypt depth, and Pey's node area of the small intestine were measured using the Image J software.



Flow cytometry

After grinding the mesenteric lymph nodes to extract the cells and washing with PBS, the cell concentration was adjusted to 100 cells/L. The corresponding antibodies were added according to the instructions and incubated at 4°C in the dark for 30 min. A volume of 500 μl of PBS containing 1% paraformaldehyde was added and the solution was tested using the machine.



High-throughput sequencing of cecal flora 16S rRNA

This experiment used 16S rRNA V3V4 high-throughput sequencing, and the sequencing primer sequence was F:ACTCCTACGGGAGGCAGCA R:GGACTACHVGGGTWTCTAAT. 16S rRNA sequencing platform was Illumina MiSeq platform (Shanghai Personal Biotechnology Co., Ltd.). Preliminary screening of the original off-machine data was performed for high-throughput sequencing based on sequence quality; retesting and supplementary testing of problem samples were also performed. Through depriming, splicing, quality filtering, deduplication, de-chimerism, and clustering, the original sequence was divided into the library and the sample according to the index and barcode information, and the barcode sequence was removed. After obtaining the OTU representative sequence, statistics on its length distribution were performed to check whether the length of these sequences is equivalent to the length range of the sequenced target fragments, whether there are sequences of abnormal length, etc. At the level of species taxonomic composition, through various unsupervised and supervised sorting, clustering, and modeling methods, combined with corresponding statistical testing methods, we can further measure the differences in species abundance composition between different samples (groups), and try to find symbol species. The sequencing depth was 95% of the minimum sample sequence size. In this experiment, the minimum sequence number was 36,652, and the sequencing depth was 81,962.



Statistical analysis

All of the experimental data are presented as mean ± standard deviation (SD). The results were analyzed using the IBM SPSS Statistics 19 software (IBM Inc., Chicago, IL, USA) for single-factor analysis. A value of P < 0.05 was regarded to be statistically significantly different.




Results


Effects of CSPCM on the levels of cytokines in small intestinal tissue

As shown in Table 1, compared with group A, IL-2, IL-22, TNF-α, and sIgA in group B significantly decreased (P < 0.05); IL-10, IL-2, IL-22, TNF-α, and sIgA in group E significantly increased (P < 0.05); TNF-α in group D significantly increased (P < 0.05). Compared with group B, IL-2, IL-22, TNF-α, and sIgA in group C significantly increased (P < 0.05); IL-17, IL-2, IL-22, TNF-α, and sIgA in group D significantly increased (P < 0.05); IL-10, IL-17, IL-2, IL-22, TNF-α, and sIgA in group E significantly increased (P < 0.05).


TABLE 1 Effects of CSPCM on the levels of cytokines in small intestinal tissue.
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Effects of CSPCM on the morphological features of the small intestine

As shown in Figure 1, duodenal villi were leaf-like. Duodenal villi in groups A, C, D, and E were arranged neatly and closely, while in group B they were sparse and shorter. Compared with group A, villus length of the duodenum in group B was significantly decreased (P < 0.05), crypt depth of the duodenum in groups B, C, and D was significantly increased (P < 0.05), and villus length of the duodenum in groups C, D, and E was significantly increased (P < 0.05). Compared with group B, villus length of the duodenum in groups A, C, D, and E was significantly increased (P < 0.05), and villus length and crypt depth of the duodenum in groups A, C, D, and E was significantly decreased (P < 0.05).


[image: Figure 1]
FIGURE 1
 Effects of CSPCM on the morphological features of the duodenum. (a) Morphological observation of duodenum in group A. (b) Morphological observation of duodenum in group B. (c) Morphological observation of duodenum in group C. (d) Morphological observation of duodenum in group D. (e) Morphological observation of duodenum in group E. (f) Effect of CSPCM on duodenal villus length and crypt depth. *Significant difference with group A (P < 0.05). #Significant difference with group B (P < 0.05).


As shown in Figure 2, jejunum villi were mainly finger-like. Morphological observation of the jejunum showed that the villi length in group B was shorter than that in group A. The ileum villi in groups C, D, and E were short, conical, and loosely arranged. Compared with group A, the villus length of jejunum in group B was significantly decreased (P < 0.05), villus length of jejunum in groups C, D, and E was significantly increased (P < 0.05), and crypt depth of jejunum in group B was significantly increased (P < 0.05). Compared with group B, villus length of jejunum in groups A, C, D, and E was significantly increased (P < 0.05), and crypt depth of jejunum in groups A, C, D, and E was significantly decreased (P < 0.05).


[image: Figure 2]
FIGURE 2
 Effects of CSPCM on the morphological features of jejunum. (a) Morphological observation of jejunum in group A. (b) Morphological observation of jejunum in group B. (c) Morphological observation of jejunum in group C. (d) Morphological observation of jejunum in group D. (e) Morphological observation of jejunum in group E. (f) Effect of CSPCM on jejunum villus length and crypt depth. *Significant difference with group A (P < 0.05). #Significant difference with group B (P < 0.05).


As shown in Figure 3, ileum villi were short, conical, and arranged loosely. The ileum villi in groups C, D, and E were arranged neatly and closely, while the villi in group B were sparse and shorter. Compared with group A, villus length of ileum in group B was significantly decreased (P < 0.05), villus length of ileum in group E was significantly increased (P < 0.05), and crypt depth of ileum in group B was significantly increased (P < 0.05). Compared with group B, villus length of ileum in groups A, C, D, and E was significantly increased (P < 0.05), and crypt depth of ileum in groups A, C, D, and E was significantly decreased (P < 0.05).


[image: Figure 3]
FIGURE 3
 Effects of CSPCM on the morphological features of the ileum. (a) Morphological observation of ileum in group A. (b) Morphological observation of ileum in group B. (c) Morphological observation of ileum in group C. (d) Morphological observation of ileum in group D. (e) Morphological observation of ileum in group E. (f) Effect of CSPCM on ileum villus length and crypt depth. *Significant difference with group A (P < 0.05). #Significant difference with group B (P < 0.05).




Effects of CSPCM on the morphological features of Pey's node

As shown in Figure 4, the Pey's node area of group B was significantly lower than that of group A (P < 0.05). The Pey's node area in groups C, D, and E was significantly higher than that in groups A and B (P < 0.05).


[image: Figure 4]
FIGURE 4
 Effects of CSPCM on the morphological features and area analysis of PPS. (a) Morphological observation of duodenum in group A. (b) Morphological observation of PPS in group B. (c) Morphological observation of PPS in group C. (d) Morphological observation of PPS in group D. (e) Morphological observation of PPS in group E. (f) Effects of CSPCM on area analysis of PPS. *Significant difference with group A (P < 0.05). #Significant difference with group B (P < 0.05).




Effects of CSPCM on the percent of CD3+, CD4+, CD8+, and CD4+/CD8+ value in mesenteric lymph nodes

As shown in Table 2, the percentage of CD3+ cells in groups A, C, D, and E was significantly higher than that in group B(P < 0.05). The percentage of CD4+ cells in groups A, C, D, and E was significantly higher than that in group B (P < 0.05). CD4+/CD8+ in groups A and E was significantly higher than that in group B(P < 0.05).


TABLE 2 Effects of CSPCM on CD4+ cells, CD8+ cells, and CD4+/CD8+ in mesenteric lymph nodes.
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Analysis of the effect of CSPCM on intestinal flora
 
Length distribution of intestinal flora sequence

As shown in Figure 5, the number of sequences with a length of 50 is 143, the number of sequences with a length of 192 is 15, the number of sequences with a length of 217 is 3, the number of sequences with a length of 271 is 2, the number of sequences with a length of 273 is 2, and the number of sequences with a length of 278 is 4. The number of sequences with a length of 284 is 6, the number of sequences with a length of 293 is 2, the number of sequences with a length of 318 is 5, the number of sequences with a length of 337 is 10, and the number of sequences with a length of 338 is 12. The number of sequences with a length of 341 is 2, the number of sequences with a length of 343 is 3, the number of sequences with a length of 344 is 2, the number of sequences with a length of 353 is 3, the number of sequences with a length of 369 is 2, and the number of sequences with a length of 385 is 4. The number is 4, the number of sequences with a length of 386 is 2, the number of sequences with a length of 392 is 2, the number of sequences with a length of 393 is 9, the number of sequences with a length of 403 is 2, and the number of sequences with a length of 404 is 8,691. The number of sequences with a length of 405 is 175,621, the number of sequences with a length of 406 is 75,755, the number of sequences with a length of 407 is 27,954, the number of sequences with a length of 408 is 75,828, the number of sequences with a length of 409 is 6,258, and the number of sequences with a length of 410 is 445. The number of sequences with a length of 411 is 2,018, the number of sequences with a length of 412 is 2,841, the number of sequences with a length of 413 is 86, the number of sequences with a length of 414 is 40, the number of sequences with a length of 415 is 116, and the number of sequences with a length of 416 is 73. The number of sequences of length 418 is 12, the number of sequences of length 419 is 36, the number of sequences of length 420 is 2,061, the number of sequences of length 421 is 9,717, and the number of sequences of length 423 is 14,288. The number of sequences with a length of 424 is 103,357, the number of sequences with a length of 425 is 317,111, the number of sequences with a length of 426 is 15,984, the number of sequences with a length of 427 is 3,724, the number of sequences with a length of 428 is 195, and the length of 429 is 197,40. The number of sequences of length is 197,40, the number of sequences of length 430 is 789,995, the number of sequences of length 431 is 8,390, the number of sequences of length 432 is 209, and the number of sequences of length 433 is 9.


[image: Figure 5]
FIGURE 5
 Overall sample sequence length distribution. Note: The abscissa is the length of the sequence, and the ordinate is the number of sequences.




The effect of CSPCM on species differences and marker analysis in mice samples

In Figures 6A,B, Alphaproteobacteria (at class level), Enterococcaceae (at the family level), Enterococcus (at genus level), Rhizobiales (at order level), Bradyrhizobiaceae (at the family level), Leuconostocaceae (at the family level), and Weissella (at genus level) in group D were significantly higher than that in other groups. Alteromonadales (at order level), Shewanellaceae (at the family level), and Shewanella (at genus level) in group E were significantly higher than that in other groups.


[image: Figure 6]
FIGURE 6
 The effect of CSPCM on species differences and marker analysis in mice samples. (A,B) LEfSe analysis of intestinal flora. (C) Heat map of intestinal flora. (D) PCOA analysis of intestinal flora.


As shown in Figures 6C,D, Helicobacter, Adlercreutzia, Alistipes, Odoribacter, Prevotella, Allobaculum, Desulfovibrio, and Streptococcus were abundant in group A; Coprobacillus and Lactobacillus were abundant in group B; Bacteroides and Parabacteroides were abundant in group C; Lactobacillus, Oscillospira, Roseburia, and Streptococcus were abundant in group D; and Mucispirillum, Anaeroplasma, Flexispira, Dehalobacterium, Ruminococcus, AF12, and Helicobacter were abundant in group E.



Analysis of CSPCM on intestinal flora composition in mice

Compared with group A, the number of taxa in group B decreased by 1.66, 4.67, 9.34, and 9.46% at class, order, family, and genus levels, respectively. After treatment with different doses of CSPCM, the number of taxa in group C increased by 0.507, 1.5, and 1.17% at class, order, and family levels, respectively, compared with group B. Compared with group B, the number of taxa in group D increased by 0.85, 7.53, 10.34, and 9.83% at class, order, family, and genus levels, respectively. Compared with group B, the number of taxa in group E increased by 1, 4.5, 7.67, and 7.17% at class, order, family, and genus levels, respectively (Figures 7A,B).
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FIGURE 7
 Analysis of CSPCM on intestinal flora composition in mice. (A,B) The effect of CSPCM on taxonomic composition in mice samples. (C) Effect of CSPCM on intestinal flora composition at the phylum level. (D) Effect of CSPCM on intestinal flora composition at the genus level.


At the phylum level, Firmicutes, Bacteroidetes, Deferribacteres, and Proteobacteria were the most abundant bacteria. Compared with group A, the abundance of Firmicutes in group B increased, while the abundance of Bacteroidetes, Deferribacteres, and Proteobacteria decreased. Compared with groups B, C, D, and E, the abundance of Firmicutes decreased, while the abundance of Bacteroidetes, Deferribacteres, and Proteobacteria increased (Figure 7C).

At the genus level, Lactobacillus, Mucispirillum, Bacteroides, and Flexisprra were found to have high genus-level abundance. Compared with group A, the abundance of Lactobacillus in group B increased, while the abundance of Mucispirillum, Bacteroides, and Flexisprra decreased. Compared with groups B, C, D, and E, the abundance of Lactobacillus decreased, while the abundance of Mucispirillum, Bacteroides, and Flexisprra increased (Figure 7D).





Discussion

The small intestine is the main organ of chemical digestion and absorption and the main absorption site of the protein, amino acids, starch, maltose, and glucose (Shi et al., 2017). The enhancement of the digestive function of the small intestine will contribute to the full absorption of nutrients. The small intestine is an important location for nutrient absorption, and increasing the length of villi in the small intestine can increase the contact area between the small intestine and intestinal contents, thus increasing the deposition of nutrients, which is of great significance for improving the health of animals (Wilson et al., 2018). Crypt depth reflects the colonization rate and maturity of crypt cells. The shallower the crypt, the better the maturity of cells, the better the secretion function, and the regeneration ability of villous epithelial cells, which is more conducive to maintaining intestinal absorption function. The longer the villi, the more contact with nutrients, and the more efficient the deposition of nutrients. The results show that the application of cyclophosphamide had a significant effect on the development of the small intestine, and the villi in each section of the small intestine of mice became sparse, and the villi length was significantly reduced. Meanwhile, cyclophosphamide inhibited the development and maturation of small intestinal crypts. It also indicates that the immunosuppressive model was successfully created. The therapeutic effect of CSPCM is obvious. In terms of morphology, CSPCM not only improves the thinning and shortening of villi in each section of the small intestine but also promotes the maturation of crypts. In terms of function, the use of CSPCM not only increased the contact area between the villi and the contents of the small intestine but also increased the secretory function of the crypt, so that the cyclophosphamide-treated mice returned to the normal intestinal absorption function.

The balance and stability of the immune system depend on the coordination of various immune organs, immune tissues, immune cells, and molecules and finally play a normal immune function. Pey's node is the immune induction site of the intestinal mucosal immune system, which is rich in thymogenic T cells, B cells, and DC immune cells, and the size and number of which can reflect the local immune status of intestinal mucosa. Lymphocytes in Pey's node are the main components of its external morphology, that is, the number of lymphocytes is closely related to its size. The cytotoxic effect of cyclophosphamide can induce the early apoptosis of parsonite node lymphocytes, thereby reducing the number of lymphocytes, and eventually leading to the atrophy and disappearance of Pey's node. In this experiment, CTX induced apoptosis, which resulted in the loosening of lymphocytes in Pey's node, while CSPCM could significantly ameliorate this situation, indicating that CSPCM can maintain the number and activation level of lymphocytes in animals and protect the normal morphology of Pey's node.

When the number and types of normal flora in the intestinal tract change, the lymphocytes in mesenteric lymph nodes can be rapidly activated and produce the corresponding cytokines to regulate the occurrence of immune responses. CD3+ lymphocytes are mainly divided into two types according to different antigens on the cell surface, namely, CD4+ cells and CD8+ cells. The results of this test show that CD3+, CD4+, and CD8+ cells were reduced by 97.3, 32.21, and 0.33%, respectively, compared with the normal group. In addition, it also caused a decrease in the ratio of CD4+/CD8+. CD3+ is a specific marker molecule on the surface of all T cells. Its level represents the level of the cellular immune response. The significant decrease in the proportion of CD3+ and CD4+ in group B indicates that cyclophosphamide greatly inhibits the body's cellular immunity.

Since CD4+ is a specific marker molecule on the surface of all helper lymphocytes (Th), this type of cell is activated by reacting with the polypeptide antigen presented by the MHCC-II molecular complex. CD4+ cells can secrete a variety of cytokines to promote the differentiation and proliferation of T and B cells. Therefore, cyclophosphamide also inhibits the secretion of cytokines IL-2, IL-22, and TNF-α, which ultimately leads to the disorder of the body's immune level. After CSPCM treatment, the proportion of CD3+, CD4+, and CD8+ cells in the mesenteric lymph nodes returned to normal levels, and subsequently, the levels of cytokines in the intestinal tract also increased and returned to normal levels. The mechanism of CSPCM's action lies in the enzymatic hydrolysate of astragalus in its ingredients. Astragalus is one of the best herbal medicines to replenish “qi.” The “qi” in traditional Chinese medicine theory can be approximately equal to the immunity in modern medicine. The study by Du has shown that Astragalus membranaceus can promote the maturation of dendritic cells in mice and inhibit Treg frequency to enhance immune response (Du et al., 2012). Li's study has shown that ginseng-astragalus-oxymatrine injection ameliorates cyclophosphamide-induced immunosuppression in mice (Li et al., 2021). Brush's study has shown that Astragalus membranaceus can activate immune cells in human subject. In addition, Echinacea purpurea, Astragalus membranaceus, and Glycyrrhiza glabra had an additive effect on the immune function when used in combination (Brush et al., 2006). The immune regulation effect of traditional Chinese medicine is to strengthen the body's resistance to consolidate the constitution, through the balance and stability of the immune system, to enhance the body's resistance to disease and reduce the purpose of pathogenic factors to the body damage.

In this study, LEfSe analysis, taxonomic analysis, and taxonomic composition analysis were used to evaluate the changes in the intestinal flora. Chinese medicine is metabolized by intestinal flora in the intestine, and the substances produced by the metabolism of intestinal flora affect the growth of intestinal flora. The results of intestinal flora composition analysis showed that cyclophosphamide changed the composition of intestinal flora, which was consistent with the existing research results (Kong et al., 2020; Xiang et al., 2021). After CSPCM treatment, the intestinal flora of mice tended to be normal. The statistical results of taxon number analysis showed that 100 g/kg bw CSPCM had no significant improvement on taxa number. The 0.2 g/kg·bw CSPCM and 0.4 g/kg·bw CSPCM significantly improved the taxon number at the level of class, order, family, and genus of cecum flora. The taxonomic composition analysis results were consistent with the statistical results of the taxonomic analysis. Cyclophosphamide changed the composition of cecal flora, increasing the proportion of Fimicutes and Bacteroidetes at the phylum level, increasing the proportion of Lactobacillus, and reducing the proportion of Mucispirllum at the genus level. The 0.1 g/kg·bw CSPCM did not prevent CTX from playing a destructive role in the intestine. The 0.2 g/kg·bw CSPCM and 0.4 g/kg·bw CSPCM played a certain role in the recovery of cecum intestinal flora. The 0.2 g/kg·bw CSPCM showed an excellent therapeutic effect, and the intestinal flora at phylum and genus levels returned to a normal state. LefSe analysis also showed that both 0.2 g/kg·bw CSPCM and 0.4 g/kg·bw CSPCM promoted the growth of specific bacterial communities in the cecum. As can be seen from the heat map results, the bacterial community of group B changed significantly, Helicobacter, Adlercreutzia, Alistipes, Odoribacter, Prevotella, Allobaculum, Desulfovibrio, and Streptococcus have a high abundance in the cecum of normal mice and a low abundance in group B. Coprobacillus and Lactobacillus had higher abundance in group B. The diversity of intestinal flora in group C was improved, the diversity and richness of cecal flora in groups D and E were significantly increased, and the intestinal flora in group E was more abundant, but the intestinal flora in group D was most similar to that in the control group. These results indicate that 0.2 g/kg·bw CSPCM had a better remodeling effect on cecal intestinal flora damaged by cyclophosphamide. The 0.4 g/kg·bw CSPCM supplementation also had a good effect on the remodeling of intestinal flora in immunosuppressed mice, which could increase its diversity and richness, but there were differences with the blank control mice in this experiment. It can be seen that 0.4 g/kg·bw CSPCM can promote the reconstruction of intestinal flora, but it will form a new intestinal flora compared with normal mice, and the role of this new intestinal flora remains to be further explored.



Conclusion

CTX is extremely destructive to the intestinal area and has a great negative impact on the development of the small intestine, the intestinal immune system, and intestinal flora. CSPCM could ameliorate a series of negative effects on the intestinal region caused by CTX: restoring intestinal normal levels of IL-10, IL-17, IL-2, TNF-α, and sIgA; Increased numbers of CD3+, CD4+, and CD8+ cells in mesenteric lymph nodes. The villus length increased, crypt depth decreased, and the Pey's node area increased in all segments of the small intestine. At the phylum level, the intestinal flora was restored to normal by increasing the abundance of Bacteroidetes, Deferribacteres, and Proteobacteria and decreasing the abundance of Firmicutes. At the genus level, the gut microbiota was normalized by increasing the abundance of Mucispirillum, Bacteroides, and Flexispira and decreasing the abundance of Lactobacillus.
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Established a model of lipopolysaccharide (LPS)-induced mastitis in mice, pathological sections and myeloperoxidase were used to detect the degree of tissue damage, enzyme-linked immunosorbent assay (ELISA) was performed to detect the expression of pro-inflammatory cytokines, meanwhile fluorescence quantitative PCR experiments were performed to detect the mRNA expression of CD14/TLR4/NF-κB/MAPK signalling pathway, and the faeces of mice were collected for 16S measurement of flora. The results showed that Abrus cantoniensis total flavonoids (ATF) could significantly reduce the damage of LPS on mammary tissue in mice and inhibit the secretion of inflammatory factors such as TNF-α, IL-1β and IL-6. At the mRNA level, ATF inhibited the expression of CD14/TLR4/NF-κB/MAPK pathway and enhanced the expression of tight junction proteins in the blood-milk barrier. In the results of the intestinal flora assay, ATF were found to be able to regulate the relative abundance of the dominant flora from the phylum level to the genus level, restoring LPS-induced gut microbial dysbiosis. In summary, ATF attenuated the inflammatory response of LPS on mouse mammary gland by inhibiting the expression of CD14/TLR4/NF-κB/MAPK pathway, enhancing the expression of tight junction proteins and restoring LPS-induced gut microbial dysbiosis. This suggests that ATF could be a potential herbal remedy for mastitis.
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Introduction

Mastitis is defined by the presence of hard, swollen, hot, aching breasts, ill cattle and sick sheep refusing to feed young animals or milking artificially (Pang et al., 2014). Common to postpartum lactation, this disease is of higher incidence, and mastitis in dairy goats is most likely to develop 1–20 days after delivery of lambs (Lv, 2019; Liang and Shuhua, 2020). Traditional Chinese medicine (TCM) therapy, which is a traditional treatment in China with many kinds of advantages such as low toxicity, few residues and economic applicability (Zhang, 2019), is the current hot direction in the field of prevention and treatment of mastitis in dairy cattle. China is the home country of Chinese herbal medicine, with abundant resources in TCM, and more than a thousand TCMs have been applied in the clinic (Tian, 2006; Zeng, 2020). TCM can play a role in the prevention and treatment of mastitis in dairy cattle by supplementing nutrition, enhancing body immunity as well as antibacterial and anti-inflammatory effects (Li, 2020). One of the most common pathogens of clinical mastitis in cows is Escherichia coli, which causes mastitis in cows that are usually single-lactation, with hardened udders, lumps and greyish-yellow milk with a foul odour (Zhang, 2019).

LPS, as an important component of the cell wall of Escherichia coli, is a classical endotoxin. When LPS enters the host organism, it stimulates the production of a variety of cytokines, such as TNF-α and IL-1β, by effector cells (Wu, 2019). Abundant expression of cytokines stimulates neutrophil recruitment to the lesion location, which in turn exerts neutrophil clearance (Guan, 2020). In the field of mastitis research, the symptoms of LPS-stimulated mastitis in mice are the same as those of mastitis in cows in clinical cases (Yu et al., 2020), so it can be used to investigate the mechanism of mastitis and to screen drugs for prevention and treatment. TLR4 is a transmembrane receptor for LPS of Gram-negative bacteria (Miyake, 2004). It has been found that the anti-inflammatory effect of most herbs on the LPS-mediated TLR4 signalling pathway is achieved by affecting the transcription of NF-κB and p65 transcription factors and controlling the release of associated inflammatory factors. Therefore, a number of anti-inflammatory drugs, including TCM components, are currently being studied with the LPS-TLR4 signalling pathway as their target (Huakuang et al., 2011).

CD14 is a high-affinity receptor for the LPS and LPS-binding protein (LBP) complexes (Wang et al., 2019). It recognises and binds LPS, causing cellular tyrosine phosphorylation, nuclear factor NF-κB translocation, triggering cytokine release and oxygen free radical production, and plays an important role in a range of responses induced by the immune and defence systems (Yan, 2020). The CD14 amplification response can be beneficial to the host by inducing an adequate inflammatory and immune response to eliminate invading microbes, but also detrimental to the host due to excessive inflammation and pathogen dissemination (Rong et al., 2017). Signal transduction of CD14 with LPS mainly includes transmembrane signal transduction and intracellular signal transduction. Among them, intracellular signalling would activate the corresponding NF-κB and mitogen-activated protein kinase (MAPK) pathways, which ultimately cause IL-1, IL-6 and TNF-α Et al release, leading to the occurrence of disease (Li et al., 2002).

The function of the blood-milk barrier is dependent on the integrity of the mammary epithelium and the way in which the cells connect to each other in concert (Wang, 2018). The connections between mammary epithelial cells are mainly composed of tight junctions, adhesion junctions and gap junctions, with tight junctions being the main connection between adjacent mammary epithelial cells and endothelial cells (Miessler et al., 2018). Intercellular tight junctions are a dynamic complex meshwork, and it has now been demonstrated that tight junctions are formed by a variety of tight junction proteins, including Occludin, Claudins, ZOs, Jams, as well as functional proteins, among others (Visser et al., 2009).

The gut microbiota is a huge and complex ecosystem (Tian et al., 2021), and when the balance is disturbed, it may affect the entire health of the organism (Butel, 2014). In recent years it has been found that the gut microbiota and the inflammatory response are closely related and that disturbances in the gut microbiota can lead to an enhanced inflammatory response (Vaiserman et al., 2017), which in turn can influence the type or abundance of the gut microbiota. It has been found that mastitis in mice leads to a disturbance in their intestinal microbiota, increasing the number of pathogenic bacteria and decreasing the number of beneficial flora in the gut (Guo et al., 2020). One study analysed fecal 16S rDNA diversity in 130 patients with acute pancreatitis and 35 healthy subjects, found that the structure of the gut microbiota was significantly different between the two study groups and was closely related to the systemic inflammatory response and impaired intestinal barrier and the abundance of beneficial bacteria such as blautia was significantly lower in severe patients than in mild and moderate patients (Lu et al., 2021).

Abrus cantoniensis is a member of the legume family Acaciaceae, also known as magnoflorine, red hen’s wort, yellow food grass, clover lepidotrichia, etc. Apart from the seeds, the whole plant can be used as medicine and food, mainly in Guangxi, Guangdong, Hunan and other provinces in China, with the effect of clearing heat and detoxifying the liver and relieving pain (Xu et al., 2005; Chen and Mo, 2008; Shan et al., 2011). Studies have shown that the whole plant of A. cantoniensis is rich in chemical components, mainly triterpenoids, flavonoids, polysaccharides, alkaloids and anthraquinones and other components, which are abundant in medicinal value (Yang et al., 2015). In this paper, we investigated the A. cantoniensis total flavonoids (ATF) effect on LPS-induced mastitis in mice and explored the ATF effect on the regulation of gut microbiota by 16S-rDNA sequencing. This may provide a theoretical basis for further exploration of the medicinal value of ATF.



Materials and methods


Materials and chemicals

The dried whole plant of A. cantoniensis (Abri Herba) was purchased in a local market (Nanning, China) [No.20200201]. Rutin standards (HPLC ≥ 98%) and LPS (HPLC ≥ 99%) were purchased at Beijing Solaibao Technology Co., Ltd. Absolute ethanol, sodium nitrite were purchased at Chengdu Cologne Chemical Co., Ltd., aluminium nitrate was purchased at Tianjin Da Mao chemical reagent factory, sodium hydroxide was purchased at Chengdu Jinshan Chemical Reagent Co., Ltd., and the above chemical reagents were analytical grade. Mouse IL-1β, IL-6, TNF-α and MPO ELISA kits were purchased from Jiangsu Jingmei industrial Co., Ltd. (Yancheng, Jiangsu, China). TRIzol reagent, First-strand cDNA Synthesis Mix and RealStar Green Fast Mixture were purchased from GenStar Co., Ltd. (Beijing, China). All other reagents in the experiments were purchased from China and were analytically pure.



Animals

Kunming mice (6–7 weeks, 30–35 g, 20 male and 60 female) were procured from Tianqin Biotechnology Co., Ltd. in Changsha, China. Mice were adapted for 1 week in free light, at 22 ± 2°C and 50 ± 5% relative humidity, at the same time as being given adequate standard food and water (Chen et al., 2021). After 1 week, cages were randomly combined in a male to female ratio of 3:1 in order to obtain pregnant females. All animal experimental protocols for this experiment were approved by the institutional animal care and use Committee of Guangxi University (Nanning, China) [No. Gxu-2021-145] and performed in accordance with the guide for the care and use of laboratory animals of the National Institutes of Health.



Extraction and purification of ATF

The ultrasound-assisted extraction was carried out according to the procedure in the previous study(Wu et al., 2022). Briefly, 47 ml of 50% ethanol solution was added for every 1 g of A. cantoniensis powder according to the material-to-liquid ratio of 1:47, and the extraction was cycled 4 times at an ultrasonic power of 125 W and an ultrasonic time of 40 min. The flavonoids were extracted from the solution when the solution changed from clarified to brownish yellow after the dried and crushed fragments of A cantoniensis were soaked in ethanol solution, and the analysis of its composition has been reported extensively(Yang et al., 2015; Yu, 2019). The extract was filtered and purified through D101 macroporous resin, the solution turned translucent yellow and the flavonoid content was determined using a rutin standard (y = 12.626x + 0.0023, R2 = 0.9997), which was dried and concentrated in a vacuum freeze dryer to obtain the light-yellow powder. Freeze-dried ATF in powder form was dissolved in 50% ethanol solution and its flavonoid content was determined using Rutin Standard Associate. The results showed that the purity of the ATF powder exceeded 76.7% at 25°C or room temperature.



Building a mastitis model in mice

The ATF powdered was dissolved in sterilised water and prepared in three concentrations of 10 mg/ml, 50 mg/ml and 100 mg/ml. Dexamethasone was dissolved in sterilised water and prepared to 0.5 mg/ml. LPS was dissolved in saline and prepared to 0.2 mg/ml. The lactating mice, 7 ± 2 days after the birth of their offspring, were divided into four groups as follows:

No-treatment (NT) group: gavage of 10 ml/kg sterile water without any treatment for 1 week as a vehicle control.

Model control (MC) group: gavage of 10 ml/kg sterilised water for 1 week and injection of 50 μl 0.2 mg/ml LPS into breast tissue on the last day.

Dexamethasone (DEX) group: gavage of 5 mg/kg dexamethasone solution for 1 week and injection of 50 μl 0.2 mg/ml LPS into breast tissue on the last day.

ATF dose group: gavage of 100 mg/kg, 500 mg/kg and 1,000 mg/kg ATF for 1 week and mammary tissue injection of 50 μl 0.2 mg/ml LPS on the last day.

The specific steps are as follows (Table 1): Kunming mice were gavaged with 0.1 ml of sterilised water or drug solution per 10 g body weight for 1 week and the construction of the LPS-induced mastitis model in mice was started 1 h after the end of gavage on the 7th day. Mice were anaesthetised by intraperitoneal injection of chloral hydrate (35 mg of chloral hydrate powder in 1 ml of saline) and 50 μl of LPS (0.2 mg/ml) solution or saline was injected into two abdominal mammary glands to induce mastitis. After 12 h of model construction, gavage was performed again and changes in mouse status and mammary area were observed. 24 h after the injection of LPS, the mammary gland was collected for subsequent experiments.



TABLE 1 Different treatment groups in mice.
[image: Table1]



Histological examination

Mouse mammary glands were immediately fixed in 4% formaldehyde solution after rinsing the surface stain with PBS. After alcohol dehydration and embedding in paraffin, the tissue was cut into sections of 4 μm thickness, stained with hematoxylin and eosin (H&E) and observed for pathological changes under a microscope (Olympus, Japan).



MPO and cytokines detection by ELISA

The mammary gland tissues were homogenised in PBS (1,9, w/v). Mouse mammary tissue was rinsed in pre-cooled PBS, dried and weighed, placed in a grinding tube and ground with 9 times the amount of PBS. After grinding, centrifuge for 15 min at 4°C at 2,000 g and extract the supernatant as an ELISA test sample and store at −20°C. Equal amounts of 0.5% CTAC were added to the pellet. The tissue samples were again ground for 8 min on a grinder and the homogenate was centrifuged for 10 min at 4°C at 2,000 g. The supernatant was taken as a sample for the myeloperoxidase (MPO) assay and stored at −20°C. The manipulation steps of ELISA kit and the MPO kit were according to the manufacturer’s instructions.



RNA extraction and qRT-PCR analysis

According to the manufacturer’s instructions, total RNA was extracted from mouse mammary glands using TRIzol reagent (GenStar Co., Ltd., China) [Lot#S12FK101], and cDNA was synthesised using the StarScript II First-strand cDNA Synthesis Mix (With gDNA Remover; GenStar Co., Ltd., China) [Lot#S01GA241]. The PCR reactions were performed using RealStar Green Fast Mixture (GenStar Co., Ltd., China) [Lot#S01FK151] on the Light Cycler 96 System (Roche). The mRNA levels were measured by qRT-PCR using a 20 μl reaction system with 3 replicates per sample. GAPDH was used as a housekeeping gene to normalise gene expression and the 2−ΔΔCt comparison method was used to calculate relative mRNA expression levels. The primer sequences (Sangon Biotech Co., Ltd., China) used in this study were shown in Table 2.



TABLE 2 Primers used for qRT-PCR.
[image: Table2]



Genomic DNA extraction and 16S-rDNA sequencing of faeces

Mouse faeces were collected under sterile conditions and immediately frozen in liquid nitrogen and stored at −80°C. The genomic DNA of cecal contents was extracted by an E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States) following the manufacturer’s instruction and detected by 1% agarose gel electrophoresis. The V3-V4 hypervariable regions of the bacterial 16S-rDNA gene were amplified by universal primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The PCR amplification system was 20 μl, and all products were purified by AxyPrep DNA Gel Recovery kit (Axygen, Union City, United States), and quantified by QuantiFluor™ -ST (Promega, United States). According to the standard scheme of Majorbio BioPharm Technology Co., Ltd. (Shanghai, China), PE library was built using TruSeq™ DNA Sample Prep Kit and sequenced by an Illumina Miseq PE300 platform (Illumina, SD, United States). Using UPARSE software (v7.0.1090),1 carried out high-quality sequence clustering to eliminate chimeras sequences and obtain Operational Taxonomic Units (OTUs) with 97% similarity. The relationships between samples and species were described using the circos-0.67-72 visualisation method. Alpha-diversity and beta-diversity were analysed according to the abundances of OTUs using the R package. The Wilcoxon rank sum test was used to compare Genus level classifications of bacteria. Linear discriminant analysis (LDA) and LDA effect size (LEfSe) were used to analyse the dominance of the bacterial community between groups.3



Statistical analysis

All data, including figures and tables, were expressed as the mean ± standard deviation (SD) from three independent experiments. Images were generated using GraphPad Prism software (La Jolla, CA, United States). In the animal experiments, mice were randomly grouped, and histological analysis was conducted in a blind manner. One-way ANOVA was used test to analyse the differences between the means of normally distributed data. The results are considered statistically significant at p < 0.05 or p < 0.01.




Results


Ameliorates pathological damage

Pathological sections of mouse mammary tissue were produced and the results of HE staining are shown in Figure 1. The mammary tissue of the NT group of mice and their pathological sections can be seen in Figure 1A. Microscopically, an intact mammary vesicle structure with scattered erythrocytes can be seen, but there are no obvious pathological changes. The mammary tissue of the MC group of mice and their pathological sections can be seen in Figure 1B. Mice with dishevelled coats and poor mental state could be observed, and mammary gland tissue in mice was congested and red. Microscopic examination revealed thickening of the mammary vesicle wall, disruption of the structure of the mammary vesicle and massive infiltration of inflammatory cells and erythrocytes, indicating that the constructed LPS-induced mastitis model in mice was successful. The results after treatment in the DEX group are shown in Figure 1C. The improvement of the LPS-induced erythema is visible to the naked eye, and microscopically, it can be observed that some of the breast structures have been restored and the number of erythrocytes and inflammatory cells in the breast tissue has been reduced substantially. The results after ATF treatment are shown in Figures 1D–F. The degree of engorgement and swelling of mammary tissue in mice gradually decreased with increasing doses. There is a gradual increase in the number of intact breast follicular structures and a gradual decrease in the number of inflammatory cells and erythrocyte infiltration in the pathological sections.
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FIGURE 1
 Effects of ATF on pathological changes of LPS-induced mastitis in mice (200×, Scale bar = 46.00 μm). (A) NT group; (B) MC group; (C) DEX group; (D) ATF-L (100 mg/kg) group; (E) ATF-M (500 mg/kg) group; (F) ATF-H (1,000 mg/kg) group.




Effect of ATF on the activity of MPO and secretion of cytokines

The results of the ELISA kit assay are shown in Figure 2. MPO activity and secretion of pro-inflammatory factors were significantly higher in the MC group than in the NT group, further indicating that the model of LPS-induced mastitis in mice was successfully established. Compared to the MC group, MPO activity and secretion of pro-inflammatory factors were significantly lower in the DEX group, indicating that dexamethasone could reduce LPS-induced inflammation in the mammary glands of mice. ATF was also able to significantly reduce MPO activity and secretion of pro-inflammatory factors. Although not drug-dependent decreasing, the extent of reduction in ATF-M and ATF-H groups did not differ significantly from the DEX group, except for MPO activity.
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FIGURE 2
 Effect of ATF on MPO activity and inflammatory factor secretion in mouse mammary gland tissue. (A) MPO, (B) TNF-α, (C) IL-6, (D) IL-1β. NT: No treatment model group, MC: LPS treatment model group, DEX: Dexamethasone (5 mg/kg) treatment group, ATF-L: ATF 100 mg/kg, ATF-M: ATF 500 mg/kg, ATF-H: ATF 1,000 mg/kg. Data are expressed as mean ± SD, n = 5–7. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the MC group.




Effect on the CD14/TLR4 pathway

When LPS invades the organism, CD14 immediately recognizes and binds LPS, which further activates TLR4. Fluorescent quantitative PCR was performed on the mRNA expression of CD14 and TLR4 and the results are shown in Figures 3A,B. Compared to the NT group, there is a highly significant increase in CD14 and TLR4 mRNA expression in the MC group. The mRNA expression of CD14 in the DEX group was not significantly different from that of the NT group, and the mRNA expression of TLR4 was significantly lower than that of the NT group. ATF administration group reduced the mRNA expression of CD14 in a dose-dependent manner, and the ATF-M and ATF-H group were able to reduce the mRNA expression of TLR4.
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FIGURE 3
 Effect of ATF on mRNA expression of key genes in the CD14/TLR4 pathway. (A) CD14, (B) TLR4. NT: No treatment model group, MC: LPS treatment model group, DEX: Dexamethasone (5 mg/kg) treatment group, ATF-L: ATF 100 mg/kg, ATF-M: ATF 500 mg/kg, ATF-H: ATF 1000 mg/kg. Data are expressed as mean ± SD, n = 5–7. *p < 0.05, ***p < 0.001, ****p < 0.0001 compared with the NT group.




Effect on the NF-κB pathway

In the LPS-mediated inflammatory response, the NF-κB signalling pathway is involved in the inflammatory process and plays an important role in the regulation of inflammation (Tang et al., 2021). In the NF-κB pathway, IL-1β, TNF-α, p50 and IκB have pivotal roles, and mRNA expression levels were assessed and detected by qRT-PCR. The results are shown in the Figures 4A–D. The mRNA expression of IL-1β, TNF-α, p50 and IκB was significantly higher in the MC group compared to the NT group. It was shown that LPS was able to cause inflammation in mouse mammary glands by increasing mRNA expression of IL-1β, TNF-α, p50 and IκB in the NF-κB pathway. In the DEX group, the mRNA expression of four important proteins were all significantly decreased compared to the MC group, and the mRNA expression of IL-1β, TNF-α and IκB were not significantly different from that of the NT group. ATF administration group showed a drug-dependent reduction in mRNA expression of IL-1β, TNF-α, p50 and IκB.
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FIGURE 4
 Effect of ATF on mRNA expression of key genes in the NF-κB pathway. (A) TNF-α, (B) IL-1β, (C) P50, (D) IκB. NT: No treatment model group, MC: LPS treatment model group, DEX: Dexamethasone (5 mg/kg) treatment group, ATF-L: ATF 100 mg/kg, ATF-M: ATF 500 mg/kg, ATF-H: ATF 1000 mg/kg. Data are expressed as mean ± SD, n = 5–7. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the NT group.




Effect on the MAPK pathway

MAPK signalling is widespread in cells, and intracellular signalling by CD14 coupled with LPS signalling activates the corresponding NF-κ B and mitogen-activated protein kinase (MAPK) two pathways (Li et al., 2002). The mRNA expression levels of p38 and ERK in the MAPK pathway in mouse mammary tissue were measured by qRT-PCR. The results are shown in Figures 5A,B. The MC group showed a highly significant increase in mRNA expression of p38 and ERK compared to the NT group. The DEX group expressed significantly less compared to the MC group and was not significantly different from the NT group. The mRNA expression of ERK was reduced in a dose-dependent manner in the total flavonoids administration group, while the mRNA expression of p38 was not significantly different in the ATF-M group and the NT group.
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FIGURE 5
 Effect of ATF on mRNA expression of key genes in the MAPK pathway. (A) P38, (B) ERK. NT: No treatment model group, MC: LPS treatment model group, DEX: Dexamethasone (5 mg/kg) treatment group, ATF-L: ATF 100 mg/kg, ATF-M: ATF 500 mg/kg, ATF-H: ATF 1000 mg/kg. Data are expressed as mean ± SD, n = 5–7. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the NT group.




Effect on mRNA expression of tight junction proteins

Tight junctions are the main components that make up the blood-milk barrier (Wang et al., 2017). The amount of mRNA expression of tight junction proteins was detected by qRT-PCR in Figure 6. The expression of mRNA for ZO-1, Cluadin1, Cluadin3 and Occludin was significantly reduced in the MC group compared to the NT group. This suggests that LPS injected into mouse mammary tissue inhibits the expression of mRNA for tight junction proteins in mouse mammary tissue. In the DEX group, the mRNA expressions of these four tight junction proteins were significantly increased compared with those in the MC group, especially ZO-1, Cluadin1 and Cluadin3. There was no significant difference in the mRNA expression of ZO-1 and Cluadin3 in the ATF-L group compared to the MC group, but the mRNA expression of Cluadin1 and Occludin was significantly higher than that of the MC group. The mRNA expression of ZO-1 and Cluadin1 was dose-dependent in the ATF-M and ATF-H groups, and there was no significant difference in the mRNA expression of Cluadin3 and Occludin between the two groups. In summary, ATF reduces LPS-induced inflammation in mouse mammary glands by promoting the mRNA expression of tight junction protein.
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FIGURE 6
 Effect of ATF on mRNA expression of tight junction protein in mouse mammary gland tissue. (A) ZO-1, (B) Cluadin1, (C) Cluadin3, (D) Occludin. NT: No treatment model group, MC: LPS treatment model group, DEX: Dexamethasone (5 mg/kg) treatment group, ATF-L: ATF 100 mg/kg, ATF-M: ATF 500 mg/kg, ATF-H: ATF 1000 mg/kg. Data are expressed as mean ± SD, n = 5–7. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the NT group.




Effect on the gut microbiota

As shown in Figure 7A, the average number of valid sequences per sample was 32,994 and there were no significant differences in DNA sequences between the groups. A random sampling of sequences was used to construct dilution curves using the number of sequences drawn versus the number they could represent at each taxonomic level. When the curve flattens out, it indicates that the amount of sequencing data is reasonable and that more data will only produce a small number of new species (or OTUs), and vice versa, indicating that more new species are likely to be produced by continued sequencing. The results of the analysis in Figures 7C,D showed that although new systems could be obtained by higher sequencing coverage, most of the gut flora diversity in each sample could be adequately captured at the current sequencing depth. The results of OTU overlap between groups showed in Figure 7B that there were 286 identical OTUs in the 5 groups, with 7, 10, 14, 6 and 3 independent OUTs in the NT, MC, DEX and ATF-L and ATF-M groups, respectively. There was a significant increase in the number of OTUs in the MC group compared to the NT group, and in the DEX group, the increase in the number of OUTs was significantly greater than in the MC group. The number of OUT in the ATF-L group was significantly higher than that of the MC group, which was basically not significantly different from that of the DEX group; the number of OUT in the ATF-M group was basically not significantly different from that of the NT group. OUT data suggest that the diversity of the gut microbiota can be restored by a dose of 50 mg/ml of ATF.
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FIGURE 7
 Analysis of the number of DNA sequences in each group and the Venn diagram of species and dilution plots of sobs and Shannon in the mouse gut microbiota. NT: No treatment model group, MC: LPS treatment model group, DEX: Dexamethasone (5 mg/kg) treatment group, L: ATF 100 mg/kg, M: ATF 500 mg/kg.


Alpha diversity refers to the diversity within a particular region or ecosystem, and commonly used metrics include Chao, Ace, Shannon and Simpson. Changes in the Chao, ACE, Shannon and Simpson indices based on OTUs can be seen in Table 3. Compared to the NT group, Chao, ACE and Shannon increased in the MC, DEX and ATF-L groups, and Simpson significantly decreased, with the indices of Chao, ACE, Shannon and Simpson in the ATF-M group being closer to those of the NT group. The results showed that ATF-M group were more beneficial to the recovery of the gut microbiota.



TABLE 3 α-diversity indices of gut microbiota in each group.
[image: Table3]

Beta diversity analysis including PCA and PCoA was carried out in order to elucidate changes in microbiota structure between different groups (Chen et al., 2021). PCA uses a table of species (including OTUs) abundance and is based on direct mapping of Euclidean distances, while PCoA is based on a matrix of selected distances, both of which are used to identify potential principal components influencing differences in the composition of the sample communities through dimensionality reduction (Li et al., 2021). The more similar the species composition of the sample, the closer it is reflected in the PCA plot. As shown in Figures 8A,B, although there was a small amount of overlap in all five groups, the ATF-M group was closer to the NT group than the MC group. The results of the analysis of the community composition of the gut microbiota of mice in the NT group, the MC group, the DEX group and the ATF-L and ATF-M groups are shown in Figures 8C,D. At the phylum level in Figure 8C, Firmicutes and Bacteroidota are the two most dominant phyla, accounting for nearly 90% of the total number of bacteria. Compared to the MC group, there was a significant increase in Proteobacteria, Campilobacterota and Desulfobacterota in the MC group and Bacteroidota in the DEX group. The proportion of Firmicutes and Bacteroidota was close to that of the NT group in the ATF-L and ATF-M groups, but Verrucomicrobiota was significantly higher than that of the NT group. To further explore differences in the gut microbiota of certain taxa, several dominant microorganisms at the genus level were analysed and compared. At the genus level in Figure 8D, Lactobacillus and norank_ f_ Muribaculaceae were the two genera that occupied the major dominance. Compared to the NT group, the proportion of the MC group occupied by Lactobacillus and norank_f_Muribaculaceae was significantly lower overall, with significant increases in unclassified_f_Lachnospiraceae, norank_f_Lachnospiraceae, Bacteroides and Helicobacter. The proportion of the genus Lactobacillus and norank_f_Muribaculaceae in the DEX, ATF-L and ATF-M group was significantly increased compared to the MC group. But compared to the NT and MC groups, there was a significant increase in Lachnospiraceae_NK4A136_group and a decrease in Bacteroides.
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FIGURE 8
 β-diversity analysis (A,B) and community composition analysis (C,D) of the mouse gut microbiota. NT: No treatment model group; MC: LPS treatment model group; DEX: Dexamethasone (5 mg/kg) treatment group; L: ATF 100 mg/kg, M: ATF 500 mg/kg.


LEfSe was used to analyse key system types of intestinal flora in different groups, as shown in Figures 9A,B. In a comparison of the NT, MC and DEX groups in Figure 9A, it was found that o_u Lactobacillales, f_u Lactobacillaceae, g_u Lactobacillus, c_u Bacilli had a higher LDA score in the NT group, o__Erysipelotrichales, c__Negativicutes, c__Gammaproteobacteria, p__Proteobacteria had higher LDA scores in the MC group. The key bacterial types affecting the imbalance of the gut microbiota in the MC group were o__Erysipelotrichales and c__Negativicutes. In the DEX group, LDA scores were higher for g__Ruminococcus_gnavus_group, f_Tannerellaceae and g_Parabacteroides. It has been shown that Ruminococcus gnavus can induce inflammatory bowel disease (Henke et al., 2021). This suggested that dexamethasone, although able to reduce the inflammation of LPS-induced mastitis in mice, may cause intestinal disease in mice. The results in Figure 9B show that when the NT, MC and ATF groups were analysed and compared, species differences were mainly found in the MC group, with a significant effect of higher LDA scores for the major c__Negativicutes.
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FIGURE 9
 Results of the LEfSe analysis of the gut microbiota of mice. (A) NT group, MC group and DEX group, (B) NT group, MC group, ATF-L group and ATF-M group. NT: No treatment model group; MC: LPS treatment model group; DEX: Dexamethasone (5 mg/kg) treatment group; L: ATF 100 mg/kg, M: ATF 500 mg/kg.





Discussion

In modern pharmacological studies, it has been shown that A. cantoniensis has hepatoprotective, choleretic, antibacterial, anti-inflammatory, immune enhancing, free radical scavenging, regulating smooth muscle function and improving endurance (Yang et al., 2015). Mastitis is one of the diseases that currently affect dairy farming more than any other. E. coli is one of the most common pathogens among environmental contaminants causing clinical forms of mastitis in dairy cows (Hulsen, 2000). It has been shown that LPS is one of the known inflammatory factors in Gram-negative infectious diseases such as E. coli mastitis (Li et al., 2017; Chu et al., 2019), and the effective control of inflammation in the treatment of such diseases is an important issue in veterinary clinical practice. When LPS invades murine mammary tissue, it causes damage to the mammary tissue, causing sloughing of acinar epithelial cells, changes in shape and size, accompanied by massive infiltration of inflammatory cells and engorgement of mammary tissue (Ou, 2020). In severe cases, the blood-milk barrier can be broken, leading to blood entering the mammary glands, which can be accompanied by blood in the milk and a marked increase in redness and swelling of the mammary glands, which can lead to the death of the cow in severe cases (Xu et al., 2018). This could explain the pink, milky discharge that appears at the teat site in some females 12 h after LPS is injected into the mammary ducts of mice. In this study, we found that after the mouse mammary tissue was injected with LPS, the mouse’s papilla appeared red and swollen macroscopically. Inflammatory cells and erythrocytes infiltrating the mammary tissue, thickening of the glandular vesicle wall and disorganised glandular vesicle structure could be observed in pathological sections, indicating that the mouse mastitis model has been successfully established. Gavage of high doses of dandelion sterols resulted in significant improvement in mammary gland epithelial cell detachment and tissue haemorrhage in rat mammary gland tissue (San, 2014). Gavage of ethanolic extract of Chinese propolis significantly reduced the pathological damage caused by LPS-induced destruction of glandular vesicle structure and inflammatory cell infiltration in mammary gland tissue of mice (Song et al., 2021). In this study, it was found that gavage of the total flavonoid solution of A. cantoniensis was also able to reduce LPS-induced damage to the mammary tissue of mice and reduce the infiltration of inflammatory cells and red blood cells. In this study, the mRNA expression of ZO-1, Cluadin1, Cluadin3 and Occludin was significantly reduced in the mammary tissues of the MC group by real-time fluorescence quantitative PCR, indicating that LPS invades the body and damages the blood-milk barrier while inhibiting the mRNA expression of tight junction proteins, causing mastitis in mice. Administration of dexamethasone or ATF to mice promoted the mRNA expression of four tight junction proteins, ZO-1, Cluadin1, Cluadin3 and Occludin, after LPS damaged the blood-milk barrier of the mammary gland, which promoted the repair of the blood-milk barrier and reduced the inflammation of the mammary gland induced by LPS.

MPO is a haemoglobin protein rich in neutrophils, synthesised in the bone marrow by granulocytes before they enter the circulation and stored in Aspergillus granules (Thaysen-Andersen et al., 2015). External stimuli can lead to the aggregation of neutrophils, resulting in the release of MPO (Parlar et al., 2021). ATF can reduce MPO activity in mammary tissue of mastitis mice, and it can reduce the aggregation of neutrophils to alleviate LPS-induced inflammation in the mammary gland of mice. As key messenger molecules in the exchange of information between cells, cytokines are primarily involved in the regulation of immune homeostasis and inflammatory responses (Murtaugh and Foss, 2002). In mastitis, immune cell activity is mainly regulated by the pro-inflammatory cytokines TNF-α, IL-1β and IL-6, which are typically pro-inflammatory cytokines (Alluwaimi, 2004). In this study, ATF significantly reduced TNF-α, IL-1β and IL-6, which were elevated by the injection of LPS into the mammary tissue, and reduced the secretion of pro-inflammatory factors to reduce inflammation in the mammary gland of mice. When LPS invades the organism, the lipopolysaccharide-binding protein LBP immediately recognises and binds LPS, while binding to CD14 on the surface of myeloid-derived cells, forming the LPS-LBP-CD14 triplet complex, which will later bind to TLR4 with the help of MD-2, activating TLR4 and causing it to dimerise (Peri et al., 2010). After TLR4 is activated, the intracellular group conformation changes, and after transmitting the signal into the cell, it will further activate MAPK and NF-κB signalling pathways, eventually causing the release of IL-1, IL-6, TNF-α, NO, etc., resulting in an inflammatory response (Seo and Jeong, 2020). NF-κB is a nuclear transcription factor that plays an important role in the inflammatory response (Wu et al., 2018). In this study, qRT-PCR was used to detect the expression of mRNAs such as CD14, TLR4, IL-1β, TNF-α, p50, IκB, p38 and ERK. LPS was found to cause inflammation in mouse mammary glands by upregulating mRNA expression of the CD14/TLR4/NF-κB/MAPK pathway, while dexamethasone and ATF reduced LPS-induced mastitis in mice by downregulating mRNA expression of this pathway.

Under normal conditions, the gut microbiota maintains a symbiotic or antagonistic relationship with each other, which is the main reason why the host gut microbiota is in micro-ecological balance (Zhen et al., 2017; Liu, 2018). Once the gut microbiota is disordered, it will cause an abnormality in the body’s health condition. After LPS was injected into the milk ducts of mice in this study, the composition of the gut microbiota was altered in mastitis-stricken mice compared to normal mice. The main increase was in Campilobacterota and Proteobacteria. It has been found that Campylobacter can cause food poisoning in the form of severe enteritis (inflammation of the small intestine; Davalos et al., 1981); the bacteria of the phylum Aspergillus are all Gram-negative and their outer membrane consists mainly of LPS. After the administration of dexamethasone in the DEX group, there was a significant decrease in the thick-walled phylum and instead a significant increase in the Anaphylae phylum in the intestinal flora of mice with mastitis, and another significant change in the Actinomycete phylum. Actinomyces is a filamentous Gram-positive bacterium with a higher GC content compared to another group of Gram-positive bacteria in the gut microbiota, Firmicutes (Stopinska et al., 2021). One of the most striking features of Actinomycetes has been found to be their ability to produce large numbers of a wide variety of antibiotics (Li et al., 2008). A decrease in the proportion of the Actinobacteria phylum may therefore affect the homeostasis of the organism’s intestinal microbiota. At the genus level, Lactobacillus (0.467) and norank_f_Muribaculaceae (0.208) were the dominant genera in normal mice. Lactobacillus is an important genus of Firmicutes. Lactobacillus is a Gram-staining positive, non-spore-forming bacterium with the ability to regulate intestinal flora, enhance immunity, protect the gastric mucosa, improve intestinal function, laxative, anti-diarrhoea, promote digestion, anti-tumour, antioxidant and other effects (Huang et al., 2017). A direct reduction of Lactobacillus to 0.181 and of norank_f_Muribaculaceae to 0.127 in the intestinal flora of mice with mastitis was found, with a disturbance in homeostasis, which could indicate that LPS-induced mastitis in mice leads to alterations in the gut microbiota of mice as well. Treatment of mastitis in mice by dexamethasone gavage in the DEX group revealed that Lactobacillus in the intestinal flora of mice would continue to decrease to 0.139. Norank_f_Muribaculaceae increased and exceeded the NT group, the results suggest that dexamethasone does not achieve restoration of the intestinal microbiota of mice in alleviating LPS-induced mastitis in mice. ATF administration group found that the genus Lactobacillus increased with increasing dose and the ratio of Lactobacillus to norank_f_Muribaculaceae (0.591 in the ATF-L group and 0.332 in the ATF-M group) was closer to that of the NT group (0.445) and significantly smaller than that of the MC group (0.702) and the DEX group (2.058). In this study, there was a significant increase in Akkermansia compared to the other three groups in the ATF-L and ATF-M groups, which is in line with the results that Gegen Qinlian Decoction (GQD) can significantly increase the amount of Akkermansia (Li et al., 2021). Akkermansia is an oval-shaped Gram-negative anaerobic bacterium that clings to the intestinal mucosa, where it protects the intestine from pathogens through competitive action (Gao et al., 2018). The infusion of two herbs, ATF and Gegen Qinlian Decoction (GQD), can increase the amount of Akkermansia, which may provide a new direction of thinking to effectively improve the immunity of the body and enhance the anti-inflammatory effect.

In the analysis of the key phylotypes of the gut microbiota in the different groups using LEfSe, it was found that when the positive drug dexamethasone was used to treat LPS-induced mastitis in mice, significant differences were still found in the intestinal flora of the mice compared to normal mice. In the treatment of LPS-induced mastitis using ATF, differences were found in the intestinal flora of mice compared to normal mice and mice suffering from mastitis, with differences only in c__Negativicutes and g__Prevotellaceae_UCG-001 in the MC group. One study found an increase in the abundance of intestinal flora with dexamethasone (Song et al., 2020), which is consistent with the findings in this study that treatment with dexamethasone resulted in an increase in the abundance of intestinal flora in mice (Chao, ACE and Shannon indices were all higher than in the normal group of mice). Studies have found that NSAIDs cause changes in microbial populations and lead to intestinal damage (Dai et al., 2020). The above studies have shown that the use of the anti-inflammatory drug dexamethasone, while reducing the inflammatory response in the mammary tissue of mice induced by LPS, can further affect the homeostasis of the intestinal flora and can even lead to other serious consequences. This inflammatory response can also be reduced by the ATF use, although the therapeutic effect still differs from that of the anti-inflammatory drug dexamethasone. However, the advantage is that it improves the disruption of intestinal flora in mice caused by this inflammation and achieves a green effect without antibiotic residues.



Conclusion

ATF can reduce the pathological damage of LPS-induced mastitis in mice, decrease MPO activity and inflammatory factor secretion in mammary tissue and serum, inhibit mRNA expression of key genes in the CD14/TLR4/NF-κB/MAPK signalling pathway and promote mRNA expression of tight junction proteins in the blood-milk barrier, effectively improving the inflammatory response of LPS-induced mammary tissue in mice. At the same time, ATF can improve the disturbance of the intestinal microbiota caused by LPS, regulate the relative abundance of the dominant flora and restore the diversity of the gut microbiota, which is distinct from the anti-inflammatory drug dexamethasone.
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The gut microbiota plays a vital roles in poultry physiology, immunity and metabolism. Black soldier fly oil is known to have a positive effect on the gut microbiota. However, the specific effect of black soldier fly oil on the composition and structure of the gut microbiota of the pigeon is unknown. In this experiment, 16S rDNA high-throughput sequencing was performed to study the effect of different doses of black soldier fly oil on the changes of pigeon intestinal microbes. Results indicated that the different doses of black soldier fly oil had no effect on the gut microbial diversity of the pigeon. Although the dominant phyla (Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria) and genus (uncultured_bacterium_f_Lachnospiraceae and Desulfovibrio) in control group and experimental group with different doses were the same, the abundances of some beneficial bacteria (Megasphaera, Intestinimonas, Prevotella_9, Lachnospiraceae_UCG-001, Faecalibacterium, Coprococcus_2, Parabacteroides, Megasphaera, Leuconostoc, Prevotellaceae_UCG-001, Lactococcus, Ruminococcaceae_UCG-014, and Coprococcus_2) increased significantly as the concentration of black soldier fly oil increased. Taken together, this study indicated that black soldier fly oil supplementation could improve gut microbial composition and structure by increasing the proportions of beneficial bacteria. Notably, this is the first report on the effects of black soldier fly oil on the gut microbiota of pigeon, which contribute to understanding the positive effects of black soldier fly oil from the gut microbial perspective.
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Introduction

The poultry gastrointestinal tract is colonized with complex, diverse and changing microbial communities (Khan et al., 2020). Gut microbial communities play an important role in the health and productivity of the host (Li et al., 2021a). It is well known that in nutritional, metabolic, physiological and immune processes, the microbiota promotes the digestion and absorption of nutrients, stimulates host immune responses and improves resistance to disease (Lee et al., 2018; Bavananthasivam et al., 2021). These important gut microbial members include bacteria, fungi and protists, which together constitute and stabilize the complex intestinal microenvironment (Rychlik, 2020). Gastrointestinal microbes provide poultry with large amounts of enzymes, vitamins and proteins. Moreover, the microorganisms in the gastrointestinal tract of poultry can inhibit pathogenic bacteria through colonization resistance, immunomodulation and production of antibacterial substances such as hydrogen peroxide, bacteriocins and organic acids (Saleem et al., 2020; Wang et al., 2022). Studies have indicated that the imbalance of gut microbiota could cause a series of abnormal diseases in the body, such as chronic enteritis, liver disease and abdominal distension (Hu et al., 2021; Jian et al., 2021). Therefore, the effective stabilization of gut microbiota plays an important role in maintaining body health.

As one of the poultry, the squab refers to the young pigeons within 4 weeks of age, which has the advantages of rich nutrition and high medicinal value (Wen et al., 2022). With the large-scale breeding of pigeons, the diseases of pigeons has attracted increasing attention. Studies found that the gut microbiota disorder of pigeons can lead to a series of abnormal phenomena in the body. In order to alleviate the disturbance of gut microbiota, this study introduced black soldier fly oil as a dietary additive. According to reports, the crude fat content of black soldier fly larvae is 15–49%, and its body is rich in polyunsaturated fatty acids (Seyedalmoosavi et al., 2022). It contains a similar level of unsaturated fatty acids as fish oil and can be used as an additive in poultry diets (Liew et al., 2022). Studies have shown that black soldier fly oil can completely replace soybean oil in juvenile carp feed, and partially replace fish oil in rainbow trout feed (Mikolajczak et al., 2022). Therefore, black soldier fly oil is an effective alternative to dietary additives that needs to be further explored. Although it has been studied more in fish, its research in pigeons has rarely been introduced (Li et al., 2016).

With the development and application of new technologies such as macrogenomics and 16S rRNA gene sequencing, the sequencing and identification of gut microbiota have been well studied (Cuccato et al., 2021; Durazzi et al., 2021). High-throughput sequencing technology has been successfully applied to the analysis of gut microbial communities in dairy cows, goats and other animals, and has made important contributions to the diagnosis and treatment of various gastrointestinal diseases (Viale et al., 2017; Ma et al., 2018; Bhatia et al., 2020). We can better understand the composition and distribution of the gut microbiota of the pigeon through high-throughput sequencing of the gut microbiota of the pigeon. In this experiment, black soldier fly oil was added to the pigeon diet to explore its effect on the gut microbiota of pigeons, and combined with high-throughput sequencing technology to specifically analyze the role of black soldier fly oil in the adjustment of gut microbiota and other aspects. It can provide a theoretical basis for the production and application of black soldier fly oil in poultry and its mechanism of action. At the same time, it also provides a reference for the poultry production industry to seek economical, effective and environmentally friendly new feed additives.



Materials and methods


Sample acquisition

In this study, 80 28-day-old pigeons inoculated with Newcastle disease vaccine were randomly divided into 4 groups (control, 0.75, 1.5, and 3% black water gadfly oil supplementation groups), with 20 pigeons in each group. The formal experiment was started after 7 days of acclimation until the end of 65 days of age. During the experiment, all animals had free access to water. Record the feed consumption and the body weight in the early and late stage. Fecal samples obtained after the experiment were immediately stored in sterilized plastic tubes. After that, they were quickly frozen with liquid nitrogen and stored in a refrigerator at 80°C for further research.



DNA extraction and illumine MiSeq sequencing

Bacterial genomic DNA was extracted based on the instructions of the QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany). PCR amplification primers were designed to amplify the v3/v4 regions of the 16S rDNA gene (338F: ACTCCTACGGGAGGCAGCA and 806R: GGACTACHVGGGTWTCTAAT) using the diluted genomic DNA as a template. PCR amplification was repeated 3 times under the same conditions to ensure the accuracy of the experimental results. Genomic DNA was separated and quality assessed by 0.8% (w/v) agarose gel electrophoresis and quantified by UV-Vis spectrophotometer (NanoDrop 2000, United States). According to the molecular weight of 16S rDNA, a suitable size of gel was cut, and the 16S rDNA was recovered and purified according to the instructions of the gel recovery kit (Axygen, CA, United States). According to the preliminary electrophoresis results, the recovered and purified PCR products were subjected to fluorescence quantitative detection. Then the samples were mixed in the corresponding proportions according to the fluorescence quantification results. The purified PCR products were used to construct a sequencing library according to the specifications of Illumina TruSeq (Illumina, United States), and the quality detection and fluorescence quantification of the initial library were performed. A single peak and a library with a concentration of more than 2 nM were identified as qualified libraries, and the final qualified libraries were diluted and mixed in proportion. Finally, high-throughput sequencing was performed using the MiSeq sequencer.



Bioinformatics and statistical analysis

Trimmomatic software was used to de-cluster the original paired-end sequence after sequencing, and the de-cluttered paired-end sequence was spliced with FLASH (v1.2.7) software. Chimera sequences in the removed sequences were detected using UCHIME (v4.2) software. After sequencing data preprocessing to generate high-quality sequences, VSEARCH (1.9.6) software was used to divide operational taxonomic units (OTUs) according to 97% similarity, and the most abundant sequences in each OTU were selected as representative sequences. Meanwhile, phylogenetic analysis and multiple sequence alignment of different OTUs were performed using MUSCLE software, with a confidence threshold of 0.8. Before diversity analysis, rarefaction curves were generated to assess the sequencing depth of each sample. According to the measured effective data, alpha diversity and beta diversity were analyzed successively. Multiple indicators such as Shannon, ACE, Chao1, and Good’s coverage were calculated, and the similarities and differences of the gut microbial communities of each group were observed. SPSS (v19.0) was used for statistical analysis of experimental data, and all data were expressed as mean ± SEM. P-value < 0.05 indicates statistical significance.




Results


Data acquisition and analysis

In this amplicon sequencing, a total of 400,159, 400,237, 400,454, and 400,633 raw sequences were collected from A, B, C and D groups, respectively (Table 1). After quality test, 1,527,293 high-quality reads (A = 382,402, B = 386,420, C = 372,770, D = 385,701) were acquired from 20 samples, with an average of 76,364 (ranging from 66,011 to 77,590) reads per sample. Results of rarefaction and rank abundance curves indicated that nearly all the microbial species could be recognized (Figures 1A–C). Based on 97% nucleotide-sequence similarity, 1216 OTUs (A = 1,170, B = 1,190, C = 1,213, D = 1,207) were totally identified, ranging from 590 to 1,131 OTUs per sample (Figures 1D,E).


TABLE 1    The sequence information of each sample.
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FIGURE 1
Analysis of samples feasibility and OTUs composition. Sequencing depth and evenness were reflected by rank abundance (A,B) and rarefaction curves (C). Venn diagrams for OTUs composition and distribution (D,E).




Comparative analysis of gut microbial diversity

To further explore the effect of black soldier fly oil administration on gut microbiota of pigeon, we computed alpha and beta diversity indexes that could reflect gut microbial diversity. Good’s coverage estimates in the A, B, C, and D groups were almost 100%, showing excellent coverage. The average of Chao1 index in A, B, C, and D were 998.32, 1075.30, 1099.80, and 1091.99, while the ACE index was 999.79, 999.79, 1088.38, and 1086.71, respectively (Figures 2A,B). Furthermore, the average of Shannon index in A, B, C, and D groups were 6.80, 6.18, 7.39, and 7.23, while the Simpson index were 0.96, 0.90, 0.97, and 0.97, respectively (Figures 2C,D). Comparative analysis of microbial diversity indices showed that there was no significant difference in the Chao1, ACE, Simpson and Shannon indices between control and experimental groups regardless of the treatment dose. Alpha-diversity analysis revealed that black soldier fly oil administration had no obvious effect on the gut microbial diversity and abundance of pigeon. PCoA that reflects the gut microbial similarities and differences among different individuals was applied to dissect the gut microbial beta-diversity. Results of beta-diversity analysis indicated that the individuals in A, B, C, and D groups were clustered together, suggesting that black soldier fly oil administration had no effect on the major components of the gut microbiota (Figures 2E,F).
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FIGURE 2
Comparative analysis of microbial diversity between control and black soldier fly oil treatment groups. (A–D) Represent Chao, ACE, Shannon and Simpson indices, respectively. (E,F) Represent scatterplot from PCoA based on weighted and unweighted UniFrac distances.




Comparative analysis of microbial taxonomic composition

In the present microbiome analysis, a total of 29 phyla and 481 genera were recognized in A, B, C, and D groups, ranging from 21 to 29 phyla and 271 to 454 genera per sample, respectively (Figures 3A,B). Specifically, the phyla Firmicutes (59.39, 65.50, 48.87, and 54.01%), Proteobacteria (22.06, 20.75, 22.25, and 22.42%), Bacteroidetes (9.56, 6.96, 14.53, and 13.81%) and Actinobacteria (3.86, 2.11, 4.38, and 3.11%) were the four most dominant phyla in the A, B, C, and D groups regardless of treatment, accounting for over 99.00% of the total composition. Other phyla such as Cyanobacteria (0.67, 0.63, 1.04, and 0.61%), Verrucomicrobia (0.60, 0.51, 1.11, and 0.71%), Epsilonbacteraeota (0.35, 0.23, 0.78, and 1.10%) and Chloroflexi (0.41, 0.37, 1.15, and 0.49%) in the A, B, C, and D groups were identified in lower abundances. At the genus level, uncultured_bacterium_f_Lachnospiraceae (19.25, 19.47, 12.14, and 17.87%) and Desulfovibrio (14.33, 14.65, 8.40, and 12.39%) were the most prevalent bacteria in the A, B, C, and D groups regardless of treatment. The distribution and correlation of predominant bacteria of A, B, C, and D groups could also be observed by the clustering heatmap and network diagram, respectively (Figures 3C, 4).
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FIGURE 3
The percentages of dominant bacterial taxa at the level of phylum (A) and genus (B). The color-block m the heatmap represents the normalized relative abundance of each bacterial (C) genera.
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FIGURE 4
The correlations between different bacteria was assessed by network diagram. The orange lines indicate positive correlation.


To further assess the influences of black soldier fly oil administration on the gut microbiota in pigeon, we conducted Metastats analysis on different classification levels (Tables 2– 4). At the phyla level, the relative abundances of Spirochaetes, Thaumarchaeota, Euryarchaeota in the C group and Epsilonbacteraeota, Deinococcus-Thermus, Spirochaetes, and Bacteroidetes in the D group were higher than those in the A group. At the genus level, Wolbachia, Rothia, Ruminococcaceae_UCG-004, Ruminococcaceae_UCG-010, Veillonella, Blautia, Anaerotruncus, Ruminococcaceae_UCG-005, Anaeromyxobacter, Centipeda, and Faecalibaculum were significantly more dominant in the A group than in the C group, whereas the Clostridium_sensu_stricto_1, Candidatus_Actinomarina, Leifsonia, Megasphaera, Fluviicola, Leuconostoc, Allisonella, Synechococcus_CC9902, Candidatus_Nitrosopumilus, Lachnospiraceae_UCG-001, Terrimonas, NS5_marine_group, and Lawsonia were lower. Moreover, a comparison of the D group and A group showed an obvious increase in the abundances of Allobaculum, Sphingobacterium, Prevotella_9, Anaeroplasma, Peptoclostridium, Lachnospiraceae_UCG-001, Megamonas, Chryseobacterium, Faecalibacterium, Anaerobiospirillum, Paracoccus, Helicobacter, Phascolarctobacterium, Holdemanella, Serratia, Gelidibacter, Catenibacterium, Luteimonas, Collinsella, Muribaculum, Caldicoprobacter, Intestinimonas, Moheibacter, Slackia, Sutterella, Erysipelotrichaceae_UCG-003, Deinococcus, Turicibacter, Alkanindiges, Coprococcus_2, Parabacteroides, Aequorivita, Lawsonia, Megasphaera, Solobacterium, Leuconostoc, Angelakisella, Leifsonia, Lysobacter, Ketogulonicigenium, Tyzzerella_3, Paraburkholderia_tropica, Fusobacterium, Candidatus_Koribacter, Peptostreptococcus, Prevotellaceae_UCG-001, Odoribacter, Subdoligranulum, Allisonella, Asticcacaulis, Brevinema, Imperialibacter, Ruminococcaceae_UCG-014, Candidatus_Actinomarina, Candidatus_Aquiluna, OM60NOR5_clade, Synechococcus_CC9902, Clostridium_sensu_stricto_1, Lachnospiraceae_ND3007_group, Hafnia-Obesumbacterium, Lactococcus and Flavonifractor as well as a distinct decrease in the abundances of Rikenella, Rothia, Wolbachia and Ruminococcaceae_UCG-005. Similar results were also observed in LEfSe analysis (Figure 5 and Supplementary Figure 1).


TABLE 2    Comparative analysis of differential bacteria between A and B groups.
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TABLE 3    Comparative analysis of differential bacteria between A and C groups.
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TABLE 4    Comparative analysis of differential bacteria between A and D groups.
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FIGURE 5
Identification of differential taxa associated with black soldier fly oil administration in pigeon. Each circle in cladogram represents a bacterial taxon and red and green circles indicate differential taxa. (A,B) Cladogram indicated the phylogenetic distribution of gut microbiota.





Discussion

Numerous studies indicated that gut microbiota is closely related to intestinal digestion and absorption, host metabolism and immune system maturation, which in turn depends on the normal and stable gut microbial composition (Khudhair et al., 2020; Overstreet et al., 2020). Thus, the investigation and analysis of gut microbial characteristics are of great significance to ensure the health of animals. As a crucial and sensitive indicator, gut microbiota is inevitably affected by the diet and external environment (Li et al., 2021b,2022a). Although growing evidence indicated the importance of black soldier fly oil in animal husbandry, but little is known about its influence on gut microbiota in pigeon. In this study, we first investigated the effects of black soldier fly oil administration on gut microbiota in pigeon and found significant improvements in gut microbiota.

Early surveys showed that gut microbial diversity and abundance are constantly changing under the influence of external factors including species, diet, age and even weather (Hu et al., 2016; Del et al., 2022). Generally, physiological fluctuations caused by these mild stimulation does not significantly alter intestinal function and homeostasis (Li et al., 2021c). However, intense stimulations such as organic contaminant, heavy metal and antibiotics may significantly decrease gut microbial diversity, causing gut microbial dysbiosis (Forouzandeh et al., 2021; Yang et al., 2021; Liao et al., 2022). Previous studies indicated that gut microbial dysbiosis not only cause multiple gastrointestinal diseases but also impair liver and brain causing systemic effect (Ya et al., 2020; Wan et al., 2022). Moreover, gut microbial dysbiosis may also be a core or driver factor of multiple diseases such as diabetes and inflammatory bowel diseases (Lin et al., 2021). Presently, gut microbial diversity is considered as an important indicator for assessing intestinal homeostasis (Sitarik et al., 2020; Zhang et al., 2022). In this study, we observed that black soldier fly oil supplementation did not alter gut microbial diversity and abundance of pigeon, demonstrating no effect on intestinal homeostasis. Scatterplot from PCoA revealed that the all the samples are clustered together, indicating that black soldier fly oil administration had no effect on the main components of the gut microbiota.

This study indicated that Firmicutes, Bacteroidetes, and Proteobacteria were abundantly present in all the samples regardless of the treatment. Notably, these phyla were also demonstrated to be dominant in the gut microbiota of chicken, duck and goose, showing their importance in intestinal ecosystem of poultry (Thiam et al., 2022; Yu et al., 2022). Interestingly, although the species of the dominant phyla did not change, the ratios of them changed significantly. At the phylum level, the proportions of Epsilonbacteraeota, Deinococcus-Thermus, Spirochaetes, and Bacteroidetes in the gut microbiota of BSFO-treated pigeon dramatically increased compared with control pigeon. Bacteroidetes participated in the positive regulation of the intestinal immune system and associated with the digestion of proteins and carbohydrates (Zhang et al., 2020). Importantly, black soldier fly oil administration also resulted in significant changes in the taxonomic composition of bacteria and these altered functional bacteria may play key roles in intestinal homeostasis and function. Interestingly, most of the changed bacteria including Megasphaera, Intestinimonas, Prevotella_9, Lachnospiraceae_UCG-001, Faecalibacterium, Coprococcus_2, Parabacteroides, Megasphaera, Leuconostoc, Prevotellaceae_UCG-001, Lactococcus, Ruminococcaceae_UCG-014, and Coprococcus_2 display an upward trend, indicating that the present intestinal environment is more conducive to the survival of these bacteria and the improvement of the intestinal environment.

Prevotella has been demonstrated to participate in the carbohydrate metabolism (Downes et al., 2013). Lachnospiraceae was previously demonstrated to negatively correlated with intestinal inflammation (Zhao et al., 2017). As vital important intestinal symbiotic bacteria, Faecalibacterium and Intestinimonas can produce butyrate and possess the immunomodulatory and anti-inflammatory functions (Bui et al., 2016; Zhou et al., 2018). Butyrate is known to be able to decrease diabetes and angiocardiopathy caused by obesity (Wu et al., 2018; Noureldein et al., 2020). Additionally, the relative abundance of Faecalibacterium was dramatically decreased in colitis patient, showing its great potential in treating inflammatory bowel disease (Qiu et al., 2013). Previous research demonstrated that the relative abundance of Parabacteroides in the intestine is negatively closely related to obesity and diabetes, showing the vital roles in lipid and glucose metabolism (Wang et al., 2019). Prevotellaceae is responsible for carbohydrate food digestion, which may contribute to more energy capture for host (Li et al., 2021a). Ruminococcaceae, a potentially beneficial gut bacteria, contributes to improving immune function and intestinal environment of host (Gu et al., 2022). Moreover, Ruminococcaceae has also been demonstrate to decrease intestinal permeability and relieve liver cirrhosis (Xi et al., 2021). Lactococcus exhibit multiple beneficial biological characteristics such as promoting growth performance, enhancing immunity and maintaining gut microbial balance (Kakade et al., 2022; Werum et al., 2022). Moreover, Lactococcus also shows the capacity of secreting antimicrobial peptides and organic acids, indicating its key roles in maintaining intestinal homeostasis and inhibiting pathogenic bacteria (Feng et al., 2019; Xia et al., 2019). Notably, some increased bacterial genus such as Coprococcus and Megasphaera in experimental group are potential producers of short-chain fatty acids (SCFAs) (Yoshikawa et al., 2018; Ye et al., 2021). Earlier studies indicated that SCFAs was beneficial to maintain intestinal homeostasis and improve intestinal environment (Akhtar et al., 2022; Li et al., 2022b). Furthermore, SCFAs have also involved in the positive regulation of the cell proliferation, immunologic function and host metabolism (Lu et al., 2021; Li et al., 2022c). Importantly, the higher concentrations of SCFAs could decrease intestinal pH, which in turn inhibit the pathogen growth (He et al., 2019). Leuconostoc has long been regarded as potential probiotic in the intestine, which could secrete exopolysaccharide and regulate host immunologic function (Sun et al., 2020). Recent research on Leuconostoc has also revealed its antibacterial activities and great potential for relieving obese in mice caused by high-fat diets (Pan et al., 2022).

Increasing evidence indicated that animal gut microbiota is a complex dynamic system involving trillions of microorganisms (Ding et al., 2020; Liu et al., 2020). These gut-residing microorganisms could maintain intestinal homeostasis through interacting in the parasitic or symbiotic relationship (Knezevic et al., 2020; Xia et al., 2020). The maintenance of intestinal homeostasis is the premise for host to conduct complex intestinal function, whereas gut microbial dysbiosis may result in gut microbial dysbiosis and gastrointestinal and even systemic diseases (Iatcu et al., 2021; Liao et al., 2021). In this study, we also observed that some of the changed bacteria showed strong correlations. Therefore, these altered bacteria may affect the functions of others, which in turn amplifies the effect on intestinal function. Our results also conveyed an important message that black soldier fly oil administration not only directly improve gut microbial composition and structure of pigeon but also indirectly affected other functional bacteria via bacterial interaction, which may further maintain intestinal homeostasis and improve gut microbiota.



Conclusion

Taken together, this study first dissected the influences of black soldier fly oil on gut microbiota of pigeon. Results demonstrated that black soldier fly oil administration, especially high doses, could alter gut microbial composition and structure, characterized by increased proportion of beneficial bacteria. Importantly, this study contributed to raising the public awareness of black soldier fly oil and conveying a vital message that gut microbial improvement may be one of the key pathways for black soldier fly oil to exert its beneficial effect.



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: https://www.ncbi.nlm.nih.gov/, PRJNA859657.



Ethics statement

The animal study was reviewed and approved by the Wenzhou Vocational College of Science and Technology’s Animal Care Committee.



Author contributions

SL and HL: research idea and methodology. HL, MW, QW, and LD: reagents, materials, and analysis tools. QH, SS, CW, and JJ: assist in pigeon experiments. HL: visualization. All authors approved the final manuscript.



Funding

This study was supported by the Industrial Technology Project of Agriculture and Rural Department of Zhejiang Province.



Acknowledgments

We thank Aoyun Li from the College of Veterinary Medicine, Huazhong Agricultural University, Wuhan, China for his revising the present 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.2022.998524/full#supplementary-material



References

Akhtar, M., Chen, Y., Ma, Z., Zhang, X., Shi, D., Khan, J. A., et al. (2022). Gut microbiota-derived short chain fatty acids are potential mediators in gut inflammation. Anim. Nutr. 8, 350–360. doi: 10.1016/j.aninu.2021.11.005

Bavananthasivam, J., Astill, J., Matsuyama-Kato, A., Taha-Abdelaziz, K., Shojadoost, B., and Sharif, S. (2021). Gut microbiota is associated with protection against Marek’s disease virus infection in chickens. Virology 553, 122–130. doi: 10.1016/j.virol.2020.10.011

Bhatia, D., Hinsu, A., Panchal, K., Sabara, P., Jakhesara, S., and Koringa, P. (2020). Molecular portrait of squamous cell carcinoma of the bovine horn evaluated by high-throughput targeted exome sequencing: A preliminary report. BMC Vet. Res. 16:461. doi: 10.1186/s12917-020-02683-y

Bui, T. P., Shetty, S. A., Lagkouvardos, I., Ritari, J., Chamlagain, B., Douillard, F. P., et al. (2016). Comparative genomics and physiology of the butyrate-producing bacterium Intestinimonas butyriciproducens. Environ. Microbiol. Rep. 8, 1024–1037. doi: 10.1111/1758-2229.12483

Cuccato, M., Rubiola, S., Giannuzzi, D., Grego, E., Pregel, P., Divari, S., et al. (2021). 16S rRNA sequencing analysis of the gut microbiota in broiler chickens prophylactically administered with antimicrobial agents. Antibiotics 10:146. doi: 10.3390/antibiotics10020146

Del, C. A., Mayneris-Perxachs, J., and Fernandez-Real, J. M. (2022). Bidirectional relationships between the gut microbiome and sexual traits. Am. J. Physiol. Cell. Physiol. [Epub ahead of print]. doi: 10.1152/ajpcell.00116.2022

Ding, J., Liu, J., Chang, X. B., Zhu, D., and Lassen, S. B. (2020). Exposure of CuO nanoparticles and their metal counterpart leads to change in the gut microbiota and resistome of collembolans. Chemosphere 258:127347. doi: 10.1016/j.chemosphere.2020.127347

Downes, J., Dewhirst, F. E., Tanner, A., and Wade, W. G. (2013). Description of Alloprevotella rava gen. nov., sp. nov., isolated from the human oral cavity, and reclassification of Prevotella tannerae Moore et al. 1994 as Alloprevotella tannerae gen. nov., comb. nov. Int. J. Syst. Evol. Microbiol. 63, 1214–1218. doi: 10.1099/ijs.0.041376-0

Durazzi, F., Sala, C., Castellani, G., Manfreda, G., Remondini, D., and De Cesare, A. (2021). Comparison between 16S rRNA and shotgun sequencing data for the taxonomic characterization of the gut microbiota. Sci. Rep. 11:3030. doi: 10.1038/s41598-021-82726-y

Feng, J., Chang, X., Zhang, Y., Yan, X., Zhang, J., and Nie, G. (2019). Effects of Lactococcus lactis from Cyprinus carpio L. as probiotics on growth performance, innate immune response and disease resistance against Aeromonas hydrophila. Fish Shellfish Immunol. 93, 73–81. doi: 10.1016/j.fsi.2019.07.028

Forouzandeh, A., Blavi, L., Abdelli, N., Melo-Duran, D., Vidal, A., Rodriguez, M., et al. (2021). Effects of dicopper oxide and copper sulfate on growth performance and gut microbiota in broilers. Poult. Sci. 100:101224. doi: 10.1016/j.psj.2021.101224

Gu, X., Sim, J., Lee, W. L., Cui, L., Chan, Y., Chang, E. D., et al. (2022). Gut Ruminococcaceae levels at baseline correlate with risk of antibiotic-associated diarrhea. iScience 25:103644. doi: 10.1016/j.isci.2021.103644

He, T., Zhu, Y. H., Yu, J., Xia, B., Liu, X., Yang, G. Y., et al. (2019). Lactobacillus johnsonii L531 reduces pathogen load and helps maintain short-chain fatty acid levels in the intestines of pigs challenged with Salmonella enterica Infantis. Vet. Microbiol. 230, 187–194. doi: 10.1016/j.vetmic.2019.02.003

Hu, J., Nie, Y., Chen, J., Zhang, Y., Wang, Z., Fan, Q., et al. (2016). Gradual Changes of Gut Microbiota in Weaned Miniature Piglets. Front. Microbiol. 7:1727. doi: 10.3389/fmicb.2016.01727

Hu, R., Lin, H., Wang, M., Zhao, Y., Liu, H., Min, Y., et al. (2021). Lactobacillus reuteri-derived extracellular vesicles maintain intestinal immune homeostasis against lipopolysaccharide-induced inflammatory responses in broilers. J. Anim. Sci. Biotechnol. 12:25. doi: 10.1186/s40104-020-00532-4

Iatcu, C. O., Steen, A., and Covasa, M. (2021). Gut Microbiota and Complications of Type-2 Diabetes. Nutrients 14:166. doi: 10.3390/nu14010166

Jian, H., Miao, S., Liu, Y., Wang, X., Xu, Q., Zhou, W., et al. (2021). Dietary valine ameliorated gut health and accelerated the development of nonalcoholic fatty liver disease of laying hens. Oxid. Med. Cell. Longev. 2021:4704771. doi: 10.1155/2021/4704771

Kakade, A., Salama, E. S., Usman, M., Arif, M., Feng, P., and Li, X. (2022). Dietary application of Lactococcus lactis alleviates toxicity and regulates gut microbiota in Cyprinus carpio on exposure to heavy metals mixture. Fish Shellfish Immunol. 120, 190–201. doi: 10.1016/j.fsi.2021.11.038

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:e00600–20. doi: 10.1128/AEM.00600-20

Khudhair, Z., Alhallaf, R., Eichenberger, R. M., Whan, J., Kupz, A., Field, M., et al. (2020). Gastrointestinal helminth infection improves insulin sensitivity, decreases systemic inflammation, and alters the composition of gut microbiota in distinct mouse models of type 2 diabetes. Front. Endocrinol. 11:606530. doi: 10.3389/fendo.2020.606530

Knezevic, J., Starchl, C., Tmava, B. A., and Amrein, K. (2020). Thyroid-gut-axis: How does the microbiota influence thyroid function? Nutrients 12:1769. doi: 10.3390/nu12061769

Lee, I. K., Gu, M. J., Ko, K. H., Bae, S., Kim, G., Jin, G. D., et al. (2018). Regulation of CD4+CD8CD25 and CD4+CD8+CD25+ T cells by gut microbiota in chicken. Sci. Rep. 8:8627. doi: 10.1038/s41598-018-26763-0

Li, A., Ding, J., Shen, T., Han, Z., Zhang, J., Abadeen, Z. U., et al. (2021a). Environmental hexavalent chromium exposure induces gut microbial dysbiosis in chickens. Ecotoxicol. Environ. Saf. 227:112871. doi: 10.1016/j.ecoenv.2021.112871

Li, A., Wang, Y., He, Y., Liu, B., Iqbal, M., Mehmood, K., et al. (2021b). Environmental fluoride exposure disrupts the intestinal structure and gut microbial composition in ducks. Chemosphere 277:130222. doi: 10.1016/j.chemosphere.2021.130222

Li, A., Yang, Y., Qin, S., Lv, S., Jin, T., Li, K., et al. (2021c). Microbiome analysis reveals gut microbiota alteration of early-weaned Yimeng black goats with the effect of milk replacer and age. Microb. Cell Fact. 20:78. doi: 10.1186/s12934-021-01568-5

Li, A., Wang, Y., Hao, J., Wang, L., Quan, L., Duan, K., et al. (2022a). Long-term hexavalent chromium exposure disturbs the gut microbial homeostasis of chickens. Ecotoxicol. Environ. Saf. 237:113532. doi: 10.1016/j.ecoenv.2022.113532

Li, M., Wang, F., Wang, J., Wang, A., Yao, X., Strappe, P., et al. (2022b). Starch acylation of different short-chain fatty acids and its corresponding influence on gut microbiome and diabetic indexes. Food Chem. 389:133089. doi: 10.1016/j.foodchem.2022.133089

Li, Y., Xia, D., Chen, J., Zhang, X., Wang, H., Huang, L., et al. (2022c). Dietary fibers with different viscosity regulate lipid metabolism via ampk pathway: Roles of gut microbiota and short-chain fatty acid. Poult. Sci. 101:101742. doi: 10.1016/j.psj.2022.101742

Li, S., Ji, H., Zhang, B., Tian, J., Zhou, J., and Yu, H. (2016). Influence of black soldier fly (Hermetia illucens) larvae oil on growth performance, body composition, tissue fatty acid composition and lipid deposition in juvenile Jian carp (Cyprinus carpio var. Jian). Aquaculture 465, 43–52. doi: 10.1016/j.aquaculture.2016.08.020

Liao, J., Li, Q., Lei, C., Yu, W., Deng, J., Guo, J., et al. (2021). Toxic effects of copper on the jejunum and colon of pigs: Mechanisms related to gut barrier dysfunction and inflammation influenced by the gut microbiota. Food Funct. 12, 9642–9657. doi: 10.1039/D1FO01286J

Liao, J., Liu, Y., Yi, J., Li, Y., Li, Q., Li, Y., et al. (2022). Gut microbiota disturbance exaggerates battery wastewater-induced hepatotoxicity through a gut-liver axis. Sci. Total Environ. 809:152188. doi: 10.1016/j.scitotenv.2021.152188

Liew, C. S., Wong, C. Y., Abdelfattah, E. A., Raksasat, R., Rawindran, H., Lim, J. W., et al. (2022). Fungal fermented palm kernel expeller as feed for black soldier fly larvae in producing protein and biodiesel. J. Fungi 8:332. doi: 10.3390/jof8040332

Lin, X., Zhang, W., He, L., Xie, H., Feng, B., Zhu, H., et al. (2021). Understanding the hepatoxicity of inorganic mercury through guts: Perturbance to gut microbiota, alteration of gut-liver axis related metabolites and damage to gut integrity. Ecotoxicol. Environ. Saf. 225:112791. doi: 10.1016/j.ecoenv.2021.112791

Liu, T., Liang, X., Lei, C., Huang, Q., Song, W., Fang, R., et al. (2020). High-Fat Diet Affects Heavy Metal Accumulation and Toxicity to Mice Liver and Kidney Probably via Gut Microbiota. Front. Microbiol. 11:1604. doi: 10.3389/fmicb.2020.01604

Lu, Y., Zhang, J., Zhang, Z., Liang, X., Liu, T., Yi, H., et al. (2021). Konjac glucomannan with probiotics acts as a combination laxative to relieve constipation in mice by increasing short-chain fatty acid metabolism and 5-hydroxytryptamine hormone release. Nutrition 84:111112. doi: 10.1016/j.nut.2020.111112

Ma, L., Li, Z., Cai, Y., Xu, H., Yang, R., and Lan, X. (2018). Genetic variants in fat- and short-tailed sheep from high-throughput RNA-sequencing data. Anim. Genet. 49, 483–487. doi: 10.1111/age.12699

Mikolajczak, Z., Rawski, M., Mazurkiewicz, J., Kieronczyk, B., Kolodziejski, P., Pruszynska-Oszmalek, E., et al. (2022). The first insight into black soldier fly meal in brown trout nutrition as an environmentally sustainable fish meal replacement. Animal 16:100516. doi: 10.1016/j.animal.2022.100516

Noureldein, M. H., Bitar, S., Youssef, N., Azar, S., and Eid, A. A. (2020). Butyrate modulates diabetes-linked gut dysbiosis: Epigenetic and mechanistic modifications. J. Mol. Endocrinol. 64, 29–42. doi: 10.1530/JME-19-0132

Overstreet, A. C., Ramer-Tait, A. E., Suchodolski, J. S., Hostetter, J. M., Wang, C., Jergens, A. E., et al. (2020). Temporal dynamics of chronic inflammation on the cecal microbiota in IL-10(-/-) Mice. Front. Immunol. 11:585431. doi: 10.3389/fimmu.2020.585431

Pan, L., Wang, Q., Qu, L., Liang, L., Han, Y., Wang, X., et al. (2022). Pilot-scale production of exopolysaccharide from Leuconostoc pseudomesenteroides XG5 and its application in set yogurt. J. Dairy Sci. 105, 1072–1083. doi: 10.3168/jds.2021-20997

Qiu, X., Zhang, M., Yang, X., Hong, N., and Yu, C. (2013). Faecalibacterium prausnitzii upregulates regulatory T cells and anti-inflammatory cytokines in treating TNBS-induced colitis. J. Crohns Colitis 7, e558–e568. doi: 10.1016/j.crohns.2013.04.002

Rychlik, I. (2020). Composition and function of chicken gut microbiota. Animals 10:103. doi: 10.3390/ani10010103

Saleem, K., Saima, N., Rahman, A., Pasha, T. N., Mahmud, A., and Hayat, Z. (2020). Effects of dietary organic acids on performance, cecal microbiota, and gut morphology in broilers. Trop. Anim. Health Prod. 52, 3589–3596. doi: 10.1007/s11250-020-02396-2

Seyedalmoosavi, M. M., Mielenz, M., Veldkamp, T., Das, G., and Metges, C. C. (2022). Growth efficiency, intestinal biology, and nutrient utilization and requirements of black soldier fly (Hermetia illucens) larvae compared to monogastric livestock species: A review. J. Anim. Sci. Biotechnol. 13:31. doi: 10.1186/s40104-022-00682-7

Sitarik, A. R., Arora, M., Austin, C., Bielak, L. F., Eggers, S., Johnson, C. C., et al. (2020). Fetal and early postnatal lead exposure measured in teeth associates with infant gut microbiota. Environ. Int. 144:106062. doi: 10.1016/j.envint.2020.106062

Sun, M., Wang, Q., Zhang, M., Zhang, G., Wu, T., Liu, R., et al. (2020). Leuconostoc pseudomesenteroides improves microbiota dysbiosis and liver metabolism imbalance and ameliorates the correlation between dihydroceramide and strains of Firmicutes and Proteobacteria in high fat diet obese mice. Food Funct. 11, 6855–6865. doi: 10.1039/d0fo01009j

Thiam, M., Wang, Q., Barreto, S. A., Zhang, J., Ding, J., Wang, H., et al. (2022). Heterophil/Lymphocyte Ratio Level Modulates Salmonella Resistance, Cecal Microbiota Composition and Functional Capacity in Infected Chicken. Front Immunol. 13:816689. doi: 10.3389/fimmu.2022.816689

Viale, E., Zanetti, E., Ozdemir, D., Broccanello, C., Dalmasso, A., De Marchi, M., et al. (2017). Development and validation of a novel SNP panel for the genetic characterization of Italian chicken breeds by next-generation sequencing discovery and array genotyping. Poult. Sci. 96, 3858–3866. doi: 10.3382/ps/pex238

Wan, H., Wang, Y., Zhang, H., Zhang, K., Chen, Y., Chen, C., et al. (2022). Chronic lead exposure induces fatty liver disease associated with the variations of gut microbiota. Ecotoxicol. Environ. Saf. 232:113257. doi: 10.1016/j.ecoenv.2022.113257

Wang, K., Liao, M., Zhou, N., Bao, L., Ma, K., Zheng, Z., et al. (2019). Parabacteroides distasonis alleviates obesity and metabolic dysfunctions via production of succinate and secondary bile acids. Cell Rep. 26, 222–235. doi: 10.1016/j.celrep.2018.12.028

Wang, Y., Wang, B., Zhan, X., Wang, Y., and Li, W. (2022). Effects of glucose oxidase and its combination with B. amyloliquefaciens SC06 on intestinal microbiota, immune response and antioxidative capacity in broilers. Animal 16:100473. doi: 10.1016/j.animal.2022.100473

Wen, J. S., Xu, Q. Q., Zhao, W. Y., Hu, C. H., Zou, X. T., and Dong, X. Y. (2022). Effects of early weaning on intestinal morphology, digestive enzyme activity, antioxidant status, and cytokine status in domestic pigeon squabs (Columba livia). Poult. Sci. 101:101613. doi: 10.1016/j.psj.2021.101613

Werum, V., Ehrmann, M., Vogel, R., and Hilgarth, M. (2022). Comparative genome analysis, predicted lifestyle and antimicrobial strategies of Lactococcus carnosus and Lactococcus paracarnosus isolated from meat. Microbiol. Res. 258:126982. doi: 10.1016/j.micres.2022.126982

Wu, J., Jiang, Z., Zhang, H., Liang, W., Huang, W., Zhang, H., et al. (2018). Sodium butyrate attenuates diabetes-induced aortic endothelial dysfunction via P300-mediated transcriptional activation of Nrf2. Free Radic. Biol. Med. 124, 454–465. doi: 10.1016/j.freeradbiomed.2018.06.034

Xi, L., Song, Y., Han, J., and Qin, X. (2021). Microbiome analysis reveals the significant changes in gut microbiota of diarrheic Baer’s Pochards (Aythya baeri). Microb. Pathog. 157:105015. doi: 10.1016/j.micpath.2021.105015

Xia, Y., Cao, J., Wang, M., Lu, M., Chen, G., Gao, F., et al. (2019). Effects of Lactococcus lactis subsp. lactis JCM5805 on colonization dynamics of gut microbiota and regulation of immunity in early ontogenetic stages of tilapia. Fish Shellfish Immunol. 86, 53–63. doi: 10.1016/j.fsi.2018.11.022

Xia, Y., Zhu, J., Xu, Y., Zhang, H., Zou, F., and Meng, X. (2020). Effects of ecologically relevant concentrations of cadmium on locomotor activity and microbiota in zebrafish. Chemosphere 257:127220. doi: 10.1016/j.chemosphere.2020.127220

Ya, J., Li, X., Wang, L., Kou, H., Wang, H., and Zhao, H. (2020). The effects of chronic cadmium exposure on the gut of Bufo gargarizans larvae at metamorphic climax: Histopathological impairments, microbiota changes and intestinal remodeling disruption. Ecotoxicol. Environ. Saf. 195:110523. doi: 10.1016/j.ecoenv.2020.110523

Yang, J., Chen, W., Sun, Y., Liu, J., and Zhang, W. (2021). Effects of cadmium on organ function, gut microbiota and its metabolomics profile in adolescent rats. Ecotoxicol. Environ. Saf. 222:112501. doi: 10.1016/j.ecoenv.2021.112501

Ye, X., Zhou, L., Zhang, Y., Xue, S., Gan, Q. F., and Fang, S. (2021). Effect of host breeds on gut microbiome and serum metabolome in meat rabbits. BMC Vet. Res. 17:24. doi: 10.1186/s12917-020-02732-6

Yoshikawa, S., Araoka, R., Kajihara, Y., Ito, T., Miyamoto, H., and Kodama, H. (2018). Valerate production by Megasphaera elsdenii isolated from pig feces. J. Biosci. Bioeng. 125, 519–524. doi: 10.1016/j.jbiosc.2017.12.016

Yu, C., Wang, D., Tong, Y., Li, Q., Yang, W., Wang, T., et al. (2022). Trans-anethole alleviates subclinical necro-haemorrhagic enteritis-induced intestinal barrier dysfunction and intestinal inflammation in broilers. Front. Microbiol. 13:831882. doi: 10.3389/fmicb.2022.831882

Zhang, L., Jiang, X., Li, A., Waqas, M., Gao, X., Li, K., et al. (2020). Characterization of the microbial community structure in intestinal segments of yak (Bos grunniens). Anaerobe 61:102115. doi: 10.1016/j.anaerobe.2019.102115

Zhang, T., Zhou, X., Zhang, X., Ren, X., Wu, J., Wang, Z., et al. (2022). Gut microbiota may contribute to the postnatal male reproductive abnormalities induced by prenatal dibutyl phthalate exposure. Chemosphere 287:132046. doi: 10.1016/j.chemosphere.2021.132046

Zhao, L., Zhang, Q., Ma, W., Tian, F., Shen, H., and Zhou, M. (2017). A combination of quercetin and resveratrol reduces obesity in high-fat diet-fed rats by modulation of gut microbiota. Food Funct. 8, 4644–4656. doi: 10.1039/c7fo01383c

Zhou, L., Zhang, M., Wang, Y., Dorfman, R. G., Liu, H., Yu, T., et al. (2018). Faecalibacterium prausnitzii produces butyrate to maintain Th17/Treg balance and to ameliorate colorectal colitis by inhibiting histone deacetylase 1. Inflamm. Bowel Dis. 24, 1926–1940. doi: 10.1093/ibd/izy182









 


	
	
TYPE Original Research
published: 08 September 2022
DOI 10.3389/fmicb.2022.1001372






Exploring the mechanism of action of Sanzi formula in intervening colorectal adenoma by targeting intestinal flora and intestinal metabolism

Jingyu Shang1,2,3†, Hong Guo1,2,3†, Jie Li1,2,3, Zhongyi Li2,3, Zhanpeng Yan1,2,3, Lanfu Wei2,3, Yongzhi Hua2,3, Lin Lin2,3* and Yaozhou Tian2,3*


1Nanjing University of Chinese Medicine, Nanjing, Jiangsu, China

2Affiliated Hospital of Integrated Traditional Chinese and Western Medicine, Nanjing University of Chinese Medicine, Nanjing, Jiangsu, China

3Jiangsu Province Academy of Traditional Chinese Medicine, Nanjing, Jiangsu, China

[image: image2]

OPEN ACCESS

EDITED BY
 Yi Wu, Nanjing Agricultural University, China

REVIEWED BY
 Liwei Guo, Yangtze University, China
 Ranran Hou, Qingdao Agricultural University, China

*CORRESPONDENCE
 Lin Lin, pinklinda@163.com 
 Yaozhou Tian, tianyaozhou1960@163.com

†These authors have contributed equally to this work

SPECIALTY SECTION
 This article was submitted to Food Microbiology, a section of the journal Frontiers in Microbiology

RECEIVED 23 July 2022
 ACCEPTED 22 August 2022
 PUBLISHED 08 September 2022

CITATION
 Shang J, Guo H, Li J, Li Z, Yan Z, Wei L, Hua Y, Lin L and Tian Y (2022) Exploring the mechanism of action of Sanzi formula in intervening colorectal adenoma by targeting intestinal flora and intestinal metabolism. Front. Microbiol. 13:1001372. doi: 10.3389/fmicb.2022.1001372

COPYRIGHT
 © 2022 Shang, Guo, Li, Li, Yan, Wei, Hua, Lin and Tian. 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.
 

Background: Sanzi formula (SZF) is a kind of Chinese herbal compound that has a certain effect on the prevention and treatment of colorectal adenoma (CRA), which can prevent and control the process of CRA-cancer transformation. In this study, we explored the mechanism of action of SZF in anti-CRA using 16S rRNA sequencing and metabolomics technology.

Methods: Mice were randomly divided into three groups: Control group, Apcmin/+ model group, and SZF treatment group. Except for the Control group, which used C57BL/6 J mice, the remaining two groups used Apcmin/+ mice. The Control group and Apcmin/+ model group were treated with ultrapure water by gavage, while the SZF treatment group was treated with SZF for 12 weeks. During this period, the physical changes of mice in each group were observed. The gut microbiota was determined by high-throughput sequencing of the 16S rRNA gene, and LC-ESI-MS/MS was used for colorectal metabolomics analysis.

Results: Sequencing of the 16S rRNA gut flora yielded 10,256 operational taxonomic units and metabolomic analysis obtained a total of 366 differential metabolites. The intestinal flora analysis showed that SZF could improve intestinal flora disorders in Apcmin/+ mice. For instance, beneficial bacteria such as Gastranaerophilales significantly increased and harmful bacteria such as Angelakisella, Dubosiella, Muribaculum, and Erysipelotrichaceae UCG-003 substantially decreased after the SZF intervention. In addition, metabolomic data analysis demonstrated that SZF also improved the colorectal metabolic profile of Apcmin/+ mice. In Apcmin/+ mice, metabolites such as Anserine and Ectoine were typically increased after SZF intervention; in contrast, metabolites such as Taurocholic acid, Taurochenodesoxycholic acid, Hyocholic acid, Cholic acid, and Tauro-alpha-muricholic acid showed noteworthy reductions. Metabolic flora association analysis indicated that 13 differential flora and 11 differential metabolites were associated.

Conclusion: SZF affects the abundance of specific intestinal flora and regulates intestinal flora disorders, improves colorectal-specific metabolites, and ameliorates intestinal metabolic disorders to prevent and treat CRA. Furthermore, the application of intestinal flora and colorectal metabolomics association analysis offers new strategies to reveal the mechanism of action of herbal medicines for the treatment of intestinal diseases.
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 colorectal adenoma, Sanzi formula, gut microbiota, colorectal metabolomics, traditional Chinese medicine


Introduction

As one of the major human cancers possessing the second-highest cancer mortality worldwide, colorectal cancer has a steadily grown morbidity, which is in line with more than 1.8 million new cases every year, and more than 90% of colorectal cancer is transformed from the adenoma-cancer sequence (Keum and Giovannucci, 2019). A colorectal adenoma (CRA) is the most common precancerous lesion of colorectal cancer which will deteriorate into cancer upon a long-term process. Therefore, effective preventive treatment of CRA is crucial for the reduction of colorectal cancer incidence rate (Strum, 2016). In addition, the transformation from adenoma to cancer is not only correlated with adenoma cells but also associated with the homeostasis and metabolism of the intestinal microenvironment, suggesting a possibly potential vital factor – the imbalance of intestinal microbiota (Tilg et al., 2018).

Gut microbiome is an extremely diverse ecosystem composed of 10 ~ 100 trillion microorganisms (about 10 times the number of human cells). It is also an important metabolic system of the human body. The main functions of intestinal flora include metabolic activities, nutritional effects, immunity, and the role of protecting the settled host from foreign microorganisms (Schmidt et al., 2018). It has been previously shown that changes in intestinal microbiota are closely related to CRA (Feng et al., 2015). Similarly, preclinical studies have shown that there is a close correlation between intestinal microbiota and CRA (Kværner et al., 2021). For example, intestinal bacteria such as Fusobacterium, Bacteroides, Parvimonas, and Prevotella may have a role in the occurrence of transformation from CRAs to adenoma cancer (Liu W. et al., 2021). Research on colorectal cancer have shown that Fusobacterium promotes the transformation of CRA into cancer through enterotoxicity, which is closely bound up with colorectal cancer (Brennan and Garrett, 2019), while Bacteroides are also considered to have similar pathogenic effects (Zafar and Saier, 2021). Parvimonas with high specificity in colorectal cancer screening is more commonly seen in colorectal cancer and other digestive tumor studies, and it is currently believed that Parvimonas may have a potentiating effect with other pathogenic bacteria (Coker et al., 2018; Löwenmark et al., 2020). Closely associated with the inflammatory response, Prevotella facilitates cancer by stimulating the continuous inflammatory response of the intestine (Ley, 2016). Several studies have suggested that intestinal flora metabolites may directly interfere with the development of CRAs. For example, C. butyricum in the intestinal flora can inhibit CRA progression by secreting butyrate and inhibiting the Wnt signaling pathway (Chen et al., 2020). Colibactin and Bacteroides fragilis toxin secreted by Escherichia coli and enterotoxigenic B. fragilis may be associated with the promotion of CRA development and transformation to cancer (Dejea et al., 2018). Under pathological conditions, the intestinal microbiota participates in the synthesis of bile acids, including deoxycholate, which further contributes to the transformation of adenoma into cancer (Yachida et al., 2019).

Specific intestinal flora alterations have recently been reported to obviously contribute to CRA progression (Li L. et al., 2019). Accumulating evidence has indicated that modulation of intestinal microecology may be crucial in the prevention and treatment of CRAs (Yachida et al., 2019).

As a herbal compound formula created by Professor Tian Yaozhou, SZF is based on TCM theory and long-term clinical experience. The formula consists of nine herbs, including Shi Liu Zi (Semen punicae granati), Ke Teng Zi (Entada phaseoloides), Yu Gan Zi (Phyllanthi Fructus), Huang Qi (Hedysarum multijugum Maxim), Wu Mei (Mume Fructus), Hua Jiao (Zanthoxyli Pericarpium), Gou Teng (Uncariae Ramulus Cumuncis), Yu Jin (Curcumae Radix), and Gan Cao (licorice). In the formula, Mume Fructus has the effect of regulating intestinal flora and inhibiting inflammation to protect intestinal mucosa. Hedysarum multijugum Maxim and licorice have effects related to alleviating intestinal flora dysbiosis and improving intestinal barrier dysfunction (Wu et al., 2022). Entada phaseoloides have the effect of inducing apoptosis pathway to inhibit cancer cell growth (Zhang et al., 2014). Phyllanthi Fructus has hypoglycemic, hypolipidemic, anti-inflammatory, and antioxidant effects. This formula has good efficacy in improving clinical symptoms and reducing the recurrence rate of CRA patients when applied in clinical practice.

In this study, we investigated the mechanism of SZF on CRA from the perspective of intestinal flora and colorectal metabolism through 16S rRNA gene sequencing and metabolomics technology. It will provide new ideas and methods for the rational clinical application of SZF for the treatment of CRA.



Materials and methods


Preparation of drugs

SZF was formed from nine kinds of TCM granules, including Semen Punicae Granati (shi liu zi), Entada Phaseoloides (ke teng zi), Phyllanthi Fructus (yu gan zi), Hedysarum Multijugum Maxim (Huang qi), Mume Fructus (wu mei), Zanthoxyli Pericarpium (Hua jiao), Uncariae Ramulus Cumuncis (gou teng), Curcumae Radix (yu jin), and Licorice (gan cao), which were provided by Jiangyin Tianjiang Pharmaceutical Co., Ltd. (Jiangsu, China). The formulated granules were ground into powders and dissolved in warm distilled water before being administered to mice.



Animals

All animal experiments were performed in compliance with animal welfare guidelines and approved by the Animal Ethical Committee of Jiangsu Hospital of integrated traditional Chinese and Western Medicine (AEWC-202003112-98). Six-week-old male Apcmin/+ mice and 6-week-old male C57BL/6 J mice were purchased from GemPharmatech Co. Ltd. (Nanjing, China) and under SPF condition with 23 ± 2°C and a 12-h light/dark cycle. The mice have freely accessed a standard diet and drinking water, and the body weight of the mice was recorded every 7 days.



Gut microbiota detection experiment

To explore the difference of GM under different conditions, after 1 week of acclimatization, the C57BL/6 J mice were divided into one group: the Control group (normal mice administered with ddH2O, n = 10), and the Apcmin/+ mice were randomly divided into two groups: the Model group (CRA mice administered with ddH2O, n = 10) and the SZF group (CRA mice administered with 3.3 mg/g SZF, n = 10). The daily dosage for the SZF group was obtained based on the daily dosage for patients (20 g/70 kg) clinically, according to the human-mouse transfer formula (Mouse dose = Human dose × 9.1).

About 400 μl ddH2O was administered to the Control group and the Model group, while 400 μl SZF suspension was administered to the SZF group via gastric gavage, and the drug administration lasted for 12 weeks.

The mice’s stools were collected 83 days after administration. 2–3 fecal pellets were collected from each mouse using a 1.5 ml Ep tube and stored at −80°C until used.



Colorectal metabolomics experiment

To explore SZF metabolites under CRA-induced gut dysbiosis condition, three mice were randomly taken from each group, nine mice in total. At the end of the treatment, colorectal tissues were taken. The changes in colorectal length and the occurrence of CRA were observed. The colorectal tissues were immersed in PBS for cleaning, then half part of the tissues was collected using a 1.5 ml Ep tube and stored at −80°C until used, and the other part was used for HE histopathological staining.



Gut microbiota analysis

DNeasy PowerSoil Kit (100) (QIAGEN, Dusseldorf, Germany) was used to extract the DNA from fecal samples. The quantity and quality of extracted DNAs were measured using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States) and agarose gel electrophoresis, respectively.

Sequencing of the 16S rRNA genes was performed using the Illumina MiSeq platform. Universal 16S primers (343F/798R) were used to amplify the hypervariable V3-V4 region of bacterial 16S rRNA genes. PCR was performed using thermal cycler Model C1000 (Bio-Rad, Richmond, CA, United States). The 16 s RNA sequencing and data processing were conducted by OE Biotech Co., Ltd. (Shanghai, China).



Colorectal metabolomics analysis

The colorectal tissues were collected using a 1.5 ml EP tube and stored at −80°C for the Widely Targeted Metabolome (WTM). Liquid chromatography-electrospray ionization-Tandem mass spectrometry (LC-ESI-MS/MS) analysis of colorectal was entrusted to Metware Biotechnology Co., Ltd. (Wuhan, China).

Take out the sample from the −80°C refrigerator and thaw it on ice. Multi-point sample and weigh 20 mg of sample, homogenize (30 HZ) for 20 s with a steel ball, and the centrifuge (3,000 rpm, 4°C) for 30 s. Then, add 400 μl of 70% methanol–water internal standard extractant, shake (1,500 rpm) for 5 min, and place on ice for 15 min. Centrifuge (12,000 rpm, 4°C) for 10 min, transfer 300 μl of the supernatant and stand still it at −20°C for 30 min. Finally centrifuge (12,000 rpm, 4°C) for 3 min and take the supernatant for analysis.

A ExionLC AD UPLC system (AD Sciex, Framingham, MA, United States) coupled with Q-Exactive quadrupole-Orbitrap mass spectrometry (AD Sciex, Framingham, MA, United States) was used to analyze the metabolic profiling in both ESI positive and ESI negative ion modes. Two microliter prepared sample was injected into ACQUITY UPLC HSS T3 column (1.8 μm, 2.1 × 100 mm). All samples were eluted using a linear gradient from 100% mobile phase A (0.1% formic acid in water) to 100% mobile phase B (0.1% formic acid in acetonitrile) under the condition that the flow rate was 400 μl/min and the column temperature was 40°C. Linear gradients 0 min, 5% B; 11 min, 90% B; 12 min, 90% B; 12.1 min, 5% B; 14 min, 5% B. LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (QTRAP), QTRAP® LC–MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion mode and controlled by Analyst 1.6.3 software (AD Sciex, Framingham, MA, United States). The ESI source operation parameters were as follows: source temperature 500°C; ion spray voltage (IS) 5,500 V (positive) and −4,500 V (negative); and ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) were set at 55, 60, and 25.0 psi, respectively; the collision gas (CAD) was high. Instrument tuning and mass calibration were performed with 10 and 100 μmol/l polypropylene glycol solutions in QQQ and LIT modes, respectively. A specific set of MRM transitions were monitored for each period according to the metabolites eluted within this period.

The raw data were processed by the Analyst 1.6.3 software (AD Sciex, Framingham, MA, United States) for baseline filtering, peak recognition, peak alignment, and retention time (RT) correction. The self-built database MWDB (Metware database, Metware Biotechnology Co., Ltd., Wuhan, China) was used to identify the compounds.



Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.3.1(471) for Windows and differences were considered significant at a p < 0.05. Distributions of variables were examined by Shapiro–Wilk Test according to our sample size and appropriate tests were applied for further analysis. The changes of colorectal length, Count of CRAs, and the changes of body weight of mice were analyzed with analysis of variance (ANOVA). Means from the data, together with estimates of the standard error of the mean and pairwise comparisons (Tukey’s or Games-Howell test), were obtained. Clustering of gut microbial communities among different groups was analyzed with Adonis. The alpha diversity analysis was conducted by ANOVA, while the beta diversity analysis was analyzed with Adonis. In the analysis of colorectal mass spectrometry data, the partial least squares discrimination analysis (PLS-DA) was used to observe the distribution of samples and the stability of the analysis process, and then the supervised orthogonal PLS-DA (OPLS-DA) was used to describe the difference between groups. The contribution of each variable to the population was ranked according to the variable importance of projection value (VIP value) obtained from the OPLS-DA model, and the significance of differential metabolites between groups was verified by fold change analysis. The Pearson’s correlation coefficient was used to measure the linear correlation between the two groups. It was considered that the difference was statistically significant when VIP > 1.0 and fold change >2 or fold change <0.5.




Results


SZF inhibits the progression of colorectal adenomas

In this study, an autologous tumor model of Apcmin/+ mice was selected. After oral administration of SZF, the number of adenomas in the treated mice was significantly reduced (p < 0.05) (Figures 1A,B) and their body weight was fairly improved compared to the model group, converging to the weight of the control group (Figure 1C). The average colorectal length of the control group was 8.97 cm and that of the model group was 8.26 cm. After treatment with SZF, the length of the colorectum was meliorated (p > 0.05), demonstrating that SZF reduced the inflammatory response of the intestine (Figure 1D). Additionally, the histological results of colorectum showed that the colorectal glands in the control group were normal in structure, with clear mucosal layer, no mucosal ulcer, and no heterogeneity of intestinal epithelium. In the model group, the colorectal glands were densely arranged with a sieve-like structure, and the epithelial cells of the glands were obviously dysplastic, with distinctly enlarged cell nucleus, and pathological mitosis could be seen. The histological examination of the colon from the mice in the SZF treatment group revealed normal glandular structure and no obvious heterogeneity in glandular epithelial cells (Figure 1E).

[image: Figure 1]

FIGURE 1
 Effect of SZF on morphological changes of Colorectal Adenoma in mice. (A) Representative images of colorectal tissue in each group. (B) Statistical analysis of the number of adenomas, *p < 0.05; **p < 0.01. (C) Change of body weight of mice in each group. (D) Statistical analysis of colonic length in each group of mice, *p < 0.05. (E) Results of HE staining in colorectal tissue of each group.




Effect of SZF on the composition of intestinal flora in colorectal adenoma mice

To further investigate the effect of SZF on intestinal flora, the fecal microbiota of three groups of 30 samples were analyzed by 16S rRNA sequencing. Based on the 97% similarity level, 10,256 operational taxonomic units were finally obtained. According to the trends of individual sparsity curves, Shannon-Wiener curves, rank-abundance distribution curves, and species accumulation curves, the sequencing data were sufficient to reflect the microbial information in all samples. Microbial α-diversity was assessed using Shannon and Chao1 index fecal samples. Both Chao1 and Shannon indices were remarkably increased in the model group mice compared to the blank control group (Figures 2A,B). There was a tendency for the Chao1 and Shannon indices to decrease after treatment with the SZF. In terms of β-diversity, non-metric multidimensional scaling analysis was used to assess the differences in gut microbiota between the three groups. The results showed that the blank control group was separated from the model group, and there was a noteworthy trend of separation between the SZF treatment group and the model group (Figure 2C). These results suggest that the intestinal flora of CRA model mice is dysregulated, and that SZF can interfere with the abundance and diversity of the flora.
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FIGURE 2
 Analysis of intestinal microbial diversity and species composition. The alpha diversity of intestinal microorganisms was evaluated through Chao1 (A) and Shannon (B) index. The beta diversity of intestinal microorganisms was evaluated through NMDS (C). Relative abundances of the main phyla (D), families (E) and genera (F) of intestinal microbiota in different groups. The results of data statistics were expressed by means ± SEM. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗∗p < 0.0001.


Next, the intestinal flora was assessed at the taxonomic level of phylum, family, and genus. At the phylum level, there was no significant difference between the groups (Figure 2D). At the family level, the abundance of Steroidobacteraceae, Yersiniaceae, Chitinophagaceae, and Aeromonadaceae was significantly higher in the model group than in the blank control group and was typically lower after the SZF intervention. In addition, the abundance of Gastranaerophilales in the model group was substantially reduced, and the trend could be reversed by the SZF (Figure 2E). We used heat map analysis to observe the changes in bacterial populations between the three groups at the genus level. At the genus level, 48 bacterial species differed between the model group and the blank control group, 14 of which were affected by the SZF. Compared to the blank control group, the model group had (Anaerorhabdus)_furcosa_group, Paludicola, Angelakisella, DNF00809, Muribaculum, Erysipelotrichaceae UCG-003, Gardnerella Mucinivorans, Sutterella, Tyzzerella, Pseudoxanthomonas, Sediminibacterium, Fluviicola, and Dubosiella significantly increased in abundance (Figure 2F). In contrast, SZF obviously reversed the abundance of these bacteria.

Using the linear discriminant analysis effect size method to identify specific bacterial taxa, a total of 14 specific bacteria (LDA score > 3) were divided into three groups. 4 strains of specific bacteria in the blank control group, 4 strains in the model group, and 6 strains in the SZF group (Figure 3). These phylotypes played a key role in differentiating the composition of the three groups of gut microbiota.
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FIGURE 3
 Linear discriminant analysis (LDA) effect size. A cladogram showed specific bacteria among three groups (A). LDA showed scores of these specific bacteria (B).




Modulation of intestinal metabolism in CRA mice by SZF

To initially explore the actual situation of intestinal flora metabolism in each group, we randomly drew 3 samples from each group, a total of 9 samples, and analyzed colorectal tissue samples by LC-ESI-MS/MS system in positive and negative ion models, and obtained the corresponding metabolic fingerprints of each group. Next, data were imported into SIMCA-P for multivariate statistical analysis by Analyst 1.6.3. Differences in colorectal metabolic profiles between groups were assessed by PLS-DA. The SZF group was distinctly separated from the model group, suggesting that SZF can modulate metabolism in model mice (Figures 4C,D).
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FIGURE 4
 Multivariate statistical analysis and differential metabolic screening. Score scatter plot (A) and S-plot (B) were obtained by OPLS-DA analysis between control and model groups. Score scatter 2D (C) and 3D (D) plot of each group were obtained by PLS-DA analysis.


In the next step, potential biomarkers were screened between the normal and model groups based on OPLS-DA. Scatter plots of OPLS-DA scores showed a complete separation of metabolic profiles between the blank control and model groups (Figures 4A,B). A combined plot of loaded S-plot and VIP values was used to identify differential metabolites. Hinged on the constraints (VIP > 1, fold change ≥2 and fold change ≤0.5), 124 features were obtained as potential differential metabolites associated with CRAs.

Based on MS spectral information and the self-built targeting marker database Metware database (MWDB), 11 potential biomarkers were eventually identified by qualitative analysis according to the RT, daughter and parent ion pair information, and secondary spectrum data. The metabolites visibly increased in the model group compared with the blank control group included Deoxycytidine, Methacholine, N-Acetyl-D-Galactosamine, Taurocholic acid, Taurochenodesoxycholic acid, Hyocholic acid, Cholic acid, Tauro-alpha-muricholic acid, and Phytosphingosine, while colorectal metabolites distinctly reduced in model mice were Anserine and Ectoine. Levels of these differential metabolites were overtly reversed after treatment with the SZF. Metabolic pathway analysis was performed using MetaboAnalyst online software1 and the KEGG database.2 On the basis of 11 identified biomarkers, 6 metabolic pathways were attained, 2 of which were selected as the most essential metabolic pathways associated with metabolic disorders (p < 0.05, effect >0.1). These metabolic pathways included Primary bile acid biosynthesis, Taurine and hypotaurine metabolism (Figure 5).
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FIGURE 5
 Metabolic pathways of potential biomarkers. (1) Primary bile acid bio-synthesis; (2) taurine and hypotaurine metabolism; (3) histidine metabolism; (4) beta-alanine metabolism; (5) sphingolipid metabolism; and (6) pyrimidine metabolism.




Correlation between intestinal flora and colorectal metabolites

To explore the relationship between intestinal flora and colorectal metabolites, Pearson’s correlation analysis was performed and a heat map of correlation coefficients was achieved. The results indicated that bacteria such as Sediminibacterium, Muribaculum, Angelakisella, and DNF00809 were positively correlated with nine metabolites, including Taurocholic acid, Taurochenodesoxycholic acid, Methacholine, Tauro-alpha-Muricholic acid, and Phytosphingosine, etc. Pseudonocardia, Erysipe-lotrichaceae_UCG-003, Sutterella, and Gardnerella were positively associated with Anserine and Ectoine (Figure 6).
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FIGURE 6
 Gut microbiota and colorectal metabolomics. Pearson’s correlation analysis was performed between Gut microbiota abundance and colorectal metabolomics.





Discussion

Despite the strong association of colorectal carcinogenesis with genetic factors, the vast majority of bowel cancers are sporadic, with more than 90% of them being transformed by the adenoma-carcinoma sequence (Keum and Giovannucci, 2019). The adenoma-carcinoma sequence is a long-term and slowly progressive process, so how to effectively prevent and treat CRAs becomes an imperative part of reducing the incidence of colorectal cancer. Currently, the treatment of CRA is still limited to colonoscopy and surgical resection, and there are no practical and effective pharmacological means to prevent and treat recurrence after surgery. With the in-depth study of intestinal flora, there is an increasing number of evidence that the development of diseases may be closely related to intestinal flora, and this theory has been widely applied to the study of intestinal diseases, obesity, diabetes, and other fields (Liu X. et al., 2021; Liu B. et al., 2021). Therefore, regulation of intestinal microecology may be a potential research direction for the prophylaxis and treatment of CRAs.

There is growing evidence that traditional Chinese medicine (TCM) have a dominant role in regulating intestinal microecology. TCM have the ability to modulate gut microbial homeostasis and influence disease progression by altering the expression of specific flora, in a process in which TCM can both adjust gut flora-associated metabolites and herbal compounds can be transformed through the associated gut flora (Feng et al., 2019). As the second largest TCM system in China, Tibetan medicine has a long history of more than 2,400 years and a complete theory, which is widely used in the prevention and treatment of cancer, precancerous lesions, and other related fields (Fu et al., 2020). SZF is a Chinese herbal compound formula founded by Professor Tian Yaozhou rests on the theory of Chinese medicine and long-term clinical experience. Under the guidance of TCM theory, the formula combines the ideas of Tibetan medicine on tumor prevention and cure, and uses three Tibetan herbs with tumor-preventing effects, namely Semen punicae granat, Entada phaseoloides, and Phyllanthi Fructus. Modern research has shown that gallic acid and Ellagic acid, the main active ingredients of Semen punicae granati, can target and regulate some apoptosis pathways and have anti-cancer activity. Ellagic acid is also one of the meaningful active ingredients of Phyllanthi Fructus (Tang et al., 2020). Meanwhile, Entada phaseoloides plays a role in the process of inducing apoptosis pathway to inhibit cancer cell growth (Zhang et al., 2014). This formula has been applied clinically and has good efficacy in improving clinical symptoms and reducing the recurrence rate of CRA in patients with CRA. As mentioned earlier, several herbs in the SZF have the effect of interfering with intestinal flora homeostasis, and CRA-cancer transformation is also firmly related to the alteration of intestinal flora. A few metabolites such as butyrate and bile acids synthesized by intestinal flora have significant influences on CRA and even colorectal cancer (Winston and Theriot, 2020). Accordingly, the present study attempted to explore the role of SZF against CRA through intestinal flora as well as colorectal metabolome.

Apcmin/+ mouse model is a classical model used to investigate CRA. In this experiment, in consideration of the possible impacts on the intestinal flora and related changes of metabolites in mice induced by the gastrointestinal administration of chemical agents, we adopted Apcmin/+ mouse model. Therefore, the Apcmin/+ mouse model was chosen to explore the mechanism of action of SZF on the intestinal flora of CRA as well as colorectal metabolites. Here we showed that compared with the Control group, the mice in the model group had obviously reduced body weight, bearing varying degrees of blood stools. Anatomically, CRAs were found, and pathological manifestations of adenomas such as dense arrangement of glands, cribriform structure, and obvious dysplasia of gland epithelial cells were presented. In contrast, the group using SZF was apparently more inclined to healthy mice.

In this study, we also observed that the intestinal flora of the model was disturbed and the treatment with SZF could improve the intestinal microecology. SZF significantly reduced the abundance of Angelakisella, Dubosiella, Muribaculum, Erysipelotrichaceae UCG-003, and Sutterella in the intestinal flora of CRA model mice. The increased abundance of Angelakisella and Dubosiella is thought to be closely linked to intestinal inflammation and intestinal microbial disorders (Qiu et al., 2021). High expression of Muribaculum has been suggested as a possible marker of bile acid metabolism disorders (Marion et al., 2020). Erysipelotrichaceae UCG-003 has been reported to be associated with disorders of bile acid metabolism as well as intestinal dysfunction (Xu et al., 2022), which is also related to the induction of intestinal inflammation (Cheng et al., 2021) and tumor development (Zhao et al., 2021). Sutterella has been mentioned more in Crohn’s disease and inflammatory bowel diseases in recent years. Although it does not have a clear role in causing inflammation, it has been reported that increased Sutterella abundance provides a better environment for proliferation of inflammatory bacteria, thus promoting an inflammatory response (Kaakoush, 2020). SZF can substantially improve the abundance of Gastranaerophilales in CRA model mice. It has been reported that Gastranaerophilales is a vital bacterium for Indole production, which further promotes the synthesis of indolepropionic acid (IPA), and has anti-inflammatory and cancer-inhibiting effects in gastrointestinal IPA (Rosario et al., 2021). Hence, it is reasonable to assume that SZF has a role in preventing CRAs by promoting beneficial bacteria and inhibiting harmful bacteria, thus restoring intestinal microecology.

LC-ESI-MS/MS-based metabolomics has been widely used to study various groups of disease-related biomarkers. In order to investigate the relevant effects on colorectal metabolism after improving intestinal microecology with SZF treatment, WTM analysis has been adopted to screen for differential metabolites in colorectal tissues. Finally, 11 metabolites were identified in colorectal tissue samples, which were involved in six metabolic pathways. In addition, both Primary bile acid biosynthesis and Taurine and hypotaurine metabolism metabolic pathways were disturbed in CRA model mice, and SZF could typically improve these metabolic pathways. Anserine level in CRA model mice was increased by SZF, and previous studies have confirmed the tumor suppressive effects of anserine in colorectal cancer patients, which may be closely related to its antioxidant and anti-inflammatory effects (Wu, 2020). Compared with the blank control group mice, the levels of Taurocholic acid, Taurochenodesoxycholic acid, Hyocholic acid, Cholic acid, and Tauro-alpha-muricholic acid were increased in the rectal adenoma mouse model group, while the application of the SZF fairly lowered the levels of these metabolites. Reports indicated that expression of Taurocholic acid is closely correlated with the regulation of bile acid structure and can coordinate intestinal flora, thus promoting colorectal inflammation (Devkota et al., 2012). Taurochenodesoxycholic acid is deemed to have close connection with colorectal inflammation (Kolho et al., 2017), as its expression is elevated in ulcerative colitis and Crohn’s disease. Hyocholic acid is an important metabolite that regulates bile acid metabolism, and its elevated expression is a considerable marker for disorders of bile acid metabolism (Zheng et al., 2021). Cholic acid enhances the invasion of colorectal cancer cells by activating mmp9-related signaling pathways (Li et al., 2020). Tauro- alpha-muricholic acid, on the other hand, acting as an imperative FXR receptor antagonist, has a role in facilitating colitis and colon cancer. Many studies have demonstrated that Hedysarum multijugum Maxim and licorice, crucial components of SZF, have relevant effects in reducing the levels of bile acids such as Taurocholic acid, Taurochenodesoxycholic acid, Hyocholic acid, and Cholic acid, and in regulating the disorders of bile acid metabolism (Wu et al., 2017; Li W. et al., 2019).

In conclusion, bile acid metabolism is closely related to intestinal flora disorders and CRA-carcinoma transformation. The above experimental results suggest that SZF may prevent and treat CRA by regulating bile acid metabolism. Besides, the expression of Deoxycytidine, N-Acetyl-D-Galactosamine, and Phytosphingosine, all of which have some degree of toxicity and mucosal irritation, was elevated in the CRA model, while the high expression of these metabolites is considered to be closely tied with colorectal cancer (Goedert et al., 2014; Brown et al., 2016; Sun et al., 2021), and all showed a decreasing trend in expression after treatment with SZF. It has been reported that Mume Fructus, a vital component of SZF, has effects of maintaining microbial homeostasis, inhibiting the differentiation of CD4+ T cells in intestinal mucosa and secretion of pro-inflammatory cytokines such as TNFα (tumor necrosis factor α), IL-1β (interleukin 1β), γ-IFN (interferon γ) and IL-17A (Interleukin 17A), so as to improve intestinal mucosal inflammation (Wu et al., 2022). Therefore, SZF may suppress the progression of the adenoma-carcinoma sequence by inhibiting the intestinal inflammatory response and modulating the tumor microenvironment. Combined with the results of metabolomic analyses and studies on the role of the important components of SZF, it is suggested that SZF may prevent and control CRAs by regulating the disturbance of bile acid metabolism, inhibiting the colorectal inflammatory response, and reducing toxic metabolites of the intestinal flora.

In this study, we comprehensively evaluated the correlation between intestinal flora and colorectal metabolites. Three bile acids (Taurochenodesoxycholic Acid, Hyocholic acid, and Cholic acid) and two colorectal cancer-related metabolites (Methacholine and N-Acetyl-D-Galactosamine) were positively correlated with Muribaculum. The high expression of Muribaculum mentioned above is regarded as one of the possible markers of bile acid metabolism disorder, which coincides with the elevated expression of Hyocholic acid as one of the important markers of bile acid metabolism disorder. The relative abundance of Muribaculum as well as the metabolites tended to decrease after treatment with SZF. Deoxycytidine, Methacholine, and Taurochenodesoxycholic Acid were positively correlated with Angelakisella and Dubosiella. As above mentioned, Angelakisella and Dubosiella are closely associated with intestinal inflammation, Taurochenodesoxycholic Acid remains intimately associated with two important inflammatory bowel diseases (ulcerative, Crohn’s disease), and Methacholine is a common toxic metabolite, which once again confirms the two flora and intestinal inflammation, indicating that Angelakisella and Dubosiella may promote colorectal inflammatory changes through the synthesis of metabolites such as Taurochenodesoxycholic Acid and Methacholine. The relative abundance of Angelakisella and Dubosiella as well as the related metabolites tended to decrease after treatment with SZF. In general, SZF may achieve the prevention and treatment of CRA by interfering with the relevant intestinal flora, thus regulating the disturbance of bile acid metabolism and reducing the synthesis of related pro-inflammatory metabolites.



Conclusion

In summary, Apcmin/+ mouse CRA model was selected and applied to study the therapeutic effect of SZF against CRA. The results showed that SZF has a good effect in preventing and treating CRA. In addition, 16S rRNA gene sequencing and metabolomic analysis of colorectal tissues showed that SZF significantly improved the dysbiosis of intestinal flora and disorder of colorectal metabolite profile in CRA mice, and the reduced beneficial bacteria, such as Gastranaerophilales, notably increased in CRA mice after SZF treatment, while the harmful bacteria, such as Angelakisella, Dubosiella, Muribaculum, and Erysipelotrichaceae UCG-003, were prominently reduced. Moreover, colorectal metabolomic analysis indicated that colorectal metabolic profile was improved after the treatment with SZF, which significantly increased anti-inflammatory metabolites, such as Anserine and Ectoine, and significantly decreased harmful metabolites, such as Taurocholic acid, Taurochenodesoxycholic acid, Hyocholic acid, Cholic acid, and Tauro-alpha-muricholic acid, and some toxic metabolites such as Deoxycytidine, N-Acetyl-D-Galactosamine, and Phytosphingosine. Taurochenodesoxycholic acid, Hyocholic acid, Cholic acid, Methacholine, N-Acetyl-D-Galactosamine, and Muribaculum were positively correlated. Deoxycytidine, Methacholine, and Taurochenodesoxycholic acid were positively correlated with Angelakisella and Dubosiella. These results demonstrate that interactions between the gut microbiota, microbial-derived metabolites and the host may play an important role in CRA production and adenoma-carcinoma transformation. SZF may prevent and treat CRAs by improving intestinal flora disorders and their mechanisms and restoring intestinal flora homeostasis. Furthermore, this study suggests that the joint- application of multiple omics is a potential strategy to reveal the mechanism of action of herbal medicines in the treatment of intestinal diseases.
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This study aimed to determine the effect of capsicum oleoresin (CAP) on rumen fermentation and microbial abundance under different temperature and dietary conditions in vitro. The experimental design was arranged in a 2 × 2 × 3 factorial format together with two temperatures (normal: 39°C; hyperthermal: 42°C), two forage/concentrate ratios (30:70; 70:30), and two CAP concentrations in the incubation fluid at 20 and 200 mg/L with a control group. Regarding the fermentation characteristics, high temperature reduced short-chain fatty acids (SCFA) production except for molar percentages of butyrate while increasing acetate-to-propionate ratio and ammonia concentration. The diets increased total SCFA, propionate, and ammonia concentrations while decreasing acetate percentage and acetate-to-propionate ratio. CAP reduced acetate percentage and acetate-to-propionate ratio. Under hyperthermal condition, CAP could reduce acetate percentage and increase acetate-to-propionate ratio, lessening the negative effect of high heat on SCFA. Hyperthermal condition and diet altered the relative abundance of microbial abundance in cellulose-degrading bacteria. CAP showed little effect on the microbial abundance which only increased Butyrivibrio fibrisolvens. Thus, CAP could improve rumen fermentation under different conditions, with plasticity in response to the ramp of different temperature and dietary conditions, although hardly affecting rumen microbial abundance.

KEYWORDS
 capsicum oleoresin, hyperthermal stress, dietary conditions, rumen fermentation, microbial abundance


Introduction

In the ruminants, the rumen functioning is susceptible to climatic and dietary changes. It was reported that temperature and feed characteristics (forage: concentration) are significant parameters that affect rumen function (Sales et al., 2021). Ruminal temperature is influenced by severe changes in climatic conditions (Lees et al., 2019; Sullivan et al., 2022). Fluctuations in ruminal temperature significantly affect rumen microbial abundance and short-chain fatty acids (SCFA) production (Uyeno et al., 2010; Wang et al., 2022). Similarly, diet is the other main factor affecting rumen fermentation variables which serves as the medium for the survival of rumen microorganisms (Mavrommatis et al., 2021a). The rumen is stressed more by using a high-concentrate diet, which is the common nutritional strategy under heat stress (Nasrollahi et al., 2019). Ruminal metabolic diseases caused by a high-concentrate diet jeopardizes productivity of animal (Tian et al., 2015). Therefore, new solutions are needed to be investigated in nutritional measures to maintain normal rumen physiology under high-temperature stress and high-concentrate ratios to improve ruminant productivity.

Capsicum oleoresin (CAP) is extracted from capsicum and the active ingredient is capsaicin. As a dietary additive, CAP has a variety of functions, such as anti-inflammatory (Ghiasi et al., 2019), antioxidant (Karadas et al., 2014), regulation of rumen fermentation (Temmar et al., 2021), and alteration of gut microbiota (Grazziotin et al., 2020) which may be beneficial to dairy cows. Meanwhile, CAP has been shown to be a functional additive in the regulation of metabolic diseases caused by high-concentrate diet and resist heat stress. It has been reported that CAP could affect rumen fermentation (Fandiño et al., 2008), alter feeding behavior, and may affect ruminal acidosis (Castillo-Lopez et al., 2021) in high-concentrate diet. Additionally, CAP against overheating of the body by thermo regulating (Szolcsányi, 2015) and probably affects productivity caused by heat stress. It has been shown CAP could reduce rectal temperature and improve productive performance in dairy cows (Da Silva, 2017) and pigs (Kroscher et al., 2022). Nevertheless, the CAP effect on rumen fermentation and microbial abundance is unclear at high-temperature and different dietary compositions, which limits the further application of CAP. In response to this situation, this study investigated the CAP effect on ruminal fermentation characteristics and microbial abundance under high heat conditions and different fermentation substrates.



Materials and methods


Experimental design and treatments

The experiment conditions were arranged in a 2 × 2 × 3 factor design, including two temperatures (normal: 39°C; hyperthermal: 42°C), two diet ratios [forage/concentrate ratio, 30:70 (low forage, LF); 70:30 (high forage, HF)], and two CAP concentrations in the incubation fluid at 20 (LC) and 200 mg/L (HC) with a control group (CON). Physiological temperature and high temperature were selected based on physiological rumen temperature (Eihvalde et al., 2016) and the maximum rumen temperature under heat stress (Beatty et al., 2008). Fermentation substrates were composed of whole corn silage and commercial concentrate. Corn silage and concentrate were dried at 65°C for 48 h and passed through a 1 mm sieve. The commercial CAP products are provided by Tianxu Food Additive Co. Ltd. (MY1098, 10.0% capsaicin, Guangzhou, China). The fermentation substrates are presented in Table 1.



TABLE 1 Chemical composition of the experimental diets.
[image: Table1]



In vitro fermentations and sampling

Rumen fluid was collected from four cows immediately after slaughtering at a commercial slaughterhouse (Heng Xing Slaughterhouse, Wuhan, China). All cows were fed a total mixed diet mainly consisting of silage, excluding disease factors, and rumen fluid was collected individually through four layers of cheesecloth within 15 min after slaughter and reached the laboratory within 30 min. Rumen fluid was maintained in a preheated bottle without top air at 39°C after collecting until it reached the laboratory. Next, fresh buffer solutions were mixed according to Beatty et al. (2008)). Briefly, rumen fluid was mixed in equal proportion and added to the buffer at the ratio of 1:2 with 39°C under continuous CO2 flushing. Fermentation substrate (0.5 g) and incubation fluid (50 mL) were added to each fermentation flask, injected with CO2, and sealed with a butyl rubber plug and aluminum cap. Finally, the flask was placed in two constant temperature shock incubators set at 39°C and 42°C, respectively.

At the end of fermentation, the pH of the incubation fluid was measured with a pH meter (FE28 – Standard, Mettler Toledo, Switzerland). The collected culture medium was divided into 2 mL sterile tubes. Isometric samples were collected and stored at −20°C immediately for ammonium and SCFA analysis. The remaining samples were stored at −80°C with one isometric sample for further microbial abundance analysis and the remaining samples were retained.



Chemical analysis

For SCFA analysis, incubation fluid (1 mL) was added to 200 μL of 25% metaphosphoric acid and centrifuged at 12,000 g for 10 min at 4°C to obtain the supernatant. Using a gas chromatograph (7890A, Agilent Technologies, Santa Clara, CA, United States), capillary column (30 m × 0.25 mm × 00.25 μm, DB – FFAP, Agilent Technologies, Santa Clara, CA, United States), and a pyrophoric detector. The oven temperature was initially maintained at 80°C for 5 min, increased to 190°C, 12.5°C/min, and held at 190°C for 3 min. The injector and detector temperatures were 250°C and 280°C, respectively. Determination of ammonia nitrogen was performed by colorimetry according to Weatherburn (1967).

The CH4 yield was calculated according to previously reported formula (Moss et al., 2000), considering a hydrogen recovery of 90% (default):

CH4 (mmol/L) = 0.45 × Acetate (mmol/L) – 0.275 × Propionate (mmol/L) + 0.40 × Butyrate (mmol/L).



Microbial analysis

Microbial DNA was extracted from rumen fluid using a Tiangen commercial kit according to the instructions (DP328-02, Tiangen Biotechnology Co., Ltd, Beijing, China) as reported in a previous study (Ding et al., 2014), and DNA concentration and purity were determined by spectrophotometer. Microorganisms in the samples were determined by SYBR Green quantitative real-time polymerase chain reaction (qPCR) assay for different microbiota as described by Zhu et al. (2017)). Briefly, 5 μL of SYBR Green q PCR Master Taq (2×), 0.2 μL of each primer, 0.5 μL of genomic DNA (10 ng/μL), and double-distilled water were added to make a total volume of 10 μL. Specific primers were presented in Table 2. All primers amplification started with a denaturalization at 95°C for 3 min, followed by 40 cycles of 95°C for 5 s, 60°C for 30 s, and 72°C for 30 s. All qPCR assays were performed in triplicate for each sample.



TABLE 2 PCR primers for real-time PCR assay.
[image: Table2]

The relative population sizes of total bacteria, total anaerobic fungi, total protozoa, total methanogens, Ruminococcus albus, Ruminococcus flavefaciens, Butyrivibrio fibrisolvens, Fibrobacter succinogenes, Prevotella ruminicola, and Ruminobacter amylophilus were expressed as the proportion of 16S rDNA of total rumen bacteria at 24 h. Relative abundance was expressed as a proportion of the specific gene fragments number to the total rumen bacterial 16S rDNA number, calculated according to the following equation: relative quantification = 2− (Ct target − Ct total bacteria), where Ct represents threshold cycle based on the report of Castagnino et al. (2015)).



Statistical analysis

All statistical analyses were performed using the PROC MIXED procedure of SAS 9.4 (SAS Institute Inc.). Data were analyzed according to factorial permutations in a randomized compartmentalized design. The main effects of amylases include temperature, diet, and CAP levels, their 2-way, 3-way interactions, and the random effects. For daily measurements, the data were analyzed as repeated measurements. The composite symmetry was a variance–covariance structure. All values were presented as least squares mean ± standard error of the mean (SEM), stated otherwise. Comparisons between LS means were performed according to the PDIFF function. All experiments and analyses were made in triplicate. The analysis of variance followed by a Duncan test (p < 0.05) was used for the mean comparison and the trend was set at 0.05 < p ≤ 0.10.




Results


Rumen fermentation

The fermentation characteristics influenced by culture conditions and CAP addition are indicated in Table 3. SCFA decreased by hyperthermal condition and increased by high-concentrate diets (p < 0.05), while there was no effect on CAP addition. Hyperthermal condition increased the molar percentages of butyrate, isobutyrate, and acetate-to-propionate ratio while decreasing propionate and caproate percentage (p < 0.05). The addition of CAP decreased acetate percentage and acetate-to-propionate ratio (p < 0.05) and tended to increase propionate percentage (p = 0.09). Hyperthermal condition and high concentration diet increased ammonia concentrations (p < 0.05), and there was an interaction between temperature and diet (p < 0.05). Temperature tended to increase pH in the hyperthermal group compared to the normal group (p = 0.09). Temperature, diet, and CAP addition did not affect methane.



TABLE 3 Fermentation characteristics as affected by temperature, diet, Capsicum oleoresin (CAP) supplementation, and their interactions.
[image: Table3]

Under hyperthermal condition, the CAP group reduced the SCFA in LC (p < 0.05) compared with the CON and HC (Figure 1). The HC group decreased acetate percentage and acetate to propionate ratio relative to the CON (p < 0.05) while tending to increase propionate percentage (p ≤ 0.10). At the same time, hyperthermal condition reduced propionate percentage and increased acetate to propionate ratio in the CON and LC compared with physiological temperature (p < 0.05), while there was no difference in the HC group.

[image: Figure 1]

FIGURE 1
 Concentrations of short-chain fatty acids (SCFA) and ammonia were affected by capsicum oleoresin (CAP) supplementation and incubation temperature. Least-square means of CAP groups within each temperature sharing no common letter differ at p ≤ 0.05 (a, b) or 0.05 < p ≤ 0.10 (x, y). Differences between the diet within each CAP group (p ≤ 0.05) (*) or 0.05 < p ≤ 0.10 (#). CAP levels: CON: 0 mg/L; LC: 20 mg/L; and HC: 200 mg/L.


As shown in Figure 2, the LF increased the propionate, decreased acetate percentage and acetate-to-propionate ratio (p < 0.05), and tended to decrease valerate percentage (p = 0.08). Under dietary factors, LF tended to decrease acetate concentrations in the LC (P tended to decrease valerate percentage (p = 0.08). Under dietary factors, LF tended to decrease acetate concenF (p < 0.05), and the ammonia concentration in the LF was significantly higher in the HC than in the LF (p < 0.05).

[image: Figure 2]

FIGURE 2
 Concentrations of short-chain fatty acids (SCFA) and ammonia were affected by capsicum oleoresin (CAP) supplementation and diet. Least-square means of CAP groups within each diet sharing no common letter differ at P ≤ Concentrations. Differences between the dietary conditions within each CAP group (p ≤ 0.05) (*) or 0.05 < p ≤ 0.10 (#). Dietary conditions (forage/concentrate ratio): LF: 30:70; HF: 70:30. CAP levels: CON: 0 mg/L; LC: 20 mg/L; and HC: 200 mg/L.




Rumen bacteria

The results of the relative abundance of microbial populations are presented in Table 4. Hyperthermal condition increased the relative abundance of total anaerobic fungi, total methanogens, and B. fibrisolvens, while it decreased total protozoa, F. succinogenes, and P. amylophilus (p < 0.05). There is no difference in R. albus, R. flavefaciens, and R. ruminicola by the effect of hyperthermal condition. The diets significantly decreased total anaerobic fungi, B. fibrisolvens, F. succinogenes, and P. amylophilus (p < 0.05) while tended to increase total protozoa and lower Ruminococcus flavefaciens (p < 0.10). The CAP significantly increased the relative abundance of B. fibrisolvens in the LC relative to the CON (p < 0.05).



TABLE 4 Microbial relative abundance as affected by incubation temperature, dietary conditions, CAP supplementation, and their interactions.
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Discussion

The proper achievement of rumen function would depend on temperature and diet composition and affects the ruminants’ health and productivity (Mavrommatis et al., 2021b; Phesatcha et al., 2021; Soltan et al., 2021). CAP has been extensively studied as a feed additive for ruminants in vivo (Oh et al., 2015; Castillo-Lopez et al., 2021) and in vitro (Busquet et al., 2006); however, little attention has been paid to its effect on rumen fermentation when the rumen is subjected to physiological stress. Therefore, the present study investigated whether CAP could affect rumen function and microbial abundance in the presence and/or absence of hyperthermal condition or under different temperature and dietary conditions. We hypothesized that CAP could maintain rumen fermentation characteristics and microbial abundance.

In this study, temperature and diet significantly affected SCFA concentration in incubation fluid. Although hyperthermal condition reduced SCFA due to a decrease in propionate percentage consistent with the findings of Mahmood et al. (2020)), the temperature did not affect the acetate percentage; it increased the butyrate percentage. Due to milk fat could be synthesized by butyrate (Cheng et al., 2020), there may increase in milk fat under heat stress in dairy cows (Liu et al., 2017). The LF increased SCFA due to increased propionate percentage, similar to the previous study in vitro (Natel et al., 2019) and in vivo (Ranathunga et al., 2019), and resulted in a difference in acetate-to-propionate ratio. Although CAP could not affect SCFA, it reduced the acetate percentage and tended to increase propionate percentage, consequently reducing acetate-to-propionate ratio (Cardozo et al., 2005). Previously, several studies have shown the exciting phenomenon that CAP cannot affect SCFA and propionate percentage (Busquet et al., 2006; Tager and Krause, 2010; Geron et al., 2019), while only the same effect was produced in LF (Fandiño et al., 2008, 2020). Thus, CAP can only alter SCFA composition under a high-concentrate diet. Also, CAP altered SCFA concentrations in the LC group under hyperthermal condition compared to physiological temperatures. Although CAP decreased acetate-to-propionate ratio and tended to increase the propionate percentage under hyperthermia conditions, it had no effect at physiological temperature. Therefore, it was suggested that CAP altered the fermentation pattern of the rumen under hyperthermia conditions. The effect of CAP on rumen fermentation in different diets was minimal and only trended down the acetate at LF compared to HF. However, the effect of CAP on rumen fermentation in vivo under high-concentrate diets may be more due to its stimulation of the digestive tract increasing the secretion of digestive juices, or due to the stimulating nature of capsaicin increasing the duration and frequency of feeding (Patcharatrakul et al., 2020; Castillo-Lopez et al., 2021; Shiiba et al., 2021).

Both diet and temperature increased ammonia concentration; the diet effect was attributed to the crude protein content of the fermentation substrate, while the temperature was responsible for the fermentation inhibition (Castillejos et al., 2005; Phesatcha et al., 2021). Regardless of diet and temperature, the pH of the incubation solution was within the normal range. In this study, CAP could not affect the pH and ammonia concentration of the incubation solution. Although CAP did not affect the increased ammonia concentration due to hyperthermia, ammonia concentration at HF was reduced in the HC, indicating improved microbial ammonia utilization.

Ruminal microorganisms are significant players in ruminal fermentation and are influenced by physicochemical factors, diet changes, and feed additives. Although the literature about the effect of hyperthermia on rumen microbial composition is scarce, it is one of the environmental factors that reduce ruminant performance (Lees et al., 2018; Idris et al., 2021). In the present study, hyperthermal condition increased the relative abundance of anaerobic fungi and methanogenic bacteria. Since anaerobic fungi stimulate the growth of methanogenic bacteria, this may lead to similar results to the previous study (Li et al., 2021). Also, methane production increased due to the action of methanogenic bacteria, although it was not found in this experiment.

On the other hand, hyperthermia reduced the relative abundance of total protozoa consistent with previous studies. It is generally believed that a decrease in the relative abundance of total protozoa leads to a decrease in ammonia concentration based on their phagocytosis of other bacteria (Firkins et al., 2007); however, this has not been found in the present experiment. The latter contradiction may be due to hyperthermia’s inhibition of microbial colonization. Meanwhile, hyperthermia resulted in changes in rumen microbial populations, including a reduction in the relative abundance of F. succinogenes and P. ruminicola, as reported in previous studies (Yadav et al., 2013; Sales et al., 2021). However, in contrast, hyperthermia increased the relative abundance of BF, which may lead to an increase in butyrate concentration.

The microbial community composition due to the diet is more intuitive relative to temperature, mainly regarding the relative abundance of cellulose-degrading bacteria (Kumar et al., 2015). In the present study, HF increased the relative abundance of total anaerobic fungi, B. fibrisolvens, F. succinogenes, and P. ruminicola. Ruminobacter amylophilus is the primary starch-degrading bacterium in rumen fluid and is known to contribute to propionate production (O’Herrin and Kenealy, 1993), however, HF could not affect the relative abundance of R. amylolous but could increase propionate concentration in this experiment. CAP affects various microorganisms, including cellulose-degrading bacteria of rumen origin under culture conditions in vitro (Demirtaş, 2020). In this experiment, CAP increased the relative abundance of B. fibrisolvens, which was the same as in previous studies in vivo (Oh et al., 2015). Additionally, Demirtaş (2020)) reported B. fibrisolvens could be stimulated by capsaicin in pure cultures. The role of B. fibrisolvens is mainly to degrade cellulose and consumes acetate in rumen fermentation for conversion to butyrate (Russell and Strobel, 1989). CAP did not affect butyrate percentage; however, it reduced acetate percentage in this research.



Conclusion

Hyperthermal condition and dietary factors could alter SCFA concentrations, acetate percentage, propionate percentage, acetate-to-propionate ratio, and ammonia concentrations. The CAP could influence ruminal fermentation in vitro, by reducing acetate percentage and acetate-to-propionate ratio. Microbial abundance was mainly influenced by temperature and diet, while the effect of CAP was minimal.
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Tobacco contains a large amount of bioactive ingredients which can be used as source of feed. The objective of this study was to evaluate the effects of dietary addition of low-nicotine tobacco (LNT) on the growth performance, blood status, cecum microbiota and metabolite composition of meat rabbits. A total of 80 Kangda meat rabbits of similar weight were assigned randomly as four groups, and three of them were supplemented with 5%, 10%, and 20% LNT, respectively, with the other one fed with basal diet as control group. Each experiment group with 20 rabbits was raised in a single cage. The experiments lasted for 40 days with a predictive period of 7 days. The results revealed that LNT supplementation had no significant effect on the growth performance, but increased the half carcass weight compared with control group. Dietary supplemention of LNT decreased the triglycerides and cholesterol content in rabbit serum, and significantly increased the plasma concentration of lymphocytes (LYM), monocytes, eosinophils, hemoglobin HGB and red blood cells. In addition, LNT supplementation significantly changed the microbial diversity and richness, and metagenomic analysis showed that LNT supplementation significantly increased Eubacterium_siraeum_group, Alistipes, Monoglobus and Marvinbryantia at genus level. Moreover, LC–MS data analysis identified a total of 308 metabolites that markedly differed after LNT addition, with 190 significantly upregulated metabolites and 118 significantly downregulated metabolites. Furthermore, the correlation analysis showed that there was a significant correlation between the microbial difference and the rabbit growth performance. Overall, these findings provide theoretical basis and data support for the application of LNT in rabbits.
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Introduction

Tobacco (Nicotiana tabacum L.) is a commercial crop grown worldwide. In addition to being used for cigarettes, tobacco is also one of the plant resources containing a sufficient quantity of vitamins, minerals and proteins meeting with the nutrition demands of animals (Tabe and Higgins, 1998). Moreover, tobacco is a rich source of different bioactive compounds with multiple biological activities, especially abundant in phenolic compounds, such as chlorogenic acid, kaempferol, caffeic acids, rutin, isoquercetin, and luteolin (Ru et al., 2012; Sifola et al., 2021). It can also synthesize a variety of beneficial components or drug precursors, such as cembrane diterpenes with antioxidant functions (Xu et al., 2022). The above features indicate that tobacco has great potential for further development and utilization. However, nicotine in tobacco is the key component that limite the development and utilization of tobacco for multiple purposes. Even though nicotine exhibits an inhibitory effect on Alzheimer’s disease and Parkinson’s disease by activating the acetylcholine receptors and protecting nerves, long-term exposure to high doses of nicotine can cause certain damage to the immune system and depress the central nervous system (Riljak and Langmeier, 2005; Barreto et al., 2015). Our previous study reported the development of LNT with animal feeding potentials and made it feasible to expand the multi-purpose utilization of tobacco (Wang et al., 2022).

With the rapid development of animal industry, the prices of raw materials for conventional feed are rising, and the cost of breeding continues to increase. Mining and broadening unconventional feed resources have become key measures to promote the sustainable and healthy development of animal production (Karlsson and Röös, 2019). The high-level of protein, sugar, polysaccharides and other bioactive ingredients in tobacco make it with potentials for animal production (Banožić et al., 2019). And, the favorable impacts of tobacco have been investigated as protein resource for piglets (Rossi et al., 2013, 2014). However, there are few reports on the use of LNT as feed materials for meat rabbits. In our previous studies, it was found that fresh tobacco leaves with nicotine content of <0.3% can be used for feeding (Wang et al., 2022). The appropriate addition amount and safety evaluation of LNT in meat rabbit diet are yet to be studied.

Based on the previous studies, this work utilized LNT as a feeding resource for meat rabbits and investigated the effects on rabbit growth and other performance. By adding different proportions of LNT to the daily diet of meat rabbits, the growth performance, slaughter performance, meat quality, cecum flora and metabolites of rabbits were inspected. The results of this study would enlighten the knowledge about the effects of LNT tobacco on animal growth and contribute to the application of LNT as a novel resource for animal production.



Materials and methods


Ethics statement

This study was strictly carried out following the regulations for experimental animals of the China Department of Agriculture and approved by the Animal Care and Use Committee of Qingdao Agricultural University (QAU2021-0455).



LNT and feed preparation

LNT (CD01, a low-nicotine tobacco derived from the crossing progenies of tobacco K326 and ULA-Hi) was cultivated by Tobacco Research Institute of Chinese Academy of Agricultural Sciences and planted in Jimo experimental station, Qingdao (N36°26′53.1155″, E120°34′38.0317). The temperature ranged between 15°C and 35°C (average 28.5°C) and the higher temperature typically occurred between 1:00 and 3:00 p.m. The relative humidity averaged 51%. Leaves were harvested after maturity and then dried by heating at 60°C. The ingredients and nutrient content (%) of LNT are listed in Supplementary Table S1. The diets of rabbits were formulated according to the NRC. The composition and nutrition of diets are shown in Supplementary Table S2. The control group was fed the basal diet, and the experimental groups were fed the full-price compound diet prepared with 5%, 10%, and 20% LNT, respectively.

The nicotine content in tobacco leaves and feed was measured as following. Samples were dried at 65°C and grounded into powder, and 0.1 g of sample was weighed for each measurement. The sample powder was added to a 50 ml glass centrifuge tube, and 1 ml of 10% sodium hydroxide solution and 5 ml of ethyl acetate containing internal standard (2, 4-bipyridine) were then added. After mixing by vortex, the extract was ultrasonically extracted at 40°C for 15 min, kept at room temperature for overnight extraction, and then centrifuged at 3,000 rpm for 10 min and filtered the supernatant through a 0.22 μm filter. Nicotine measurement was performed using a GC–MS machine equipped with an HP-5MS capillary column (30 m × 0.25 μm × 0.25 μm). A serial of nicotine standard solutions were used to plot the standard curve for GC–MS detection, and the nicotine content in samples was calculated based on the standard curve.



Animals, housing, and treatment

For the feeding experiment, 80 of 45-day-old meat rabbits (Kangda meat rabbit commodity generation) with similar body weight (750 ± 10.4 g) were obtained from Qingdao Kangda Meat Rabbit Development Professional Cooperative and randomly divided into four groups, with five replicates for each experimental group and four rabbits (half male and half female) for each replicate. Each replicate was raised in a 0.6 m × 0.7 m × 0.5 m clean cage. There were no significant differences in the body weight (p > 0.05). The diets of each treatment were processed into pellets and fed two times a day. Before starting the experiment, the rabbit house and cage were cleaned and disinfected, and the rabbit house was naturally ventilated and lighted according to the routine procedures. Feeding and free water at 08:00 and 17:00 every day. The pre-trial period is 7 days and the experimental period was 42 days. The rabbit shed temperature was maintained at 15°C–25°C.



Sample collection and preparation

One night of fasting (drinking water freely) was set before the end of the experiment. At the end of the experiment, 10 meat rabbits (half male and half female) with similar body weights were selected for slaughter, weighed and recorded before slaughter. Blood samples from the rabbit of each replicate were randomly collected by cardiac puncture into vacuum tubes containing an anticoagulant and centrifuged at 3,000 rpm for 10 min at 4°C. Pure plasma samples were collected and stored in 1.5 ml eppendorf tubes at −20°C. The digesta samples in the cecum were stored in sterile cryopreservation tubes and frozen immediately at –80°C for further analysis.



Determination of slaughter performance index

At the beginning and the end of the experiment, the body weight of each group on empty stomach was measured at 8:00 a.m., and the initial body weight (IBW), final body weight (FBW) and average daily gain (ADG) were determined. The average daily feed intake (ADFI) was inspected and the feed-to-weight ratio (F/G) was calculated according to ADG and ADFI. The number of rabbits with diarrhea and the number of dead rabbits were recorded during the experiment, and the diarrhea rate and mortality were calculated.

Followings are equations for above calculations: ADG = (FBW-IBW)/(test days in the positive trial period × the number of rabbits in the repeat test); ADFI = total feed intake per repeated positive trial period/(test days in the positive trial period × the number of rabbits in the repeat trial); F/G = ADFI/ADG; diarrhea rate (%) = (the number of rabbits with diarrhea/total number of experimental rabbits) × 100; mortality (%) = (the number of dead rabbits/total number of experimental rabbits) × 100.

The whole evisceration is the weight of the carcass after slaughtering with blood, fur, head, tail, forelegs, hindlimbs and all internal organs removed. The weight of half evisceration and the weight of full evisceration, which were discriminated by the live weight before slaughter, were the slaughter rate of half evisceration and the slaughter rate of full evisceration, respectively.



Determination of blood physiological and biochemical indicators

Before the end of the experimental period, whole blood and 5 ml of dipotassium ethylenediaminetetraacetate (EDTA-K2) for anticoagulation were collected from the experimental rabbits after overnight fasting. The collected serum was stored at −80°C for further study. The anticoagulant was placed at room temperature, and blood routine indexes were measured after 3 h.

White blood cells (WBC), neutrophils (NEU), lymphocytes (LYM), monocytes (MON), eosinophils (EOS), basophils (BAS), the medium percentage of neutrophils (NEU), the percentage of lymphocytes (LYM), the percentage of monocytes (MON), the percentage of eosinophils (EOS), the percentage of basophils (BAS), the number of red blood cells (RBC), the hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin content (MCH), mean corpuscular hemoglobin concentration (MCHC), red blood cell width coefficient of variation (RDW-CV), red blood cell distribution width standard deviation (RDW-SD), platelet number (PLT), mean platelet volume (MPV), platelet distribution width (PDW), platelet volume (PCT) and other blood routine indicators were determined by German ABX blood cell analyzer.

For biochemical index determination, the rabbit blood was collected and placed in a 10 ml vacuum blood collection tube (containing heparin sodium). After standing at room temperature for 4 h, the serum was prepared by centrifugation at 3,500 rpm for 10 min. Then, an automatic biochemical analyzer was employed to determine the biochemical index. The determined indicators include alanine aminotransferase (ALT), total protein (TP), albumin (ALB), urea (UREA), globulin (GLOB), creatinine (CREA), uric acid (UV), cholesterol (CHOL), alkaline phosphatase (ALP), γ-glutamyltransferase (γ-GT), glucose (GLU), lactate dehydrogenase (LDH), Ca and P content.



Meat quality determination of muscle physical properties

After the tested rabbits were slaughtered, the longissimus dorsi muscle of rabbit was collected, and the color of rabbit meat [redness (a*), yellowness (b*) and brightness (L*)], drip loss and pH were determined according to previous methods (Liu B. et al., 2022).



DNA extraction and 16S rRNA gene sequencing

Microbial DNA was extracted from rabbit cecum samples by CTAB/SDS. DNA concentration and purity were determined using a Fisher NanoDrop 3300 UV–visible light spectrophotometer (Thermo Scientific, United States), and DNA quality was checked by electrophoresis in 1% agarose gel. The DNA samples were diluted to 1 μg/μl using sterile water according to the DNA concentration. The microbial 16S rRNA/18S rRNA/ITS genes was amplified by PCR using specific primers (such as 16SV4:515SVR-106SV4-18S, 18SV4/18S, 18SV4/18SV9, ITS1/ITS2, 18SV4:528F-18SV9F-1510R, etc.). The thermal cycling procedure included an initial denaturation at 98°C for 1 min; 27 cycles of denaturation at 98°C for 10s, annealing at 50°C for 30s, and extending for 30s at 72°C; and a final extending step at 72°C for 10 min. Three replicates were performed for each PCR amplification, and all reactions were performed using 15 μl Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 0.2 μM forward and reverse primers, and ~10 ng of template DNA. The PCR reaction product was mixed with the same volume of loading buffer and separated by electrophoresis in 2% agarose gel. Gel extraction of the PCR products was performed using the Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were generated using TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States) with added index code, and evaluated by Qubit@2.0 Fluorometer (Thermo Fisher Scientific, Germany). Finally, the qualified library was sequenced with 250 bp paired-end reads on Illumina NovaSeq platform (Illumina, United States).



Untargeted metabolomics study based on liquid chromatography tandem mass spectrometry

Rabbit cecal metabolites were analyzed by Vanquish UHPLC system (Thermo Fisher Scientific, Germany) coupled with an Orbitrap Q Exactive™ HF mass spectrometer (Thermo Fisher Scientific, Germany) in Novogene Co., Ltd. (Beijing, China). The cecal sample (1 ml) was freeze-dried and resuspended with precooled 80% methanol by vortexing. Then, the samples were incubated on ice for 5 min and centrifuged at 15,000g for 10 min at 4°C. A certain volume of the supernatant was diluted in LC–MS grade water to a final methanol concentration of 53% and then transferred into a new Eppendorf tube. The samples were subsequently centrifuged at 15,000g for 15 min at 4°C to collect the supernatant for further determination.

Sample for detection was injected into a Hypesil Gold column (100 × 2.1 mm, 1.9 μm) employing a 17 min linear gradient at a flow rate of 0.2 ml/min. The eluent for positive polarity mode was composed of 0.1% FA (eluent A) and methanol (eluent B), and that for negative polarity mode was composed of 5 mM ammonium acetate (pH 9.0, eluent A) and methanol (eluent B).The solvent gradient was 2% B for 1.5 min, 2%–100% B for 3 min, 100% B for 10 min, 100%–2% B for 10.1 min, and then 2% B for 12 min. Q Exactive™ high-frequency mass spectrometer was operated with spray voltage 3.5 kV in positive and negative polarity mode, with the capillary temperature of 320°C, sheath gas flow rate of 35 psi, auxiliary gas flow of 10 L/min, S-lens RF level of 60, and auxiliary gas heater temperature of 350°C.

The raw data generated by UHPLC–MS/MS were processed using Compound Discoverer 3.1 (Thermo Fisher Scientific, Germany) for picking and quantifying the peaks for each metabolite. The data after normalization to the total spectral intensity were used to predict the molecular formulas based on additive ions, molecular ion peaks, and fragment ions, and the accurate and relative quantitative results were obtained by matching the peaks with mzCloud,1 mzVault and MassList databases. Statistical analyzes were performed using the statistical software R 3.4.3, Python 2.7.6, and CentOS 6.6. The abnormally distributed data were transformed using area normalization method.



Statistical analysis

Statistical analyzes were performed using SPSS 20.0 software. Differences between the values were assessed using Duncan’s test, and that of p < 0.05 was considered statistically significant. The correlations between the cecum microbial composition (relative abundance of genus higher than 0.1%) and the metabolites that were significantly affected by LNT addition were assessed by a Spearman’s correlation analysis using GraphPad Prism version 8.00 (GraphPad Software, United States).




Results


Growth performance and diarrhea incidence

As shown in Table 1, addition of different LNT had no significant effect on the final body weight, average feed to weight ratio, diarrhea rate, mortality rate, whole carcass weight, whole carcass ratio, and half carcass rate of rabbits (p > 0.05) compared with control. Interestingly, the addition of LNT significantly increased the half carcass weight (p < 0.05) of rabbits, and this effect was more significant in the 20% LNT addition group (Table 1). These results suggested that LNT has potential to be developed as a feed resource without harm to rabbits.



TABLE 1 Effects of LNT on growth performance and diarrhea incidence of meat rabbits.
[image: Table1]



Blood biochemical parameters

As shown in Table 2, the serum triglycerides (TG) and cholesterol (CHO) content of meat rabbits were significantly lower compared with control, and the serum TG decreased along the increase of LNT supplementation (p < 0.05). Adding LNT to the rabbit diet could significantly increase the number of lymphocytes, the percentage of lymphocytes, the percentage of monocytes, the percentage of eosinophils, the content of hemoglobin HGB, and the percentage of red blood cells in the blood of rabbits (p < 0.05).



TABLE 2 Effects of LNT on blood biochemical parameters of rabbits.
[image: Table2]



Meat quality of meat rabbits

As shown in Table 3, adding LNT to rabbit diet significantly increased the brightness of rabbit meat (p < 0.05), while having no significant effect on the redness, yellowness, pH and drip loss of rabbit meat (p > 0.05).



TABLE 3 Effect of LNT on meat quality of meat rabbits.
[image: Table3]



Diversity, richness, and composition of bacterial communities in cecal content

To examine the cecum microbial community structure, 16S rRNA sequencing was performed to analyze the cecum contents of both groups (control and 20% LNT addition). The dilution curve of deep sequencing of regions V3–V4 flattened as the detection sequence increased and the sequencing data reached saturation (Supplementary Figure S1).

In terms of alpha diversity, no differences in observed species, Chao 1, ACE index, Shannon and Simpon were noted in the two groups (Supplementary Figure S2). By beta-diversity analysis, the principal component analysis (PCA) results showed that they were significantly separated in the first axis (PC1 = 13.18%) and the second principal component (PC2 = 13.14%). Similarly, the results of NMDS analysis was similar to the PCA analysis, and two group were separated in the first dimension. Further communities were differentially analyzed by the adonis and anosim function in the vegan package, the results of adonis (p = 0.003, R2 = 0.23) and anosim (p = 0.008, R2 = 0.45) indicated significant differences in the cecum microbial community composition between the two groups.

Community structure composition analysis of the two groups was shown in Figure 1A. A total of 5,208 OTU were found in two group, and after excluding 3,404 common OTU in both treatments, 627 OTU were found in the LNT group and 1,177 in control. There was no statistical difference in the number of OTU between the two groups. At phylum level, Firmicutes (61.2 ± 1.12%), Bacteroidota (31 ± 1.25%) and Proteobacteria (5 ± 0.25%) constitute the core flora (relative abundance >90%; Figures 1B,C). Further comparison showed that Bacteroidota was about 4.2% higher than in the LNT group. However, the Firmicutes in the LNT group were 1.2% higher than that in the control group (Figure 1D).

[image: Figure 1]

FIGURE 1
 Analysis of the microbial diversity composition of rabbits based on 16SRNA sequencing technology. (A) Venn diagram of cecal microbial diversity in two groups. (B) Bar graph of the relative abundance of the top10 species. (C) Analysis of microbial abundance of meat rabbits on phylum classification. (D) Sankey of the microbial abundance of control and LNT (TA).


Analysis of the top 30 abundant families revealed that Rikenellaceae, Monoglobaceae, Barnesiellaceae, Monoglobaceae and Ruminococcaceae were significantly increased by LNT addition (p < 0.05), whereas the abundance of Ruminococcaceae, Tannerellaceae, Marinifilaceae, Eubacterium_Coprostanoligenes_group and Oscillospiraceae were significantly decreased (p < 0.05). Results of the LEfSe analysis are shown in Figure 2. Microbial differences in two groups at genus levels were further analyzed by t-test. Compared with control, two genera Eubacterium_siraeum_group and Monoglobus were significantly enriched in LNT (p < 0.05, LDA > 3), while three genus Rhodopseudomonas, Parabacteroides and V9D2013_group were significantly decreased after LNT addition (p < 0.05, LDA > 3).

[image: Figure 2]

FIGURE 2
 Analysis of cecum microbial community composition differences in rabbits. (A) Bar chart of the distribution of LDA values of species with significant differences between control and LNT (TA) (p < 0.05, LDA > 3). (B) Phylogenetic tree plot of significantly different species between control and LNT (TA). (C) Heatmap of differential species between control and LNT (TA) at genus level. (D) Heatmap of differential species between control and LNT (TA) at family level.




Metabolic spectrum analysis of cecum of meat rabbits

To further study the effect of LNT on rabbit health, cecum digesta metabolic profiles of two group (control and 20% LNT addition) was acquired by LC–MS. As shown in Figure 3, the two groups were significantly separated from the first principal component with PC1 = 28.03%, PC2 = 20.50% in positive ion mode and PC1 = 29.10%, PC2 = 16.33% in negative ion mode. In summary, a total of 949 metabolites were detected, of which 308 were differential metabolites. Furthermore, a total of 74 metabolites in positive mode and 116 metabolites in negative mode were upregulated, and 68 metabolites in positive mode and 50 metabolites in negative mode were downregulated (Figure 3). Quality of the model was later examined by PLS-DA analysis. The R2Y and Q2Y of the two groups were 0.99 and 0.92 in positive ion mode and 0.99 and 0.90 in negative ion mode, respectively.
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FIGURE 3
 Multivariate statistical analysis of untargeted metabolomics data obtained using the LC–MS/MS approach. PCA score plot of cecum metabolomics data for control and LNT addition (TT) obtained by (A) LC-MS (ESI−) and (B) LC-MS (ESI+) (n = 6). (C) PLS-DA score plot of cecum metabolomics data obtained by LC-MS (ESI−); R2Y = 0.99; Q2Y = 0.90. (D) PLS-DA score plot of cecum metabolomics data obtained by LC-MS (ESI+); R2Y = 0.99; Q2Y = 0.92. (E) Score plot of LC-MS (ESI−) data signals detected. (F) Score plot of LC-MS (ESI−) data signals detected. Red circles in volcano plots are model-separated metabolites following the conditions of VIP >1.


In negative ion mode (Supplementary Figure S3), compared with control, 74 metabolites were significantly decreased after LNT addition. The top 10 metabolites (fold change) were 19 (R) -Hydroxy prostaglandin F1α (18.77), Saccharin (12.21), Thromboxane B1 (10.82), Argininosuccinic acid (10.44), Tetradecanedioic acid (10.42), 13,14-dihydro Prostaglandin F1α (9.75), N1-[4-(aminosulfonyl)phenyl]-2,2-dimethylpropanamide (9.69), Adenosine 3′,5′-cyclic monophosphate (9.35), D(+)-Phenyllactic acid (9.11), and 13,14-dihydro-15-keto-tetranor Prostaglandin D2 (8.49). And, 68 metabolites were significantly elevated, the top 10 metabolites (fold change) were 7-Hydroxy-4-chromone (0.82), 3-(3-Methoxyphenyl)propionic acid (0.72), N1-(3-pyridyl)-2,3,4,5,6-pentamethylbenzene-1-sulfonamide (0.69), 13,14-Dihydro-15-keto-tetranor prostaglandin F1α (0.68), Ursolic acid (0.67), 7-Ketodeoxycholic acid (0.65), Cholic acid (0.64), Lysopc 14:0 (0.61), N-Acetyl-Asp-Glu (0.61), and 1-[(1R,2S,3R,5R)-5-Cyclohexyl-2,3-dihydroxycyclopentyl]-3-ethylurea (0.61).

In the positive-ion mode (Supplementary Figure S4), 50 metabolites were significantly elevated and the top 10 metabolites (fold change) were Monolaurin (162.61), All-Trans-13, 14-Dihydroretinol (84.55871319), Prostaglandin J2 (78.84), N-(4-butyl-2-methylphenyl)-N′-[4-(4-methylpiperazino)phenyl]urea (49.57), Docosahexaenoic acid (36.21), 15-OxoEDE (29.15), (+/−)11(12)-EET (28.59), 1-allyl-4,5-diphenyl-2-(2-thienyl)-1H-imidazole (16.51), (+/−)11(12)-DiHET (16.36), and (2E, 4E)-N-[2-(4-hydroxyphenyl)ethyl]dodeca-2,4-dienamide (16.10). There were 116 metabolites significantly decreased, and the top 10 metabolites (fold change) were Taurocholic acid (0.79), p-Mentha-1,3,8-triene (0.75), Hexadecanamide (0.74), Sphinganine (0.72), gamma-Tocopherol (0.73), Oleoyl ethylamide (0.72), Ecgonine (0.71), D-Proline (0.71), Mupirocin (0.70), and (2E,4E)-N-(2-methylpropyl)deca-2, 4-dienamide (0.69).

The detected differential metabolites were screened and functionally annotated by KEGG database. There were 33 and 23 metabolites associated with lipid metabolism in control and LNT group, respectively (Figures 4A,B). Further enrichment of lipid-associated metabolic pathways were shown in Figures 4C,D, the top 5 ranked in positive ion mode were Steroids, Eicosanoids, Fatty Acids and Conjugates, Fatty amides, and lsoprenoids. In anion mode, the top 5 pathways were Fatty Acids and Conjugates, Glycerophosphoglycerols, Glycerophosphoethanolamines, Steroid conjugates, and Bile acids and derivatives. Next, according to our Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, Phenylalanine metabolism (ESI-) and Tyrosine metabolism (ESI+) differed significantly between the two groups (p < 0.05) (Figures 4E,F).
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FIGURE 4
 Metabolic pathways enriched in the cecum. (A,B) KEGG enrichment analysis. (C,D) LIPID MAPS enrichment analysis. (E) KEGG enrichment analysis in positive ion mode. (F) KEGG enrichment analysis in negative ion mode.




Growth performance-microbiome-metabolome association analysis

Spearman correlation analysis of the growth performance, the microorganisms with more than 1% abundance, differential microbes and metabolites was performed, and the correlation coefficient was obtained and expressed as a heatmap (Figure 5).
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FIGURE 5
 Heat map of microbe-metabolome-growth performance associations in the cecum. (A) Microbial enrichment and differential metabolites with >1% enrichment in the cecum. (B) Differential metabolites and growth performance. (C) Differential microorganisms and differential metabolites.


We found that the microorganisms enriched by >1% were significantly correlated with the meat rabbit growth performance, serum indicators, and meat quality indicators. Among them, Bacteroides was positively correlated with Thymus weight (ρ = 0.05). V9D2013_group was positively associated with LDH (ρ = 0.90) and Feed/Gain ratio (ρ = 0.93). There were positive associations between Eubacterium siraeum with Yellowness (ρ = 0.95), UCG005 with Lightness (ρ = 0.91), and Eubacterium_ruminantium_group with LDH (ρ = 0.92) and Feed/Gain ratio (ρ = 0.93). However, V9D2013 group and Eubacterium_ruminantium were all negatively correlated with Terminal weight (ρ = −0.91, ρ = −0.94), Net gain (ρ = −0.92, ρ = −0.92), and Daily gain (ρ = −0.92, ρ = −0.92). Ruminococcus was negatively correlated with the Thymus index (ρ = 0.98).

In the correlation analysis of metabolites and meat rabbit growth performance, serum indicators, and meat quality indicators. Calcitriol was positively associated with Feed/Gain ratio (ρ = 0.93) and LDH (ρ = 0.94) and negatively associated with Terminal weight (ρ = 0.95), Net gain (ρ = 0.92) and Daily gain (ρ = 0.92). The lipid-related metabolite: Prostaglandin J2, Docosahexaenoic acid, Prostaglandin were positively associated with Thymus weight (ρ = 0.95, ρ = 0.90, ρ = 0.97) and negatively with TG (ρ = −0.91, ρ = −0.92, ρ = −0.91) and CHO (ρ = −0.92, ρ = −0.86, ρ = −0.91). The cis.Aconitic.acid was negatively associated with half eviscerated weight (ρ = −0.94).

In the correlation of differential microbes and metabolites, we found that at the genus level, Eubacterium._siraeum_group showed a positive correlation with Glutaric Acid (ρ = 0.94), Prostaglandin J2 (ρ = 1.00), and cGMP (ρ = 0.94). Parabacteroides was positively associated with Fumaric acid (ρ = 1.00) and negatively associated with Docosahexaenoic acid (ρ = −0.94). At the family level, Eubacterium._coprostanoligenes _group was positively associated with 16(R)-HETE (ρ = −0.94) and negatively associated with Prostaglandin F2alpha (ρ = −0.94). Tannerellaceae was positively associated with Fumaric acid (ρ = 1.00) and negatively associated with Saccharin (ρ = −0.94) and Docosahexaenoic acid (ρ = −0.94).




Discussion

Tobacco leaf with interesting characteristics for animal nutrition, due to its high protein and active ingredients such as chlorogenic acid (Chen et al., 2007) and solanesol (Machado et al., 2010), which exhibited great value as feed resources for rabbits. Tobacco protein has been well documented in terms of amino acid profile and the efficiency ratio was higher in animal feed compared with other plant and animal protein (Fu et al., 2010). Kung et al. reported that tobacco leaf protein contained high levels of essential amino acids and could be used as excellent supplements for cereal diets consumed by world populations (Kung et al., 1980). Rao et al. also studied the antioxidant activity of tobacco leaf protein hydrolysates (Rao et al., 2007).

In this study, it was demonstrated that addition of LNT had no significant effect on the performance of meat rabbits. Similar to this study, Rossi et al. reported that the administration of tobacco seed cake did not impair the health status and growth performance of piglets (Rossi et al., 2013). However, the trend of ADG and FBW indicated that growth performance benefits from LNT addition during the whole experiment period. These results suggested that LNT can be developed as a feed resource without harm to the rabbit.

Slaughter performance including whole carcass weight and half carcass weight is one of the most important indicators of the economic benefits. During the growth process, deposition and distribution of fat in different parts caused differences in slaughter performance, which was closely related to the nutritional level of the diet. Serial studies reported the relationship between polyphenol and fat metabolism, and the dominant polyphenol in tobacco leaf were identified as chlorogenic acid and rutin (Silvester et al., 2019). Naveed reported chlorogenic acid inhibited fat accumulation in mice (Naveed et al., 2018). Wang et al. reported that rutin could reduce fat accumulation in Caenorhabditis elegans (Qin et al., 2021). Thus, in this study, the lower carcass weight may be related to the reduction of abdominal fat induced by the polyphenols in tobacco leaves.

Large amounts of articles had reported that phenolic and flavonoid compounds can decrease the total cholesterol and triglycerides levels. And, it was reported that tobacco leaves contain several active substances, such as chlorogenic acid and other flavonoid compounds (Zeng et al., 2022). Oral administration of chlorogenic acid could decrease the serum levels of TG and cholesterol (Hsu et al., 2021). In this experiment, the lower TG and cholesterol in the serum of meat rabbits may be related to the rich polyphenol content in tobacco. Liver is the main site of lipid metabolism and plays a very important role in the process of lipid absorption, synthesis, decomposition and transport. Changes in blood lipids often indicate changes in liver fat synthesis and decomposition (Everaert et al., 2022). The results obtained in this study indicated that LNT can regulate the lipid metabolism of rabbits and can be developed and utilized as a functional plant that promotes the health of animals.

Amount and proportion of blood composition changes could reflect the immune status of animals (Reece and Swenson, 2004). Lymphocyte and Eosinophil are important indicators of body’s immune function, and the increasing number represented enhancement of the immune resistance (Matsubara et al., 2005). Red blood cells are not only the medium for transporting oxygen and carbon dioxide, but also have certain immune functions. Based on the results in this study, we obtained that adding LNT to the rabbit diet could enhance rabbit immune status. Ding et al. (2019) reported that polysaccharides from the fruits of Lycium barbarum could regulate the immune response depending on the modulation of the gut microbiota in mice. Zhao et al. (2019) suggested that incorporating Mulberry (Morus alba L.) leaf polysaccharides into the diets of weaning pigs improves the immune functions of weaning pigs. Thus, the effects may due to the high polysaccharide in tobacco (Bai et al., 2018).

Rabbit meat contains high protein, high digestibility, low fat, low cholesterol and low calorie, which fulfilled with the needs of consumers (Dalle Zotte and Szendrő, 2011). Meat color, water preservation and other physical properties directly affected the quality and economic value of meat. And, obvious biochemical changes were occurred in meat after animal slaughtered. In this experiment, pH values were not significantly different, indicating that LNF addition had no effect on the pH value of rabbit meat. Meat color mainly depended on content of pigment myoglobin and hemoglobin. Both myoglobin and oxymyoglobin can be oxidized to methemoglobin by oxygen, which is in brown color (Lindahl et al., 2001). In this experiment, LNT addition increased the brightness of rabbit meat, indicating that adding LNT to the rabbit diet would increase antioxidant properties of rabbit meat.

Intestinal microbial community has become an important part of animals and serious studies have shown that changes in composition, ratio and diversity might be related to the occurrence of diseases. Rabbit contains high volume of cecum, which provided suitable conditions for microorganisms activities. Although there was no changes in microbial diversity in this study, LNT addition significantly changed the relative abundance of some taxa at the phylum, family and genus levels. Analysis of the relative abundance of bacterial communities revealed that the proportion of four genera Eubacterium_siraeum_group, Monoglobus, Marvinbryantia and Alistipes, and three families Rikenellaceae, Monoglobales and Ruminococcaceae were significantly enriched in LNT. Among the affected bacteria, Eubacterium_siraeum_group was proven to have the ability to ferment cellobiose to acetic acid (Zou et al., 2021). Monoglobus has a highly specialized pectin degrading glycobiome (Kim et al., 2019). Eubacterium could convert bile acids and cholesterol in the gut, promoting the body to keep homeostasis (Mukherjee et al., 2020). Ruminococcaceae is associated with promoting the regeneration of intestinal stem cells and preventing liver injury (Milton-Laskibar et al., 2022). Those results indicated LNT addition may be attributed to ferment carbohydrates and convert cholesterol to keep body healthy. Furthermore, we also found a negative correlation of Eubacterium_siraeum_group with the TG and CHO content in serum. Elevated gut microbiome abundance of Rikenellaceae is associated with reduced visceral adipose tissue and healthier metabolite profile (Tavella et al., 2021). Consisted with the above results, the lower cholesterol content and half carcass weight of rabbit supplemented with LNT may be related with these bacteria and lipid metabolism. Furthermore, genera Marvinbryantia was reported positively correlated with intestinal epithelial cell energy metabolism and butyrate production and previous studies have revealed that decrease of butyrate-producting in the gut microbiota is associated with the susceptibility of colorectal cancer (Wang et al., 2018). Alistipes is a relatively new genus of bacteria that is negatively correlated with the expression of inflammatory cytokines and could alleviate intestinal inflammation (Guo et al., 2021; Liu C. et al., 2022).We found that the abundance of Alistipes was positively correlated with the spleen and thymus weight which indicate increasing the immune status and negatively correlated with TG and CHO in serum. A negative association was found between several marks of liver damage with the Ruminococcaceae family (Milton-Laskibar et al., 2022). Hence, we propose that the increased abundance of Marvinbryantia, Alistipes and Ruminococcaceae indicated LNT addition significantly changes the bacterial microbiome of the cecum content to affect the intestinal function and body health. Further studies may focus on the study of multiple nonbacterial functions, leading to a deeper understanding of tobacco-host–microbe interactions.

The detected differential metabolites were screened and functionally annotated by the KEGG database. In the selected classifications, there were more predominantly accumulated lipid and amino acid metabolism and the enrichment metabolites mainly included lipid-like molecules, including fatty acid and conjugates and steroid conjugates. In agreement with previous studies, they have identified lipid and lipid-like molecules as metabolites of the fermented corn-soybean meal (Lu et al., 2019). Next, the bubble plot indicated that dietary addition of LNT significantly affected the metabolic pathways of phenylalanine metabolism and tyrosine metabolism. Phenylalanine and tyrosine metabolism have been associated with Alzheimer’s Disease related pathological changes, fat metabolism and immune response (Ueda et al., 2016; Rodman et al., 2019; Liu et al., 2021). These pathways have been associated with inflammation, metabolism, and immune response, suggesting that LNT addition acts through these pathways to have a benefit on the rabbit.

The results obtained in this study indicated that dietary addition of LNT significantly altered the metabolites in cecum digesta. We found that prostaglandin increased after LNT addition and it was positively correlated with Eubacterium._siraeum_group and thymus weight. Prostaglandin has been implicated in adipogenesis, being of white adipocytes and adipose tissue inflammation in obesity and insulin resistance (Deis et al., 2022). Hence, LNT addition may regulate lipid metabolism through increasing metabolites of Prostaglandin. Docosahexaenoic acid was regarded as a very important fatty acid for human health for many years, which was associated with alcohol syndrome, disorder and aggressive hostility and lipid disorders (Calder, 2016). In this study, Docosahexaenoic acid was increased in the LNT addition diet, and it was negatively associated with Parabacteroides. These results suggest that LNT addition may affect the metabolites including Prostaglandin and Docosahexaenoic acid which regulate lipid metabolism and protect health in rabbits. However, further studies are needed to clarify the specific mechanism of the interaction between gut microbita and metabolites.



Conclusion

In summary, dietary LNT supplementation could decrease the serum concentration of triglycerides and cholesterol and increase the concentration of red blood cells and hemoglobin of rabbits, without affecting the rabbits’ growth performance. In addition, the results suggest that LNT addition altered the microbial composition and modulated the metabolic pathway of microbial metabolism in rabbit cecum. These alterations provide an alternative strategy for improving the health of rabbits. Overall, the results in this study indicate that LNT could be used as an effective feed resources.
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Taxifolin (TAX), as a natural flavonoid, has been widely focused on due to its strong anti-oxidation, anti-inflammation, anti-virus, and even anti-tumor activity. However, the effect of TAX on semen quality was unknown. The purpose of this study was to analyze the beneficial influences of adding feed additive TAX to boar semen in terms of its quality and potential mechanisms. We discovered that TAX increased sperm motility significantly in Duroc boars by the elevation of the protein levels such as ZAG, PKA, CatSper, and p-ERK for sperm quality. TAX increased the blood concentration of testosterone derivatives, antioxidants such as melatonin and betaine, unsaturated fatty acids such as DHA, and beneficial amino acids such as proline. Conversely, TAX decreased 10 different kinds of bile acids in the plasma. Moreover, TAX increased “beneficial” microbes such as Intestinimonas, Coprococcus, Butyrivibrio, and Clostridium_XlVa at the Genus level. However, TAX reduced the “harmful” intestinal bacteria such as Prevotella, Howardella, Mogibacterium, and Enterococcus. There was a very close correlation between fecal microbes, plasma metabolites, and semen parameters by the spearman correlation analysis. Therefore, the data suggest that TAX increases the semen quality of Duroc boars by benefiting the gut microbes and blood metabolites. It is supposed that TAX could be used as a kind of feed additive to increase the semen quality of boars to enhance production performance.

KEYWORDS
 Taxifolin, semen quality, blood metabolite, gut microbiota, boar


Introduction

The decreasing quality of semen is a serious issue that has contributed to a worldwide increase in infertility rates (10–15%) during the past few decades (Zhou et al., 2016; Wang et al., 2018). It is reported that semen quality (including sperm concentration and sperm motility) was reduced by about 50% worldwide between 1973 and 2011 (Centola et al., 2016; Levine et al., 2017). Environmental toxins, high fat diets, cancer treatments, and many other factors have been reported as involved in the rapid decline of semen quality (Vakalopoulos et al., 2015; Checa Vizcaíno et al., 2016; Skakkebaek et al., 2016; Virtanen et al., 2017; Han et al., 2019; Zhang et al., 2019; Ding et al., 2020). Many investigations have attempted to improve semen quality, and nutritional factors (protein, fatty acids, vitamins, and others) play crucial roles in semen quality. Lower protein or excessive protein can decrease sperm quality (Louis et al., 1994; Dong et al., 2016). Omega-3 (n-3) polyunsaturated fatty acids (PUFA), linolenic acid, eicosahexaenoic acid, and docosahexaenoic acid (DHA) can improve semen quality (Singh et al., 2021). Vitamins could also benefit spermatogenesis (Sanjo et al., 2020). Many dietary additives have been reported to regulate spermatogenesis and benefit semen quality. It has been reported that olive leaf extract, Korean red ginseng, and Genistein can improve spermatogenesis (Chi et al., 2013; Jung et al., 2015; Ganjalikhan Hakemi et al., 2019). Furthermore, we found that alginate oligosaccharides, beta-carotene, and chestnut polysaccharides improved spermatogenesis at various levels (Yu et al., 2020; Zhao et al., 2020; Ma et al., 2021).

Taxifolin (TAX) is a flavonoid present in a variety of plants, such as Douglas fir and fruits (grapes and oranges; Fukui, 1960; Topal et al., 2016). Due to its biological functions of anti-oxidation, anti-inflammation, anti-virus, anti-cardiovascular disease, and even anti-tumor activity, TAX has been used in food additives (in milk, cheese, and other foods), healthy products, and medicines (Galochkina et al., 2016a; Jomová et al., 2019; Turck et al., 2020; Zhang X. et al., 2020). TAX is a strong antioxidant that is mainly manifested in scavenging active oxygen and preventing the production of active oxygen (Jomová et al., 2019). It can alleviate LPS-induced acute lung injury, which triggers inflammation and apoptosis (Chen et al., 2017). TAX acts as an anti-fibrotic substance to effectively inhibit the fibrosis of the heart, kidney, liver, and lungs (Guo et al., 2015; Impellizzeri et al., 2015) via TGF-β/Smads and PI3K/AKT/mTOR pathways (Liu et al., 2021a). Moreover, TAX is an anti-viral molecule that inhibits Coxsackievirus B4 (Galochkina et al., 2016a, 2016b), and it can modulate the colorectal cancer cell cycle and apoptosis by regulating the Wnt/β-catenin signaling pathway (Razak et al., 2018). TAX has been found to have beneficial advantages for the reproductive systems. TAX could recover ovarian damage and reproductive dysfunctions through its antioxidant characteristics (Ince et al., 2020) and quite a few investigations have reported that it has beneficial effects on semen quality. The current research aimed to study the potentially positive effects of TAX on boar semen quality and the potential mechanisms involved to provide a basis for improving boar fertility. A few important proteins for sperm quality have been determined in the current study. The cation channel of sperm (CatSper), which is a kind of sperm calcium ion channel protein, plays a vital role in fertility via modification of the calcium entry and sperm hyperactivated motility (Lishko et al., 2012). Protein kinase A (PKA; the cyclic adenosine monophosphate (cAMP) dependent protein kinase) and ERK signaling have been reported to play important roles in sperm maturation, capacitation, and motility (Baro Graf et al., 2020; Li Q. et al., 2020). Zn-alpha2-glycoprotein (ZAG), via the cAMP/PKA signaling pathway, regulates sperm motility (Qu et al., 2007). Pigs have been used as an animal model to explore human nutrition because their physiology is to humans (O'Shea et al., 2015; Sun et al., 2021). In the current study, we discovered that TAX increased semen quality via the improvement of gut microbiota and systemic metabolome.



Materials and methods


Duroc boars and experimental design

The animal experiments were followed by the Animal Care and Use Committee of the Institute of Animal Sciences of the Chinese Academy of Agricultural Sciences (IAS2021-67). Twenty Duroc boars of similar age (2-year-old), health status, and weight (300 kg) were chosen along with a Tian Ti mountain boar stud from Yangxiang Joint Stock Company (Guigang, China; Guo et al., 2020). The boar feeding conditions we used have been previously reported by Wu et al. (2019). We divided these 20 Duroc boars into 2 groups randomly, each group included 10 boars in a control group (CON) and the Taxifolin group (TAX). The control group (CON) was fed a basal diet (Supplementary Table S1), and boars in the TAX group (TAX) were fed a basal diet with 15 mg/kg body weight TAX (Hou et al., 2021). TAX was provided by Yinuo Biopharmaceutical Co., Ltd., Harbin, China. The boars lived in individual pens and the whole feeding period was 63 days (Figure 1A).
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FIGURE 1
 Effects of TAX on semen quality. (A) Study design. (B) Sperm motility. The y-axis represents the percentage of total cells. The x-axis represents the treatment (n = 10/group). *p < 0.05. (C) Sperm concentration. The y-axis represents the concentration. The x-axis represents the treatment (n = 10/group). (D) Abnormal sperm rate. The y-axis represents the percentage of total cells. The x-axis represents the treatment. Data were expressed as the mean ± SEM.


The semen samples of Duroc boars were collected by a breeder who used gloved-hand technology. After that, sperm concentration, sperm motility, and abnormal sperm rate were assessed by CASA software according to the reported methods (Wu et al., 2019; Guo et al., 2020). Blood samples were taken from boar hind leg veins when they were working. We used anticoagulant tubes containing EDTA-2Na. Then, blood samples were centrifuged at 3000× g for 10 min to separate blood plasma, then transferred to a −80°C refrigerator until the experiments. Fecal samples were taken from the boar rectum, then placed in liquid nitrogen, and finally stored in a −80°C freezer for 16S analysis (Guo et al., 2020).



Using computer-assisted sperm analysis system (CASA) to analyze semen quality of Duroc boars

The boar semen quality, including sperm concentration, sperm motility, and abnormal sperm rate were analyzed by a computer-assisted sperm analysis (CASA) system (Shanghai Kasu Biotechnology Co., Ltd., Shanghai, China; n = 10 per group; WHO, 2010; Zhao et al., 2016; Zhang et al., 2018, 2019). The evaluated criteria of sperm motility were as follows: grade A fast forward movement >22 μ m s−1; grade B forward movement <22 μ m s−1; grade C curve movement <5 μ m s−1; grade D none movement.



Boar fecal microbiota sequencing

The protocol for the analysis of fecal microbiota was reported in our previous study (n = 10 per group; Zhang P. et al., 2020).

We used an E.Z.N.A.® Stool DNA Kit (Omega Bio-tek Inc., United States) to separate the total genomic DNA that came from the feces of the boars, according to the manufacturer’s instructions. A NanoDrop 2000 (Thermo Scientific, United States) and 1% agarose gel were used to detect the DNA quantity and quality, respectively. Primer pairs at 338F (5′- ACTCCTACGGGAGGCAGCAG-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′) amplified the V3–V4 region of the microbial 16S rRNA genes. The conditions of the PCR system and amplification were undertaken by following the technique used in our previous study (Wan et al., 2021). PCR amplification products can be extracted by 2% agarose gel and AxyPrep DNA Gel Extraction Kit (AXYGEN, New York, United States), which followed the instructions to purify them. After that, the sequences were assigned to the same operational taxonomic units ((OTUs) > 97% similarity).



Plasma metabolome assay by LC-MS/MS

The plasma metabolites were detected as reported (n = 10 per group). Boar plasma was stored at −80°C. Firstly, the protein was removed from the samples and then analyzed by LC/MS using our previous research method (Zhang P. et al., 2020). Next, An ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 × 100 mm) was employed in both positive and negative modes. Solvent A is an aqueous solution containing 0.1% formic acid. Solvent B is an aqueous solution containing 0.1% acetonitrile. The following program was: 5–20% B over 0–2 min; 20–60% B over 2–4 min; 60–100% B over 4–11 min. The composition was held at 100% B for 2 min, then 13–13.5 min, 100 to 5% B, and 13.5–14.5 min holding at 5% B. The flow rate was set at 0.4 ml/min and the column temperature was 45°C. The plasma samples were all kept at 4°C and the volume of the injection was 5 μl. ESI was used in the mass spectrometry program.



Using immunofluorescence staining (IHF) to analyze the protein levels in boar sperm

The methods for IHF of boar sperm have been reported in our previous articles (n = 10 per group; Zhao et al., 2016; Zhang et al., 2019). Primarily, we fixed the boar sperm in 4% paraformaldehyde for 1 h, then air-dried the sperm, which was spread on slides covered with poly-L-lysine. After being performed 3 times (each time for 5 min) and then being washed with PBS, the sperm were incubated with 2% Triton X-100 in PBS for 1 h at room temperature. Next, they were washed 3 times (each time for 5 min) again with PBS, the sperm were blocked with PBS, which contained 1% BSA and 1% goat serum for 30 min at 17°C, and then incubated with diluted primary antibody (1:100; Supplementary Table S2) overnight at 4°C. The next morning, after being washed three times with Tween 20, the slides were combined with Alexa Fluor 546 goat anti-rabbit IgG (1,200) in the dark for 30 min at RT. The negative controls were only incubated with the secondary antibody. After washing the slides 3 times with the Tween-20, we then used DAPI (4.6-diamidino-2-phenylindole hydrochloride, 100 ng/ml) as a nuclear stain and incubated them for 5 min. After washing with ddH2O, we used a fade-resistant mounting medium (Vector, Burlingame, United States) to cover the slides. Therefore, the fluorescence images were obtained by the Microscope (LEICA TCS SP5 II, Germany).



Quantitative detection of proteins by Western blotting

The procedure of Western blotting experiments, which are related to some beneficial sperm proteins, followed our previous publications (n = 6 per group; Zhao et al., 2016; Zhang et al., 2019). Sperm cells have to first be lysed in RIPA buffer that contains the protease inhibitor cocktail purchased from Sangong Biotech, Ltd. (Shanghai, China). Second, we detected the protein concentration followed by the instruction of BCA kits (Beyotime Institute of Biotechnology, Shanghai, China). In this study, Actin was used as a reference. The primary antibodies (Abs) are shown in Supplementary Table S2. The secondary donkey anti-goat and goat anti-rabbit was purchased from Beyotime Institute of Biotechnology (Shanghai, P.R. China) and Novex® by Life Technologies (United States) respectively. Next, we loaded 50 ug of total protein in each sample to 10% SDS polyacrylamide electrophoresis gels, which were transferred to a polyvinylidene fluoride (PVDF) membrane at the electric current of 300 mA for 2.5 h at 4°C. Then, we used 5% BSA to block the membranes for 1 h at 17°C, after washing them 3 times with 0.1% Tween-20 in TBS, the membranes were incubated with primary antibody, which was diluted at 1:500 in TBST with 1% BSA overnight at 4°C. The next day, Using TBST to wash three times, the blots were incubated with the secondary goat anti-rabbit or donkey anti-goat, respectively, for 1 h at 17°C. After being washed three times, the blots were imaged by a camera (Kodak, Beijing, China). Finally, we used ImageJ to analyze the bands.



Statistical analysis

Data are expressed as the mean ± SEM. p < 0.05 was considered a significant difference. The student’s t-test (SPSS 21 software) was used to perform the statistical analyses. Spearman’s correlation analysis was completed by RStudio (version 4.0.3) platform. Plots were performed by using GraphPad Prism 8.0.2.




Results


TAX increased boar semen quality

As shown in Figure 1A (Study scheme), the adult Duroc boars were fed TAX at 15 mg/kg body weight for 9 weeks. Dietary supplementation of TAX significantly increased sperm motility compared to the control (CON) group (Figure 1B; p < 0.05). Meanwhile, TAX tended to increase sperm concentration (Figure 1C; p = 0.106). However, there were no differences in the abnormal sperm rate between the TAX and CON groups (Figure 1D). The data suggested that TAX improved semen quality by increasing sperm motility and raising the tendency of sperm concentration.



TAX increased the protein level related to spermatogenesis

To understand how TAX improved boar semen quality, the protein levels (p-ERK, PKA, ZAG, and CatSper; Liu et al., 2012; Li et al., 2016; Xu et al., 2018) of important genes for sperm quality were quantified. TAX increased the protein levels of p-ERK, PKA and ZAG significantly compared to the CON group by IHF staining (Figure 2A,B; p < 0.05). Then, we used Western Blotting experiments to further confirm the results above (Figures 2C,D; p < 0.05). The results indicated that TAX could improve sperm quality by increasing the proteins related to spermatogenesis.
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FIGURE 2
 Effects of TAX on the protein expression of important genes related to sperm quality. (A) Immunofluorescence staining (IHF) of p-ERK, PKA, and ZAG. (B) Quantitative data for IHF staining of p-ERK, PKA, and ZAG (Fold change to CON). (C) Western blotting (WB) of Catsper. (D) Quantitative data for Catsper staining (Fold change to CON). *p < 0.05.




TAX benefited blood metabolites to improve the semen quality of Duroc boars

TAX altered the blood metabolites, which were determined by LC/MS analysis (Data File 1). Firstly, TAX increased the level of blood steroid hormone testosterone glucuronide (Figure 3A; *p < 0.05). TAX elevated a batch of blood antioxidants such as Betaine (*p < 0.05), Melatonin (p = 0.46), and 3-Oxooctanoyl-CoA (*p < 0.05) compared to the CON group (Figures 3B–D). Meanwhile, we also found that a few fatty acids, including Oleic acid (p = 0.082), Ricinoleic acid (p = 0.2464), DHA (p = 0.243), Inosine cyclic phosphate (**p < 0.01), Nonadecanoic acid (***p < 0.001), and Methyl hexadecanoic acids (***p < 0.001) were increased in TAX group than CON group (Figures 3E–J). Moreover, TAX significantly increased 5 amino acids and derivatives such as N-Acetylglutamine (*p < 0.05), 4-Hydroxyproline (*p < 0.05), Serylproline (*p < 0.05), Glycyl-Threonine (*p < 0.05), and 2-Furoylglycine (*p < 0.05) compared to the CON group (Figures 3K–P). It was very interesting to notice that TAX reduced ten different kinds of bile acids and derivatives compared to the CON group (Figures 4A–J).
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FIGURE 3
 TAX increased blood metabolites. (A) Blood testosterone glucuronide level. (B) Blood betaine level. (C) Blood melatonin level. (D) Blood 3-Oxooctanoyl-CoA level. (E) Blood Oleic acid level. (F) Blood Ricinoleic acid level. (G) Blood DHA level. (H) Blood Inosine 2′,3′-cyclic phosphatel level. (I) Blood Nonadecanoic acid level. (J) Blood Methyl hexadecanoic acid level. (K) Blood N-Acetylglutamine level. (L) Blood 4-Hydroxyproline level. (M) Blood Serylproline level. (N) Blood Glycyl-Threonine level. (O) Blood 2-Furoylglycine level. (P) Blood L-Proline level. Data were expressed as the mean ± SEM. The y-axis represents the relative amount. The x-axis represents the treatments. *p < 0.05. **p < 0.01. ***p < 0.001.


[image: Figure 4]

FIGURE 4
 TAX decreased blood bile acids. (A) Blood nutriacholic acid level. (B) Blood Taurodeoxycholic acid level. (C) Blood taurocholic acid level. (D) Blood Chenodeoxycholic acid level. (E) Blood Glycoursodeoxycholic acid level. (F) Blood Alpha-Muricholic acid level. (G) Blood Tauro-muricholic acid level. (H) Blood Hyocholic acid level. (I) Blood Taurochenodeoxycholic acid level. (J) Blood Deoxycholic acid level. Data were expressed as the mean ± SEM. The y-axis represents the relative amount. The x-axis represents the treatment. *p < 0.05.




TAX changed the gut microbial composition of boars

To search for the beneficial advantages of TAX on gut microbes, fecal microbes were determined. The microbes were different between the TAX and CON groups by PLS-DA analysis (Figure 5A), however, the total OUT and α-diversity were not changed much (Figures 5B,C). TAX increased the abundance of beneficial microbiota such as Intestinimonas (p = 0.1496), Coprococcus (*p < 0.05), Butyrivibrio (p = 0.2951), and Clostridium_XlVa (p = 0.6702) at the Genus level (Figures 5E–H). However, the harmful microbes were decreased by TAX such as Prevotella (p = 0.1867), Howardella (**p < 0.01), Mogibacterium (*p < 0.05), and Enterococcus (*p < 0.05; Figures 5I–L).
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FIGURE 5
 Effects of TAX on the fecal microbial composition. (A) The PLS-DA analysis of OUT of fecal microbes. (B) The levels of OUTs. (C) α-diversity with Shannon. (D) The relative amount of microbiota in feces at the genus level. The relative amount of individual microbiota in feces at the genus level (E–L). Data were expressed as the mean ± SEM. *p < 0.05. **p < 0.01.




Spearman correlation among fecal microbes, plasma metabolites, and sperm parameters

Spearman correlation analysis (Figure 6) indicated that the fecal microbes, plasma metabolites, and semen parameters were well correlated. Firstly, the blood metabolites were well correlated with each other. Secondly, there was also a good correlation between blood metabolites and gut microbes. In the TAX group, the elevated beneficial bacteria were positively correlated with amino acids and unsaturated fatty acids, and negatively correlated with bile acids. Conversely, decreased harmful bacteria were negatively correlated with amino acids and unsaturated fatty acids and positively correlated with bile acids. Among them. The beneficial bacteria Butyrivibrio was significantly positively correlated with amino acids. The harmful bacteria Prevotella was significantly positively correlated with bile acids. In terms of semen quality, unsaturated fatty acids Ricinoleic acid and DHA had a strong positive correlation with sperm motility, while harmful bacteria Prevotella were significantly positively correlated with abnormal sperm rate. There was also a trend of positive correlation between bile acids and abnormal sperm.
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FIGURE 6
 Correlations among fecal microbes, blood metabolites, and semen quality parameters. The color of the circle represents a positive or negative correlation, and the size of the circle represents the strength of the correlation. (large circle = stronger correlation, color green represents semen quality parameters, the color red represents blood metabolites, the color blue represents fecal microbes). *p < 0.05.





Discussion

As a natural product, TAX has multiple biological functions. In recent years, it has been used in many fields, such as anti-oxidation to scavenge free radicals (Li et al., 2017; Gustiene et al., 2019; Lektemur Alpan et al., 2020), anti-obesity (Su et al., 2022), anti-inflammation (Wu et al., 2019), and other areas. In the current research, we found that adding TAX to the basal diet could improve boar semen quality by increasing sperm motility and sperm concentration. It has been reported that adding TAX to the cryopreservation extender can improve the ram sperm quality (Bucak et al., 2020). We also found that TAX increased the levels of some important proteins related to spermatogeneses such as ZAG, PKA, CatSper, and p-ERK. ZAG has been found to increase sperm motility (Qu et al., 2007). Catsper regulates sperm tail calcium entry and sperm hyperactivated motility (Lishko et al., 2012). PKA is related to sperm capacitation in mammalian (Baro Graf et al., 2020). p-ERK was related to sperm concentration and sperm activity (Li et al., 2016). In another study, TAX could rescue di-n-butyl phthalate disrupted testicular development in prenatal rats (Li Z. et al., 2020). Therefore, TAX improves the semen quality of Duroc boars by increasing some protein levels that benefit spermatogenesis.

Intestinal microbes not only regulate host health but also play an important role as a bridge between diet and host. The beneficial effects of TAX on biological systems may be through changing gut microbial composition. It has been reported that TAX improved dysbiosis caused by a high fat diet and regulated the gut microbiota diversity, also decreasing the ratio of Firmicutes/Bacteroidetes, which inhibit Proteobacteria from blooming (Su et al., 2022). Dietary TAX prevented dextran sulfate sodium (DSS)-induced colitis by reducing the abundance of Bacteroides, Clostridium ramosum, Clostridium saccharogumia, Sphingobacterium multivorum. Meanwhile, there was an increase in the abundance of Desulfovibrio and Gemmiger formicilis at the genus level (Hou et al., 2021). TAX ameliorated the aging process by modifying the gut microbes: Enterorhabdus, Clostridium, Bifidobacterium, and Parvibacter (Liu et al., 2021b). In our previous study, we found that alginate oligosaccharides (AOS; a natural antioxidant) could increase the “beneficial” bacteria such as Bacteroidales, Lactobacillaceae, and Campylobacterales to improve spermatogenesis and semen quality (Zhao et al., 2020; Zhang P. et al., 2021; Zhang C. et al., 2021). In this study, we found that dietary addition TAX increased the level of Coprococcus (butyrate producing; Keshavarzian et al., 2015), Intestinimonas (butyrate producing; Afouda et al., 2019), Butyrivibrio which is fermented glucose to produce butyric acid, then synthesizes short-chain fatty acids to protect the function of the intestinal epithelium, and some short-chain fatty acids can also be used in spermatogenesis (Moon et al., 2008; Olia Bagheri et al., 2021). On the other hand, TAX decreased the levels of “harmful” bacteria such as Enterococcus, Prevotella, Howardella, and Mogibacterium. A study has shown that Enterococcus can induce Bacteriospermia in rabbit semen (Duracka et al., 2019). Prevotella appeared to exert a negative effect on sperm quality (Farahani et al., 2021). In our investigation, we also found that Prevotella was significantly positively correlated with abnormal sperm rate. Therefore, our results were consistent with previous studies. It was interesting to notice that Howardella was associated with obesity (Zhu et al., 2021), which was also an important factor affecting semen quality and male infertility (Leisegang et al., 2021). TAX could decrease the abundance of Mogibacterium which promoted inflammation and is associated with obesity (Wu et al., 2018; Li Q. et al., 2020). Therefore, dietary supplementation of TAX can improve the semen quality of boars by increasing “beneficial” bacteria and decreasing “harmful” bacteria.

Metabolic regulation plays a crucial role in spermatogenesis (Rato et al., 2012; Al-Asmakh et al., 2014; Dai et al., 2015), and gut microbiota can produce metabolites to modulate systemic metabolome (Hou et al., 2021; Su et al., 2022). It has been reported that TAX could improve the blood metabolites of pigs to prevent oxidative stress (Nekrasov et al., 2021). In current experiments, TAX increased blood testosterone and the derivatives which were essential for maintaining spermatogenesis and boar fertility (Smith and Walker, 2014). Moreover, TAX increased blood antioxidant molecules melatonin (increased trend) and betaine. Melatonin has been reported to improve spermatogenesis via the alleviation of oxidative stress and DNA damage (Pang et al., 2017; Xu et al., 2020). Betaine could improve sperm quality and ameliorate oxidative damage in testis (Elsheikh et al., 2020). Furthermore, TAX increased (n-3) polyunsaturated fatty acids in the blood such as docosahexaenoic acid (DHA) which was very crucial for spermatogenesis and sperm quality (Hale et al., 2019; Bunay et al., 2021). In addition, TAX elevated some essential amino acids such as proline, which is important for spermatogenesis and semen quality (Dawra et al., 2015; Dong et al., 2016). However, TAX reduced blood bile acid derivatives, which have been reported to induce oxidative stress (Bomzon et al., 1997). Various studies have reported that bile acids can result in oxidative stress by promoting the production of oxygen free radicals from mitochondria (Bomzon et al., 1997). Moreover, bile acids contributed to infertility by activating farnesoid X receptor and G-protein-coupled bile acid receptor expressed in sperm, which then affected glucose and lipid metabolism and led to abnormal sperm (Baptissart et al., 2014; Malivindi et al., 2018). Our data were consistent with the previous studies described above. Therefore, dietary supplementation of TAX can improve the blood metabolites of boars to keep them healthy. However, there are some limitations to this study, meaning that the underlying mechanism of TAX improved sperm motility or concentration was not fully revealed. In our previrous research, we found that Hydroxytyrosol which is a kind of antioxidant benefits the semen quality of Duroc boar through improving gut microbes and blood metabolites (Han et al., 2021). In our current research, we also found that the blood metabolites and gut microbes have a good correlation with each other, so the improvement of boar semen quality by TAX was mainly mediated by both blood metabolites and gut microbes.

The present study indicated that TAX improves the semen quality of boars by ameliorating gut microbiota and blood metabolome. Our study confirms that TAX may be a good feed additive for improving the semen quality of boars, increasing the conception rate and litter size of sows to meet demands for pork consumption.
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The intestinal flora maintained by the immune system plays an important role in healthy colon. However, the role of ILC3s-TD IgA-colonic mucosal flora axis in ulcerative colitis (UC) and whether it could become an innovative pathway for the treatment of UC is unknown. Yujin Powder is a classic prescription for treatment of dampness-heat type intestine disease in traditional Chinese medicine and has therapeutic effects on UC. Hence, the present study aimed to investigate the regulatory mechanism of Yujin Powder alcoholic extracts (YJP-A) on UC via ILC3s-TD IgA-colonic mucosal flora axis. The UC mouse model was induced by drinking 3.5% dextran sodium sulfate (DSS), meanwhile, YJP-A was given orally for prevention. During the experiment, the clinical symptoms of mice were recorded. Then the intestinal injury and inflammatory response of mice about UC were detected after the experiment. In addition, the relevant indicators of ILC3s-TD IgA-colonic mucosal flora axis were detected. The results showed that YJP-A had good therapy effects on DSS-induced mice UC: improved the symptoms, increased body weight and the length of colon, decreased the disease activity index score, ameliorated the intestinal injury, and reduced the inflammation etc. Also, YJP-A significantly increased the ILC3s proportion and the expression level of MHC II; significantly decreased the proportion of Tfh cells and B cells and the expression levels of Bcl6, IL-4, Aicda in mesenteric lymph nodes of colon in UC mice and IgA in colon. In addition, by 16S rDNA sequencing, YJP-A could restore TD IgA targets colonic mucus flora in UC mice by decreasing the relative abundance of Mucispirillum, Lachnospiraceae and increasing the relative abundance of Allprevotella, Alistipes, and Ruminococcaceae etc. In conclusion, our results demonstrated that the ILC3s-TD IgA-colonic mucosal flora axis was disordered in UC mice. YJP-A could significantly promote the proliferation of ILC3s to inhibit Tfh responses and B cells class switching through MHC II, further to limit TD IgA responses toward colonic mucosal flora. Our findings suggested that this axis may be a novel and promising strategy to prevent UC.
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Introduction

Ulcerative Colitis (UC) is a chronic, intractable, idiopathic inflammatory bowel disease (IBD), clinically mainly characterized by diarrhea and mucus, pus and blood in the stool, which mainly damages mucosa and submucosa of sigmoid colon and rectum (Ungaro et al., 2017). It diminishes the life quality and economic state for all patients (Neurath, 2019). The incidence and prevalence of UC have been continuously rising worldwide. Usually, the incidence is higher in developed country than in developing country. Although it occurs in all ages, the age onset mainly focuses on 30–40 years and there is no gender predominance (Ungaro et al., 2017; Kobayashi et al., 2020). Generally, the etiology and pathogenesis of UC are associated with genetic predisposition (Porter et al., 2020), environmental factors (Wang et al., 2010, 2017), gut microbiota (Andoh et al., 2011; Nishida et al., 2018) and dysregulated immune responses (Ungaro et al., 2017), etc. More importantly, dysfunction of intestinal mucosal barrier exerts a crucial role in the occurrence and development of UC (Li et al., 2020; Mitsialis et al., 2020). However, the precise pathogenesis is still not clear. At present, amino 5-aminosalicylic acids drugs, glucocorticoids, immunosuppressants and surgical treatment are mainly used for the treatment of UC in terms of the magnitude and extent of disease (Harbord et al., 2017; Ungaro et al., 2017; Kucharzik et al., 2020). Although UC was improved with current many therapies, even the latest drugs, the remission rate for UC is less than 50% (Kobayashi et al., 2020). Additionally, the above treatments easily lead to palindromia, drug resistance and side effects, lower immunity (de Mattos et al., 2015; Ye et al., 2020), etc. Therefore, it is an urgency to explore the pathogenesis of UC and seek innovative effective drugs.

Immunoglobulin A (IgA), the predominant antibody isotype secreted onto mucosal surfaces, is one of critical mediators of intestinal mucosal immunity barrier (Sánchez de Medina et al., 2014; Salvo Romero et al., 2015). It plays multiple immune functions in the maintenance of intestinal mucosal immune homeostasis, such as regulating the density and composition of intestinal microbiota (Peterson et al., 2007), inhibiting inflammatory reactions (Fagarasan et al., 2002), preventing the invasion of commensals and pathogens into the mucosa (Farache et al., 2013). Drops in IgA levels in the gut could increase the chances of pathogens invading into the blood circulation and stimulating immune response, while the hypersecretion of IgA could promote intestinal inflammation and induce allergy (Lamkhioued et al., 1995). Some studies demonstrated that the expression of IgA levels in ileum (Rabah et al., 2020) and colon (Liu et al., 2019) was significantly increased in DSS-induced mice UC. It is now known that there are two regulatory pathways of IgA generation, including T cell-dependent (TD) and T cell-independent (TI) pathways. In particular, TD pathway results in the generation of high-affinity and single-reaction IgA, which targets various pathogens (Cerutti, 2008). Group 3 Innate lymphoid cells (ILC3s) play multiple regulatory roles in the maintenance of intestinal immune homeostasis. In particular, LTi-like ILC3s located in colonic lymphatic tissues (Montaldo et al., 2015) is not only involved in the formation (Lee et al., 2011) and repair (Scandella et al., 2008) of gut-associated lymphatic tissues (GALT), but, more importantly, the activation of LTi-like ILC3s will interact with T follicular helper (Tfh) cells, and the responses of commensal microbiota specific IgA and pathogenic bacteria specific IgA were reduced by limiting Tfh cells response and B cells class switch via antigen presentation, further regulated colonic mucosal flora (Melo-Gonzalez et al., 2019). Therefore, ILC3s-TD IgA-colonic mucosal flora axis exerts a central role in the regulation of intestinal mucosal immune homeostasis. However, the immune modulatory mechanisms of this axis in UC intestinal mucosal injury have not been reported.

Many studies and long-term clinical practice have proved that herbs have certain advantages in treatment of UC (Li et al., 2019; Liu et al., 2020; Qiao et al., 2020). Complementary and Alternative Medicine (CAM) based on Traditional Chinese Medicine (TCM) is currently used by over 50% of IBD patients (Holleran et al., 2020). According to the theory of TCM, many scholars believe that the invasion of large intestine by dampness and heat is the root of UC (Qing, 2017; Sun et al., 2017). Yujin Powder (YJP) is a classic prescription for the treatment of large intestine damp-heat diarrhea. Our previous studies have shown that YJP had treatment effect on large intestine dampness-heat syndrome by anti-diarrhea, anti-inflammation, repairing intestinal mucosa, regulating the balance of oxidation and antioxidation, adjusting gastrointestinal hormone (Wen et al., 2017; Yao et al., 2017; Zhang et al., 2018; Yao et al., 2019). And modern pharmacological studies have also shown that the active ingredients of YJP have the effects of anti-inflammation, repairing intestinal mucosa and anti-ulcer (Gautam et al., 2013; Kant et al., 2014; Ji et al., 2019; Song et al., 2020). Ruiqiong Wang et al. found that the semi-bionic extracts of YJP had protective effects on acute enteritis induced by Dextran Sulfate Sodium (DSS) in rats (Wang et al., 2016). Thus, in this study, we aimed to investigate the role of ILC3s-TD IgA-colonic mucosal flora axis in the pathogenesis of UC and the regulatory effects of YJP-A on this axis.



Materials and methods


Experimental animals

Healthy male BABL/c mice (6–8 weeks old, 18–20 g) were provided by the Animal Center of the Lanzhou Veterinary Research Institute of the Chinese Academy of Agricultural Sciences [SCXK (Gan) 2020-0002]. The mice were acclimatized for 1 week before experiment and given free access to forage and water ad libitum in the condition of 12 h light–dark cycle with temperature and humidity ranging from 18 to 25°C and 50 ± 5%. Animal welfare and experimental procedures were performed in strict accordance with the Guidelines for the Management and Use of Laboratory Animals (Ministry of Science and Technology of China, 2006) and approved by the Animal Ethics Committee of Gansu Agricultural University and the Animal Protection and Utilization Committee.



Drugs and reagents

The herbs for YJP were purchased from Yellow River Chinese Medicine Co. Ltd. (Lanzhou, Gansu, China) and were authenticated by Prof. Yanming Wei in the College of Veterinary Medicine of Gansu Agricultural University. YJP is composed of eight herbal medicines (Table 1). The Voucher specimens of the herbs were deposited in Traditional Chinese Veterinary Medicine Laboratory of Gansu Agricultural University. Reference standards: curcumin (CAS: 458-37-7,), gallic acid (CAS: 149-91-7), chezic acid (CAS: 18942-26-2), geniposide (CAS: 24512-63-8), paeoniflorin (CAS: 23180-57-6), coptisine (CAS: 6020-18-4), berberine (CAS: 2086-83-1), baicalin (CAS: 21967-41-9), baicalein (CAS: 491-67-8), wogonoside (CAS: 51059-44-0), wogonin (CAS: 632-85-9), emodin (CAS: 518-82-1) and chrysophanol (CAS: 481-74-3) were supplied by Nanjing Yuanzhi Biotechnology Co., Ltd. (Nanjing, China). All these standards were purchased with purities higher than 98%. Dextran sulfate sodium (DSS; MW: 36000–50,000) was provided by MP Biomedicals, LLC (Solon, OH, United States). Sulfasalazine (SASP) was purchased from Shanghai Xinyi Tianping Pharmaceutical Co., Ltd. (Shanghai, China). Anhydrous ethanol was obtained from Tianjin Baishi Chemical Plant Co., Ltd. (Tianjin, China).



TABLE 1 Description of Yujin Powder (YJP).
[image: Table1]

Anti-MHC II antibody (CAS: bs-4107R), anti-IgA antibody (CAS: bs-0774R) were obtained from Beijing Biosynthesis Biotechnology Co., Ltd. (Beijing, China). anti-Bcl6 antibody (CAS: sc-7388) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, United States). anti-β-Tublin antibody (CAS: 66240-1-Ig), anti-GAPDH antibody (CAS: 60004-1-Ig), HRP-conjugated Affinipure Goat Anti-Mouse or Anti-Rabbit IgG (CAS: SA00001-1 and SA00001-2) were purchased from Proteintech Group, Inc. (Wuhan, China). And Goat anti-Rabbit IgG H&L (Alexa Fluor 488; CAS: ab150077) was obtained from Abcam Plc, Inc. (MA, United States). FITC anti-CD45 (CAS: 553080), BUV 395 anti-B220 (CAS: 563793), PE anti-CD19 (CAS: 557399), BUV 395 anti-CD3 (CAS: 565992), PE anti-CD4 (CAS: 553730), APC anti-CXCR5 (CAS: 560615), PE anti-CD127 (CAS: 552543), Alexa Fluor 647 anti-RORγt (CAS: 563620) were purchased from BD Biosciences (New Jersey, United States). eFluor 660 anti-GL7 (CAS: 50–5,902-82) was purchased from Thermo Fisher Scientific (MA, United States).



Preparation YJP-A

Curcumae Radix, Coptidis Rhizoma, Scutellariae Radix, Phellodendri Chinensis Cortex, Gardeniae Fructus, Rhei Radix Et Rhizoma, Paeoniae Radix Alba, Chebulae Fructus were crushed, sifted through the 60 mesh screen and mixed in a ratio of 2:2:2:2:2:4:1:1. The mixture was performed by ultrasound and then extracted by the 60% ethanol (solid–liquid ratio: 1:25, 50°C, 50 min) refluxing for twice. The filtrate obtained twice was mixed and evaporated by rotary evaporator at 60°C and then freeze-dried by vacuum freeze dryer. The dry extract was accurately weighed and obtained yield of 31%.



Quality control analysis of YJP-A

To control the quality of YJP-A, the main active ingredients were detected by high-performance liquid chromatography (HPLC) using the Agilent 1,260 Infinity LC system (Agilent Technologies, USA). The column configuration consisted of an Agilent Zorbax SB-C18 column (4.6 mm × 250 mm, 5 μm). The mobile phrases were, respectively, composed of (A) aqueous phosphoric acid (0.1%, v/v) and (C) acetonitrile (gallic acid, chezic acid, geniposide, paeoniflorin, coptisine, berberine, baicalin, baicalein, wogonoside, wogonin), (A) aqueous acetic acid (10%, v/v) and (C) acetonitrile (curcumin, emodin and chrysophanol) at the flow rate of 1.0 ml/min. The gradient elution was optimized as follows: 1–2 min, 95–85% A; 2–13 min, 85–80% A; 13–20 min, 80–62% A; 20–30 min, 62–52% A; 30–35 min, 52–41% A (gallic acid, chezic acid, geniposide, paeoniflorin, coptisine, berberine, baicalin, baicalein, wogonoside, wogonin); 1–2 min, 95–85% A; 2–10 min, 85–70% A; 10–30 min, 70–40% A; 30–40 min, 40–40% A (curcumin, emodin and chrysophanol). The detection wavelengths were, respectively, set at 250 and 425 nm. The column temperature was maintained at 25°C, and injection volume was 20 μl.



UC model establishment and YJP-A intervention

The animal experiment progress is shown in Figure 1A. The BABL/c mice were randomly divided into normal control (NC), Model, SASP (0.45 g/kg), YJP-A high dose (YJP-A-H; 14.56 g/kg, weight ratio between crude drug and mice), YJP-A middle dose (YJP-A-M; 7.28 g/kg) and YJP-A low dose (YJP-A-L; 3.64 g/kg) groups with 8 mice in each group. Except NC group was given distilled water, other groups were given 3.5% DSS drinking water for 7 consecutive days. At the same time, each intervention group mice were orally given different dose of YJP-A and SASP dissolved in 0.5% carboxymethylcellulose sodium (CMC-Na) solution gavaged with corresponding drug twice a day, (12 h intervals), and corresponding volume of 0.5% CMC-Na solution in NC and Model groups. The volume of intragastric administration was 0.2 ml/10 g body weight.
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FIGURE 1
 YJP-A ameliorates DSS-induced mice UC. (A) Experiments design. Body weight change (B) and disease activity index (C) of the mice during experiment period. YJP-A alleviates DSS-induced colon length reduction (D,E). Symptoms of hematochezia and diarrhea in mice of each group (F). Data are expressed as the mean ± SEM, n = 8 per group. ###p < 0.001 vs. NC group; ***p < 0.001 vs. model group.




Clinical observation and assessment of disease activity index

The changes of mental and active state, hairs, appetites, weight, stool consistency, occult blood/thick blood of stool were observed and recorded daily during the experiment. And DAI of each mice was monitored according to the Cooper method (Cooper et al., 1993) with more detail as follows: (a) body weight loss: 0 points = none; 1 points = 1–5% loss; 2 points = 5–10% loss; 3 points = 10–20% loss; 4 points = over 20% loss. (b) diarrhea: 0 points = normal; 1 point = soft but still formed; 2 points = soft; 3 points = very soft and wet; 4 points = watery diarrhea. (c) hematochezia: 0 points = negative hemoccult; 1 point = weakly positive hemoccult; 2 points = positive hemoccult; 3 points = blood traces in stool visible; 4 points = gross rectal bleeding. On day 8, the mice were sacrificed and the first node of mesenteric lymph nodes (MLNs) chain, proximal to the cecum and the colorectum were collected and the colon length from the anus to ileocecal junction were measured and recorded.



Histopathological analysis

The colon tissue was fixed with 10% neutral formalin, embedded in paraffin and cut into 3-μm-thick sections for haematoxylin and eosin (HE) staining. Pathological photographs were captured by Olympus microphotography system. Histopathological score was used to quantify the degree of colon tissue injury, including the degree of intestinal epithelial cell injury and the inflammatory infiltration. The scoring criteria were outlined as follows (Ding and Wen, 2018): 0 (normal morphology and no inflammation), 1 (a fraction of goblet cell loss and mild inflammatory infiltration), 2 (large area of goblet cell loss and moderate inflammatory infiltration), 3 (small amounts or partial crypt loss and extensive inflammatory infiltration of the mucosal muscular layer with mucosal edema and thickening), 4 (large area of crypt loss and extensive inflammatory infiltration of submucosa layer).



ELISA detection

The colonic tissues and MLNs of mice were homogenized and the supernatant were collected. Then, the myeloperoxidase (MPO) activity in colonic tissue was detected according to the instructions of MPO assay kit (Nanjing jiancheng, Nanjing, China). And the cytokines contents of TNF-α, IL-6, IL-1β, IL-10 and IgA in colonic tissue and IL-4, Aicda in MLN were measured by ELISA according to the instructions of mouse ELISA kit (Neobioscience, Shenzhen, and Mlbio, Shanghai, China), respectively. The total protein concentration in homogenates was determined by BCA protein assay kit (Solarbio, Beijing, China) to normalize the cytokines concentration.



Flow cytometry assay

MLNs were removed from mice under aseptic conditions and the single cell suspension was obtained by 70 U cell strainers. Then single cell suspension was stained by adding different antibodies as follow: anti-CD45-FITC, anti-B220-BUV 395, anti-CD19-PE, anti-GL7-eFluor 660, anti-CD3-BUV 395, anti-CD4-PE, anti-CXCR5-APC, anti-CD127-PE. For the nuclear marker RORγt, the cell membrane was broken by Foxp3 nuclear transcription factor breaking staining solution (Thermo Fisher, MA, United States) and then added to anti-RORγt-Alexa Fluor 647. Finally, Flow cytometry analyses were performed on CytoFLEX LX 5L19C (Beckman Coulter Inc., United States).



Western blot assay

The MLNs were cut into pieces and lysed in RIPA buffer (Solarbio, Beijing, China) with protein phosphatase inhibitor (Solarbio), and total proteins were extracted according to the manufacturer’s protocols. Then, the protein concentration was detected by BCA protein assay kit (Solarbio). Each protein sample (50 μg) was electrophoresed on separating 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to 0.22 μm polyvinylidene fluoride (PVDF) membrane (Millipore, MA, United States) at 220 mA for 1.5 h. Afterwards, PVDF membrane was sealed with 5% non-fat powdered milk for 2 h at room temperature and incubated with anti-MHC II antibody (1:500) and anti-Bcl6 (1:250) overnight at 4°C, respectively. The next day, PVDF membrane was washed with 1 × Tris–HCl-buffered saline Tween-20 (TBST) five times for 5 min and incubated with secondary antibodies: HRP-conjugated Affinipure Goat Anti-Mouse or Anti-Rabbit IgG (1,5,000) for 1.5 h at room temperature. Finally, the PVDF membrane was washed and imaged using Amersham Imager 600 chemiluminometer (GE Healthcare Bio-Sciences AB, Sweden). The gray values of protein bands were analyzed by ImageJ software.



Immunofluorescence assay

Three μm thick paraffin sections of colonic tissues were dewaxed with xylene and gradiently alcohol solution, tissue antigen retrieval was performed with sodium citrate solution (120°C for 10 min). The sections were washed with phosphate buffered saline (PBS, PH = 7.4) solution and sealed with 5% BSA for 1 h at room temperature. Then the primary antibody (IgA, 1:400 dilution) was incubated overnight at 4°C. The sections were washed with PBS solution after returning to room temperature and then incubated with Goat Anti-Rabbit IgG (Alexa Fluor 488 Conjugate, 1:400) in the dark at 37°C for 1 h. Finally, the sections were washed with PBS solution again and anti-fluorescence attenuating tablet (with DAPI; Solarbio, Beijing, China) was added to seal. And then the sections were observed and the photographs were collected using a confocal laser scanning microscope (Carl Zeiss, Germany).



Molecular docking

The molecular structures of MHC II (AlphaFold ID: P33076), Bcl6 (PDB ID: 6XMX), IL-4 (PDB ID: 1HIJ), Aicda (PDB ID: 5W0R) and active ingredients (gallic acid, gardenoside, paeoniflorin, paeoniac acid, coptisine, baicalin, berberine, baicalin, baicalin, baicalin, curcumin, emodin, chrysophanol) were constructed and preprocessed using Autodock 4.4.6. According to the interaction between the active ingredients and macromolecular proteins, the central location, length, width and height of the Grid Box were determined. Then, molecular docking was performed using AutoDock 4.4.6 and the binding free energy was calculated by Lamarckian. Finally, the docking results were visualized using PyMOL 2.2.0 to analyze the interaction between the main active ingredients in YJP-A and the key proteins.




Colonic mucosal microflora assay


Total DNA extraction and Illumina Miseq sequencing of colonic mucosal flora

The colons were cut longitudinally along the mesentery side and washed with PBS solution to remove intestinal contents. Then the intestinal mucus was gently scraped 5 times with sterile slides and collected into the eppendorf tubes. Total bacterial DNA was extracted from colonic mucus of mice according to the TGuide S96 Soil/fecal DNA Isolation kit (Tiangen, Beijing, China) instructions. The concentration and purity of DNA were detected by agarose gel electrophoresis and UV spectrophotometer. Then, the V3-V4 hypervariable region of 16S rDNA gene was amplified by PCR using primers 338F (5′- ACTCCTACGGGAGGCAGCA-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′). Subsequently, the amplified products of PCR were purified and quantified by Ampure XP magnetic beads and Nanodrop 2000, respectively. And then the sequencing library was homogenized according to the mass ratio of 1:1. Finally, the qualified libraries were sequenced using Illumina Novaseq 6,000.



Preprocessing and analysis of sequencing data

The sequencing data (raw reads) was filtered by Trimmomatic v0.33 to obtain clean reads without primer sequences. Usearch V10 was used to splice through overlapping relations, and length filtering was performed on the spliced data according to length range of different regions. Finally, UCHIME V4.2 was used to identify and remove chimeric sequences to obtain effective reads. The effective reads were clustered under 97% similarity and the representative OTU (Operational Taxonomic Units) sequence were obtained through Usearch V 10. Subsequently, SILVA was used as the reference database to carry out taxonomic annotation on the feature sequence with Navie Bayesian Classifier, and the corresponding species classification information to each feature were obtained. Further, QIIME V1.80 was used to perform Alpha and Beta diversity analysis to reflect species richness and diversity of samples, compare similarity of species diversity among different samples, The plots of principal component analysis (PCA) and partial least squares discriminant analysis (PLS-DA) were performed based on R language platform. Finally, potential microbial biomarkers in each group were identified by LEfSe analysis.



Statistical analysis

Statistical analysis was performed with SPSS version 26.0 (IBM, Armonk, NY, United States). All data were presented as mean ± standard error of mean (SEM). Statistical analysis was performed using one-way analysis of variance (ANOVA) with LSD analysis. All the figures were plotted using GraphPad Prism version 6.0 (GraphPad Software Inc., La Jolla, CA, United States). Statistical significance was set at p < 0.05.




Results


Quality control of YJP-A

Thirteen main active ingredients in YJP-A were detected by HPLC (Figure 2). The concentration of thirteen main active ingredients-gallic acid, gardenoside, paeoniflorin, chebulinic acid, coptisine, baicalin, berberine, wogonoside, baicalein, wogonin, curcumin, emodin, chrysophanol in YJP-A, were 17.99 ± 0.10, 98.33 ± 0.21, 188.60 ± 0.20, 160.60 ± 0.69, 26.70 ± 0.10, 118.27 ± 0.3, 111.47 ± 0.06, 22.50 ± 0.52, 31.80 ± 0.03, 11.80 ± 0.01, 1.50 ± 0.01, 41.80 ± 0.02, 0.05 ± 0.003 mg/g, respectively.
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FIGURE 2
 HPLC chromatogram of standard solutions (A,B), YJP-A sample solutions (C,D). The structural formula of chemical compounds in YJP-A (E): 1. gallic acid; 2. gardenoside; 3. paeoniflorin; 4. chebulinic acid; 5. coptisine; 6. baicalin; 7. berberine; 8. wogonoside; 9. baicalein; 10. wogonin; 11. curcumin; 12. emodin; 13. chrysophanol.




YJP-A ameliorates DSS-induced mice UC

During the animal experiment, the mice showed lethargy, depression, curled up, tanglesome hairs and dietary wishes reducing. YJP-A (especially YJP-A-H) could improve the above symptoms. The body weight decreased significantly on the second day (p < 0.001; Figure 1B). On day 3, the stools were soft. The bloody stool was even observed on the fourth day. The DAI of DSS-induced mice increased significantly every day (p < 0.001; Figure 1C). After establishing model, strikingly, the UC mice exhibited colon shortening (p < 0.001; Figures 1D,E). YJP-A intervention (especially YJP-A-H) showed good protective effects on UC mice, referred to the facts of better mental status, body weight gaining (Figure 1B), bloody stool alleviating (Figure 1F), colon lengthening (Figures 1D,E), as well as a lower DAI score (p < 0.001; Figure 1C). Results above-described indicated that the UC mice model was successful established; meanwhile, YJP-A had good protective effects on UC, and the YJP-A-H had the best protective effects, followed by the YJP-A-M and YJP-A-L.



YJP-A ameliorates intestinal injury and inflammation response of UC mice

The intestinal epithelium of DSS-induced UC mice was severely damaged and exfoliated, there were many inflammatory cells infiltration, edema and hyperemia in the mucosa and submucosa and the structure of intestinal crypt and villi was blurred (Figure 3A). Therefore, compared with the NC group, the histopathological score of colonic tissue in the model group increased significantly (p < 0.001; Figure 3B). Different dose of YJP-A could significantly improve the damage and inflammation, including mucosa exfoliation, inflammatory cells infiltration and crypt loss etc., moreover, the effect of the YJP-A-H was the best (Figure 3A).
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FIGURE 3
 YJP-A ameliorates intestinal injury and inflammation response in UC mice. (A) Histopathology changes of each group in colon (200×). (B) Histological scores of colons. (C) MPO activity in colon. (D–G) Changes of colonic inflammatory cytokines levels, including TNF-α (D), IL-6 (E), IL-1β (F) and IL-10 (G). Data are expressed as the mean ± SEM, except for histopathological analysis n = 3 per group, the remaining analysis n = 5 per group. ##p < 0.01, ###p < 0.001 vs. NC group; *p < 0.05, **p < 0.001, *** p < 0.0001 vs. model group.


In addition, MPO activity of colonic tissue in UC mice was significantly increased (p < 0.001; Figure 3C). However, YJP-A (especially YJP-A-H) could significantly reduce MPO activity of colonic tissues in UC mice (p < 0.001 or p < 0.01; Figure 3C). The levels of TNF-α, IL-6 and IL-1β in colon were significantly increased (p < 0.001 or p < 0.01; Figures 3D–F), while the levels of IL-10 were significantly decreased in UC mice (p < 0.001; Figure 3G). YJP-A could reduce the levels of TNF-α and IL-6 (p < 0.001, p < 0.01 or p < 0.05), increase the levels of IL-10 (p < 0.01 or p < 0.05), and YJP-A-H could significantly reduce the levels of IL-1β in colonic tissue (p < 0.05; Figures 3D–G). These results suggested that there were significant inflammatory responses in UC mice. YJP-A could significantly alleviate the inflammation of colonic tissue in UC mice. The regulation effect of the YJP-A-H was the best, followed by the YJP-A-M and YJP-A-L.



YJP-A up-regulates ILC3s proportion and expression of MHC II in MLNs of UC mice

The pharmacodynamic experiment proved that high dose of YJP-A has the best preventive effect in UC mice. Therefore, we used to high dose of YJP-A for subsequent experiments. The changes of ILC3s and MHC II expression in MLNs were detected by flow cytometry and Western Blot. The proportion of ILC3s and the expression of MHC II in MLNs of UC mice were significantly decreased (p < 0.01; Figure 4). YJP-A-H could significantly up-regulate the proportion of ILC3s and the expression of MHC II (p < 0.05 or p < 0.01; Figure 4).
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FIGURE 4
 Effects of YJP-A-H on changes of ILC3s (A, B), and MHC II expression levels (C) in MLNs. Data are expressed as the mean ± SEM, except for flow cytometry assay n = 3 per group, the remaining analysis n = 5 per group. ##p < 0.01, vs. NC group; *p < 0.05, **p < 0.01 vs. model group.




Inhibition effect of YJP-A on Tfh cells in MLNs of UC mice

The changes of Tfh cells and Bcl6 and IL-4 expression were detected. The proportion of Tfh cells and Bcl6 and IL-4 expression levels were significantly increased in MLNs of UC mice (p < 0.001 or p < 0.01; Figure 5). YJP-A-H intervention could significantly down-regulate the proportion of Tfh cells and Bcl6 and IL-4 expression levels in MLNs (p < 0.05 or p < 0.01; Figure 5).
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FIGURE 5
 Effects of YJP-A-H on changes of Tfh cells (A,B), the expression of Bcl6 (C) and IL-4 (D) in MLNs. Data are expressed as the mean ± SEM, except for flow cytometry assay n = 3 per group, the remaining analysis n = 5 per group. ##p < 0.01, ###p < 0.001 vs. NC group; *p < 0.05, **p < 0.01 vs. model group.




Upregulation of YJP-A on B cells in MLNs and mucosal IgA

Based on the above results, we tested the changes of B cells and Aicda expression in MLNs and mucosal IgA. The proportion of B cells and Aicda expression levels in MLNs and IgA on colonic mucosa were significantly increased in UC mice (p < 0.001 or p < 0.01; Figure 6). YJP-A-H could significantly decrease the proportion of B cells and Aicda expression in MLNs, and then down-regulate the IgA levels on colonic mucosa (p < 0.001, p < 0.01or p < 0.05; Figure 6).
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FIGURE 6
 Effects of YJP-A-H on changes of B cells (A,B), Aicda (C) in MLNs and IgA levels (D,E) in colon. Data are expressed as the mean ± SEM, except for flow cytometry assay n = 3 per group, the remaining analysis n = 5 per group. ##p < 0.01, ###p < 0.001 vs. NC group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. model group.




Molecular docking

Furtherly, in order to verify the regulation of YJP-A on ILC3s-TD IgA-colonic mucosal flora axis, the molecular docking technology was performed to research the interaction of 13 active ingredients in YJP-A and the key proteins (MHC II, Bcl6, IL-4, Aicda) in the above signal pathway. The results showed that binding energy of main active ingredients in YJP-A with the above key proteins was strong, especially berberine and coptisine (Table 2; Figure 7), indicating that these active ingredients could activate ILC3s-TD IgA-colonic mucosal flora axis by regulating the above proteins.



TABLE 2 Molecular docking free energy.
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FIGURE 7
 Molecular docking diagram of berberine and coptisine in YJP-A and the key proteins (MHC II, Bcl6, IL-4, Aicda).





YJP-A regulates TD IgA targeted colonic mucosal flora of UC mice


Effects of YJP-A on the diversity and abundance of colonic mucosal flora in UC mice

TD IgA responses are regulated by the flora colonized in colonic mucosa. Therefore, in order to further explore the effects of YJP-A on colonic mucosal flora of UC mice, the 16S rDNA of colonic mucosal flora was sequenced and analyzed. According to the Venn diagram (Figure 8A), in total there were 430 OTUs in four groups, among which there were 16, 2, 2 and 7 unique OTUs in the NC group, Model group, SASP group and YJP-A-H group, respectively. Based on OTU, alpha diversity analysis was performed. The results showed that the ACE, Chao1, Shannon and Simpson indices were all significantly decreased in UC mice (p < 0.001 or p < 0.05; Figures 8B–E). YJP-A-H could significantly increase the above indices (p < 0.01 or p < 0.05; Figures 8B–E). The results indicated that the abundance and evenness of colonic mucosal flora in UC mice were significantly decreased, and YJP-A-H had significant regulatory effects. In addition, rank abundance curve was flat (Figure 8F), indicating that species composition of all samples had high uniformity. Meanwhile, the rarefaction curve showed that the curve of each sample tended to be flat with the increase of sequence numbers (Figure 8G), indicating that the data volume of sequencing was sufficient to reflect the species diversity. These results further suggested that the reduction in alpha diversity in UC mice was not caused by sequencing process. Based on these results, principal component analysis (PCA) and principal coordinate analysis (PCoA) were performed. The flora of the NC and Model groups were clearly separated (Figures 8H,I). While YJP-A-H group deviated from the NC and Model groups and formed another flora. These results demonstrated that the composition of colonic mucosal flora in UC mice changed significantly. YJP-A-H significantly changed the colonic mucosal flora profile of UC mice.
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FIGURE 8
 Effects of YJP-A-H on colonic mucosal flora diversity and abundance of UC mice. (A) Species Venn diagram analysis. (B) ACE, (C) Chao1, (D) Shannon and (E) Simpson indices. Rank abundance curve (F) and rarefaction curve (G). PCA plot (H) and PCoA plot (I) of colonic mucosal flora. Data are expressed as the mean ± SEM, n = 5 per group. #p < 0.05, ###p < 0.001 vs. NC group; *p < 0.05, **p < 0.01 vs. model group.




Effects of YJP-A on relative abundance of colonic mucosal flora in UC mice at the phylum and genus levels

In view of composition and abundance of colonic mucosal flora changed significantly, difference significance test among groups was performed at phylum and genus levels by ANOVA to explore the regulation of YJP-A on UC mice. The results showed that Firmicutes, Bacteroidetes and Proteobacteria were dominated at the phylum level (Figures 9A,B). Specifically, the relative abundance of Bacteroidetes significantly was decreased (p < 0.01), and Firmicutes was decreased, but there was no significant difference (p > 0.05), while others (e.g., Proteobacteria, Actinobacteria, Deferribacteres, Epsilonbacteraeota) were significantly increased in UC mice (p < 0.01), but YJP-A-H could normalize this phenomenon besides Bacteroidetes. At the genus level (Figure 9C), the relative abundance of Mucispirillum (p < 0.01) and Lachnospiraceae (p > 0.05) were significantly and no significantly increased; nevertheless, the relative abundance of Allprevotella and Alistipes were significantly decreased (p < 0.01), and the relative abundance of Desulfovibrio and Ruminococcaceae were lowered (p > 0.05) in UC mice. YJP-A-H restored the ratios of these bacterial genera to normal levels. These results revealed that the structure of colonic mucosal flora was significantly perturbed, showing that pathogens increased while probiotic decreased significantly. YJP-A-H could effectively regulate the disorder, meanwhile, it is also indicated that YJP-A-H have certain antibacterial effects.
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FIGURE 9
 Effects of YJP-A-H on colonic mucosal flora structure in UC mice. Difference analysis at phylum (A,B) and genus (C,D) levels in mice of each group. (E) LDA score distribution histogram. LDA score > 4.0 indicates differentially abundant genera which was considered as biomarkers. (F) LEfSe cladogram. The root of the cladogram denotes the domain bacteria. Different colors indicate the different group hosting the greatest abundance. The size of each node represents their relative abundance. Data are expressed as the mean ± SEM, n = 5 per group. #p < 0.05, ##p < 0.01 vs. NC group; *p < 0.05, **p < 0.01 vs. model group.


The biometric biomarkers among groups were further indentified by LEfSe, and 58 biomarkers were found (LDA score log10 > 4; Figure 9E). Cladogram showed that the biomarkers in NC group were Allprevotella, Alistipes, Prevotellaccace and Muribaculaceae; in Model group were Helicobacter, Mucispirillum, Escherichia and Erysipelatoclostridium; in YJP-A-H group were Lachnospiraceae and Akkermansia at genus level (Figure 9F).



Correlation analysis

Furtherly, to illustrate the potential relationship between the colonic mucosal flora and TD IgA reaction, we performed correlation analysis by Pearson correlation analysis. MHC II was positively correlated with Allprevotella, Alistipes, Desulfovibrio, Ruminococcaceae and negatively with Mucispirillum and Lachnospiraceae (Figure 10). On the contrary, Bcl6, IL-4, Aicda and IgA were positively related to Mucispirillum, Lachnospiraceae and negatively related to Allprevotella, Alistipes, Desulfovibrio and Ruminococcaceae (Figure 10).
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FIGURE 10
 Correlation analysis between TD IgA related indexes and colonic mucosal flora of UC mice after YJP-A treatment.





Discussion

UC is an obstinate inflammatory disease of colonic mucosa, and it is urgent need to find new drugs for treatment. YJP is a classic prescription for the treatment of the large intestine dampness-heat diarrhea, which is often used to diarrhoeal disease of animals caused by bacterial, viral and parasitic infection, etc. And the semi-bionic extracts of YJP had protective effect on experimental colitis (Wang et al., 2016). In the present study, it was proved that YJP-A had protective effects on UC mice by alleviating weight loss, diarrhea, bloody stools, colon shortening, intestinal injury and inflammation (Figures 1, 3). Recently, most studies on the pathogenesis of UC focus on the abnormal mucosal immune response (Zundler et al., 2019). Therefore, we explored the role of ILC3s-TD IgA-colonic mucosal flora axis in the pathogenesis of UC and the regulation of YJP-A.

ILC3s, “communication center” in intestinal mucosal immunity homeostasis, have ability to perceive a variety of exogenous and endogenous signals (Geremia and Arancibia-Cárcamo, 2017). Other studies have reported that the changes of ILC3s were detected in intestinal mucosa and peripheral blood of UC and Crohn patients or experimental animals (Chang et al., 2021; Kong et al., 2021; Li et al., 2021; Zhou et al., 2021). However, whether ILC3s in MLNs changed is unknown. Interestingly, in the present study, we firstly found that the proportion of ILC3s and MHC II level expressed by ILC3s in MLNs of UC mice were also significantly decreased. YJP-A strikingly increased the ILC3s proportion and dramatically enhanced MHC II expression (Figure 4; Hepworth et al., 2015). It is indicated that ILC3s and the expression of MHC II were strongly limited in MLNs of UC mice and YJP-A could relieve this limit.

Emerging research has demonstrated that ILC3s in MLNs of mice could inhibit Tfh cells and their functions via MHC II (Melo-Gonzalez et al., 2019). Therefore, followingly, we detected the amount of Tfh cells and main associated factor in MLNs of UC mice. Strikingly, we observed the increased Tfh cells ratio in MLNs of UC mice. A banch of studies have confirmed that producing specific antibodies is the most effective way for humoral immunity to prevent and defend against pathogens (Locci et al., 2016). Tfh cells belong to CD4+T cell subset. The well-differentiated Tfh cells play an important role in germinal center (GC) formation, affinity maturation, and the development of most high-affinity antibodies and memory B cells through producing cytokines, costimulatory molecules and a series of inhibitory receptor (e.g., IL-21, IL-4, CXCL13, ICOS, PD-1 and BTLA etc). It is worth mentioning that, although Tfh cells differentiation is a multi-stage and multi-factor process, the transcription factor-Bcl6 is one of the most regulatory factors in driving its differentiation (Nurieva et al., 2009; Yu et al., 2009). Correspondingly, a significant increase of Bcl6 expression in MLNs of UC mice was appeared. Therefore, combined with the findings of Felipe Melo-Gonzalez et al. that ILC3s in MLNs of mice could inhibit Tfh cells via MHC II (Melo-Gonzalez et al., 2019), it is strongly demonstrated that ILC3s and ILC3s-expressed MHC II were dramatically limited in the MLNs of DSS-induced UC mice correspondingly reduced the inhibition on Tfh cells. We found that YJP-A could enhance the inhibition of ILC3s on Tfh cells (Figures 5A–C).

The extensive researches showed that IgA had absolute superiority in adaptive mucosal immune response, while IL-5, IL-10 and IL-21 could accelerate the differentiation of B cells towards plasma cells secreting IgA in MLNs (Bagheri et al., 2019; Hashiguchi et al., 2020). Recently, other studies have proven that the Tfh cells could also mediate class switching of IgA+ B cells through expressed IL-4 (Melo-Gonzalez et al., 2019). Combined with the above research results, we speculated that the expression of IL-4 in MLNs would rise, further B cells increase Aicda expression-indicative of somatic hypermutation and class switch recombination in MLNs, and promote IgA expression levels in colon. Thus, in the present study, the expression level of IL-4 in MLNs of UC mice was detected. We found a significant increase of IL-4 expression (Figure 5D). Followingly, we detected the proportion of B cells, Aicda expression in MLNs and IgA levels in colon. We found that they all significantly increased (Figure 6). These results were completely congruent with the above prediction. And these results were reversed following YJP-A intervention (Figures 5D, 6). It demonstrated that proliferated Tfh cells induced the class switch of B cells toward IgA+ cells via IL-4 in MLNs of UC mice, which further led to the elevated GC responses and IgA production. YJP-A could improve this phenomenon.

IgA is the main effector molecule of intestinal mucosal immune defense barrier and plays a crucial role in the maintenance of intestinal mucosal immune homeostasis and mutualism with the mucosal-dwelling commensal microbiota (Pabst and Slack, 2020). Hyperfunction of TD IgA response could result in an increase of single-reaction and high-affinity IgA, which led to disorder of some commensal bacteria colonized on mucus layer or the intestinal epithelium and increase of IgA-coated bacteria species (Melo-Gonzalez et al., 2019). The proliferation and invasion of a large number of pathogenic bacteria will destroy mucous layer and increase permeability, further leading to the damage of intestinal mucosal epithelial cells and inducing inflammatory response of the mucosal immune to cause colitis (Ng et al., 2013; Li et al., 2015). In the present study, strikingly, a lower diversity and abundance and changed flora structure of colonic mucosa flora in UC mice were found. YJP-A had good improvement (Figure 8). Some studies have shown that the relative abundance of Lachnospiraceae was significantly increased in DSS-induced UC of mice (Wei, 2018), which was closely related to colon mucosal TD IgA (Melo-Gonzalez et al., 2019). An increase of relative abundance of Lachnospiraceae in colonic mucosa of UC mice were observed in the present study (Figure 9D), indicating that this might be due to TD IgA hypersecretion. Additionally, we found that relative abundance of Mucispirillum was also increased (Figure 9D). Some studies have shown that Mucispirillum, as unique microflora of colonic mucus, could trigger TD IgA response through antigen presentation (Robertson et al., 2005). In addition, the rise of relative abundance of Mucispirillum is closely associated with the occurrence of IBD (Song et al., 2018). While the relative abundance of classic SCFAs-producing bacteria Allprevotella, Alistipes and Ruminococcaceae were all decreased in UC mice in the present study (Figure 9D). Consistently, some researches also showed that the relative abundance of SCFAs-producing bacteria were reduced in UC mice (Zhu et al., 2020; Hu et al., 2021a). Furthermore, there is literature to indicate that the enhancement of TD IgA response resulted in the reduction of relative abundance of partial SCFAs-producing bacteria (Melo-Gonzalez et al., 2019). Thus, the above results demonstrated that TD IgA response hypersecretion in UC mice could induce disorder of colonic mucosal flora, especially TD IgA targeted flora, further aggravated the injury of colon mucosa. We found that YJP-A had good regulation (Figure 9D).

In summary, YJP-A exerted anti-UC effects on DSS-induced mice UC through upregulating the proportion of ILC3s and expression of MHC II, enhancing the inhibition of ILC3s on Tfh cells in MLNs, further regulating TD IgA response and TD IgA targeted colonic mucosal flora. Further, the molecular docking verified the strong interaction between 13 active ingredients in YJP-A and the crucial macromolecular proteins including MHC II, Bcl6, IL-4, Aicda in the ILC3s-TD IgA-colonic mucosal flora axis (Table 2; Figure 7). Some studies showed that YJP-A and (or) its main active ingredients have potential regulatory effects on some points in ILC3s-TD IgA-colonic mucosal flora axis. For instance, our previous studies have shown that YJP could reduce IgA levels in serum (Zhang et al., 2018) and the expression of ileal and colonic mucosal SIgA in Large Intestine Dampness-heat Syndrome (Yao et al., 2019); berberine, the active component of Coptidis Rhizoma and Phellodendri Chinensis Cortex, and paeoniflorin, a main ingredient of Paeoniae Radix Alba, could enhance immune function by lowering IgA levels (Li et al., 2012; Tang et al., 2021); baicalin, a main ingredient of Scutellaria baicalensis, regulates intestinal flora through promoting the production of SCFAs and further protects dysfunction of intestinal mucosal immune (Hu et al., 2021b); baicalein ameliorates UC by improving intestinal epithelial barrier via AhR/IL-22 pathway in ILC3s (Li et al., 2021); Huangqin decoction exerted therapeutic effect on UC mice by increasing the proportion of ILC3s and MHC II expression to suppress the function of Th17 and Th1 cells and promote Treg and Th2 cells (Zhou et al., 2021); curcumin and paeoniflorin could ameliorate UC by regulating gut microbiota (Huang et al., 2017; Fan et al., 2020). Therefore, the combination of these medicines, YJP-A could ameliorate DSS-induced UC in mice by regulating ILC3s-TD IgA-colonic mucosal flora axis (Figure 11).
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FIGURE 11
 Mechanisms of YJP-A ameliorating DSS-induced ulcerative colitis by ILC3s-TD IgA-colonic mucosal flora axis. The ILC3s and MHC II expression were suppressed in MLNs of DSS-induced UC mice, resulting in the proliferation of Tfh cells and inducing class switching of IgA+ B cells by increasing IL-4 levels and hypersecretion of TD IgA in turn causing the disorder of colonic mucosal flora. YJP-A showed protective effects on UC mice by regulating ILC3s-TD IgA-colonic mucosal flora axis.




Conclusion

Taken together, we evaluated the role of ILC3s-TD IgA-colonic mucosal flora axis in the pathogenesis of UC and the regulation of YJP-A on the above axis. Our study illustrated that the ILC3s and MHC II expression in MLNs of UC mice were strongly suppressed and its inhibitory effect on Tfh cells was reduced, leading to the proliferation of Tfh cells and induced the class switching of IgA+ B cells by increasing IL-4 levels, and hypersecretion of TD IgA caused the disorder of colonic mucosal flora, further aggravated colon mucosa. YJP-A could ameliorate UC through regulating the ILC3s-TD IgA-colonic mucosal flora axis with a characteristic of multiple-components and targets. It is demonstrated that ILC3s-TD IgA-colonic mucosal flora axis is an innovative pathway of immune regulation of colonic mucosal inflammation. It plays a crucial role in the occurrence and development of UC. The present study broadened the strategy of treatment of UC and found new pathway of YJP-A treating disease. This provides a new and powerful evidence for exploring the pathogenesis of UC and new drug development.
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Type 2 diabetes mellitus (T2DM) is a chronic metabolic disorder characterized by persistent abnormally elevated blood sugar levels. T2DM affects millions of people and exerts a significant global public health burden. Danggui Buxue decoction (DBD), a classical Chinese herbal formula composed of Astragalus membranaceus (Huangqi) and Angelica sinensis (Danggui), has been widely used in the clinical treatment of diabetes and its complications. However, the effect of DBD on the gut microbiota of individuals with diabetes and its metabolism are still poorly understood. In this study, a T2DM model was established in Goto-Kakizaki (GK) rats, which were then treated with a clinical dose of DBD (4 g/kg) through tube feeding for 6 weeks. Next, we used 16S rRNA sequencing and untargeted metabolomics by liquid chromatography with mass spectrometry (LC–MS) to detect changes in the composition of the microbiota and cecal metabolic products. Our data show that DBD mediates the continuous increase in blood glucose in GK rats, improves insulin sensitivity, reduces expression of inflammatory mediators, and improves systemic oxidative stress. Moreover, DBD also improves microbial diversity (e.g., Romboutsia, Firmicutes, and Bacilli) in the intestines of rats with T2DM. Further, DBD intervention also regulates various metabolic pathways in the gut microbiota, including alanine, aspartate, and glutamate metabolism. In addition, arginine biosynthesis and the isoflavone biosynthesis may be a unique mechanism by which DBD exerts its effects. Taken together, we show that DBD is a promising therapeutic agent that can restore the imbalance found in the gut microbiota of T2DM rats. DBD may modify metabolites in the microbiota to realize its antidiabetic and anti-inflammatory effects.
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Introduction

Diabetes mellitus is a complex chronic disease which poses a significant global public health issue. Data from the WHO suggest that 422 million people suffer from this disease, and individuals with type 2 diabetes mellitus (T2DM) account for 90% of that (World Health Organization, 2022). The majority of T2DM patients often suffer from various complications as the disease progresses. These include diabetic cerebral microvascular complications, diabetic nephropathy, and cognitive dysfunction (Chatterjee et al., 2017; Van Sloten et al., 2020). These complications negatively affect the quality of life of people with T2DM and increase the burden on public health systems. Recent studies have shown that in the early stages of T2DM, chronic systemic inflammatory responses and oxidative stress, which are responsible for metabolic abnormalities, can harm the retinal vasculature, endothelial cells, and autonomic nerves (Singh et al., 2011; Verrotti et al., 2014; Hammes, 2018). Therefore, there is an urgent need to develop novel strategies to prevent and treat T2DM. Moreover, the development of antidiabetic drugs would also be highly beneficial.

The gut microbiota is associated with diseases of the digestive system, mental illness, and metabolic disorders among others (Zeng et al., 2020; Hackam and Sodhi, 2022; Metwaly et al., 2022). The gut microbiota is implicated in various pathologies via its influence on the digestion and absorption of food, production of endogenous metabolites, and competition for growth between pathogenic bacteria (Adak and Khan, 2019). Clinical studies have shown that the gut microbiota of people with diabetes has an unbalanced Firmicutes/Bacteroidetes ratio and reduced levels of butyrate-producing bacteria (Tilg and Moschen, 2014). In addition, with the change in bacterial strains, changes in indoxyl sulfate, p-cresol sulfate, butyrate, and some other short-chain fatty acids (SCFAs) can also dysregulate immune responses, causing inflammation, oxidative stress, and insulin resistance, which are all characteristics of T2DM, cardiovascular disease, inflammatory bowel disease, autoimmune disease, and a variety of cancers (Yoo et al., 2020). As a key factor in the development of these diseases, there is evidence to show that the intestinal flora can be affected by Chinese traditional herb formulae and pharmacodynamic monomers, which can also induce a therapeutic effect on disease (Feng et al., 2019; Lin et al., 2022). By determining the similarity of 16S rRNA gene sequences, we can divide bacteria into different species to judge gut microbiota diversity. In addition, the impact of bacteria on the body will also be directly reflected at the level of intestinal metabolites. Untargeted metabolomics by liquid chromatography with mass spectrometry (LC–MS), a sensitive, precise, and efficient testing method, is often used to identify metabolites and low-molecular-weight compounds in samples.

Danggui Buxue decoction (DBD), composed of Astragalus membranaceus (Huangqi) and Angelica sinensis (Danggui) in 5:1 ratio mix, is a well-known traditional Chinese medicine (TCM) formula from the Jin dynasty. DBD has been proven to have significant effects on promoting hematopoiesis, regulating immunity, and protecting cardiac and cerebral vessels (Yang et al., 2021). As a result, DBD has been widely used in clinical practice to treat diabetic nephropathy, female menopausal symptoms, and anemia (Hong et al., 2017; Lin et al., 2017). Preliminary experimental data obtained in our laboratory demonstrated that DBD also reduces blood sugar levels in diabetic rats, improves the symptoms of diabetic nephropathy, and protects and remodels hippocampal neurons in rats (Xue et al., 2020; Wang et al., 2021).

Herein, we used 16S rRNA gene sequence analysis and LC–MS untargeted metabolomics detection to study changes in the cecum microbiota and metabolomics of T2DM GK rats. Concurrently, we also tested inflammatory factors (e.g., indicators of oxidative stress). Subsequently, correlation analysis was used to forecast and investigate the relationship between the gut microbiota, metabolism of intestinal contents, chronic systemic inflammation, and oxidative stress. This study will aid our understanding of the mechanisms by which DBD effectively exerts its anti-inflammatory and antioxidant effects. Moreover, this work will help develop therapeutic strategies that use DBD for early prevention and treatment of diabetes.



Materials and methods

Methanol, acetonitrile, and formic acid were of LC–MS grade, and 2-propanol was high-performance liquid chromatography (HPLC) grade. These chemicals were all purchased from Thermo Fisher Scientific Inc (Waltham, Massachusetts, United States). The ferulic acid (MW: 194.19, LOT: MUST-17010908, purity ≥98% HPLC)，caffeic acid (MW: 180.15, LOT: MUST-17010908, purity ≥98% HPLC), calycosin (MW: 284.26, LOT: MUST-14070923, purity ≥98% HPLC), and formononetin (MW: 268.26, LOT: MUST-14091205, purity ≥98% HPLC) were provided by Chengdu Must Bio-Technology Co. Ltd., Ligustilide (MW: 284.26, LOT: wkq-00246, purity ≥98% HPLC LOT: wkq-00246) was obtained from Sichuan Weikeqi Biological Technology Co., Ltd. Rat SOD, MDA, TNF-α, IL-1β, IL-18, IL-6 and insulin ELISA Kits and ROS kit were all purchased from Shanghai Enzyme-linked Biotechnology Co., Ltd.

Danggui (the root of A. sinensis (Oliv.) Diels, Place of Origin: Gansu Province, Batch number: 259200103) and Huangqi (the root of Astragalus mongholicus Bge, Place of Origin: Inner Mongolia, Batch number: 190919001) were purchased from Beijing Tong Ren Tang Nanjing Pharmacy (Han Zhong Road, Nanjing, China). After purchase, the herbs were maintained in closed, lucifugal, and dry conditions at 23 ± 2°C.


Preparation and composition determination of DBD

The extraction and phytochemical analysis method was in accordance with that reported previously (Wang et al., 2021). Briefly, Huangqi and Danggui (5:1) were soaked for 1 h, then heated to boil and held for 30 min. Following filtration with absorbent gauze, the herbal mixture was again soaked in boiling for 30 min. The extracts were combined, freeze-dried (raw herb: lyophilized powder ≈40.55%), and stored at −80°C until further use. Phytochemical analyses of the composition of DBD extracts were performed using ultra-performance liquid chromatography with photodiode array (UPLC-PDA) (Waters, Milford, United States).



Animal and experimental design

Healthy specific pathogen-free (SPF) -grade Wistar and Goto-Kakizaki (GK) rats (male, 250–300 g) were obtained from the Shanghai SLAC Laboratory Animal Co., Ltd., Shanghai, China [SCXK (Hu)2017–0005)] and reared in SPF level barrier environmental facilities in the laboratory animal center of Nanjing University of Chinese Medicine. Animals were kept with a 12 h light/dark cycle and with ad libitum access to food (sterilization by cobalt radiation) and distilled water. Air conditions was controlled at a temperature of 22–25°C, and 50–60% relative humidity. This study was approved by the Committee on the Ethics of Animal Experiments of Nanjing University of Chinese Medicine and Experimental Animal Welfare of Nanjing University of Chinese Medicine, China (NO. 012071002558). All work detailed here was performed in accordance with Chinese institutional guidelines and ethics.

All animals sustained adaptive feeding for 1 week and then the Wistar rats in the control group, and the GK rats in the model group and DBD group (n = 6 for each group) were fed with a high-fat diet for 6 weeks to induce the onset of diabetes. This diet contained 43.5% basic feed, 17.5% lard oil, 12% saccharose, 13% casein, and 10% whole milk powder (Jiangsu Xietong Pharmaceutical Bio-engineering Co., Nanjing, Jiangsu, China). Before administration, DBD lyophilized powder was weighed according to the yield and dissolved in warm water at 30°C to make a solution containing 0.4 g/ml of DBD crude drug. During the 6-week experimental period, control and model group rats were given normal saline via intragastric administration, while DBD was administered to rats in DBD group by gavage (10 ml/kg). At the same time, random blood sugar (RBG) of rat tail vein blood was monitored weekly using glucose test papers (Sinocare Inc., Hunan, China).



Sample collection and determination of biochemical indicators

Following a 24 h fast after the last treatment, all the rats were anesthetized with pentobarbital sodium and euthanized immediately after whole blood collection from the abdominal aorta by vacuum blood collection tube. Next, the whole blood was centrifuged at 4,500 × g (centrifuge-SL-16R, Thermo Fisher Scientific Inc., Waltham, Massachusetts, United States) at 4°C for 10 min, and serum biochemical inflammation and oxidative stress indicators, superoxide dismutase (SOD), Malondialdehyde (MDA), tumor necrosis factor-α (TNF-α), interleukin (IL) -1β (IL-1β), IL-18, IL-6, and reactive oxygen species (ROS) were measured according to the manufacturer’s instructions, using commercial kits. The contents of the cecum were also collected and preserved at −80°C for 16S rRNA microbial diversity and LC–MS metabolome analyses.



Extraction and profiling of intestinal contents metabolites

Next, 50 mg cecal chyme sample was accurately weighed and mixed with 400 μl pre-cooling methanol solution (methanol:water 4:1 ratio). Thus, the mixture was then ground and homogenized by a high-throughput tissue disruptor (Wonbio-96c, Shanghai Wanbai Biotechnology Co., Ltd., Shanghai, China). After vortexing, the sample was sonicated on ice for 10 min (3 times) before incubation at −20°C for 30 min. Finally, after a centrifugation (Centrifuge 5,430 R, Eppendorf AG, Hamburg, Germany) at 13,000 g at 4°C for 15 min, the supernatant was collected for metabolomic analysis. To monitor the stability of the LC–MS during the entire analysis process, a quality control (QC) sample was mixed from all samples in the same volumes. This was used to find variables with large variation in the analysis system and to ensure reliability of the results. The QC sample was injected every eight samples as previously reported (Kirwan et al., 2013; Zhao et al., 2020).

Separation was executed on an ultra HPLC (UHPLC) system (Vanquish Horizon UHPLC System, Thermo Fisher Scientific Inc., Waltham, Massachusetts, United States) equipped with a binary solvent delivery manager and a sample manager, coupled with a Q-Exactive Mass Spectrometer fitted with an electrospray interface (Q-Exactive system, Thermo Fisher Scientific Inc., Waltham, Massachusetts, United States). An ACQUITY BEH C18 column (1.7 μm, 2.1 × 100 mm, Waters, Milford, United States) was used at a column temperature of 40°C. The mobile phase consisted of 0.1% formic acid in water (A) and acetonitrile/isopropanol (1:1) (B) under the following gradient: 0–3 min, 5–20% B; 3–9 min, 20–95% B; 9–13 min, 95–95% B; 13–13.1 min, 95–5% B; 13.1–16 min, 5–5% B, and the flow rate was maintained at 0.4 ml/min. The mass spectrometric data were collected using a Thermo UHPLC -Q Exactive Mass Spectrometer equipped with an electrospray ionization (ESI) source operating in either positive or negative ion mode. Specific parameters are as follows: scanning range (m/z), 70–1,050 Da; sheath gas flow rate, 40 psi; cone gas flow rate, 10 psi; cone gas heater temp, 400°C; ionspray voltage (ESI+), +3,500 V; ionspray voltage (ESI-), −2,800 V, and the normalized collision energy was 20–40-60 V. Raw data were imported into the Progenesis QI software (Waters Co., Milford, MA, United States) for baseline filtering, peak identification, integration, retention time correction, and peak alignment.

To reduce errors in the experiment and analysis process, the data structure was standardized. The process of data preprocessing was followed as previously reported (Wu et al., 2020): filtering low-quality peaks (>80%), filling in missing values (minimum), normalization, QC sample RSD evaluation (≤30%), and data conversion (Log 10). To reflect the overall difference between samples in each group and the degree of variability between samples within a group, principle component analysis (PCA) was adopted. The orthogonal partial least squares discriminant analysis (OPLS-DA) was used to better distinguish differences between groups, improve the effectiveness and the parsing ability of the model. Moreover, to evaluate the model quality of the OPLS-DA, we performed seven-fold cross validation and response permutation testing. Next, metabolite identification (significant difference between two groups, Student’s t test, two-tailed test, p < 0.05, variable importance in projection (VIP) > 1) analyses were performed according to mass fragmentation information and matched to some online metabolic databases, including the Human metabolome database (HMDB1) and Kyoto Encyclopedia of Genes and Genomes (KEGG2). Finally, the classification of differential metabolites in the superclass of the HMDB level, the numbers of differential metabolites in different KEGG pathways, and KEGG topology analysis bubble plot were performed on the Majorbio Cloud Platform.3



Microbial extraction and diversity analysis of cecal contents

Total DNA was extracted from the precise weighing of 100 mg cecal content samples using the E.Z.N.A. soil kit (American BioTek Instruments Co., Ltd., United States) as per manufacturer instructions. The concentration and purity of DNA was determined using a NanoDrop 2000, and DNA quality was assessed using a 1% (w/v) agarose (Yingjie Life Technology Co., Ltd., United States) gel electrophoresis gel. The variable region of V3–V4 was amplified using the 338\u00B0F (5′- ACTCCTACGGGAGGCAGCAG −3′) and 806R (5′- GGACTACHVGGGTWTCTAAT −3′) primers. The amplification procedure was as follows: pre-denaturation at 95°C for 3 min, followed by 27 cycles of denaturation at 95°C for 30 s, annealing for 30 s, and extension at 72°C for 30 s, and the final extension at 72°C for 10 min. PCR products were recovered by agarose gel electrophoresis on a 2% (w/v) gel, which was then purified using an AxyPrep DNA Gel Extraction kit (Axygen, United States), eluted using Tris–HCl, and detected on a 2% (w/v) agarose gel. QuantiFluor™-ST (Promega, United States) was used for quantitative detection. According to the standard operating procedure for the Illumina MiSeq platform (Illumina, United States), a PE 2 × 300 library was constructed. Trimmomatic software was used to control the original sequence, and FLASH software was used to assemble the sequence.

Using UPARSE software (version 7.04) based on 97% similarity, the non-repeated sequences (excluding single sequences) were clustered into operational taxonomic units (OTUs), and the representative sequences of OTUs were obtained. The abundance, evenness, and diversity of sample microbial community were assessed using Alpha diversity analysis. Further, Beta diversity analysis was used to explore similarities or differences in community composition between different grouped samples in hierarchical cluster analysis and principal co-ordinates analysis (PCoA). Subsequently, community composition analysis and linear discriminant analysis (LDA) was performed on samples of different groups to find the species that had significant differences in sample classification using linear discriminate analysis effect size (LEfSe) software. To study the role of the gut microbiome in the intestines, the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States two (PICRUSt2) functional prediction was adopted to study the relative abundance of KEGG function in the bacterial community.



Statistical analysis

All data are expressed as the mean ± standard deviation (SD). After testing for normal distribution, unpaired Student’s t-test between two groups was processed by GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, United States) with two-tailed analysis. Data are considered statistically significant if p < 0.05. Significant p-values that associated with microbial population and differential metabolite were corrected for multiple hypotheses testing using the Benjamini-Hochberg False Discovery Rate (FDR) method.




Results


UPLC analysis of DBD

The UPLC-PDA characteristic chromatogram of DBD is shown in Figure 1. Although DBD consists of only two simple Chinese medicine herbs, it contains a variety of compounds, including organic phenolic acids (caffeic acid, ferulic acid), flavones (formononetin, calycosin), and phthalide (Z-Ligustilide). The contents of main representative compounds in DBD have been reported in our previous study (Wang et al., 2021).

[image: Figure 1]

FIGURE 1
 Chromatograms of representative components in DBD. (A) Chromatogram of standard mixture of 5 ingredients. (B) Chromatogram of DBD. Observation wavelength (λ) = 290 nm.




Effect of DBD on insulin resistance and inflammatory biomarkers

Insulin resistance is one of the significant physiologic changes that occur in early diabetes mellitus and eventually leads to systemic non-infectious chronic inflammation (Ndisang et al., 2017). As shown in Figure 2A, during the 6-week experiment, compared to control group, the RBG of the model and DBD groups was always higher than control group. This may be because GK rats spontaneously developed diabetes. After giving DBD for 3 weeks, the RBG of rats showed a downward trend, and had a significant decrease at the end of the 6-week treatment. Moreover, the high levels of fasting plasma glucose (FBG), insulin (INS), HOMA-IR, and HOMA-IS were reversed by DBD (Figures 2B–E), thereby improving the insulin resistance symptoms in GK rats. To study the systemic oxidative stress situation, we found that the level of antioxidant factor SOD in the serum decreased significantly and the content of oxidation factor MDA and ROS increased, compared to the control group, which were inverted by DBD (Figures 2F–H). The systemic non-infectious chronic inflammation is often accompanied by oxidative stress. Four biochemical parameters in the blood serum indicative of the inflammation were measured in the three groups of rats (Figures 2I–L). The results show that compared to the control group, the serum levels of TNF-α, IL-1β, IL-18, and IL-6 in the model group were upregulated, which indicates a pro-inflammatory state in rats. Interestingly, after 6-weeks of oral DBD, the levels of TNF-α, IL-1β, IL-18, and IL-6 met a remarkable reduced, thereby demonstrating the anti-inflammatory effect of DBD.

[image: Figure 2]

FIGURE 2
 The effects of DBD on the blood sugar, insulin, serum oxidative stress, and inflammation cytokine. (A) Random blood sugar of rats at 6 weeks. (B) Concentration of the fasting blood-glucose. (C) Concentration of the blood serum insulin. (D) Levels of HOMA-IR. (E) Levels of HOMA-IS. (F) Concentration of the blood serum MDA. (G) Concentration of the SOD. (H) Levels of ROS. (I) Concentration of the inflammatory cytokine TNF-α. (J) Concentration of IL-6. (K) Concentration of the IL-1β. (L) Concentration of IL-18. Data are presented as MEAN values ± SD, n = 6. Statistical analysis was done by student’s t test. Compared to control group ##p < 0.01, ###p ≤ 0.005, ####p ≤ 0.001; compared to model group *p < 0.05, **p ≤ 0.01, ***p ≤ 0.005, ****p ≤ 0.001.




Metabolism analysis

The metabolic makeup of rat cecum contents were analyzed by positive and negative ion modes by LC–MS and the representative total ion chromatograms of the positive and negative different modes of the QC sample are shown in Supplementary Figure 1.

PCA is an unsupervised multivariate statistical analysis method that can reflect the overall difference between samples in each group and the degree of variability between samples in the group as a whole. Our data (Figures 3A,B) show that, in both negative and positive ion models, remarkable separation in gastrointestinal contents of the control, model, and DBD groups can be seen, which indicated that the samples in the model group deviated from normal levels and showed metabolic disorders, and in the DBD group, DBD had allowed the abnormal metabolism to gradually recover. Subsequently, in order to discover the similarities and differences between these two groups and to improve the effectiveness and analytical capabilities of the model, Orthogonal Partial Least Squares Discriminant Analyses (OPLS-DA) were performed to identify the potential biomarkers as in Figures 3C–F. Also in order to ensure the reliability of the results, the OPLS-DA model was subjected to 200 permutation test analyses; the intercept of the Q2 regression line was less than 0, and the model was not overfitting (Supplementary Figure 2). Next, volcano plots were adopted to show the upward or downward revision of metabolites between different groups in Figures 3G,H. The metabolites in gastrointestinal contents samples were identified based on MS data, KEGG, and HMDB 4.0. Potential biomarkers were screened according to the VIP value (>1.0) and statistical tests (p < 0.05). In total, 479 significantly different metabolites were identified. Compared to the model group, 201 metabolites were significantly downregulated and 70 significantly upregulated in the DBD group. Following intersection of the three groups of data, 62 metabolites were identified as potential biomarkers in both comparisons in the onset and treatment of T2DM. Changes in these potential biomarkers were reversed by DBD (Table 1). To study the potential metabolic pathway related to T2DM and the effect of DBD, HMDB compound classification and KEGG topology analysis based on group-to-group (control vs. model, model vs. DBD) differential metabolites. The HMDB compound classification statistics showed that lipids and lipid-like molecules were the main differential metabolites (Figures 4A,B). Compared to differential metabolites between the control and model groups, the proportion of organic acids and derivatives and organoheterocyclic compounds was higher than that between the control and model group. The KEGG functional pathway statistics (Figures 4C,D) showed that metabolism and organismal systems were the main metabolic pathways of the onset and treatment of T2DM. Finally, based on the identified differential metabolites between the two groups, the KEGG topology analysis was conducted to evaluate the importance of the KEGG pathway for therapy. The results (Figures 4E,F) showed that the occurrence of T2DM and the influence of DBD might be associated with alanine, aspartate, and glutamate metabolism, arginine biosynthesis, benzoxazinoid biosynthesis, Citrate cycle, and aminoacyl-tRNA biosynthesis simultaneously. Further, alpha-Linolenic acid metabolism, glycerophospholipid metabolism, pyrimidine metabolism and sphingolipid metabolism may also took part in the onset of T2DM. The influence of DBD also related to D-Glutamine and D-glutamate metabolism, taurine and hypotaurine metabolism, isoflavonoid biosynthesis, and Pantothenate and CoA biosynthesis.
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FIGURE 3
 Multivariate statistical analysis of the LC–MS spectra of rat cecal contents taken from the three groups (n = 6). (A) PCA score map of the three groups in the negative ion model. (B) PCA score map of three groups in the positive ion model. (C) OPLS-DA score map of control vs. model group in the negative ion model. (D) OPLS-DA score map of control vs. model group in the negative ion model. (E) OPLS-DA score map of control vs. model group in the negative ion model. (F) OPLS-DA score map of control vs. model group in the negative ion model. (G) Differential volcanic map of control vs. model group. (H) Differential volcanic map of model vs. DBD group.




TABLE 1 Potential biomarkers identified in positive and negative ion mode.
[image: Table1]
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FIGURE 4
 Summary of differential metabolite classification and related pathway analysis. (A) Classification of differential metabolite between control and model group in Superclass of HMDB level. (B) Classification of differential metabolite between model and DBD group in Superclass of HMDB level. (C) Numbers of differential metabolite in different KEGG pathways between control and model group. (D) Numbers of differential metabolite in different KEGG pathways between model and DBD group. (E) KEGG topology analysis bubble plot between control and model group. (F) KEGG topology analysis bubble plot between model and DBD group. Each bubble in the Figure represents a KEGG pathway. The horizontal axis represents the impact value of metabolites in the pathway and the vertical axis represents the enrichment significance of metabolites in the pathway -Log 10 (p value). Bubble size represents impact value and the larger the bubble, the more important the pathway is.




Bacterial analyses of intestinal contents samples

In this study, the microbiota composition of the intestinal contents sample was analyzed using 16S rRNA high-throughput sequencing to investigate the potential mechanism of DBD related to gut microbiota. After leveling according to the minimum number of sample sequences, an average of 29,477 sequences per sample was obtained from 24 rat intestinal contents, with 12 phyla, 185 genera, and 725 OTUs. As shown in Figure 5A, the rarefaction curves were gradually smoothed and the Good’s coverage for the observed OTUs was 99.80 ± 0.05%, which indicated that the sample size of this sequencing was sufficient. Besides, the flattening Pan/Core species analysis curve (Supplementary Figure 3) also indicated the sample size sufficient for this sequencing. The Alpha diversity of gut microbiota met a change (Figures 5B,C) and the sob index (p < 0.005) and Shannon index (p < 0.01) of the model group were lower than that of control which indicated the T2DM significantly decreased community richness and diversity of gut microbiota. After treating with DBD, the Shannon index (p < 0.01), and Shannoneven index (p < 0.01) of the model group was reversed (Figures 5C,D) that showed a positive regulatory effect on community evenness and diversity. Moreover, the PCoA diagram based on Bray–Curtis distances demonstrated that the microbial community structure was obviously separated between the control group and model group (Figure 5E). The ANOSIM analysis with 999 Monte Carlo random permutations indicated the between-group difference is significantly greater than the within-group difference (R = 0.7866, p = 0.001). Besides, the result of the hierarchical clustering tree on OTU level also showed a significant separation in three groups (Figure 5F). On the genus level, obvious difference between microbe relative abundance among these 3 groups could be seen in Figure 6A. After the students t-test, the relative abundance of gut microbes in 54 genera was altered between the control group and model group, and 14 genera in the model group and DBD group were changed. The average relative abundance of 8 genera of microbiota in the gut microbes were reversed by DBD, compared to the model group (Supplementary Figures 4A–H). Furthermore, the top 15 species levels of gut microbiota with significant difference between two groups is shown in (Supplementary Figures 4I,J). To further explore differences in the intestinal contents in the gut microbiota among three group, LEfSe multilevel species difference discriminant analysis was used to recognize the specific altered bacterial phenotypes at each phylogenetic level (from phylum to genus, LDA > 4, Figures 6B,C). In total, 11 orders, 12 families, and 17 genera were found to have a significant influence on the differences between groups, most of which belonged to Firmicutes and Desulfobacterota. The dominant genus in the control group mainly were Romboutsia, Monoglobus, norank_f__norank_o__Clostridia_UCG-014, Lachnospiraceae_NK4A136_group, Eubacterium_xylanophilum_group, norank_f__Eubacterium_coprostanoligenes_group, Christensenellaceae_R-7_group, and Desulfovibrio. In addition, the Blautia, Lactobacillus, and Ruminococcus_gauvreauii_group had the strongest association with the model group, while Allobaculum, Ruminococcus_torques_group, Lachnoclostridium, Anaerostipes, and Adlercreutzia were the most representative bacteria in the DBD group. Then, to study the gut microbiome functions, the PICRUSt2 analysis was adopted to analyze the relative abundance of KEGG function in the bacterial community. We found that carbohydrate metabolism, lipid metabolism, glycan biosynthesis, and metabolism of other amino acids, cell motility, xenobiotics biodegradation, and environmental adaptation are the main functions of gut microbiota in cecum, which are reversed following DBD treatment (Figures 6D,E).
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FIGURE 5
 Effects of DBD on the structure and abundance of gut microbiota in T2DM rats. (A) Rarefaction curves of 3 group samples. (B–D) Alpha diversity is presented by the box plots of Sobs, Shannon, and Shannoneven. (E) Principal coordinate analysis (PCoA) plot of the gut microbiota based on Bray–Curtis metrics. (F) Hierarchical clustering based on Bray–Curtis distance matrix (C, control; M, model, D-DBD).


[image: Figure 6]

FIGURE 6
 Microbiome analysis of the intestinal contents samples. (A) Relative abundance of the gut microbiota at the genus levels. (B,C) Histogram and evolutionary branch diagram of LDA distribution between feces in 3 groups. (D,E) The proportion of gut microbes in different KEGG pathways with significant differences between the two groups.




Correlations between biochemical indexes, microbiome, and metabolites in the intestinal contents samples

To comprehensively analyze the relationships between biochemical indexes, metabolites and gut microbiota, a correlation matrix (heatmap) was established calculating Pearson correlation coefficient, in which the top 15 bacterial species and the top 30 related metabolites in the total metabolites and microbiota with significant differences are analyzed. As shown in Figure 7, the levels of FBG, INS, and HOMA-IR, the pointer of T2DM insulin resistance, have a negative correlation with deoxycholic acid, tetrahydroaldosterone-3-glucuronide, enterolactone, 12-Ketodeoxycholic acid, and other metabolites. Further, enterolactone levels showed a positive relation with g_Romboutsia and g_Gordonibacter, whose abundance in DBD group was reversed compared to the model group. Besides, 2-Formaminobenzoylacetate, 3-Formyl-6-hydroxyindole, FA (18:1(OH3)), etc. metabolites showed high correlation with biological markers associated with insulin resistance, which played a positive role with g_unclassified_p__Firmicutes, g_Blautia, and g_Mucispirillum. Inflammation is highly correlated with oxidative stress, and their biochemical indexes were highly positively correlated with the metabolites enriched in the model group, such as PKG1, DG (15:0/18:4(6Z,9Z,12Z,15Z)/0:0), stercobilin, 17-phenyl-18,19,20-trinor-prostaglandin E2, etc., and many of them were also related to insulin resistance, which had a positive relation with g_Ruminococcus_gauvreauii_group, g_Ruminococcus_torques_group, g_Blautia, g_Allobaculum. Moreover, after therapeutic intervention of DBD, the abundance of g_Romboutsia, g_Dorea, g_Blautia, g_Candidatus_Stoquefichus, g_Adlercreutiza, and other bacterial groups were negatively correlated with inflammatory oxidative factors.
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FIGURE 7
 Heatmap of relationships between biochemical indexes, metabolites, and gut microbiota. (A) Relationship between biological indicators and the top 30 differential metabolites in control and model group. (B) Relationship between biological indicators and the top 30 differential metabolites in model and DBD group. (C) Relationship between top 15 differential gut microbiota and the top 30 differential metabolites in control and model group. (D) Relationship between top 15 differential gut microbiota and the top 30 differential metabolites in model and DBD group. (E) Relationship between biological indicators and the top 15 differential gut microbiota in control and model group. (F) Relationship between biological indicators and the top 15 differential gut microbiota in model and DBD group.





Discussion

Nowadays, the main treatment options for T2DM, such as sulfonylureas and glinides hypoglycemic agents often have some side effects that cause significant gastrointestinal reactions, hypoglycemia, and weight gain (Flory and Lipska, 2019; Ceriello, 2020). In addition, complications associated with diabetes, for example, diabetic nephropathy, diabetic retinopathy, and diabetic peripheral neuropathy threaten the quality of life of those affected. In the early stage of diabetes, excessive generation of ROS and advanced glycation end products (AGEs) lead to the oxidant response and inflammatory response which play key roles in the pathogenesis of diabetic nephropathy (Singh et al., 2011). TCM compounds composed of a variety of plants have shown excellent potential in the treatment of endocrine diseases, cancer, and many others. Thus, in this study, we focused on the effect of DBD on treatment for T2DM to investigate the potential mechanisms associated with gut microbes and their metabolites of intestinal contents.

The Wistar rat is a kind of closed herd animal and has been widely used in Biomedical experiments. GK rats are non-obese spontaneous type 2 diabetic rats formed by repeated selection inbreeding of Wistar rats (Kitahara et al., 1978), whose pathogenesis, including several susceptibility loci containing genes responsible for some diabetic traits, gestational metabolic impairment inducing an epigenetic programming of the offspring pancreas and the major insulin target tissues, and environmentally induced loss of β-cell differentiation due to chronic exposure to hyperglycemia/hyperlipidemia, inflammation, and oxidative stress have been shown to be highly similar to that of clinical T2DM patients (Portha et al., 2012). Therefore, the GK rat is one of the best characterized animal models of spontaneous T2DM, has proved be a valuable tool offering sufficient commonalities to study T2DM and its complications (Portha et al., 2009). In this experiment, compared with the control group, rats in the model group had obvious symptoms of early insulin resistance in T2DM, such as abnormally elevated serum insulin levels and decreased insulin sensitivity. In addition, with the passage of time, the RGB of the rats in the model group showed a trend towards a continuous increase. After 6 weeks of DBD intervention, the basic biochemical indicators of rats were significantly improved, which was consistent with our previous reports (Wang et al., 2021). In addition, systemic chronic inflammation and oxidative stress are important features in the early stage of type 2 diabetes. One study found that reducing the level of systemic inflammation and oxidative stress can reduce the incidence of diabetic complications (Han et al., 2018). In this experiment, we found that DBD can significantly reduce inflammation and oxidative stress in rat serum, such as TNF-α, IL-18, IL-1β, and MDA. Moreover, in our previous work, we also found that DBD can improve complications such as diabetic nephropathy, diabetic atherosclerosis, and other diseases related to inflammation. Ferulic acid, a natural polyphenol derived from Angelica sinensis, has been found to have significant antioxidant activity. It can improve diabetes insulin resistance through PI3K/AKT, PEPCK, and other signaling pathways (Narasimhan et al., 2015; Cheng et al., 2019). At the same time, a saponin component from Astragalus, Astragaloside IV, has been found to treat diabetes and many of its complications (You et al., 2017; Zhou et al., 2020).

Metabolomics based on LC–MS technology can reveal the physiological and pathological changes of organisms by analyzing the metabolic composition and changes of endogenous and exogenous substances in biological samples, which are of great significance in clarifying the pathogenesis and the treatment of metabolic diseases involving digestion and absorption (De Vos et al., 2022; Pereira et al., 2022). The result of this study shows that DBD can significantly reverse the abundance of 9-OxoODE, enterodiol, enterolactone, arachidonyl carnitine, 2,3-Dinor-6-keto-prostaglandin F1 alpha, 4-OH-Retinal, Nomega-Acetylhistamine, oxindole, pyroglutamylvaline, and other metabolites, which are also changed in model group rats compared to the control group. 9-OxoODE is a kind of product of adipocyte lipolysis oxidized by glutathione peroxidases, which is considered to be of high diagnostic value and helpful in predicting T2DM and its complications (Rhee et al., 2021), and DBD can change the high level of 9-OxoODE. Arachidonyl carnitine, 4-OH-Retinal are involved in fatty acid metabolism and retinol metabolism, the content in the model group rats was significantly reduced, and this phenomenon was also observed in clinical patients with obesity and metabolic-related diseases, which may relate to the excess fatty acid environment and impaired mitochondrial metabolism in overweight or obese patients (Song et al., 2020). Prostacyclin is the main metabolite of arachidonic acid (AA) produced by vascular endothelial cells that has a significant vasodilation effect. Under physiological conditions, prostacyclin cooperates with NO and has a vascular regulation effect, which has poor stability in vivo and will spontaneously hydrolyze into 6-keto prostaglandin F1 alpha and its secondary metabolite 2,3-Dinor-6-keto-prostaglandin F1 alpha (Enzler et al., 2012). Diabetes is an important risk factor for cardiovascular disease. In the early stage of microvascular complications of diabetes, vascular endothelial dysfunction is mainly manifested as reduced NO release, and the improvement of vasodilation mediated by prostacyclin helps to compensate to mediate vascular stability, which in turn showed increased levels of 2,3-Dinor-6-keto-prostaglandin F1 alpha (Shi and Vanhoutte, 2017). DBD can reduce the level of 2,3-Dinor-6-keto-prostaglandin F1 alpha in rat intestinal content metabolites, which proves that DBD may help alleviate diabetic microvascular complications and improve microvascular inflammation. N1,N12-Diacetylspermine is an intermediate product of arginine metabolism, which is associated with various diseases such as diabetes, and can be used as a potential biomarker for various malignant tumors (Umemori et al., 2010). The level of N1,N12-Diacetylspermine in the intestinal contents of rats in the model group increased significantly and decreased after intervention with DBD. Phytoestrogens, such as lignans and isoflavone, have been found to have significant anti-inflammatory, anti-oxidative, and tumor-preventive effects (Torrens-Mas and Roca, 2020; Chakraborty et al., 2021). In this experiment, lignans metabolites enterodiol, enterolactone, 2’-Hydroxyenterolactone, among others were significantly decreased in the T2DM model group rats, and the levels of serum inflammatory factors increased, which is consistent with what has been reported in the literature (Sun et al., 2014). Astragalus is an important component of DBD, belonging to the Fabaceae Leguminosae (Fabaceae), rich in lignans, soybean isoflavones, and other phytoestrogens, so the level of lignan metabolites in the DBD group increased, and the serum levels of oxidative inflammatory factors in rats were improved. Therefore, based on the above metabolomic results, we can speculate that the components of DBD can regulate the metabolism of endogenous and exogenous fatty acids, arachidonic acid, amino acids, and phytoestrogens, thereby interfering with the development of T2DM.

In recent years, more and more studies have found that gut microbes are closely related to the occurrence and development of diseases. So, we chose the intestinal contents of the cecum for this study. Changes in the alpha diversity of gut microbes have been shown to be related to diseases, such as extreme obesity and high blood pressure (Wilmanski et al., 2019; Verhaar et al., 2020). In this study, the levels of community richness and the community diversity index of model group rats’ gut microbiota (Sob and Shannon), were decreased significantly. Anfter the intervention of DBD, the levels of gut microbiota’ community evenness and community diversity (Shannoneven and Shannon) were markedly improved. At the phylum level, the abundance of Firmicutes in the intestines of rats in the model group was increased, which is the same as the distribution trend of intestinal bacterial species in patients with T2DM reported in the literature (Massier et al., 2020). From the family level, the higher abundance of Peptostreptococcaceae and Oscillospiraceae in DBD group rats, which met a significant decrease in the model group, was associated with less T2DM and lower level of serum cholesterol (Maya-Lucas et al., 2019; Chen et al., 2021). Romboutsia, a microbiota flora whose abundance was reversed by DBD, has been found to regulate the metabolism of type 1 diabetes rats’ serum and hippocampus to alleviate cognitive dysfunction (Gao et al., 2019). In this experiment, was also found to be closely negatively related to metabolites such as taurocholic acid, which showed a high relation with increased T2DM risk (Lu et al., 2021). Besides, compared with the model group, Adlercreutzia increased in the gut microbiota of rats after administration of DBD, and Lucía Vázquez et al. found that Adlercreutziashu can hydrolyze daidzein to produce isoflavones (Vázquez et al., 2020a, b). Various glycoside chemical constituents in DBD have been reported in the literature, such as daidzein, calycosin-7-glucoside, and formononetin-7-O-beta-D-glucoside-6-O-malonate (Wen et al., 2007; Liu et al., 2018). That may explain why metabolic pathway analysis found that the products of the isoflavonoid biosynthesis pathway were significantly enriched in the intestinal contents of rats in the DBD group. Ting Hu et al. found that, compared with glycosides, flavonoids such as calycosin and other flavonoids can exert greater antioxidant and anti-inflammatory effects (Yu et al., 2005; Hu et al., 2017). So, as reported in the literature, the involvement of bacterial metabolism may play a positive role in the beneficial effects of phytoestrogens on human health (Peirotén et al., 2020).



Conclusion

In general, DBD extract can improve insulin resistance, systemic inflammation and oxidative stress, and regulate metabolic profiles in T2DM model rats. Based on the metabolome and 16S rRNA technology, the mechanism of its anti-inflammatory and antioxidant effect may be associated with the regulation of metabolites of endogenous and exogenous fatty acids, arachidonic acid, amino acids and phytoestrogens, as well as the reversion of intestinal flora disorders caused by T2DM. To confirm the regulation of DBD on the metabolism and gut microbiome, the key pathways still need to be verified by further molecular biology experiments. The results may provide new ideas and insights for the treatment of T2DM in the clinic and be helpful for development of new therapeutic drugs.
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Inflammatory lung injury is a common respiratory disease with limited therapeutic effects. Increasing opinions approved that prevention is more important than drug treatment for inflammatory lung injury. Astragalus polysaccharides (APS) has multiple bioactivities including anti-inflammation and immunoregulation. However, its preventive effects on inflammatory lung injury remain unclear. In this study, mice were pretreated with APS via intragastric gavage and then were intratracheally instilled with lipopolysaccharides (LPS) to determine the role of APS in preventing lung injury. The results showed that APS pre-treatment improved the pathological changes of lung tissues, reduced the neutrophils infiltration, and inhibited the LPS-induced inflammation. Increasing evidence confirmed the close relationship between intestinal microbiota and lung inflammatory response. 16S rRNA analysis showed that APS treatment changed the microbiota composition in colon, increased the abundance of short-chain fatty acids (SCFAs)-producing genus such as Oscillospira, Akkermansia, and Coprococcus. Also, APS treatment significantly increased the serum concentrations of SCFAs including butyrate and propionate, and their anti-inflammation effects were demonstrated on mice primary alveolar macrophages. Our data confirmed the preventive effects of APS on LPS-induced lung injury, which were partly contributed by the alteration of intestinal microbiota composition and the resulting increase of serum SCFAs.
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Introduction

The lung is directly exposed to the external environment and therefore susceptible to pathogens or harmful substances in the air. Inflammatory lung injury from a variety of causes remains a heavy burden that affects people and livestock, and results in more than 4 million deaths worldwide, as well as huge economic losses in hoggery (Ferkol and Schraufnagel, 2014; Liu et al., 2022). Inflammatory lung injury is characterized by the damage of alveolar-capillary barrier, inflammatory cells infiltration, and pulmonary edema (Matthay et al., 2012; Bhattacharya and Matthay, 2013). Lipopolysaccharides (LPS) is an endotoxin from Gram-negative bacteria and is of particular significance in immunology and microbiology. LPS exposure is one of the major reasons for the development of inflammatory lung injury in human and animals. Current medication strategy for lung injury includes mechanical ventilation, antibiotics, and hormone drugs (Levitt and Matthay, 2012). However, the available treatments are limited in quantity and impact, especially for the acute individuals. Furthermore, the overuse of drugs results in not only various side effects, but also drug residues, which are harmful to environment and host health. Therefore, increasing opinions approved that the prevention of inflammatory lung injury is more important than drug treatment (Litell et al., 2011).

Natural products from herb or food have attracted people’s attention due to their wide bioactivities and low toxic and side effects, and have been used in functional additives (Kourkoutas et al., 2015). Astragalus polysaccharides (APS) is the primary bioactive ingredient isolated from Astragalus membranaceus, a representative Traditional Chinese medicine. Studies have found that APS possesses ideal effects in suppressing inflammation and regulating immune system on cells and animals (Lu et al., 2013; Wang et al., 2013; Zhou et al., 2017; Li et al., 2022). What is more, APS was reported to be synergistic, when combined with matrine, in relieving lung injury associated with inflammatory bowel disease (IBD), and also has been reported to protect lung from developing to pulmonary arterial hypertension (Yuan et al., 2017; Yan et al., 2020). Even so, the role and mechanisms of APS on lung health is still largely unknown.

Intestinal microbiota is a collection of microorganisms that lives in host’s body, among which friendly and potential pathogenic bacteria are included. Microbial dysbiosis leads to disorders such as IBD and asthma (Ferreira et al., 2014). Increasing studies have shown that intestinal microbiota regulates host immunity in a choreographed way, and the cross talk between them extends beyond the gut environment and affects the immunity of distal tissues, including lung (Ichinohe et al., 2011; Brown and Clarke, 2017; Budden et al., 2017). For instance, diverse gut microbiota protect murine against mortality induced by pneumococcal pneumonia (Schuijt et al., 2016). Even for neonates, gut commensal bacteria has played its role in lung mucosal immunity (Gray et al., 2017). Those studies demonstrated the close association between gut microbiota and lung health. Intestinal microbiota affects host health mostly by fermenting dietary fibers and producing short chain fatty acids (SCFAs; Cummings et al., 1987; Macfarlane and Macfarlane, 2012). SCFAs regulate immune cells to enhance host immunity and inhibit the deterioration of inflammation (Yao et al., 2022).

The composition of intestinal microbiota is influenced by many factors, including diet, age, illness, and medication (Purchiaroni et al., 2013). It has been demonstrated that supplementation of APS in diet protected mice from nonalcoholic fatty liver disease, and the underlying mechanisms depended on the remodel of gut microbiota (Hong et al., 2021). Moreover, APS can alter the gut microbiota to improve the osteoporosis (Liu et al., 2020). Based on these findings, here we investigated the potential benefits of APS on LPS-induced inflammatory lung injury and further explored the role of intestinal microbiota in this process.



Materials and methods


The preparation of APS and monosaccharides composition analysis

The APS was extracted from Astragalus membranaceus by boiling water extraction, and then the supernatant was deproteinized using Sevag reagent (Sevag et al., 1938). After removing Sevag reagent, the liquid was mixed with 95% ethanol to a final concentration of 80% (v/v). Twenty-four hours later, the precipitation was dried to get the crude APS. The crude polysaccharides were eluted by water using DEAE-cellulose column to obtain the purified APS.

The monosaccharides composition of APS was analyzed with High-Performance Liquid Chromatography (HPLC; Dionex U3000, ThermoFisher) equipped with ZORBAX EclipseXDB-C18 (Agilent) column. The mobile phase was acetonitrile and phosphate-buffered saline (12 g/L of KH2PO4, 2 M NaOH, and adjust the pH to 6.8) in a proportion of 17:83, the flow rate was 0.8 ml/min and the wavelength was 250 nm. Five point 2 mg of the purified APS was dissolved in trifluoroacetic acid (TFA) solution at 121°C for 2 h and dried with termovap sample concentrator. Then methanol was used to wash the sample till the TFA was completely removed. The sample and standard monosaccharides were reacted with PMP reagent (1-phenyl-3-methyl-5-pyrazolone) before HPLC analysis.



Animals and treatment

Male C57BL/6 mice aged 5 weeks were purchased from Laboratory Animal Center of Huazhong Agricultural University. Mice were housed under even temperature (22 ± 2°C) and 12 h light/12 h dark cycle. After a week of acclimatization, mice were randomly divided into four groups, control group, LPS group, APS + LPS group, and APS group, respectively. Mice in control group and LPS group were administered with water by intragastric gavage for consecutive 14 days while mice in APS group and APS + LPS group were administered 200 mg/kg of APS (dissolved in water) in the same way. At the 15th day, all the mice were anesthetized with 1% of pentobarbital sodium and intratracheally instilled with PBS (for control group and APS group) or LPS (2 mg/kg, dissolved in PBS, for LPS group and APS + LPS group, Sigma, St Louis, MO, United States).



Wet/dry ratio of lung tissue

Lung tissues were separated from thoracic cavity, and the trachea and esophagus were removed. The lungs were numbered, and the wet weights were measured. Subsequently, the tissues were placed into oven at 60°C for 48 h to desiccate followed by weighting the dry lungs. The wet/dry (W/D) ratio of each lung tissue was calculated.



H&E staining

The lung tissues were fixed overnight and embedded in paraffin. Then, the slides were dehydrated using ethanol and stained with hematoxylin and eosin (H&E). The slides were observed under optical microscope (Olympus Shinjuku-ku, Tokyo, Japan).



Bronchoalveolar lavage fluid and primary alveolar macrophages

Bronchoalveolar lavage fluid (BALF) was obtained by inserting 24-gage catheter into trachea and flushing with 1 ml of PBS for three times. The BALF was centrifuged at 400 × g for 10 min to remove liquid, and the cells pellets were collected for cell counting or cell culture. The cells attached to the cell plate were alveolar macrophages. Total protein concentration in cell-free BALF were measured by BCA protein assay kit (Biosharp, cat. no. BL521A).



RNA isolation and real-time qPCR assay

Total RNA from lung tissues were isolated using RNA isolater Total RNA Extraction Reagent (Vazyme Biotech, cat. no. R401-01) and then were reversely transcribed into complementary DNA using ABScript III RT Master Mix (ABclonal Technology, cat. no. RK20429). Universal SYBR Green Fast qPCR Mix (ABclonal Technology, cat. no. RK21203) and specific primers were mixed with cDNA for qPCR assay. Two delta delta Ct method was used to analyze the relative expression levels of certain genes in lung homogenates. The primer sequences were shown in Table 1. The qPCR values were processed by TBtools software (version 1.0), in which the log scale to base 2 and column scale were selected and heatmap was drawn.



TABLE 1 The specific primers for qPCR.
[image: Table1]



ELISA analysis

The cytokine concentrations in lung tissue and serum were measured by ELISA assay. The lung tissues were homogenized in cold PBS and centrifuged to collect supernatant, in which the total protein levels were quantified by BCA assay. The lung homogenates and serum were then subjected to ELISA kit (Enzyme-linked Biotechnology) to detect the concentration of IL-1β (cat. no. ml301814), IL6 (cat. no. ml063159), and TNF-α (cat. no. ml002095).



Flow cytometry

Flow cytometry was performed to identify alveolar cell subpopulations. The cells collected in BALF was stained with CD11b-PerCP Cy5.5 (BD Pharmingen, 561114), Ly-6G-FITC (Thermo Fisher Scientific, 11–9668-82), F4/80-eFlour 450 (Thermo Fisher Scientific, 48–4801-80), CD206-APC (Thermo Fisher Scientific, 17–2061-80), or CD86-PE (Thermo Fisher Scientific, 12–0862-81; all diluted 1:200) according to the manual. Samples were submitted to Cytoflex-LX Flow Cytometer (Beckman), and data were analyzed by using FlowJo (BD Bioscience).



Western blot

The protein samples from lung tissues were prepared, and BCA method was used to detect the protein concentration in each sample. Twenty micrograms of total protein were loaded into wells of 10% SDS-PAGE gel. After being separated by electrophoresis, proteins were transferred to PVDF membrane (Millipore) and then blocked using 5% milk. Then, the membrane was incubated with NF-kB p65/RelA Rabbit pAb (ABclonal Technology, A2547, diluted 1:1,000), Phospho-NF-kB p65/RelA-S536 Rabbit pAb (ABclonal Technology, AP0475, diluted 1:1,000), and β-Actin Rabbit pAb (ABclonal Technology, AC006, diluted 1:2,000) overnight at 4°C. Appropriated secondary antibody was incubated with membrane at room temperature for 2 h, and then protein bands were visualized using Image-Pro Plus 6.0 software (Media Cybernetics), and grey values were measured by ImageJ software.



16S rRNA analysis

The colon samples were immediately frozen and stored at −80°C, and the microbiota compositions were analyzed via 16S rRNA analysis. The total DNA was extracted and then PCR amplification (ABI 2720, United States) of the 16S rRNA genes V3-V4 region were performed using specific primers (338F: 5′-ACTCCTACGGGAGGCAGCA-3′; 806R: 5′-GGACTACHVGGGTWTCTAAT-3′). The products of PCR were then sequenced by Novaseq-PE250 platform at Personal Biotechnology Co., Ltd. (Shanghai, China). The sequence data were analyzed using QIIME2 and R package.

In data analysis, alpha-diversity indices were used to evaluate the intestinal microbiota diversity and abundance. Principal coordinate analysis (PCoA) based on Bray-Curtis distance was used to compare the microbiota composition of each group. The relative species abundances were shown at the phylum and genus levels among groups.



Quantification of SCFAs

The serum concentrations of SCFAs determined by Gas Chromatography–Mass Spectrometry (GC–MS). Standard SCFAs (Sigma-Aldrich, United States) were diluted in methyl tert-butyl ether (MTBE). 100 μl of serum samples were mixed with 0.5 ml of MTBE (with internal standard) solution followed by incubating for 3 min. The mixtures were then ultrasonicated for 5 min, and centrifuged at 12,000 r/min for 10 min. The supernatant was collected and used for GC–MS/MS analysis. Gas chromatograph (Agilent 7890B) coupled to a mass spectrometer (7000D) with a DB-5MS column (30 m length × 0.25 mm i.d. × 0.25 μm film thickness, J&W Scientific, United States) was used for GC–MS/MS analysis. Helium was used as the carrier gas at a flow rate of 1.2 ml/min. Injections in splitless mode were made with an intection volume of 2 μl. The oven temperature was kept at 90°C for 1 min, raised to 100°C at a rate of 25°C/min, raised to 150°C at a rate of 20°C/min, hold for 0.6 min, raised to 200°C at a rate of 25°C/min, and held for 0.5 min after running for 3 min. All samples were analyzed in multiple reaction monitoring mode. The temperatures of inlet and transfer line were 200 and 230°C, respectively.



Statistical analysis

All data were presented as the mean ± SD. Significant differences among groups were analyzed by one-way analysis of variance (ANOVA) and t-tests using GraphPad Prism 8 software. The heatmap was drawn by TBtools software following data normalization by using log scale and column scale.




Results


Monosaccharides composition of APS

High-Performance Liquid Chromatography was used to detect the monosaccharides composition of APS according to the standard monosaccharide samples. Results showed that the APS used in this study was composed of mannose (Man, 8.922%), rhamnose (Rha, 10.255%), glucuronic acid (GlcA, 12.552%), glucose (Glc, 39.283%), galactose (Gal, 5.418%), and arabinose (Ara, 23.570%) (Figure 1).
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FIGURE 1
 The monosaccharides composition of Astragalus polysaccharides (APS).




APS pre-treatment ameliorates inflammatory lung injury

To confirm the protective role of APS on mice lung tissue, the mice were treated with APS solution for consecutive 2 weeks and then inflammatory lung injury mice models were established by LPS (Figure 2A). Data showed that APS treatment did not affect the body weight of mice (Figure 2B). Intratracheal instillation of LPS resulted in notably pathologic changes including destroyed alveolar structure, thickened alveolar wall and infiltration of inflammatory cells and red blood cells. However, in APS pre-treatment group, the pathologic changes induced by LPS were less severe, as more alveoli and less inflammatory cells were observed (Figure 2C). We calculated the W/D ratio of the lungs to evaluate their edema. Results showed that LPS instillation markedly increased the W/D ratio, suggesting the development of lung edema. As expected, APS pre-treatment prevented the increase of W/D ratio and mitigated the lung edema (Figure 2D).

[image: Figure 2]

FIGURE 2
 APS pre-treatment alleviated the inflammatory lung injury following lipopolysaccharides (LPS) exposure. (A) The schematic of the experimental design. Twenty-four hours post LPS instillation, samples were collected. (B) The body weight of mice with or without APS treatment before LPS exposure. (C) Representative pictures of lung tissues with hematoxylin and eosin (H&E) staining. (D) The ratio of lung wet weight and dry weight with n = 6 sample per group. (E) The number of total cells in bronchoalveolar lavage fluid (BALF) with n = 6 sample per group. (F) The total protein concentration in BALF was measured by BCA analysis with n = 6 sample per group. Statistical significance was determined by one-way ANOVA using GraphPad Prism 8 software. ****p < 0.0001.


We also collected the BALF and measured the total cell count and total protein concentration. The results showed that LPS treatment increased the quantity of total cells as well as the concentration of total protein in BALF, while these two indices were significantly reduced in APS pre-treatment (Figures 2E,F). This further proved that APS pre-treatment alleviated the inflammatory lung injury induced by LPS.



APS pre-treatment inhibits LPS-induced inflammatory response in lung

Lipopolysaccharides activates immune cells to overproduce inflammatory cytokines chemokines and lead to severe inflammation in tissues. Neutrophils are of importance in the onset of tissue inflammatory injury. Thus, we firstly evaluated the role of APS on the neutrophils infiltration. Flow cytometry analysis showed that abundant neutrophils were detected in lungs with inflammatory injury, and APS pre-treatment significantly reduced the number of neutrophils (Figure 3A). The concentration of myeloperoxidase (MPO) in lung homogenates and serum were measured by ELISA. Results showed that LPS induced remarkable increase of MPO concentration in both lung homogenates and serum. Consistent with flow cytometry results, APS pre-treatment downregulated the MPO concentration (Figure 3B). Moreover, we also detected the relative mRNA levels of intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), which were responsible for the adhesion of neutrophils to vascular endothelium (Wiesolek et al., 2020). Results showed that LPS treatment significantly increased the expression of Icam-1 in mice lung but had no effect on the expression of Vcam-1. APS pre-treatment led to less Icam-1 expression but did not change the expression of Vcam-1 either (Figure 3C). These results further confirmed that APS prevented the neutrophils infiltration in lung inflammatory response.
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FIGURE 3
 APS inhibited the inflammatory response induced by LPS. (A) The number of neutrophils in BALF was measured by flow cytometry. Representative flow cytometry histograms showing mean fluorescence intensity (MFI). MFI values were quantified n = 3 samples per group. (B) The myeloperoxidase (MPO) concentrations in lung homogenates and serum were measured by ELISA with n = 6 sample per group. (C) The mRNA expression levels of Icam-1 and Vcam-1 with n = 6 sample per group. (D) The heatmap represents the mRNA expression levels of pro-inflammatory genes in lung tissues with n = 6 samples per group. The relative expression data were normalized by using log scale and column scale and the heatmap was drawn in TBtools software. (E) The concentration of representative pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) in lung homogenates with n = 6 samples per group. (F) The concentration of representative pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) in serum with n = 6 samples per group. (G) The mRNA expression levels of M1 macrophages marker (Cd86) and M2 macrophages marker (Mrc1) in lung tissues with n = 6 samples per group. (H) The relative p-p65 expression level in lung tissue was presented by the ratio of p-p65 to p65 with n = 3 samples per group. High expression of p-p65 represents the activation of NF-κB signals in lung. Statistical significance was determined by one-way ANOVA using GraphPad Prism 8 software. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


We then detected the expression of various pro-inflammatory markers. Twenty-four hours post LPS exposure, qPCR was used to analyze the relative mRNA levels. The results showed that LPS treatment greatly increased the relative expressions of Il-1β, Il-6, Tnf-α, Ccl2, and Cxcl1, which were significantly reduced in APS pre-treatment group (Figure 3D). Same trends were also observed by ELISA analysis, the concentrations of IL-1β, IL-6, and TNF-α in both lung homogenates and serum remarkably increased in LPS treatment group yet decreased when mice were pretreated with APS (Figures 3E,F).

We also observed the phenotype of alveolar macrophages (AMs), which is another type of immune cells responsible for the secretion of cytokines in lung. Pro-inflammatory macrophages express high CD86 while anti-inflammatory macrophages express high mannose receptor (MRC1, also known as CD206). After 24 h of LPS stimulation, AMs were collected from BALF and qPCR was conducted to detect the mRNA expression of Cd86 and Mrc1. We observed that LPS treatment significantly increased the expression of Cd86, and APS pre-treatment reduced its expression (Figure 3G). LPS treatment also induced the increase of Mrc1, this suggested adaptive anti-inflammatory response of AMs was elicited by LPS. APS combined with LPS further increased the Mrc1 expression (Figure 3G). This indicated that APS pre-treatment instructed the transition of macrophages from pro-inflammatory phenotype to anti-inflammatory phenotype.

Lipopolysaccharides can be recognized by toll like receptor 4 (TLR4) that located on the surface of several immune cells, and then the downstream NFκB signaling pathway was activated to produce inflammatory cytokines (Lu et al., 2008). The activation of NFκB is a crucial step to produce inflammatory cytokines. We observed the increase of the phosphorylation of p65 protein in lung following LPS treatment, while the phosphorylated p65 expression level in APS pre-treatment group was significantly decreased, suggesting the inhibition of NFκB signaling pathway (Figure 3H).



APS pre-treatment changes the intestinal microbiota of mice

To explore the role of APS on mice intestinal microenvironment, the microbiota of colon mucosa was analyzed by 16S rRNA sequencing. Alpha-diversity based on Chao1 index and Shannon index was used to evaluate the community richness and diversity (Figure 4A). Results showed that compared to control group, Chao1 index and Shannon index values were increased in all other three groups. Principal coordinates analysis (PCoA) was used to evaluate the overall difference in microbiota classification. Samples in same group clustered together and were separated from other groups, suggesting the microbiota composition was affected by LPS and APS treatment (Figure 4B). The unweighted pair-group method with arithmetic mean (UPGMA) analysis showed that samples within same group were clustered together and distinguished with each other, confirmed that those treatment significantly altered the microbiota composition (Figure 4C). The Venn diagram illustrated the overlaps of Operational taxonomic units (OTUs) profiling and showed that a total of 545 OTUs among four groups (Figure 4D). Besides, the total number of microorganisms was increased in LPS treatment groups and decreased with APS pre-treatment. What is more, APS alone treatment also increased the number of microorganisms (Figure 4D).
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FIGURE 4
 APS pre-treatment altered the intestinal microbiota composition. (A) Chao1 indices and Shannon indices of microbiota in colon with n = 4 samples per group. (B) Principal coordinate analysis (PCoA) represented the β-diversity of microbiota composition with n = 4 samples per group. (C) Cluster tree based on unweighted pair-group method with arithmetic mean (UPGMA) analysis. (D) The Venn diagram showed the overlaps of operational taxonomic units (OTUs). (E) The relative abundance of the top 10 phyla among the groups with n = 4 samples per group. (F) The relative abundance of the top 15 genus among the groups with n = 4 samples per group. (G) Heatmap represented the relative abundance changes of the top 20 genus among groups with n = 4 samples per group.


Then, we analyzed the relative abundance of dominant taxa. At phylum level, Firmicutes and Bacteroidetes, constituted the principal part of microbiome community. Lung injury mice had higher level of Bacteroidetes but lower level of Firmicutes. On the contrary, mice pretreated with APS had higher Firmicutes but lower Bacteroidetes (Figure 4E). At genus level, LPS treatment increased the proportion of Prevotella. Compared with control group and lung injury group, APS pretreatment significantly reduced the Prevotella proportion and increased the Oscillospira proportion. LPS treatment also reduced the proportion of Allobaculum, whereas APS pre-treatment did not alter this reduction (Figure 4F). Besides, APS pre-treatment also increased the proportion of Akkermansia and Coprococcus, inspite of their relative low level in the whole genus (Figures 4F,G).



APS pre-treatment inhibits lung inflammatory response via increasing the serum concentration of SCFAs

Short-chain fatty acids are important metabolite of intestinal microbiome that have been demonstrated to have anti-inflammation effects. To confirm if the anti-inflammation effects of APS was associated with SCFAs, the SCFAs concentration in serum were measured by GC–MS. The results showed that acetic acid, propanoic acid and butyric acid were significantly increased by APS treatment (Figures 5A–C). Next, we isolated mice primary AMs to further observe the anti-inflammation effects of butyrate and propionate. Cells were pretreated with butyrate or propionate and then were exposed to LPS. The qPCR results showed that butyrate and propionate pre-treatment significantly reduced the mRNA levels of pro-inflammatory cytokines, and reduced the expression level of Cd86, the marker of M1 phenotype of macrophages (Figure 5D). These proved the anti-inflammation effects of butyrate and propionate. We further measured the activation of NFκB signaling. Western blot results showed that the ratio of p-p65/p65 was significantly increased following LPS treatment, while butyrate and propionate pre-treatment inhibited the increase of p-p65 induced by LPS, suggesting the inhibition of NFκB signaling (Figure 5E).

[image: Figure 5]

FIGURE 5
 APS pre-treatment inhibits lung inflammatory response via increasing the serum concentration of SCFAs. (A) The serum concentration of Acetic acid with n = 6 samples per group. (B) The serum concentration of Propanoic acid with n = 6 samples per group. (C) The serum concentration of Butyric acid with n = 6 samples per group. (D) The heatmap represents the mRNA expression levels of pro-inflammatory markers in primary mice AMs with n = 6 samples per group. Mice primary AMs were pretreated with butyrate (0.05 and 0.2 mM) or propionate (0.5 and 1 mM) for 20 h and then were treated with LPS (10 ng/ml) for 4 h. The relative expression data were normalized by using log scale and column scale, and the heatmap was drawn in TBtools software. The average expression levels were labeled in each cell. (E) The relative p-p65 expression level in AMs was presented by the ratio of p-p65 to p65 with n = 3 samples per group. High expression of p-p65 represents the activation of NF-κB signals in lung. Statistical significance was determined by one-way ANOVA using GraphPad Prism 8 software. **p < 0.01, ***p < 0.001, ****p < 0.0001.





Discussion

The excessive inflammatory response induced by LPS is considered as the main reason for the injury of lung (Weng et al., 2011), and therefore is the primary target to prevent the disease. Several natural products have been proven to be capable of preventing the onset of lung injury. As one of the most extensively studied natural product, APS has multiple bioactivities, nonetheless, its preventive effects on inflammatory lung injury are still unknown.

In this study, we evaluated the preventive effects of APS on inflammatory lung injury induced by LPS. The monosaccharides composition of APS was firstly characterized, as it would affect the microbiota composition and metabolism. Then mice were pretreated with purified APS for 14 days before exposed to LPS. APS did not affect the body weight of mice, indicating the safety of the dosage. We successfully established the inflammatory lung injury mice, which were manifested damaged alveolar structure, lung edema, and the infiltration of neutrophils. All these pathological changes were ameliorated by APS pre-treatment, proved the efficacy of APS in protecting host from inflammatory lung injury. APS pre-treatment also greatly suppressed the inflammatory response in lung tissue and inhibited NFκB signaling pathway by which immune cells produce inflammatory cytokines (Lu et al., 2008). ICAM-1 can be upregulated in inflammation and mediates neutrophils adhesion to endothelial cells (Wiesolek et al., 2020). Neutrophils are one of the main cell types that produce inflammatory cytokines. APS pre-treatment significantly inhibited the infiltration of neutrophils, which was probably due to the decreased expression of Icam-1 after APS treatment. Moreover, APS also reduced the relative expression of Cd86 while increased the relative expression of Mrc1, suggested the transition of lung-resident macrophages from pro-inflammatory phenotype (M1) to anti-inflammatory phenotype (M2), and thereby reduced the production of pro-inflammatory cytokines (Hussell and Bell, 2014). Previous studies have demonstrated the anti-inflammatory effects of APS in vitro and in vivo (He et al., 2012; Lv et al., 2017), our data provided additional evidences for the protective effects of APS on lung inflammation.

Although the mechanisms are largely unknown, increasing evidence confirmed the intimate relationship between intestinal microbiota and the lung immunity (Samuelson et al., 2015). The alteration of intestinal microbiota may have profound effects on lung diseases. Non-starch polysaccharides cannot be fully digested and assimilated by host and thus become the major nutrients reaching the intestinal microbiota (Porter and Martens, 2017). The beneficial effects of herbal polysaccharides on host immune response have been shown to relate to the alteration of intestinal microbiota (Tang et al., 2019). Therefore, we speculated that the effects of APS on the inflammatory lung injury was related to the alteration of intestinal microbiota. The mice colons were collected for 16S rRNA sequencing and the results showed that APS pre-treatment increased the abundance of Firmicutes and decreased abundance of Bacteroidetes at phylum level. These two are the most important bacterial phyla in gastrointestinal tract and greatly affect the host health. Supplementing members from Firmicutes or increasing the abundance of Firmicutes through dietary fiber have been demonstrated to improve the host health condition (Sun et al., 2022). Nonetheless, the effects of microbiota on host are complex. Increased Firmicutes can also produce LPS and deoxycholic acid and increase the risk of inflammation in liver, while several species in Bacteroidetes are dominant beneficial bacteria, which provides nutrition and vitamin for host (Yoshimoto et al., 2013; Zafar and Saier, 2021).

At genus level, we found that APS pre-treatment increased the abundance of Oscillospira, Akkermansia, and Coprococcus. Both Oscillospira and Coprococcus belong to Firmicutes and are implicated in many diseases. The abundance of Oscillospira can be significantly reduced in inflammatory disease such as IBD and nonalcoholic steatohepatitis (Zhu et al., 2013; Walters et al., 2014), indicated that high abundance of Oscillospira is important for suppressing inflammatory response. The only positive relationship between Oscillospira and disease phenotype was observed in patients with gallstones, showing increased Oscillospira abundance (Keren et al., 2015). More importantly, Oscillospira has been proven to produce SCFAs dominated by butyrate, which make it the promising candidate for the next-generation probiotics (Yang et al., 2021). Despite the relative low abundance, Akkermansia and Coprococcus were demonstrated to play important role in maintaining gut homeostasis and inhibiting inflammation (Everard et al., 2013; Gevers et al., 2014). Moreover, both Akkermansia and Coprococcus can also produce SCFAs including butyrate and propionate (Louis et al., 2014). Our data showed that LPS treatment increased the abundance of Prevotella, a large genus with high species diversity but as well as many opportunistic bacteria, while APS pre-treatment reversed this change. Prevotella positively affect host metabolism, but studies found that Prevotella colonization promoted the dextran sulphate sodium-induced colitis, it was also associated with new-onset rheumatoid arthritis, implying its pro-inflammatory effects (Larsen, 2017). Suppressing the excessive Prevotella abundance may be helpful for reducing the inflammatory response of the host.

Polysaccharides reaching the intestine can be fermented by the microbiota, and the chemical energy in carbon is converted into ATP that is used by cells in intestine. The major products of this fermentation are SCFAs including butyrate, acetate, and propionate (Cummings et al., 1987). Although SCFAs are usually used locally by enterocytes, they can be transported across the intestine epithelium into the blood circulation and act in lungs (Enaud et al., 2020). As mentioned above, species in Oscillospira, Akkermansia, and Coprococcus can utilize plant material to produce SCFAs, and as expected, we found that the concentrations of acetate, butyrate, and propionate in serum were significantly increased after APS treatment. Studies have confirmed that SCFAs regulate lung immunity. Increased SCFAs alleviated lung injury induced by K. pneumoniae by suppressing macrophages mediated inflammatory response, while the reduction of SCFAs impaired the function of alveolar macrophages and promote the resulting lung superinfection (Sencio et al., 2020; Ting et al., 2020). Our data also suggested that butyrate and propionate, two major SCFAs with immunoregulation bioactivities, markedly inhibited the activation of NFκB signaling on mice AMs, and the consequent production of pro-inflammatory cytokines. These effects would further contribute to the alleviation of lung injury induced by LPS.

Altogether, this study demonstrated the beneficial effects of APS on alleviating inflammatory lung injury. APS pre-treatment altered the composition of intestinal microbiota, increased the abundance of SCFAs-producing bacteria, as well as the serum concentration of butyrate and propionate. These effects constituted the underlying mechanisms by which APS pre-treatment alleviated LPS-induced inflammatory lung injury.
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In this study, we aimed to characterize the anti-type 2 diabetes (T2D) effects of Gastrodia elata Blume extract (GEBE) and determine whether these are mediated through modification of the gut microbiota and bile acids. Mice were fed a high-fat diet (HFD), with or without GEBE, and we found that GEBE significantly ameliorated the HFD-induced hyperglycemia, insulin resistance, and inflammation by upregulating glucose transporter 4 (GLUT4) and inhibiting the toll-like receptor 4-nuclear factor kappa-B signaling pathway in white adipose tissue (WAT). In addition, we found that GEBE increased the abundance of Faecalibaculum and Lactobacillus, and altered the serum bile acid concentrations, with a significant increase in deoxycholic acid. The administration of combined antibiotics to mice to eliminate their intestinal microbiota caused a loss of the protective effects of GEBE. Taken together, these findings suggest that GEBE ameliorates T2D by increasing GLUT4 expression in WAT, remodeling the gut microbiota, and modifying serum bile acid concentrations.
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Introduction

With the gradual improvement in living standards and the associated consumption of a higher-energy diet and reduction in physical activity, type 2 diabetes (T2D) has become a highly prevalent disease (Shibib et al., 2022). T2D is a complex disease that is characterized by endocrine and metabolic defects, in which insulin resistance is a key pathogenic feature (Patrone et al., 2014). Insulin resistance is defined as poor sensitivity of insulin target tissues to insulin, which results in lower uptake and utilization of glucose (Minokoshi et al., 2004). Glucose transporter 4 (GLUT4) is the principal molecule responsible for insulin-stimulated glucose uptake by peripheral tissues, and it therefore plays an important role in systemic glucose homeostasis (Deng and Yan, 2016; Yuan et al., 2022).

The gut microbiota is now considered to be a key participant in the regulation of host metabolism and health (Quan et al., 2020; Xia et al., 2021), and recent studies have suggested that it plays an important role in the development of T2D (Zhao et al., 2018). Dietary supplementation with Lactobacillus rhamnosus GG results in increases in Glut4 mRNA expression in muscle and adipose tissue, and an improvement in insulin sensitivity in high-fat diet (HFD)-fed mice (Nam et al., 2022). The roles of the gut microbiota in metabolic disorders are mainly determined by interactions between its metabolites, such as bile acids, fatty acids, and amino acids, with receptors on host cells (Wahlström et al., 2016). Primary bile acids, such as cholic acid (CA) and chenodeoxycholic acid (CDCA), are synthesized in the liver from cholesterol and then combined with taurine or glycine and stored in the gallbladder. After a meal, bile acids are expelled from the gallbladder into the intestine, where they are de-conjugated by bile salt hydrolase produced by the intestinal microbiota to form secondary bile acids (Wahlström et al., 2016). These bile acids can affect host metabolism by activating farnesoid X receptor (FXR) and Takeda G protein-coupled receptor 5 (TGR5) (Wahlström et al., 2016; Sun et al., 2018; Li et al., 2020; de Vos et al., 2022). For instance, glycoursodeoxycholic acid inhibits intestinal FXR signaling and increases the circulating concentration of glucagon-like peptide (GLP)-1, thereby improving glucose homeostasis in HFD-fed obese mice (Sun et al., 2018).

Traditional Chinese medicine (TCM) has been used for thousands of years and is effective for the treatment of systemic metabolic diseases, through the effects of multiple components on multiple targets (Zhang et al., 2021). Herbs such as Ganoderma lucidum reduce obesity and insulin resistance in obese mice by modulating the intestinal microbiota (Chang et al., 2015). In addition, Hirsutella sinensis ameliorates obesity, inflammation, and insulin resistance in HFD-fed mice by causing an enrichment of Parabacteroides goldsteinii, a bacterial species that lives exclusively in the gut (Wu et al., 2019). Finally, we previously found that ginseng extract increases the proportion of Enterococcus faecalis in the gut of mice and increases its production of myristic acid, which also reduces obesity (Quan et al., 2020). Gastrodia elata Blume (GEB) is a TCM that has been included in the diet and used for medicinal purposes (Lu et al., 2020). As one of the characteristic and main active components of GEB, gastrodin has been reported to reduce the ubiquitination of insulin receptors and improve insulin resistance (Bai et al., 2021). In addition, the polysaccharide component of GEB can produce beneficial effects by regulating the intestinal flora (Huo et al., 2021). GEB has antidepressant-like effects in a mouse model of depression that are mediated by alterations in the composition and function of the intestinal microbiota (Huang et al., 2021). However, it has not been determined whether the beneficial effects of GEB in T2D are exerted through modification of the structure of the intestinal flora and the range of metabolites produced.

In the present study, we administered GEB extract (GEBE) to HFD-fed mice to reveal its efficacy against T2D. We also evaluated the effects of GEBE on the composition of the gut microbiota and the host bile acid profile using 16S rRNA sequencing and a metabolomic approach, respectively. In addition, we administered antibiotics to eliminate the intestinal bacteria in mice to determine whether GEBE affects host glucose metabolism by altering the composition of the gut microbiota and the bile acids generated.



Materials and methods


Preparation of Gastrodia elata Blume extract

GEB with the product lot no. 190828009 (Beijing Qian Cao Traditional Chinese Medicine Co., Ltd., Beijing, China) was purchased from Beijing Tong Ren Tang Pharmacy in Yanji (Jilin, China). As described previously (Ng et al., 2016), dried GEB was powdered and extracted by heating reflux in distilled water twice for 1 h each. After filtration, the two filtrates obtained were combined and concentrated at atmospheric pressure to yield GEBE, which was diluted to the desired concentration prior to each gavage.

To assess the quality of GEBE, gastrodin was determined by high-performance liquid chromatography (HPLC) as it is the main bioactive compound of GEB. The GEBE and gastrodin standard (Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China) were diluted to the desired concentrations and filtered through a 0.45-μm filter. Chromatographic analysis was performed using an Agilent 1,260 series liquid chromatography system (Agilent Technologies, California, USA) with a UV detector. Sample separation was achieved on an Agilent Poroshell ZORBAX SB-C18 (Agilent Technologies) column (4.6 mm × 150 mm, 5 μm) at a flow rate of 0.5 mL/min. The mobile phase solvent was 0.1% formic acid aqueous solution and acetonitrile (97:3, v/v) with isocratic elution. The injected sample volume was 5 μL and chromatograms were recorded at 270 nm. A calibration curve was prepared by measuring the peak area of a known gastrodin standard in the concentration range of 1–50 μg/mL. The linear regression equation for the calibration curve was y = 1.2756x–1.4011, (regression coefficient (R2 = 0.9974), where x is the concentration of gastrodin (μg/mL) and y is the peak area. The HPLC profile of gastrodin standard and GEBE are shown in Supplementary Figure 1, respectively. The concentration of gastrodin in our GEBE (1.00 mg/mL) was 3.92 μg/mL. The determined content of gastrodin in our extract was 0.392%, which is higher than the requirement of Chinese Pharmacopeia 2022 (0.25%).

The proximate compositions of crude protein, total fat, ash, crude fiber, and sodium (Na) of GEBE were analyzed according to the Chinese national standards, namely, GB 5009.5-2016, GB 5009.6-2016, GB 5009.4-2016, GB/T 5009.10-2003, and GB 5009.268-2016. And the content of crude polysaccharides was determined according to the Entry-Exit Inspection and Quarantine industry standards of China (SN/T 4260-2015).



Animals

Mice were purchased from the Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Four-week-old male C57BL/6 mice were housed under a 12-h light/dark cycle in a specific pathogen-free facility. Previously, it was reported that HFD with 60% fat supply induced obese T2D mice (Rozenberg and Rosenzweig, 2018). Therefore, we induced obese T2D mice using HFD according to our previous experimental approach (Quan et al., 2020). The mice were given free access to an HFD (60% kcal as fat; Beijing HuaFuKang Bioscience, Beijing, China) and water. To determine the effects of GEB on glucose metabolism, the gut microbiota, and the host bile acid profile, the mice were randomly allocated to two groups, an HFD group and a GEBE-treated group (HFD + GEBE), and gavaged with water or 200 mg/kg GEBE as previous study (Liu et al., 2021) at a designated time daily for 12 weeks. To study the role of the gut microbiota in the effects of GEBE in a mouse model of HFD-induced diabetes, we treated the mice with combined antibiotics to eliminate the gut bacteria. The mice were randomly allocated to two groups, an antibiotic treatment group (HFD + ABX) and a group that was also administered GEBE (HFD + ABX + GEBE). The mice were fed the HFD, and sterile water containing a combination of antibiotics [50 μg/mL streptomycin, 100 U/mL penicillin, 100 μg/mL metronidazole, 125 μg/mL ciprofloxacin, and 170 μg/mL gentamycin (all from Sigma Aldrich, St. Louis, MO)] was provided ad libitum. During the ABX treatment, the mice were administered water or GEBE by gavage each day for 12 weeks. At the end of this treatment period, the mice were euthanized after 16 h of fasting. Serum, white adipose tissue (WAT), brown adipose tissue (BAT), liver, and muscle samples were collected and immediately snap-frozen in liquid nitrogen for subsequent western blot analysis and other biochemical assays. The animal study was reviewed and approved by the Animal Ethics Committee of Yanbian University (SYXK2020-0009).



Glucose and insulin tolerance testing

Glucose tolerance testing (GTT) was performed after 16 h of fasting. The glucose concentrations of blood obtained from a tail vein were measured using a glucometer (Yuyue, Jiangsu, China) 0, 15, 30, 60, 90, and 120 min after the intraperitoneal injection of 1.5 g/kg glucose (Sigma Aldrich). Insulin tolerance testing (ITT) was performed after a 4 h fast. An intraperitoneal injection of 0.75 U/kg insulin (Novo Nordisk, Bagsvaerd, Denmark) was administered and the glucose concentrations of blood from a tail vein were measured 0, 15, 30, 45, and 60 min later. Glucose and insulin tolerance were assessed using the respective areas under the glucose-time curves (AUCs).



Physical activity and energy intake

A small animal activity recorder (SA-YLS-1C; Jiangsu Science Biological Technology Co. Ltd., Jiangsu, China) was used to record the movements of the mice. Prior to the start of the experiment, the mice were housed in individual cages for 24 h to acclimatize them to their new environment, and they were allowed to eat and drink freely throughout the experiment. The activity of the mice was measured over a 24 h period, and the mass of food provided at the beginning of the experiment and the mass left at the end were recorded to permit the calculation of the food intake of the mice. The feces of the mice were also collected, dried at 60°C, and weighed. A calorimeter (IKA C2000 basic; Staufen, Germany) was used to measure the energy contents of the food and the feces to calculate the energy expenditure of the mice.



Western blot analysis

Tissue lysates were prepared in RIPA buffer (Beyotime, Shanghai, China) according to a previously described method (Luo et al., 2019). The protein concentration of each lysate was then measured using a BCA kit (Beyotime), and lysates containing equal amounts of protein were separated by SDS-PAGE (8–10%) electrophoresis and then transferred to PVDF membranes (Merck, Darmstadt, Germany). The membranes were blocked using 5% dried non-fat milk powder diluted in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) and then incubated overnight at 4°C with the appropriate primary antibody. The next day, the membranes were incubated with the appropriate secondary antibody for 1 h. Specific bands were visualized using the GelView 6000Plus smart imaging system (Boluteng, Guangzhou, China). The antibodies used for western blotting were as follows: anti-β-actin (1:2,000, Bioss, Beijing, China), goat anti-rabbit secondary antibody (1:5,000, Bioss), goat anti-mouse secondary antibody (1:5,000, Beyotime), anti-GLUT4, anti-Toll-like receptor 4 (TLR4), and anti-nuclear factor kappa-B (NF-κB) (1:2,000, Cell Signaling Technology, Boston, MA).



Immunohistochemistry

WAT samples were fixed in 10% formalin, dehydrated, and embedded in paraffin. Immunohistochemical staining was performed on paraffin sections as described previously (Qi et al., 2019). Briefly, sections were incubated with anti-GLUT4 antibody (Abcam, Cambridge, UK) overnight at 4°C, washed with PBS, and then incubated with secondary antibody (Beyotime) for 15 min at room temperature. DAB chromogenic solution (ZSGB-BIO, Beijing, China) was added and the sections were incubated for a further 5 min, counterstained with hematoxylin, dehydrated with increasing concentrations of ethanol and xylene, and then mounted. Images were obtained using an Olympus BX53 microscope (Olympus, Tokyo, Japan).



Analysis of the gut microbiota

We collected fecal samples from the mice after 12 weeks of treatment for gut microbiological analysis, which was performed as previously described (Sun et al., 2020). Genomic DNA was extracted from the fecal samples using the CTAB method, and then the V3-V4 regions of the 16S rRNA genes were amplified using specific primers. The PCR products were separated on 2% agarose gels and purified using a Gel Extraction Kit (Qiagen, Hilden, Germany). Sequencing was then performed on an Illumina HiSeq (San Diego, CA), and the data obtained were processed and optimized for statistical analysis.



Bile acid analysis

We collected serum samples for bile acid analysis prior to the euthanasia of the mice. The bile acids were extracted and analyzed as previously described (Zhou et al., 2015), using ice-cold methanol: acetonitrile (5:3) deuterated internal standards. The supernatants were dried in OH mode on a SpeedVac and resuspended in methanol prior to bile acid separation and analysis by ultra-high performance liquid chromatography-mass spectrometry (UPLC-MS). Each bile acid was quantified with reference to the result for the corresponding deuterated internal standard.



Statistics

Data are expressed as the mean ± standard error of the mean (SEM) and Student’s t-test was used to compare the groups. The statistical significance level was set at *p < 0.05; **p < 0.01; ***p < 0.001.




Results


Gastrodia elata Blume extract ameliorates the high-fat diet-induced inflammation and abnormal glucose tolerance

The proximate analysis of GEBE shows a content in protein of 1.29 g/100 g, total fat of 0.3 g/100 g, carbohydrates of 50.24 g/100 g, energy of 875.62 kJ/100 g, ash of 4.22 g/100 g, crude fiber of 2.48 g/100 g, sodium (Na) of 0.063 g/100 g, and crude polysaccharides of 30.8 g/100 g (Table 1).


TABLE 1    The components in GEBE.
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Four-week-old male C57BL/6 mice were fed an HFD, with or without GEBE for 12 weeks. The fasting blood glucose concentrations of the HFD mice were significantly reduced by GEBE treatment (Figure 1A). To assess the effect of GEBE on glucose and insulin tolerance, we performed GTT and ITT, and found that the administration of GEBE significantly improved both the glucose tolerance and insulin sensitivity of the mice, as assessed using the respective AUCs (Figures 1B–E). These effects of GEBE occurred without any differences in food intake, energy intake, or physical activity (Figures 1F–J).
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FIGURE 1
The effects of GEBE on glucose metabolism and inflammation in HFD-induced C57BL/6 mice. HFD-induced C57BL/6 mice were treated with GEBE (200 mg/kg) for 8 weeks by daily oral gavage (n = 8–10). (A) Fasting blood glucose. (B,C) GTT and the AUC for the GTT. (D,E) ITT and the AUC for the ITT. (F) Food intake. (G) Physical activity. (H) Absorbed energy. (I) Energy intake. (J) No absorbed energy. (K–N) Western blotting analysis of GLUT4 expression in WAT, BAT, Liver, and Muscle. (O) Western blotting analysis of inflammation-related proteins expression in WAT. (P) Immunohistochemical staining for GLUT4 in WAT. Magnification is 200×, Scale bar = 100 μm. *p < 0.05, **p < 0.01, and ***p < 0.001. NS, not statistically significant. The results are presented as mean ± SEM. HFD: High-fat diet; HFD + GEBE: High-fat diet with GEBE.


We also analyzed GLUT4 protein expression by western blotting in the principal insulin target tissues and found that it was significantly higher in the WAT of GEBE-treated than in control HFD-fed mice, but that its expression in the BAT, liver, or muscle did not differ between the groups (Figures 1K–N). Similar results were obtained using immunohistochemical staining (Figure 1P). This suggests that GEBE increases the uptake of glucose by WAT, which may improve glucose metabolic status. We also found less inflammation in the WAT of GEBE-treated mice, as indicated by lower protein expression of TLR4 and NF-κB (Figure 1O). These results suggest that GEBE may improve the insulin sensitivity and glucose tolerance of HFD-fed mice by increasing GLUT4 expression in WAT and reducing inflammation.



Gastrodia elata Blume extract administration alters the composition of the gut microbiota

Multiple recent studies have shown that alterations in the gut microbiota are associated with metabolic diseases, such as diabetes (Sun et al., 2018; Zhao et al., 2018; Li et al., 2020). Therefore, we collected feces from the mice for gut microbiological analysis. Principal coordinate analysis (PCoA), based on unweighted UniFrac distances, showed significant differences in the gut microbiota of GEBE-treated and control HFD-fed mice (Figure 2A). Interestingly, the results of unweighted UniFrac analysis using unweighted pair group method with arithmetic mean (UPGMA) clustering analysis showed that GEBE treatment increased the abundance of Proteobacteria and unidentified Bacteria at the phylum level (Figure 2B). Heat map analysis was used to identify the microbial genera that contributed to these differences in the gut microbial composition of the two experimental groups (Figure 2C). Of the top 35 most abundant genera identified, GEBE significantly increased the relative abundances of Faecalibaculum, Lactobacillus, and others. Linear discriminant analysis effect size (LEfSe) showed that GEBE treatment enriched the microbiota of the mice with respect to many species, including Mucispirillum schaedleri and Lactobacillus salivarius, vs. HFD-fed mice (Figure 2D). Taken together, these results demonstrate that GEBE affects the composition of the gut microbiota of HFD-fed mice.
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FIGURE 2
GEBE regulates the gut microbiota in HFD-induced C57BL/6 mice (n = 9–10). (A) Principal coordinate analysis (PCoA) based on unweighted UniFrac distances. (B) Unweighted UniFrac analysis using unweighted pair group method with arithmetic mean (UPGMA) clustering analysis. (C) Heatmap of gut microbiota at the genus level in mice. (D) Discriminative taxa determined by LEfSe between two groups (log10 LDA > 3.73). HFD: High-fat diet; HFD + GEBE: High-fat diet with GEBE.




The gut microbiota contributes to the beneficial effects of Gastrodia elata Blume extract on glucose homeostasis

To investigate whether the gut microbiota mediates the beneficial effects of GEBE on the glucose and insulin tolerance of HFD-fed mice, we performed an antibiotic experiment. We found no difference in the fasting blood glucose concentrations of the two groups (Figure 3A). Meanwhile, GTT and ITT revealed that ABX treatment completely prevented the beneficial effects of GEBE on glucose tolerance and insulin sensitivity in HFD-fed mice (Figures 3B–E). There were no differences in the protein expression of GLUT4, TLR4, or NF-κB in the WAT of the two groups (Figures 3F–H). Thus, GEBE requires an intact microbiota to have its beneficial effects in HFD-fed mice.
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FIGURE 3
ABX treatment eliminates the beneficial effects of GEBE on HFD-induced C57BL/6 mice (n = 8–10). (A) Fasting blood glucose. (B,C) GTT and the AUC for the GTT. (D,E) ITT and the AUC for the ITT. (F) The protein levels of GLUT4 in WAT were measured by western blotting. (G) ABX eliminates the inhibitory effect of GEBE on the expression of inflammation-associated proteins in WAT. (H) Immunohistochemical staining for GLUT4 in WAT. Magnification is 200×, Scale bar = 100 μm. NS, not statistically significant. The results are presented as mean ± SEM. HFD + ABX: High-fat diet and water with combined antibiotics; HFD + ABX + GEBE: High-fat diet with GEBE, and water with combined antibiotics.


Interestingly, Non-Metric Multi-Dimensional Scaling (NMDS) analysis showed no differences in the gut microbiota of the mice in the HFD + ABX and HFD + ABX + GEBE groups, in contrast to the differences identified between the HFD and HFD + GEBE groups (Figure 4A). Analysis of the bacterial communities using the Observed species, Chao 1, and Shannon indices, which reflect α-diversity, revealed that the number of enterobacterial species, the diversity, and the homogeneity of the microbiota of the ABX-treated mice were significantly lower than those of the non-ABX-treated mice (Figures 4B–D). The relative abundance of bacterial taxa and a heatmap of the genera identified showed that ABX treatment significantly reduced the relative abundance of most bacterial genera, including Faecalibaculum and Lactobacillus. In addition, Staphylococcus was the most abundant genus among the ABX-treated mouse enterobacteria (Figures 4E,F). These data imply that the intestinal microbiota of the mice was disrupted and that the beneficial effects of GEBE were eliminated after ABX treatment. This further implies that the beneficial effects of GEBE on glucose and insulin tolerance may depend on the presence of a normal intestinal microbiota.
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FIGURE 4
ABX treatment suppressed the intestinal microbiota in mice (n = 8–10). (A) Non-metric multi-dimensional scaling (NMDS) analysis. (B–D) The alpha diversity boxplots were measured using Observed species (B), Chao1 (C), and Shannon (D) diversity indexes. (E) The relative abundance of bacteria at genus levels. (F) Heatmap of gut microbiota at the genus level. *p < 0.05, **p < 0.01, and ***p < 0.001. NS, not statistically significant. The results are presented as mean ± SEM. HFD, High-fat diet; HFD + GEBE, High-fat diet with GEBE; HFD + ABX, High-fat diet and water with combined antibiotics; HFD + ABX + GEBE, High-fat diet with GEBE, and water with combined antibiotics.




Gastrodia elata Blume extract affects the serum bile acid profile of high-fat diet-fed mice

The gut microbiota is involved in bile acid metabolism, and bile acids have effects on glucose metabolism (Jiang et al., 2022). To determine whether the effects of GEBE on the gut microbiota translated into changes in bile acid profile, we profiled the bile acid composition of the mouse serum. We found higher serum concentrations of bile acids in GEBE-treated mice, with the concentrations of secondary bile acids tending to be higher than those of primary bile acids (Figure 5A). In particular, the concentration of deoxycholic acid (DCA), a secondary bile acid, was significantly increased by GEBE, and those of both taurodeoxycholic acid (TDCA) and taurolithocholic acid (TLCA) also tended to be higher (Figure 5B).
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FIGURE 5
GEBE supplementation alters the serum bile acid profile in HFD-induced C57BL/6 mice (n = 8). (A) Serum levels of total bile acids, primary bile acids, and secondary bile acids in HFD-induced mice with GEBE treatment. (B) Bile acid levels in the serum. *p < 0.05. NS, not statistically significant. The results are presented as mean ± SEM. HFD, High-fat diet; HFD + GEBE, High-fat diet with GEBE.


To investigate the relationships between circulating metabolite concentrations and the composition of the gut microbiota in the groups, we performed Spearman correlation analysis (Figure 6). We found strong positive correlations between the abundances of Lactobacillus, Faecalibaculum, Mucispirillum, and Lactococcus and the serum DCA concentration. Additionally, there were also positive correlations between the abundances of Faecalibaculum, Lactococcus, and the serum TDCA concentration. Finally, the TLCA concentration positively correlated with the abundances of Lactobacillus, Faecalibaculum, and Mucispirillum (Figure 6). Taken together, these data indicate that GEBE changes the host serum concentrations of bile acids, which are metabolites of the intestinal microbiota.
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FIGURE 6
Assessment of correlation between gut microbiota and serum bile acid profile in HFD-induced mice treated with GEBE: Spearman correlations between the relative abundance of bacterial genera and bile acid profile in the serum (n = 8). *p < 0.05.





Discussion

In the present study, we have shown that GEBE ameliorates the glucose intolerance and insulin resistance of HFD-fed mice. We have also shown that GEBE increases GLUT4 expression in WAT, alters the composition of the intestinal flora, and alters the host serum bile acid profile, all of which may explain its metabolic effects (Figure 7).


[image: image]

FIGURE 7
GEBE ameliorates T2D by increasing GLUT4 expression in WAT, remodeling the gut microbiota, and modifying serum bile acid concentrations.


A growing number of studies have shown that TCM has an ameliorative effect on metabolic diseases because of its ability to regulate the gut microbiota. Hirsutella sinensis may reduce diet-induced obesity and metabolic disorders by increasing levels of Parabacteroides goldsteinii in the gut, improving intestinal integrity, reducing metabolic endotoxemia, inflammation, insulin resistance, and inducing thermogenesis (Wu et al., 2019). Polysaccharide components in herbs have been reported to regulate the intestinal microbial structure (Wu et al., 2019; Luo et al., 2022). And there is also 30% polysaccharide in GEBE, which changed the structure of intestinal flora in HFD-induced mice. In the present study, we found that the abundances of the genera Faecalibaculum, Lactobacillus, and Mucispirillum in HFD-fed mice were significantly affected by GEBE administration (Figure 2C). Consistent with this, a previous study showed that GEBE increased the abundance of Faecalibaculum and thereby ameliorated early atherosclerosis in mice (Liu et al., 2021). In addition, the abundance of Faecalibaculum was previously reported to be closely and negatively associated with characteristics of the metabolic syndrome (Wu et al., 2022a). Lactobacillus, a recognized probiotic, ameliorates glucose metabolism disorders and disturbances of the intestinal ecology in a rat model of T2D and reduces inflammation and the circulating concentration of lipopolysaccharide (El-Baz et al., 2021; Wu et al., 2022b). We also found that GEBE treatment increases the abundances of Lactobacillus salivarius and Mucispirillum schaedleri by means of LEfSe (Figure 2D). In a recent study, Lactobacillus salivarius influenced glucose metabolism in diabetic mice by increasing the expression of glucose transporter protein 2 in human intestinal epithelial cells (Hsieh et al., 2020; Wang et al., 2022). Furthermore, Mucispirillum schaedleri has a protective effect against Salmonella-induced colitis in mice (Herp et al., 2019). Further, we used antibiotic treatment to eliminate the intestinal microbiota of mice and found that the beneficial effects of GEBE were abrogated, which implies that GEBE achieves these effects by modulating the intestinal flora.

Bile acids are major metabolites of the gut microbiota and affect a variety of host physiological processes (Sun et al., 2018; Qi et al., 2019; Li et al., 2020). In the present study, the serum concentrations of secondary bile acids were increased by GEBE more substantially than those of primary bile acids. The composition of the intestinal microbiota influences host physiology primarily through the production of secondary, rather than primary, bile acids (Sun et al., 2018; Qi et al., 2019). DCA, a secondary bile acid that was present in a significantly high circulating concentration in GEBE-treated mice in the present study, is an endogenous ligand and activator of TGR5 (Katsuma et al., 2005). It has previously been reported that DCA can activate TGR5 and thus regulate host glucose metabolism (Li et al., 2020). In addition, TDCA and TLCA, which are agonists of TGR5 and FXR (Ding et al., 2015), were present at higher concentrations following GEBE treatment. TDCA is one of the most potent natural inducers of GLP-1 secretion yet identified, and its rectal administration improves glucose homeostasis in patients with obesity and T2D (Brighton et al., 2015). Previous studies show that the intravenous administration of TLCA to mice causes beiging in the WAT, and increases fat oxidation and energy expenditure (Eggink et al., 2018).

We also found an association between the serum bile acid profile and the intestinal microbiota by Spearman correlation analysis (Figure 6). In particular, DCA showed close positive correlations with the abundances of Lactobacillus, Faecalibaculum, Mucispirillum, and Lactococcus. It has also been reported that Lactobacillus expresses hydroxysteroid dehydrogenase, which converts primary bile acids to secondary bile acids by 7-dehydroxylation, and generates DCA in this way (Chen et al., 2019). Moreover, we found close associations of the circulating concentrations of TLCA and TDCA with the abundances of Faecalibaculum, Lactococcus, and other intestinal microbes. We found that GEBE increased the abundances of specific intestinal taxa, including Lactobacillus and Faecalibaculum, and also affected the concentrations of secondary bile acids, such as DCA, which may explain its effects on glucose tolerance. Cells utilize membrane glucose transporters for glucose uptake, and GLUT4 is the insulin-responsive transporter and is highly expressed in adipose tissue, muscle, and liver (Deng and Yan, 2016; Yuan et al., 2022). Low GLUT4 expression and a disruption of glucose transport are thought to be involved in the mechanism of the impaired glucose metabolism that characterizes T2D (Deng and Yan, 2016). In the present study, GEBE was found to increase the expression of GLUT4 in WAT, but not in other insulin target tissues. Previous in vitro experiments have shown that bile acids induce Glut4 transcription in 3T3-L1 and HepG2 cells (Shen et al., 2008), and bile acids also increase GLUT4 expression in Zucker (fa/fa) rats, thereby ameliorating insulin resistance (Cipriani et al., 2010). We also found that the expression of TLR4 and NF-κB was lower in WAT following GEBE treatment. It has previously been reported that the TLR4-NF-κB signaling pathway is involved in the development of T2D. The activation of this pathway promotes insulin resistance, and therefore its downregulation may be associated with improved insulin action (Saad et al., 2016; Mukhuty et al., 2021). Interestingly, it has also been reported that the administration of bile acids inhibits the TLR4-NF-κB signaling pathway, and thereby reduces inflammation and insulin resistance (Chen et al., 2019; Xing et al., 2020; Liu et al., 2022).



Conclusion

In conclusion, the present findings suggest that GEBE may ameliorate HFD-induced T2D through effects on the gut microbiota, host bile acid profile, and GLUT4 expression in WAT. In addition, we have provided evidence that an intact gut microbiota is required for the beneficial effects of GEBE. These findings provide potential molecular mechanisms for the beneficial effects of GEB in T2D.
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As pectin is widely used as a food and feed additive due to its tremendous prebiotic potentials for gut health. Yet, the underlying mechanisms associated with its protective effect remain unclear. Twenty-four piglets (Yorkshire × Landrace, 6.77 ± 0.92 kg) were randomly divided into three groups with eight replicates per treatment: (1) Control group (CON), (2) Lipopolysaccharide-challenged group (LPS), (3) Pectin-LPS group (PECL). Piglets were administrated with LPS or saline on d14 and 21 of the experiment. Piglets in each group were fed with corn-soybean meal diets containing 5% citrus pectin or 5% microcrystalline cellulose. Our result showed that pectin alleviated the morphological damage features by restoring the goblet numbers which the pig induced by LPS in the cecum. Besides, compared with the LPS group, pectin supplementation elevated the mRNA expression of tight junction protein [Claudin-1, Claudin-4, and zonula occludens-1 (ZO-1)], mucin (Muc-2), and anti-inflammatory cytokines [interleukin 10 (IL-10), and IL-22]. Whereas pectin downregulated the expression of proinflammatory cytokines (IL-1β, IL-6, IL-18), tumor necrosis factor-&alpha (TNF-α), and NF-κB. What is more, pectin supplementation also significantly increased the abundance of beneficial bacteria (Lactobacillus, Clostridium_sensu_stricto_1, Blautia, and Subdoligranulum), and significantly reduced the abundance of harmful bacteria, such as Streptococcus. Additionally, pectin restored the amount of short-chain fatty acids (SCFAs) after being decreased by LPS (mainly Acetic acid, Propionic acid, and Butyric acid) to alleviate gut injury and improve gut immunity via activating relative receptors (GPR43, GPR109, AhR). Mantel test and correlation analysis also revealed associations between intestinal microbiota and intestinal morphology, and intestinal inflammation in piglets. Taken together, dietary pectin supplementation enhances the gut barrier and improves immunity to ameliorate LPS-induced injury by optimizing gut microbiota and their metabolites.
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Introduction

The weaning transition is a critical period for mammalian growth (Holman et al., 2021; Gonzalez-Sole et al., 2022). Due to the inadequate development of immunological and digestive systems (Hughes et al., 2017), they are more susceptible to viruses and harmful bacteria, which can damage intestinal function and cause debilitating diarrhea. However, gut microbial dysbiosis is a major cause of neonatal and post-weaning diarrhea in pigs (Hughes et al., 2017). Trillions of microorganisms are colonized in the mammalian gut (Lynch and Pedersen, 2016). The intestinal flora is a mutually beneficial relationship between the host and the intestinal flora that regulates the body’s food intake and metabolism, serves as a defense against toxins and external antigens, and fosters the growth of the intestinal immune system (Reyman et al., 2019). Very recently, the effect of intestinal microbiota on the host might be mediated by influences on the microbial metabolites (Wan et al., 2021). Acetic acid, propionic acid, and butyric acid are the three of the most representative short-chain fatty acids (SCFAs). The acetic acid in the intestine is mainly produced by the fermentation of Bifidobacterium spp. and Lactobacillus spp. (Zuniga et al., 2018). It constitutes the highest proportion of short-chain fatty acids produced by intestinal bacterias. Acetic acid regulates the pH level, maintains the homeostasis of the intestinal environment, nourishes beneficial microorganisms, and prevents the invasion of harmful bacteria and opportunistic pathogens (Konda et al., 2020). Escherichia coli, Mycobacterium fragilis and Microcystis aeruginosa are the main propionic acid-producing bacterias. In addition to their functional similarities with acetic acid, propionic acid can also regulate appetite through PYY and GLP-1 (Canfora et al., 2019). Butyric acid is absorbed directly into the colonic epithelium, where it is oxidized to produce butyryl coenzyme and used in the synthesis of ATP. It also has the vital function of maintaining the integrity of the intestinal wall (Dang et al., 2021).

Dietary fiber (DF) is a carbohydrate polymer with more than 10 monomeric units, making it difficult to be hydrolyzed and absorbed by endogenous enzymes in the small intestine (Nevara et al., 2021). According to its solubility, DF is usually divided into two categories: soluble dietary fiber (SDF, e.g., pectin) and insoluble dietary fiber (IDF, e.g., cellulose; Xia et al., 2021). There are many ways for pectin to regulate the host, such as regulating the composition of intestinal microbes, regulating intestinal permeability, and reducing intestinal inflammation. Beyond that, the effect of microbial metabolites (short-chain fatty acids) is a non-negligible regulatory pathway. Pectin is mainly a group of acids heteropolysaccharides consisting of D-galacturonic Acids (D-Gal-A) linked by α-1,4-glycosidic bonds (Wu et al., 2020). Besides, it also contains neutral sugars, such as L-rhamnose, D-galactose, and D-arabinose. And it is abundant in the peels of citrus, lemon, and grapefruit.

In recent years, the application of microbiology in the analysis of dietary fibers on the intestinal immune factors has extensively increased, but biological meaningful pathways, for instance, the regulatory and metabolic pathways, are still poorly understood. Thus, in this study, lipopolysaccharide (LPS) intraperitoneal injection was used to establish the intestinal injury model of piglets, and the aim of this research was to explore whether pectin supplementation in the diet could alleviate intestinal injury via gut microbiota community in piglets.



Materials and methods


Animal management, experimental design, and sample collection

All procedures in this study received ethical approval from the Experimental Animal Welfare and Ethical Committee of Institute of Animal Science of Chinese Academy of Agricultural Sciences (IAS2019-37). A total of 24 21-day-old pigs (Yorkshire × Landrace, 6.77 ± 0.92 kg), half male and female piglets in each group, were randomly distributed into three groups with eight replicates per treatment: (1) Control group (CON), (2) LPS-challenged group (LPS), (3) Pectin-LPS group (PECL). The initial body weight and health status of the piglets were no significant difference among the groups in this study. Each group of piglets was fed with corn-soybean meal diets containing 5% citrus pectin (PEC, [with a purity of >81.4%] purchased from Yuzhong Biotech Corporation, Henan, China) or microcrystalline cellulose (MCC [99.5% purity], purchased from Engineering research center of cellulose and its derivatives, Beijing, China) respectively.

The experiment lasted for 28 days which consisted of a pre-starter period (7 days) and a starter period (21 days). During the whole test period, the diets had been formulated to meet the nutritional requirements suggested by NRC (2012) for pigs within the corresponding weight range (Table 1). On day 14 and day 21, piglets from LPS group and PECL group received a simulated bacterial challenge by an intraperitoneal injection of LPS solution (80 μg per kg BW, E. coli 0111: B4, Sigma). And meanwhile, piglets in the CON group received an intraperitoneal injection of 200 μl of saline. Previous studies proved that LPS causes serious damage to the intestinal structure and barrier function within 2 to 6 h after injection (Xu et al., 2020). Hence, 3 h after the 2nd injection of LPS or Saline, blood samples were collected from the anterior vena cava before being anaesthetized. After slaughtering, samples of cecal contents and mucosa were obtained and immediately frozen in liquid nitrogen and then transferred to −80°C for further analysis.



TABLE 1 The composition and nutrient content of basal diets (air-dry basis) %.
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Counting the number of goblet cells

The cecum segment was fixed in paraformaldehyde, dehydrated, and embedded in paraffin to prepare paraffin sections (section thickness of 5um), and then stained with PAS solution. The number of goblet cells was assessed by random measurement of 10 crypts per section using DS-U3 (Nikon, Japan). For more specific details about this process, we refer to (Tang et al., 2022).



DNA extraction, real-time PCR analysis

We extract the total RNA from cecal mucosa using the RNeasy Mini Kit (GeneBetter, Beijing, China). The concentration of each RNA sample was quantified using the NanoDrop 2000 (Nanodrop Technologies, Wilmington, DE, USA). The cDNA was transcribed by using the High-Capacity cDNA Archive kit (Takara, Takara Biomedical Technology in Beijing, China). qRT-PCR was conducted with a commercial kit (PerfectStart Green Qpcr SuperMix, Transgen in Beijing, China). The mRNA level of β-actin was used as an internal control. The relative genes expression of mRNA of tight junction protein (Claudin-1, Claudin-4, ZO-1), mucin (Muc-2) inflammatory cytokine genes (IL-1β, IL-6, IL-8, IL-18, TNF-α, NF-κB, IL-10, and IL-22), and immune-related receptors (GPR41, GPR43, GPR109, AHR) was detected by qRT-PCR. A single peak was checked to confirm the specificity of each primer (Table 2) set in the melting curves after 40 PCR amplification cycles. (Primer efficiency was checked by using different cDNA concentrations and only primer with mathematical efficiency between 90 and 110% were used). Relative expression of each primer between the control group and treatment group was calculated by 2-△△Ct method, and the values were normalized to the reference house-keeping genes β-actin.



TABLE 2 Primers used for real-time quantitative PCR analysis.
[image: Table2]



16S rRNA gene sequencing

Total bacterial DNA was extracted from the intestinal chyme and mucosa using the EZNATM Soil DNA kit (D5625-02, Omega Bio- Tek Inc., Norcross, GA, USA) according to the instructions of the manufacturer. The V3-V4 hypervariable regions of the bacterial 16S rDNA were amplified by a two-step PCR method using primers 338F (5′-ACTCCTRCGGGAGGCAGCAG-3′) and 806R (5′-GGACTACCVGGGTATCTAAT-3′) with unique 8-bp barcodes to facilitate multiplexing, and sequencing was carried out with an Illumina sequencing platform using Miseq PE300 (Illumina, San Diego, USA) according to the standard protocols by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).

The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by fastp version 0.20.0 (Chen et al., 2018), and merged by FLASH version 1.2.7 (Magoc and Salzberg, 2011). Operational taxonomic units (OTUs) with 97% similarity cutoff (Edgar, 2013) were clustered using UPARSE version 7.1 [3], and chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 (Wang et al., 2007) against the 16S rRNA database using a confidence threshold of 70% (PRJNA889391).



Western blot

Tissue total protein was extracted in a RIPA lysis buffer on ice. Protein content was quantified using the BCA protein assay kit (Cat# 23225, Thermo, Waltham, MA, USA). A total of 30 μg protein was loaded per lane and boiled for 15 min before separation by 10% SDS-PAGE gel. The SDS-PAGE gel result was transferred onto a polyvinylidene difluoride membrane under 90 V for 1.5 h using the wet transfer method. Then the membranes were incubated in 5% skimmed milk for 2 h at room temperature for blotting. After incubation with a primary antibody of Occlaudin (Thermo Fisher Scientific Inc., MA, USA, #40–4,700, 1:500)), Claudin-1 (Thermo Fisher Scientific Inc., MA, USA, #51–9,000, 1:500), and β-actin (Proteintech, Chicago, USA, #20536-1-AP, 1:1,000) overnight at 4°C, the membrane was washed with TBST buffer and incubated with the HRP-labeled goat anti-rabbit/mouse second antibody (Abcam, Cambridge, UK, 10#ab6721, 1:5,000) for 40 min at room temperature. Protein blots were visualized using SuperSignal® West Femto Maximum Sensitivity Substrate (Cat # 34094, Thermo) and a gel imaging system (Tanon Science & Technology Co., Ltd., China). Band density was quantified by the Image J 10.0 software and normalized to β-Actin.



Metabolite determination of gut microbiota

Quantification of Cecum Short-Chain Fatty Acids (SCFAs) in pig cecal contents were measured as described in our previous report (Tang et al., 2021). Briefly, cecal contents (200.0 mg) were thoroughly mixed with ultrapure water at a ratio of 1:9, then shocked for 30 min to mix evenly, and then incubated at 4°C overnight and then centrifuged at 10000 g for 10 min. After this, 0.9 milliliters of the supernatant were mixed with 0.1 ml of metaphosphoric acid (25% (v/v)) and kept for 3 h. The sample was then cleared by centrifugation at 10,000 g for 10 min and passed through a 0.45-μm Milled-LG filter (Jinteng, Tianjin, China) and subjected to SCFA analysis.



Data analysis and statistical test

Data on cytokines, bacterial α-diversity indices (Chao1, and Shannon), microbial metabolites (SCFAs), and gene expression were analyzed by the Tukey–Kramer test and the Duncan multiple comparison method (JMP version 10.0, SAS Institute, Inc., Cary, NC, USA). Significance is presented as *p < 0.05, **p < 0.01, and ***p < 0.001. In addition, the correlation analysis was performed using the Mental test and Spearman’s correlation (R package “pheatmap”).




Results


Pectin supplementation affected cecal permeability and histomorphology

The piglets challenged with LPS showed signs of diarrhea, fever, and cough. To observe morphological and histological changes in the cecum, we performed PAS staining. It was apparent from Figure 1 that LPS decreased the number of goblet cells compared with that in the CON group (p < 0.05). Addition of pectin significantly increased the number of goblet numbers when compared with the LPS group (Figures 1A,B; p < 0.01). Furthermore, LPS significantly decreased the mRNA expression levels of tight junction protein [Claudin 1, Figure 1C, (p < 0.001), Claudin 4, Figure 1D, (p < 0.001)], pectin supplementation notably increased the mRNA levels of Claudin 1 (p < 0.01), Claudin 4 (p < 0.01), compared with LPS group (Figure 1C,D). Similarly, piglets challenged with LPS significantly reduced the mRNA expression of Muc2, and it was restored after the addition of pectin in PEC group (p < 0.05). Although WB data did not reach the significant levels (Figures 1G,H). Accordingly, pectin supplementation markedly restored the intestine damage in piglets due to LPS stress.

[image: Figure 1]

FIGURE. 1
 Effects of dietary supplemented with pectin on gut morphology of LPS challenged piglets. (A) Representative PAS-stained cecum sections. (B) Goblet number. The fold change in mRNA expression relative to β-actin for (C) Claudin-1, (D) Claudin-4, (E) ZO-1, (F) Muc-2 is shown. And (G,H) Western blot analysis of Occludin and Claudin1. Signification is presented as *p < 0.05, **p < 0.01, and ***p < 0.001; data are presented as the mean ± SE (mRNA, n = 8; WB, n = 3).




Pectin modified inflammatory cytokine gene expression in the cecum

As shown in Figure 2, piglets in the LPS group had higher expression levels of IL-1β (p < 0.01), IL-6 (p < 0.01), IL-18 (p < 0.01), TNF-α (p < 0.001), and NF-κB (Figures 2A,B,D,E), and lower expression levels of IL-10 (p < 0.001), IL-22 (p < 0.001; Figures 2G,H) than piglets in CON group. After adding pectin, the mRNA expression levels of pro-inflammatory was significantly reduced, including IL-1β (Figure 2A; p < 0.01), IL-6 (Figure 2B; p < 0.01), IL-18 (Figure 2D; p < 0.001), TNF-α (Figure 2E; p < 0.001), and NF-κB (Figure 2F; p < 0.001), and restored the levels of the anti-inflammatory IL-10 (Figure 2G; p < 0.001) and IL-22 (Figure 2H; p < 0.01).

[image: Figure 2]

FIGURE. 2
 Effects of dietary pectin on inflammatory cytokines in cecum. The fold change in mRNA expression relative to β-actin for (A) IL-1β, (B) IL-6, (C) IL-8, (D), IL-18, (E) TNF-α, (F), NF-κb, (G) IL-10, (H) IL-22 is shown. Signification is presented as *p < 0.05, **p < 0.01, and ***p < 0.001; data are presented as the mean ± SE (n = 8).




Pectin addition altered the composition of cecal microbiota

We profiled the composition and structure of the microbial communities in both mucosa and chyme of cecum using 16S rRNA amplicon sequencing. Rarefaction curves approached asymptotes across all samples, implying that the sequencing depth was sufficient to cover almost all microbes in the samples (Figures 3A,B). The Venn diagram in the cecal mucosa showed that piglets in the CON, LPS, and PECL groups contained 255 same OTUs and 90, 26, and 159 unique OTUs, respectively (Figure 3C). When it comes to cecal chyme, there were 163 common OTUs between these three groups. Meantime, the CON, LPS, and PECL groups contained individual 72, 45, and 197 OTUs, respectively (Figure 3D).

[image: Figure 3]

FIGURE 3
 Effects of Pectin on Gut Microbiota diversity. (A,B) The rarefaction curves of sobs index on OUT levels of mucosa and chyme in piglets. (C,D) Venn diagrams showing the overlap of the OTUs identified in intestinal chyme microbiota and mucosa. Signification is presented as *p < 0.05, **p < 0.01, and ***p < 0.001; data are presented as the mean ± SE (n = 8).


And after quality-filtered and merged, 723 OTUs in mucosa and 704 OTUs in chyme were obtained, respectively. In mucosa, the α-diversity was significantly higher in PECL than in CON and LPS group, while without any difference between CON and LPS group (Figures 4A–D). Similarly, the α-diversity of chyme in PECL was higher than that in other two groups (Figures 4B–D). As for beta diversity result clearly showed dissimilarity among the communities in mucosal and chyme bacteria (Figures 4E,F).

[image: Figure 4]

FIGURE 4
 Structure and diversity of intestinal microflora of piglets in different groups. The alpha diversity indices observed species, (A) Shannon, (B) Ace, (C) Chao, and (D) Sobs among the three groups. NMDS plot of the chyme microbiota (E) and mucosa microbiota (F) based on weighted UniFrac distance.


As for the microbial composition in mucosa between these three groups. At the phylum, the results showed that Firmicutes, Bacteroides, Actinobacteria, as well as Proteobactere were the four main bacterial genera phylum levels in cecum chyme (Figure 5A). Meanwhile, the abundance of Firmicutes was higher than that in other groups and decreased the abundance of Actinobacteria. As for bacteria genera in genus level of the mucosa, the composition was more complex. The main bacteria genera in the CON group and LPS group were Streptococcus Olsenella and Bacteroides. These three dominant bacteria accounted for more than 50 and 70% of the intestinal flora, respectively, in the CON group and LPS group, whereas it decreased in the PECL group (Figure 5C).
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FIGURE 5
 Pectin altered the cecum microbiota in LPS-challenged piglets. Structure comparison of intestinal microbiota in (A) mucosa and (B) chyme between CON, LPS and PECL groups at Phylum level and Genus level (C,D). Kruskal–Wallis H test bar plot shows the changes in the intestinal microbiota in (E) mucosa and (F) chyme of piglets in different groups at the genus level. Signification is presented as *p < 0.05, **p < 0.01, and ***p < 0.001; data are presented as the mean ± SE (n = 8).


In cecal chyme, the predominant bacterial communities in CON groups and LPS were Firmicutes, Bacteroides, and Actinobacteria in cecal chyme (Figure 5B). Piglets treated with LPS which fed pectin led to a significant increase in Firmicutes as well as a clear decrease in that of Bacteroidetes and Actinobacteria. Moreover, the ratio of Firmicutes / Bacteroidetes was significantly higher in the PECL group compared with the CON and LPS group (p < 0.01). As for the community abundance on genus level, Streptococcus, Enterococcus, and Prevotella_9 were important bacterial genera in the CON group, while the LPS group showed enhanced relative abundance of streptococcus and decreased relative abundance of Enterococcus and Prevotella. And in the PECL group, the abundance of Streptococcus was dramatically decreased.

Oppositely, the abundance of Clostridium and Terrisporobacter was increased (Figure 5D). The differences in abundance between CON, LPS, and PECL groups at the genus level were calculated using the Kruskal-Wallis with FDR correlation. Figures 5E,F listed the top 9 different species (Figures 5E,F). In mucosa, LPS challenge, compared with the CON group, appeared to have some effect on the relative abundance of Olsenella, Bacteroides, Lactobacillus, Alistipes, unclassified_o_Bacteroidales, Blautia, Clostridium_sensu_stricto_1, but the difference did not reach statistical significance. However, in PECL group, the relative abundance of Olsenella, Bacteroides, and Alistipes was decreased, Lactobacillus, unclassified_o_Bacteroidales, Blautia, Subdoligranulum, Clostridium_sensu_stricto_1, and Collinsella were increased compared with LPS group (Figure 5E; p < 0.05). And in chyme, the relative abundance of Streptococcus was higher due to LPS challenged (p < 0.05), whereas Enterococcus, Prevotella_9, Alistipes, and Atopobium were decreased, compared with the CON group. After being treated with pectin, the relative abundance of Clostridium_sensu_stricto_1, Terrisporobacter and Subdoligranulum were increased (p < 0.05), Streptococcus, Enterococcus, Prevotella_9, Bacteroides, Alistipes, and Atopobium were decreased (Figure 5F; p < 0.05).



Pectin promoted mRNA expression of metabolite-associated receptors in the cecum

For the expression of metabolite-associated receptors, the data showed in Figure 6. Piglets challenged with LPS decreased the mRNA expression of GPR41 (p < 0.05; Figure 6A), GPR43 (Figure 6B), GPR109 (p < 0.05; Figure 6C) and AhR (p < 0.05; Figure 6D). In PECL group, the decreased mRNA expression levels of GPR43 (p < 0.05; Figure 6B), GPR109 (p < 0.001; Figure 6C) and AhR (p < 0.001; Figure 6D) were restored by pectin supplementation. Even more, the expression of GPR109 and AhR were notably higher than that in the CON group.
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FIGURE 6
 Relative mRNA expression of receptors in cecal mucosa. (A) GPR41, (B) GPR43, (C) GPR109, (D) AHR. Signification is presented as *p < 0.05, **p < 0.01, and ***p < 0.001; data are presented as the mean ± SE.




Addition of pectin increased the concentration of short-chain fatty acids in cecal contents

Among the groups, LPS challenge reduced the concentration of Acetic acid, Propionic acid, Butyric acid, and total SCFA compared with the CON group (Figures 7A; p < 0.05). Pectin supplementation markedly restored the levels of Acetic acid, Propionic acid, Isobutyric acid, Butyric acid, and total SCFA (p < 0.01), and the concentration of Isovaleric acid tended to increase.
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FIGURE 7
 Effects of Pectin on SCFA concentrations (A) and compositional proportion (B) in the cecum of pigs. Signification is presented as *p < 0.05, **p < 0.01, and ***p < 0.001; data are presented as the mean ± SE.


Beyond this, the SCFA composition also varied greatly (Figure 7B). LPS decreased the percentage of propionic acid and butyric acid, whereas increased the percentage of isobutyric acid, isovaleric acid, and Valeric acid. Pectin supplementation restored those shifts, especially in butyric acid. These results demonstrated that supplementation of pectin changed not only the levels of SCFA after being challenged with LPS but also changed the composition ratio of SCFA.



Effects of dietary pectin supplementation on microbiota-metabolites correlation

To find the correlation between the chyme intestinal microbiota and cecal parameters in piglets, spearman’s correlation analysis was carried out based on experimental parameters. As shown in Figure 8A, g_Terrisporobacter was positively correlated with Goblet numbers, Muc-2, GPR109, and AhR, but negatively correlated with TNF-α, and NF-κB (p < 0.05). For g_Subdoligranulum, Goblet numbers and AhR were positively but NF-κB was negatively related with it (p < 0.05). g_Streptococcus was positively correlated with TNF-α and negatively correlated with GPR109, and AhR (p < 0.05). g_Prevotella_9 was notably positively with NF-κB (p < 0.05). g_Enterococcus and g_Bacteroides had a negative correlation with ZO-1 (p < 0.05). g_Clostridium_sensu_stricto_1 was positively correlated with the number of Goblet cells, Muc-2, IL-10, GPR43, GPR109, and AhR (p < 0.05), but negatively correlated with IL-6, TNF-α, NF-κB (p < 0.05). g_Alistipes was positively correlated with TNF-α and negatively related with ZO-1, Muc-2, GPR109, and AhR (p < 0.05).
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FIGURE 8
 Effects of dietary Pectin supplementation on Microbiota-Metabolites Correlation. (A) Spearman’s correlation matrix of Short-chain fatty acids (SCFA), and relative microorganisms in piglets. The direction of ellipses represents positive or negative correlations, and the width of ellipses represents the strength of correlation (narrow ellipse = stronger correlation). Signification is presented as *p < 0.05, **p < 0.01, data are presented as the mean ± SE (B) Pairwise comparisons of cecal genera are shown with a color gradient denoting Spearman’s correlation coefficient. Short-Chain Fatty acids were related to other relevant indicators by partial Spearman tests. Edge width corresponds to the Partial Spearman’s r statistic for the corresponding distance correlations and edge color denotes the statistical significance.


Mantel tests were performed to detect the correlation between SCFAs and cytokines in cecal mucosa (Figure 8B). The mantel correlation analysis demonstrated that a significant correlation was observed between Claudin-4, Muc-2, IL-1β, IL-6, IL-18, TNF-α, NF-κB, IL-10, IL-22, and Acetic acid (Mental’s r > 0.25, p < 0.05). We also found Propionic acid had a powerful relationship with Goblet number, ZO-1, Muc-2, IL-6, TNF-α, GPR41, GPR109, and AhR; Isoburic acid had a significant relationship with IL-6, and NF-κB; Butyric acid had dramatically correlations with Claudin-4, Muc-2, TNF-α, NF-κB, IL-10, IL-22, GPR109, and AhR; Isovaleric acid was associated with NF-κB. Thus, SCFAs were closely associated with the goblet cells, tight junction protein, inflammatory cytokines, mucus, and metabolite-related receptors.




Discussion

Weaning is considered as the most critical period during pig production because of its enormous negative impact on health status and performance (Wang et al., 2018). LPS intraperitoneal injection is widely used in animal studies to establish intestinal injury models to simulate diarrheal pigs in weaning period. Lipopolysaccharide (LPS) intraperitoneal injection is widely used in animal studies to establish intestinal injury models (Wen et al., 2022). Extensive studies showed that LPS could produce a plethora of inflammatory cytokines and damage the intestinal epithelial structure of piglets, resulting in reduced feed intake and diarrhea (He et al., 2019). Besides, recent studies also showed that intestinal injury increases intestinal permeability and bacterial translation (Borisova et al., 2020; Sharma et al., 2020).

Over the years, numerous studies have shown the beneficial effects of pectin and its potential to regulate the inflammatory response (Li et al., 2020), cholesterol (Zofou et al., 2019), and blood glucose (Carvalho et al., 2019). Previous study in our laboratory showed that dietary supplementation of pectin could enhance intestinal barrier function (Wen et al., 2022), increase the expression of Claudin-4 and Muc-2 in the cecum of piglets (Wu et al., 2020), and abolish the abnormal expression of ZO-1 and Occludin caused in the acute pancreatitis model (Xiong et al., 2021). In this study, pectin supplementation could improve gut barrier function to alleviate LPS-induced intestinal injury in the cecum by increasing the number of goblet cells, and improving the expression of tight junction proteins and Muc-2. Thus, pectin supplementation improves the function of the intestinal barrier and reduces gut inflammation in the pig model.

Cytokines can dynamically regulate the intestinal barrier. The pro-inflammatory factors IL-1β, IL-6 and TNF-α can increase intestinal epithelial permeability, induce the pathological opening of the intestinal tight junction barrier, and mediate the inflammatory response. Meanwhile, the anti-inflammatory factors IL-10 and IL-22 can maintain homeostasis in the intestine (Xia et al., 2021; Yu et al., 2021). Research showed that mice fed dietary fiber could reduce the concentration of pro-inflammatory cytokines, including TNF-α and IL-6, while increasing the concentrations of IL-10 in sera (Zhang et al., 2018). Besides, Chen et al. found that insoluble fiber supplementation decrease the gene expression levels of IL-1β and TNF-α (Chen et al., 2020). Again, remarkably similar results were obtained by Sun et al. (2021) (Sun et al., 2021). In consistence with previous studies, our results showed that pectin supplementation decreased the mRNA expression levels of IL-1β, IL-6 and TNF-α after being increased by LPS. Therefore, pectin may exert an anti-inflammatory effect by regulating the expression levels of cytokines.

Pigs have a developed cecum, which gives piglets a larger relative population of gut microbes and stronger capacity for carbohydrate fermentation. Moreover, when the diversity, constitution, and functions of the gut microbiota are disturbed, the imbalance of the microbiota affects the intestinal immune system via metabolite signals or microbial composition (Huang et al., 2020; Lee and Chang, 2021). Recent research showed that the action of dietary fiber in gut disease caused by intestinal microbiome disorders is priceless (Guan et al., 2021; Hua et al., 2021; Usuda et al., 2021). Thus, we assessed the gut microbiota diversity in the cecum mucosa and chyme by 16 s rRNA sequencing of microorganisms. The results revealed that LPS treatment did not exert many differences on the α-diversity (Shannon, Ace, Chao, Sobs). After fed with pectin, the Ace, Chao, and Sobs indexes were boosted. What is more, we found that dietary supplementation with pectin optimized the composition of the intestinal chyme and mucosa microbiota of the LPS challenged including increasing the ratio of Firmicutes / Bacteroides and the abundance of Firmicutes. These observations suggest that the protective effect of pectin is apparently realized by alerting the microbiota. Specifically, at the genus level, we found that the addition of pectin increased the relative abundances of Clostridium sensu_strict_1, Terrisporobacter, unclassified_f_ Peptostreptococcaceae, Subdoligranulum, and Faecalibacterium. Clostridium_sensu_stricto_1 and Terrisporobacter may directly ferment polysaccharides to SCFAs (Niu et al., 2015; Lu et al., 2021). Besides, Faecalibacterium and Subdoligranulum are also the major butyrate and Lactic producers in the hindgut (Holmstrom et al., 2004; Bjerrum et al., 2006; Louis and Flint, 2009) which echoes the above that SCFAs were rich in cecal chyme.

At the genus level in the mucosa, Olsenella was notably decreased in the pectin supplementation group, which is a propionate-producing bacteria (Adamberg et al., 2018). It has also been confirmed that the percentage of propionate in the pectin group is lower than that in other groups. Lactobacillus is an important probiotic which is capable of metabolizing and producing bioactive substances, strengthening the intestinal mucosal barrier, reducing endotoxins, and regulating the body’s immunity (Sarkar and Mandal, 2016). Besides, Alistipes, Blautia, Subdoligranulum as well as Collinsella are all microorganisms associated with SCFA producers (Zhou et al., 2017; Gavin et al., 2018; Qin et al., 2019; Das et al., 2021; Kim et al., 2021). Among them, Alistipes is a well-known butyric acid producer. Blautia is another most abundant member of gut microbiota responsible for the production of butyric acid and acetic acid, which are associated with the improvement in glucose metabolism (Kiros et al., 2019) and the decrease in obesity via G-protein coupled receptors 41 and 43 (Ozato et al., 2019). Consistent with the findings of the former study, SCFAs production-related bacteria were significantly higher in the fermented dietary fiber treatment group. This suggests that at least part of the pathway of pectin mitigation of LPS stress is via the SCFAs pathway.

Metabolites derived from microbiota have been proven to alter the host’s metabolism and intestinal health (Wu et al., 2021). SCFAs, also known as volatile fatty acids, play an essential role in the storage of energy and the regulation of osmolality in the body. In addition, they are involved in maintaining the function of the intestinal cells, regulating the intestinal immune response, and reducing various inflammatory diseases (den Besten et al., 2013; Koh et al., 2016; Dang et al., 2021). In this study, the supplementation of dietary fiber significantly enhanced the concentration of short-chain fatty acids other than isovaleric acid in the contents of the cecum.

SCFAs have been shown to repair intestinal mucosa and reduce intestinal inflammation by activating GPRs and inhibiting histone deacetylases (HDAC) and downregulating the expression of pro-inflammatory cytokines (Tang et al., 2022). GPR41, expressed in gut and adipose tissue, is activated equally by propionate and butyrate (Horiuchi et al., 2020), whereas GPR43 is more responsive to acetate and propionate than to butyrate. Besides, both GPR109 and AhR can only be activated by butyrate(Dang et al., 2021). In this study, LPS decreased the expression of GPR41, GPR43, GPR109, and AhR. And pectin increased the expression of GPR43, 109, and AhR, which might be because of the restores of acetate, and propionate in the gut that was reduced by LPS challenge. SCFA further activates GPR43, GPR109, and AhR receptors on the surface of lymphocytes in the cecal mucosa, thereby promoting the host’s immunity and protecting intestinal health.

To better understand the correlations, spearman’s correlation analysis was conducted between the 16sRNA sequencing analysis identified several genera associated with pectin intake, and some of these genera were correlated with levels of Histomorphology, cytokines, and receptors. In a previous study, Alistipes was positively correlated with GPR109, AhR (He et al., 2022). An increased proportion of Alistipes may associated with higher levels of, which is identical with our results. Besides, Prevotella_9 is also a well-known beneficial bacteria (Wang et al., 2019), it showed a positive correlation with AhR, GPR109, GPR43, which the receptors may activated by SCFAs. To some extent, these results are consistent with previous studies. In our research, we further found butyric acid was positively correlated with the mRNA expression levels of Claudin 1, ZO-1, IL-10, and IL-22 in the cecum mucosa, suggesting that butyric acid may play a role in boosting anti-inflammatory capacity. These results obtained are consistent with the previous work carried out by others. These results suggested that: the active state of gene expression and tight junction protein in cecum, being found in pectin treatment, may be only the basis of other biological processes. At the same time, the enhanced beneficial bacteria and increased SCFAs can provide a viable mechanism to support the accurate progress of repairing intestinal damage.



Conclusion

In conclusion, the present study showed that dietary pectin supplementation, during the weaning period, may improve the ability of piglets to resist intestinal injury induced by LPS challenges. The addition of pectin to the diet improved the mucosal and chymous microbial disruption, and further augmented the SCFAs. Noteworthy, SCFAs improved the intestinal barrier, elevated anti-inflammatory cytokines, and reduced pro-inflammatory cytokines by activating GPR43, GPR109, and AhR receptors. Last, this study makes an essential contribution to the evidence base on the use of pectin in fed additives.
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Objective: This study evaluated the effects of sauchinone on dextran sulfate sodium (DSS)-induced ulcerative colitis (UC) mice model and investigated the underlying mechanisms of the downstream pathway and gut microbiota.

Methods: The UC mice model was induced by DSS. The disease phenotypes were determined through pathological symptoms (body weight and disease activity index score), inflammation markers (histological and inflammatory factor detections), and colonic mucosal barrier damage (detection of tight junction proteins). The level of the NF-κB pathway was detected through marker proteins. Database and bioinformatics analyses were used to predict sauchinone-mediated downstream molecules that were previously identified by expression analysis. Mouse feces were collected to detect the V3–V4 region of the 16S rRNA gene.

Results: In DSS-induced UC mice, sauchinone alleviated pathological symptoms, inhibited inflammation, and prevented mucosal barrier damage. Sauchinone further inhibited the NF-κB pathway by upregulating NAD (P) H dehydrogenase [quinone] 1 (NQO1) in DSS-induced UC mice. Moreover, sauchinone regulated the diversity and composition of the gut microbiota in mice, stimulating the growth of Firmicutes and inhibiting the growth of Proteobacteria and Bacteroidetes.

Conclusion: Therefore, sauchinone exerted therapeutic effects on UC in mice by regulating the NQO1/NF-κB pathway and altering the gut microbiota. This provides a theoretical basis for developing sauchinone as a therapeutic agent and extends our understanding of its bioactivity.

KEYWORDS
 sauchinone, ulcerative colitis, NF-kB pathway, NQO1, gut microbiota


1. Introduction

Ulcerative colitis (UC) is a complex, immune-mediated, and chronic inflammatory disease. Inflammation begins in the rectum involving any part of the colorectal mucosa, with classic presentations, such as bloody diarrhea, variable degrees of abdominal pain, and rectal emergencies (Ungaro et al., 2019). Current treatments for colitis include mesalamine, immunomodulators, corticosteroids, biologics, and small molecules (Kayal and Shah, 2019). Because UC is a chronic disease, the pathogenic factors are complex and variable, which results in lifelong treatments and an unclear course of pathogenesis.

Natural product drugs have gradually attracted widespread attention for their health benefits, lack of side effects, and good therapeutic effects. Sauchinone (C20H20O6, Figure 1A) is a bioactive compound extracted from the root of Saururus chinensis (Saururaceae). The plant has been used in traditional Chinese medicine to treat various diseases. Increasing amounts of evidence have shown that sauchinone has antioxidant and anti-inflammatory properties, and it exerts protective effects in macrophages (Jeong et al., 2014), hepatocytes (Lee et al., 2014), and nerve cell (Song et al., 2003). Sauchinone primarily functions through regulating mitochondrial function (Kim et al., 2017), cell proliferation (Kim et al., 2021), and its involvement in molecular mechanisms, such as the TGF-β/Smad and AMPK pathways (Lee et al., 2014; Kim et al., 2017). Sauchinone reportedly has a therapeutic effect on UC and significantly ameliorates dextran sulfate sodium (DSS)-induced UC by regulating dendritic cells through Blimp-1 to inhibit inflammatory response (Xiu et al., 2020). However, the specific protective mechanisms remain unexplored.

[image: Figure 1]

FIGURE 1
 Effects of sauchinone on the pathological symptoms of dextran sulfate sodium (DSS)-induced UC mice. (A) The structural formula of sauchinone. (B) Schematic representation of the experimental design using the DSS-induced UC mice model and sauchinone treatment. (C) Body weight was measured. (D) Disease activity index (DAI) score was calculated. Data are expressed as mean ± standard deviation. *p < 0.05 and &&p < 0.01 vs. corresponding control; n = 4.


Scientists have suggested that colitis is caused by altered epithelial barrier function and gut dysbiosis as characterized by compositional and diversity changes in the microbiota (Shen et al., 2018). Furthermore, researchers have increasingly wondered whether gut dysbiosis contributes to the immune impairment associated with UC, especially since gut microbiota is involved in the onset and development of UC. The composition and changes in the gut microbiota can be analyzed and characterized by high-throughput sequencing techniques, demonstrating the potential of this technology in advancing colitis treatment. The interaction between the intestinal microbes and the mucosal immune system has been identified as the key to chronic inflammation, and intestinal microbiome diversity may play a vital role in the pathogenesis of UC (Gao X. et al., 2018). Studies have shown that various drugs can affect the occurrence and development of UC by regulating the gut microbiota; however, whether this relationship applies to sauchinone is unclear.

In this study, we explored the role of the gut microbiota in regulating UC in response to sauchinone. We examined the specific mechanism by which sauchinone affects UC through the NF-κB pathway, clarifying its medicinal value and clinical effects.



2. Materials and methods


2.1. Chemicals and reagents

Dextran sulfate sodium (36,000–50,000 molecular weight), colitis grade, was provided by MP Biomedicals (Solon, OH, United States). Sauchinone was purchased from Med Chem Express Co., Ltd. (New Jersey, United States). Column tissue and cell protein extraction kit was provided by Epizyme Co., Ltd. (Shanghai, China). Primary antibodies in western blotting for Claudin-1, Occludin, ZO1, IL-6, TNF-α, NF-κB p65, p-IKB-α, and IKB-α were purchased from Huabio Co., Ltd. (Hangzhou, China). Primary antibodies for IL-1β, early growth response-1 (EGR1), and NAD(P)H dehydrogenase [quinone] 1 (NQO1) were supplied by ProteinTech Co., Ltd. (Chicago, IL, United States). Anti-p-p65 and secondary antibodies were provided by Abcam Co., Ltd. (Cambridge, United Kingdom). TRIzol for RNA extraction was obtained from Thermo Fisher Co., Ltd. (Waltham, United States). The EasyScript® All-in-One First-Strand cDNA Synthesis SuperMix and TransStart® Green qPCR SuperMix were purchased from Transgene Co., Ltd. (Beijing, China). BCA protein assay kit, BeyoECL Moon, and tissue RIPA lysis buffer were provided by Beyotime Co., Ltd. (Shanghai, China).



2.2. UC mice model and experimental design

Male C57BL/6 mice (6–8 weeks old, 20 ± 2 g, approval no. SCXK 2020–0001) were obtained from Shenyang Changsheng Company. All standards for animal feeding were implemented in accordance with the requirements of the ethics committee (approval no. 2021543) of the Changchun University of Chinese Medicine. The mice were randomly divided into five groups (n = 4/group) according to body weight after 1 week of adaptive rearing at temperatures of 18–23°C under a 12-h light/dark cycle. The five groups included the control, model, sauchinone low-dose (5 μg/g), middle-dose (10 μg/g), and high-dose groups (20 μg/g). Besides the control group, which was given distilled water, the other groups were continuously administered 2.5% (w/v) DSS drinking water for 7 days, which was replaced every morning to induce acute UC in the mice. To three treatment groups, sauchinone was administered intragastrically at different doses once per 2 days at 8: 00–10: 00 am until the end (Figure 1B, created with BioRender.com).



2.3. Evaluation of the disease activity index

Scores were calculated according to the disease activity index (DAI) scoring scale, combining weight loss, stool properties, and hematochezia scores. The scores for each factor were assigned as follows: weight loss (no change = 0; ≤ 5% = 1; 6–10% = 2; 10–15% = 3; and ≥ 16% = 4), stool properties (normal = 0; soft stool = 1; moderate diarrhea = 2; and diarrhea = 3), and hematochezia (no rectal bleeding = 0; slight rectal bleeding = 1; and bloodstains visible on stool = 2, rectal bleeding = 3). DAI = weight loss score + stool properties score + hematochezia score.



2.4. Sample collection

At the end of the treatment period, mice were euthanized by cervical dislocation, and colon tissue was collected for hematoxylin and eosin (H&E) staining and mRNA or protein expression analysis. During fecal collection for gut microbiota analysis, mice were individually isolated to collect fecal samples from each mouse separately.



2.5. H&E staining

Mouse colon tissues were fixed in a 10% neutral formalin solution. After fixation, paraffin-embedded 5 μm-thick sections were prepared, and H&E staining was performed for pathological observation and photography.



2.6. Real-time quantitative PCR

Quantitative PCR (qPCR) was used to assess mRNA expression. Total RNA was extracted from colon tissue by TRIzol reagent. Some samples were allocated for the direct detection of RNA concentration and quality, while the remaining RNA samples were stored at −80°C. According to the manufacturer’s instructions, mRNA was reverse-transcribed into cDNA using the kit, and mRNA expression was detected using the SYBR GREEN kit. Actb (β-actin) was used as the control to calculate the relative mRNA expression of the target genes using the 2−∆∆Ct method. The primers used for qPCR are listed in Table 1. Each sample was run in triplicate.



TABLE 1 Sequences of primers for qPCR.
[image: Table1]



2.7. Western blotting

Western blotting was used to assess protein expression. Total protein was extracted using the column tissue and cell protein extraction kit. Afterward, the protein concentration was detected with a BCA kit, and the protein samples were boiled. Each sample separated by sodium dodecyl sulfate-polyacrylamide gel was a pool of equal protein samples from four mice of each group. The process was stopped when bromophenol blue migrated to the bottom of the gel. The proteins were transferred from the gel to the polyvinylidene difluoride membrane by the wet transfer method. After blocking, primary and secondary antibodies were incubated with the proteins on the membrane. Lastly, protein detection was performed on a developer (Weltech) using an ECL kit. The protein bands were calculated using the ImageJ software. β-actin was used as the control. Data from three independent experiments were analyzed.



2.8. Prediction of molecules targeted by sauchinone

This prediction was performed by taking the intersection between the differentially expressed genes (DEGs) of a RNA sequencing dataset, generated from sauchinone-treated HepG2 cells (Chae et al., 2018), and a dataset of NF-κB pathway-related genes. The pathway-related genes were acquired from the PathCards database (pathcards.genecards.org/; Belinky et al., 2015). The results are displayed in a Venn diagram.



2.9. 16S rRNA sequencing analysis

To identify microbes within the gut of mice with induced UC, feces were sampled for 16S rRNA gene sequencing. Fecal bacterial DNA was extracted using a Rapid DNA SPIN extraction kit. The DNA extraction quality was assessed using 0.8% agarose gel electrophoresis. The sequences of primers used to amplify the V3–V4 region of the 16S rRNA gene were as follows: forward primer (5-ACTCCTACGGGAGGCAGCA-3) and reverse primer (5-GGACTACHVGGGTWTCTAAT-3). The 16S rRNA sequencing of fecal bacteria was performed using the Illumina NovaSeq platform (Shanghai Personalbio Biotechnology Co., Ltd., Shanghai, China). Microbiome bioinformatics analysis was performed using QIIME 2 (2019.4) according to official tutorials,1 with slight modifications. Raw sequence data were demultiplexed using the Demux plug-in. Sequences were then quality-filtered, denoised, merged, and purged of chimeras using the DADA2 plug-in. For the bacterial community in each sample, the α-diversity and β-diversity indices were estimated using the diversity plug-in and according to the amplicon sequence variants (ASV) distribution. Bioinformatics analysis was performed using the Personalbio platform.2



2.10. Statistical analysis

Quantified data are expressed as the mean ± SD. The data were assessed for normality using the Shapiro–Wilk test and analyzed by one-way ANOVA followed by post-hoc Dunnett’s or Sidak test using GraphPad Prism (version 7.04) statistical package. p < 0.05 was considered to indicate a statistically significant difference.




3. Results


3.1. Effects of sauchinone on the pathological symptoms of DSS-induced UC mice

In DSS-induced UC mice, we found that the degree of weight loss was reduced after sauchinone treatment (Figure 1C). Although weight had been lost for model and sauchinone-treated groups alike, the model group lost weight more rapidly. Additionally, the model group exhibited diarrhea and hematocheziac after induction by DSS in comparison to the control group. The DAI score (Figure 1D) in the model group was significantly higher than that in the control group, and the score was lower for groups that received sauchinone. These results indicate that sauchinone could significantly improve DSS-induced UC symptoms in mice and alleviate colon damage. Sauchinone had a significant therapeutic effect on DSS-induced UC in mice.



3.2. Effects of sauchinone on inflammation in DSS-induced UC mice

We further evaluated the effects of sauchinone on colon inflammation by measuring inflammation-associated biomarkers. Figure 2A shows the H&E staining results of the colon tissues. In the control group, the colonic mucosa, crypts, and submucosa were intact. Additionally, the tissues were less infiltrated by inflammatory cells, and there was no inflammatory response. Conversely, significant tissue damage and inflammation, indicated by mucosal erosion and infiltration of inflammatory cells, were observed in the colon samples of the model group. Sauchinone treatment improved colon condition compared to the model group. Sauchinone treatment (20 μg/g) significantly alleviated colitis symptoms, resulting in normal crypt morphology, increased numbers of goblet cells and epithelial cells, and a low number of infiltrating inflammatory cells that is comparable to observations in the submucosa of control tissues. Next, we measured the levels of the related inflammatory cytokines (TNF-α, IL-1β, and IL-6). Compared with the model group, high-dose sauchinone significantly reduced the levels of inflammatory factors. As shown in Figure 2B, compared with the control group, the mRNA expression levels of TNF-α, IL-1β, and IL-6 significantly increased after DSS inducement. In contrast, sauchinone significantly decreased mRNA expression levels of inflammatory factors. The protein expression trends were consistent with the qPCR results (Figure 2C). These results revealed that sauchinone suppressed inflammation in the DSS-induced UC mice model.
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FIGURE 2
 Effects of sauchinone on inflammation in DSS-induced UC mice. (A) Representative H&E-stained colon tissue sections (yellow arrow indicates inflammatory cell infiltration; scale bar = 50 μm). The expression levels of inflammatory cytokines (TNF-а, IL-1β, and IL-6) in colon tissues were detected by (B) qPCR and (C) western blot. Data are expressed as mean ± standard deviation. *p < 0.05 and &&p < 0.01 vs. corresponding control, ns indicates no significant difference; n = 4.




3.3. Effects of sauchinone on colonic mucosal barrier damage in DSS-induced UC mice

To assess for the protective effects of sauchinone on the mucosal barrier of the colon, we measured the expression levels of biomarkers (tight junction proteins ZO-1, Occludin, and Claudin-1) related to mucosal barrier damage. As shown in Figure 3A, qPCR revealed that marker mRNA levels in the model group were significantly lower than those in the control group. Compared with the model group, sauchinone treatment (20 μg/g) significantly reversed the downregulation caused by DSS. Trends in protein levels from western blotting analysis were consistent with those of corresponding mRNA from qPCR (Figure 3B). Based on its apparent effectiveness, 20 μg/g sauchinone was used for subsequent experiments. These data suggest that sauchinone could maintain the integrity of the colonic mucosal barrier through the expression of junction proteins.

[image: Figure 3]

FIGURE 3
 Effects of sauchinone on colonic mucosal barrier damage in DSS-induced UC mice. The expression levels of tight junction proteins (ZO-1, occludin, and claudin-1) were detected by (A) qPCR and (B) western blot. Data are expressed as mean ± standard deviation. *p < 0.05 and &&p < 0.01 vs. corresponding control, ns indicates no significant difference; n = 4.




3.4. Sauchinone regulated the NQO1/NF-κB pathway in DSS-induced UC mice

We further investigated the downstream mechanisms of sauchinone-mediated regulation. First, we verified the effects of sauchinone on the NF-κB pathway in the DSS-induced UC mice model by testing the expression levels of pathway-associated proteins (p-p65, t-p65, p-IKB-α, and t-IKB-α). As shown in Figure 4A, western blotting results revealed that the ratios of p-p65/t-p65 and p-IKB-α/t-IKB-α increased in the model group compared with the control group. On the other hand, these ratios decreased in the sauchinone-treated group compared to the model group. This suggests that sauchinone inhibited the NF-κB pathway in the DSS-induced UC model. To elucidate how sauchinone mediates this effect, we investigated potential target molecules of sauchinone. We performed a preliminary prediction of candidates in the mouse colon by selecting the DEGs from previously published RNA sequencing data on sauchinone-treated HepG2 cells (116 upregulated DEGs and 159 downregulated DEGs). We further compared these DEGs to NF-κB pathway-related genes (322 genes) from a PathCards dataset. Focusing on the intersection between these datasets, we selected Egr1, growth differentiation factor 15 (Gdf15), Nqo1, TNF superfamily 4 (Tnfsf4), and ubiquitin D (Ubd) to be candidate genes that encode molecules involved in sauchinone-induced inhibition of the NF-κB pathway (Figure 4B). We speculated that EGR1, GDF15, and NQO1 would be upregulated by sauchinone, that changes in their expression would relate to the regulation of the NF-κB pathway, and that the opposite would happen for TNFSF4 and UBD. Further screening was performed using expression analysis. As shown in Figure 4C, qPCR showed that Nqo1 expression decreased in the model group compared with the controls. This downregulation was reversed in the sauchinone-treated group. Egr1 expression increased in the model group compared with the control group and did not significantly change in the sauchinone-treated group. None of the other three molecules changed across all groups. We performed western blotting to verify NQO1 and EGR1 protein expression levels in colon tissues, and the results were consistent with those of qPCR (Figure 4D). These data demonstrate that sauchinone regulated inflammation in DSS-induced UC via the NQO1/ NF-κB pathway.
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FIGURE 4
 Sauchinone regulated the NQO1/NF-κB pathway in DSS-induced UC mice. (A) The levels of NF-κB pathway-associated proteins (p-p65, t-p65, p-IKB-α, and t-IKB-α) were detected by western blot. (B) Predicted target molecules of sauchinone (EGR1, GDF15, NQO1, TNFSF4, and UBD) are displayed in a Venn diagram. (C) Egr1, Gdf15, Nqo1, Tnfsf4, and Ubd expression levels were detected by qPCR. (D) NQO1 and EGR1 expression levels were detected by western blot. Data are expressed as mean ± standard deviation. *p < 0.05 and &&p < 0.01 vs. corresponding control, ns indicates no significant difference; n = 4.




3.5. Sauchinone modulated the composition and structure of gut microbiota in DSS-induced UC mice

Given that gut microbiota plays a critical role in regulating UC development, we investigated the effect of sauchinone on the composition and structure of gut microbiota in DSS-induced UC mice. The original reads obtained by 16S rRNA sequencing were subjected to de-priming, quality filtering, de-noising, merging, and de-chimera steps to obtain a total of 534,272 singleton-removed sequences, with an average of 44,522 sequences per sample. The rarefaction curve (Figure 5A) indicated that the number of ASVs increased significantly with sequencing time. However, the rise in the number of ASVs gradually slowed, indicating that the current amount of sequencing is sufficient to detect most species and reflect the variety in microorganisms from different samples. α-diversity indices (including Chao 1, Shannon, Simpson, and Pielou) were analyzed. Sauchinone administration mitigated the significantly decreasing indices in the DSS-induced UC mice group (Figure 5B). This indicates that sauchinone affected the community diversity and richness of the gut microbiota in UC mice. Based on the number of ASVs, principal co-ordinate analysis (PCoA) evaluation and hierarchical clustering analysis were performed to test the composition and structure of gut microbiota among the three treatment groups. We found that the flora structure of the control group was markedly separated from that of the other two groups. The model group was somewhat distanced from the sauchinone group, consistent with the phylogenetic tree results. This suggests that sauchinone could modulate the community structure of the gut microbiota in UC mice (Figures 5C,D). To investigate the regulatory effect of sauchinone on gut microbiota composition, we analyzed the relative abundance of microorganisms at the phylum and genus levels. At the phylum level, the relative abundance of Firmicutes in the DSS group was lower than that in the control group; this lowered abundance was reversed by sauchinone. Additionally, the relative abundances of Bacteroidetes, Proteobacteria, and Verrucomicrobia in the DSS group were higher than those in the control group, while sauchinone reduced these abundances (Figure 5E). At the genus level, the relative abundances of g_Bacteroides and g_Helicobacter in the DSS group were higher than those in the control group; meanwhile, sauchinone reduced these abundances. Furthermore, the relative abundances of g_Oscillospira and g_Ruminococcus in the DSS group were lower than those in the control group; this difference was reversed by sauchinone. Lastly, between the DSS and sauchinone groups, the relative abundances of g_Shigella, g_Streptococcus, and g_Akkermansia differed; however, they did not rank in the top 10 abundance in the control group (Figure 5F).
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FIGURE 5
 Effects of sauchinone on the composition and structure of gut microbiota in DSS-induced UC mice. (A) The rarefaction curves. (B) α-diversity based on the Shannon, Chao 1, Simpson, and Pielou indices. (C) Bray-Curtis-based PCoA plot based on the ASV level (p = 0.001). (D) Hierarchical clustering analysis at the phylum level. (E,F) Average taxonomic profile analysis at the phylum and genus level.




3.6. Effect of sauchinone on the linear discriminant analysis effect size analysis of gut microbiota in DSS-induced UC mice

The linear discriminant analysis (LDA) effect size (LEfSe) was used to analyze the microbial features. The resultant score showed that the abundance of Bacteroidaceae, Bacteroidetes, Proteobacteria, Shigella, and Enterobacteriaceae increased in the DSS group. Meanwhile, Firmicutes, Clostridia, and Clostridiales had higher scores in the sauchinone group (Figures 6A,B), suggesting that sauchinone alleviates inflammation related flora.
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FIGURE 6
 Linear discriminant analysis effect size revealed differences in taxa abundances. (A) The cladogram of detected taxa. (B) Taxa with significant differences based on linear discriminant analysis effect size with a threshold score of 2 and p < 0.05.





4. Discussion

Currently, treatment options for UC depend on the extent, severity, and course of the disease. Mesalamine is the first-line treatment for UC. In severe cases, oral mesalamine or a combination of mesalamine and glucocorticoids are viable options as well. Severe cases require intravenous corticosteroid or adjuvant therapy with immunosuppressants and TNF-α monoclonal antibodies, and more severe cases require surgery (Kayal and Shah, 2019; Ungaro et al., 2019).

Bioactive compounds have been reported in the treatment of UC as well; they include flavonoids, acids, polysaccharides, terpenoids, phenols, alkaloids, quinones, and bile acids (Cao et al., 2019). Luteolin, a natural flavonoid compound, significantly reduced colon damage in UC rats and suppressed colon inflammation by reducing TNF-α and IL-6 secretion (Chen et al., 2007). It also decreased levels of NF-κB, IL-17, and IL-23, as well as increased the expression of PPAR-γ in colon tissue (Li et al., 2021). Gallic acid, another bioactive compound, has anti-inflammatory properties. In UC, gallic acid plays a potent anti-inflammatory role by significantly reducing IL-21 and IL-23 expression, as well as the suppression of NF-!B p65 and IL-6/p-STAT3Y705 activation (Pandurangan et al., 2015a,b). Studies show that andrographolide reduced intestinal damage by inhibiting the expression of p-p65, p-IκBα, and COX-2 and increasing the expression of PPAR-γ. Andrographolide derivative also inhibited the activation of NF-κB and MAPK pathways, decreased TNF-α and IL-6 levels, and reduced myeloperoxidase activity in UC mice (Yang et al., 2016; Gao Z. et al., 2018). Curcumin, a plant polyphenol derived from turmeric, has also been shown to modulate the NF-κB pathway, downregulate the expression of inflammatory cytokines like IL-1, IL-6, IL-8, and TNF-α (Wang et al., 2018), and block the infiltration of inflammatory cells such as CD4+ and CD8+ T cells (Deguchi et al., 2007).

Our study showed that sauchinone has the potential to treat UC, consistent with results reported by Guo et al. In TNBS-induced colitis mice, they found that sauchinone could improve the inflammatory CD4+ T cells response in the mucosa and peripheral blood. Additionally, they found that sauchinone significantly inhibited Th17 cell differentiation but promoted IL10 production (Xiao et al., 2020). Moreover, sauchinone had been reported to significantly inhibit miR-340 expression in Th17 cells (Chen et al., 2020). In dendritic cells, Blimp1 knockout eliminated sauchinone-mediated inhibition of pro-inflammatory cytokine and promoted the production of immunomodulators. This indicated that sauchinone significantly improved DSS-induced UC by modulating dendritic cells through Blimp-1 to suppress the inflammatory response (Xiu et al., 2020). In this study, we observed that sauchinone inhibited the upregulating expression of TNF-α, IL-1β, and IL-6 in DSS-induced UC mice. Moreover, we found that sauchinone reversed colonic mucosal barrier damage by verifying the restoration of tight junction protein expression. These data further reinforced the antagonistic roles of sauchinone against UC and contributed to the elucidation of mechanisms by which the roles are fulfilled.

Sauchinone is a structurally unique lignin isolated exclusively from Saururus chinensis. Sauchinone has anti-inflammatory, antioxidant, anticancer, neuroprotective, hepatoprotective, and lipid metabolism effects. Sauchinone has potent anti-inflammatory effects on hyperglycose-induced vascular endothelial cell through the Nrf-2 pathway-dependent HO-1 expression (Li et al., 2014). In hepatoprotective roles, sauchinone significantly reduced CCl4-induced liver fibrosis and TGF-β1-induced activation of hepatic stellate cells (Lee et al., 2014). Sauchinone further reduced hepatic steatosis by modulating lipid metabolism PPAR signaling pathway, downregulating liver subtilisin/kexin type 9 expression, activating liver low density lipoprotein LDL receptor expression, and increasing LDL-cholesterol uptake in obese mice (Chae et al., 2018).

In our study, we found that sauchinone modulated the expression of NF-κB pathway components. The NF-κB signaling is essential to inflammatory and immune responses. In other studies, sauchinone was found to reduce the expression of TNF-α by inhibiting the activation of NF-κB pathways and the generation of osteoclasts, and plays an anti-inflammatory role in treating inflammatory bone lytic diseases (Han et al., 2007). Meanwhile, sauchinone suppresses the inflammatory response in IL-1𝛽-stimulated human chondrocytes by inhibiting the expression of NF-κB signaling pathway components (Gao Y. et al., 2018), thereby reducing osteoarthritis (Wu et al., 2018). Our study demonstrated that sauchinone could reverse the activation of the NF-κB pathway in the DSS-induced UC model, suggesting that sauchinone exerts a wide range of inhibitory effects on the NF-κB pathway.

To predict regulators downstream of sauchinone, we examined genes involved in the NF-κB pathway whose expression levels were likely to be influenced by sauchinone based on a previous study (Chae et al., 2018). We then verified and evaluated how sauchinone would impact the expression of these candidate genes in DSS-induced UC mice. Our study predicted five potential gene products, involved in the NF-κB pathway, that might have been targets of sauchinone (EGR1, GDF15, NOQ1, TNFSF4, and UBD). NQO1 is a widely distributed, highly inducible enzyme with antioxidant, antitumor, and cytoprotective effects (Dinkova-Kostova and Talalay, 2010). NQO1 is highly expressed in tumor cells, and its silencing increases NF-κB levels and upregulates transcription associated with inflammation and tumorigenesis (Thapa et al., 2014). Upregulation of NQO1 expression inhibits NF-κB expression levels, thereby attenuating the inflammatory response (Lim and Song, 2021). In the context of UC, one study found that UC in mice could be prevented by upregulating NQO1 and downregulating NF-κB-related proteins (Zhang et al., 2021). Our results agree with this conclusion; furthermore, we demonstrated for the first time that sauchinone alleviates DSS-induced UC via the NQO1/NF-κB pathway. This process may be related to the anti-inflammatory effects of NQO1. In addition to NQO1, we also included EGR1 among our candidate molecules. The transcription factor EGR1 plays an important role in inflammation and immune-related gene regulation (McMahon and Monroe, 1996). EGR1 expression was significantly increased in the colonic mucosa in UC mice model (Tolstanova et al., 2012), consistent with our results. However, we found that EGR1 expression was not under sauchinone regulation, indicating it was not involved in sauchinone-mediated inhibition of the NF-κB pathway in the DSS-induced UC model. Furthermore, we found that the expression of GDF15, TNFSF4, and UBD was unaffected by sauchinone administration. GDF15, a peptide hormone in the TGF-β family, exerts a protective effect when overexpressed in tissues under pathological conditions (Assadi and Zahabi, 2020). It is overexpressed in the late stages of malignancy and is a potential therapeutic target for the treatment or prevention of cancer (Lerner et al., 2016). TNFSF4 is a cytokine in the tumor necrosis factor ligand family and is expressed in activated antigen-presenting cells and vascular endothelial cells. TNFSF4 increases the risk of myocardial infarction (Wang et al., 2005) and systemic lupus erythematosus (Cunninghame Graham et al., 2008) in humans. Research shows a reduction in TNFSF4 DNA methylation in UC (Cooke et al., 2012). UBD, a member of the ubiquitin-like modifier family, is regarded as a new marker of human regulatory T cells (Ocklenburg et al., 2006). As one essential regulator of NF-κB (Wagner et al., 2008), its overexpression inhibits NF-κB activation. Furthermore, UBD-mediated regulation of NF-κB may be targeted for new cancer therapeutics. UBD expression was also reportedly downregulated in the colonic mucosa of patients with UC, suggesting its role in the pathogenesis of colonic inflammation (Camarillo et al., 2020). Our results, however, showed that these three proteins did not change across all groups, which may owe to differences between species. In summary, our study has expanded the understanding of possible mechanisms associated with sauchinone-mediated bioactivity. However, further research concerning the underlying mechanisms is required.

An additional factor mediating the protective effects of sauchinone is the gut microbiota, which colonizes the gut mucosa and is involved in human physiological metabolism, immune regulation, and homeostasis. Though the etiology of UC is still unclear, several studies have shown that UC pathogenesis associates with gut microbiota disorders and intestinal mucosal barrier dysfunction, suggesting that changes in the structure and abundance of gut microbiota play an important role in the development of UC (Gao X. et al., 2018; Shen et al., 2018). In the intestinal mucosa of patients with UC, the presence of large amounts of activated NF-κB and pro-inflammatory cytokines (IL-1β, IL-6, IL-12, TNF-α, etc.), in combination with bacteria such as Clostridium, Streptococcus, Bacteroides, Veillonella, and Escherichia coli, can produce pro-inflammatory factors that indirectly reinforce NF-κB pathway activation under specific conditions. This reduces the amount of apoptosis in inflammatory and immunologically active cells, producing a persistent local inflammatory response (Vieira-Silva et al., 2019; Zhang et al., 2019). Consequently, alterations in the structure of the gut microbiota are important factors in UC pathogenesis. In this study, we found that the abundance of Firmicutes and Cyanobacteria in the model group decreased significantly. In contrast, the abundance of Proteobacteria and Verrucomicrobia in the DSS-induced group increased significantly. Sauchinone treatment reversed the changes in relative abundance of these flora. These results suggest that sauchinone can remodel murine gut microbiota structure, leading to the alleviation of UC. Firmicutes include gram-positive bacteria that play a key role in host nutrition and metabolism through the synthesis of short-chain fatty acids. They regulate hunger and satiety through metabolites that are indirectly linked to functions in other tissues and organs (Stojanov and Berlec, 2020). Supplementation with Firmicutes can prevent or treat UC by downregulating colonic inflammation and the Th17 pathway in UC mice (Natividad et al., 2015). Bacteroidetes are gram-negative bacteria associated with immune regulation. They interact with cellular receptors and enhance immune responses through cytokine synthesis (Zhou and Zhi, 2016). Proteobacteria is a proliferates in the intestine when the organism is in a state of chronic or acute inflammation, causing a biological imbalance (Shin et al., 2015). In children with severe UC, the gut microbiota exhibited a 5% decrease in the relative signal of Firmicutes and a 3.6% increase in Proteobacteria, suggesting a strong relationship between Proteobacteria and UC (Michail et al., 2012). Firmicutes, Bacteroidetes, and Proteobacteria are the major differentially abundant bacteria in UC, the alterations of which we have shown to be consistent with observed trends in other studies. Notably, Bacteroidetes increased in abundance in our UC model mice, though this was abrogated by sauchinone treatment. This could have been due to factors, such as raising conditions, modeling strategy, and mouse source. Overall, our study revealed that sauchinone regulated the diversity and composition of the gut microbiota in DSS-induced UC mice.



5. Conclusion

Sauchinone improved pathological symptoms, alleviated inflammation, and prevented mucosal barrier damage in DSS-induced UC mice. We found that the NQO1/NF-κB pathway and altered gut microbiota were associated with these effects (Figure 7, created with BioRender.com). These findings extended our understanding of the role and mechanisms of sauchinone bioactivity in UC, supporting further investigations into sauchinone as a novel therapeutic agent for UC treatment.

[image: Figure 7]

FIGURE 7
 Schematic for the effects and mechanisms of sauchinone bioactivity in DSS-induced UC mice.
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In recent years, with the harm caused by the abuse of antibiotics and the increasing demand for green and healthy food, people gradually began to look for antibiotic alternatives for aquaculture. As a Chinese herbal medicine, leaf extract chlorogenic acid (CGA) of Eucommia ulmoides Oliver can improve animal immunity and antioxidant capacity and can improve animal production performance. In this study, crucian carp (Carassius auratus) was fed with complete feed containing 200 mg/kg CGA for 60 days to evaluate the antioxidant, immuno-enhancement, and regulation of intestinal microbial activities of CGA. In comparison to the control, the growth performance indexes of CGA-added fish were significantly increased, including final body weight, weight gain rate, and specific growth rate (P < 0.01), while the feed conversion rate was significantly decreased (P < 0.01). Intestinal digestive enzyme activity significantly increased (P < 0.01); the contents of triglyceride in the liver (P < 0.01) and muscle (P > 0.05) decreased; and the expression of lipid metabolism-related genes in the liver was promoted. Additionally, the non-specific immune enzyme activities of intestinal and liver tissues were increased, but the expression level of the adenylate-activated protein kinase gene involved in energy metabolism was not affected. The antioxidant capacity of intestinal, muscle, and liver tissues was improved. Otherwise, CGA enhanced the relative abundance of intestinal microbes, Fusobacteria and Firmicutes and degraded the relative abundance of Proteobacteria. In general, our data showed that supplementation with CGA in dietary had a positive effect on Carassius auratus growth, immunity, and balance of the bacteria in the intestine. Our findings suggest that it is of great significance to develop and use CGA as a natural non-toxic compound in green and eco-friendly feed additives.

KEYWORDS
chlorogenic acid, Carassius auratus, metabolism, antioxidation, immunity, intestinal flora


Introduction

Crucian carp (Carassius auratus) is an important economical freshwater fish with good meat quality, strong disease resistance, and rich nutrition. Thus, it is deeply welcomed by farmers and consumers (Liu et al., 2022). With the continuous improvement of the aquaculture scale and intensification degree, fish diseases caused by microbial pathogens are increasingly aggravated. It is of great significance to the development and use of green and eco-friendly feed additives with effective preventive effects. Chinese herbal medicine, as a natural and innocuous compound, has been used for replacing antibiotics to prevent and control fish diseases (Santos and Ramos, 2016; Zhang et al., 2022).

Eucommia ulmoides Oliver is a unique deciduous tree in China, which is listed as top quality in Shennong Ben Cao Jing. Eucommia ulmoides’ bark is a valuable tonic and has been used in traditional Chinese herbal medicine formulations for 2,000 years (Luo et al., 2020). Since modern times, some studies have found that the chemical composition of Eucommia ulmoides’ leaves is basically of similar efficacy to that of Eucommia ulmoides’ bark, and the content of some active ingredients in leaves is much higher than that of bark, such as chlorogenic acid (CGA) (Nakamura et al., 1997). CGA has been shown to have a variety of physiological activities, including antibacterial, antiviral (Abaidullah et al., 2021; Chen et al., 2022), protecting the liver (Zhu et al., 2022), anti-tumor (Yagasaki et al., 2000; Belkaid et al., 2006), lowering blood pressure and blood lipids (Zhao et al., 2012), anti-inflammatory (Xu et al., 2020), antioxidant (Liang and Kitts, 2015), and stimulating the central nervous system (Kumar et al., 2019). Additionally, the role of gut microbiota in the protective effect of CGA on obesity and metabolic endotoxemia was identified in mice (Ye et al., 2021). However, the regulatory effect of CGA on immunity and intestinal microecology of freshwater fish in aquaculture remains to be studied.

In this study, we used crucian carp (Carassius auratus gibelio) as a model; physiological and biochemical detection technology, high throughput sequencing, real-time fluorescent quantitative PCR, and histological analysis were used to explore the effects of CGA on crucian carp. Our study showed that feeding CGA had a significant positive effect on the growth, immunity, and gut flora balance of Carassius auratus. Our findings provide a reference for the strategy of CGA replacing some chemical drugs and antibiotics to prevent and control fish diseases, which is of great significance to healthy aquaculture and ecological environmental protection.



Materials and methods


Experimental design, animals, and diets

The experiment was carried out in fish tanks with 1 m3 with identical management including water inputs, daily water exchange rate (∼5%), feed type, and rearing schedule. Carassius auratus was the Zhongke 3 Carassius auratus gibelio. The larval fish were cultured at a stocking density of ∼60 individuals per tank. All the fish were fed a commercial non-medicated feed (Tongwei Co., Ltd.) for 15 days, two times per day at 9 a.m. and 5 p.m. After a 15-day adaptation, the experimental group was fed a diet supplemented with 200 mg/kg CGA for 60 days (Gao et al., 2019), while the control group was fed an ordinary diet. The CGA extract from Eucommia ulmoides leaves came from Jiangsu Lvkee Biotechnology Co., Ltd., (Yangzhou, China). The experiments were conducted with three experimental replications. The experimental animal feed formulation is shown in Table 1.


TABLE 1    Composition and nutrient levels of experimental diets in this study.
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After the experiment, fish were randomly selected from each tank separately at 4 h after the fish feeding in the morning. The fish dissection and sampling were performed as described previously (Li et al., 2020). The gut, liver, and muscle tissue samples were collected separately for subsequent experimental determination. Part of these tissue samples was directly stored at −80°C, and part of them was stored in an RNA protection solution. The foregut of gut was preserved in a formaldehyde fixation solution.



Growth performance

More than 10 fish were randomly selected from each tank for weighing before and after the experiment. The average body weight, weight gain rate, and specific growth rate of Carassius auratus in each group were calculated before and after the experiment, after a 12 h fast. The growth performance indexes were calculated according to the following formula:
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In the formula:

W0—Carassius auratus initial average body mass (g/tail)

Wt—Average body weight of Carassius auratus (g/tail)

t—Feeding days (d)

F—Average total feed intake per fish (g).



Assay of digestive enzyme, antioxidant, and immune enzyme indices

The tissue of three fish was isolated on an ice tray and homogenized with cold saline with a weight-to-volume ratio of 1:9. The homogenate was centrifuged at 9,000 × g for 10 min at 4°C. The supernatant was collected for measuring the indices. The enzyme activity of lipase (LPS) and α-amylase (AMS) in gut tissue homogenate, the antioxidant indices including superoxide dismutase (SOD), peroxidase (POD), reduced glutathione (GSH), and malondialdehyde (MDA) concentration of gut, muscle, and liver tissues, the TG concentration in muscle and liver, and the non-specific immune enzyme activities including acid phosphatase (ACP), alkaline phosphatase (AKP) in gut and liver tissues were determined with commercially assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer’s instructions (Matozzo et al., 2013; Wang et al., 2020; Zhao et al., 2021).



RNA extraction and gene quantification

The total RNA was extracted from the liver and muscle by Biyuntian’s animal tissue RNA extraction kit (Shanghai, China), following the manufacturer’s instructions. After concentration determination (experimental group RNA concentration was 458.261 ng/μL and control group RNA concentration was 650.192 ng/μL), the RNA was reverse transcribed by the reverse transcription kit to obtain cDNA (Nanjing Novezan Biological Co., Ltd., Nanjing, China) (Sun et al., 2018; Tan et al., 2018).

Real-time quantitative PCR (RT-PCR) was performed to quantify the presence of the 12 genes: PPARα (peroxisome proliferator-activated receptor alpha), ACOX1 (acyl-coenzyme A oxidase 1), HSL (hormone-sensitive lipase), ACC (acetyl-CoA carboxylase), FAS (fatty acid synthase), SREBP-1c (sterol regulatory element-binding proteins-lc), DGAT2 (diacylglycerol acyltransferase 2), ATGL (adipose triglyceride lipase), MAGL (monoacylglycerol lipase), AMPK (AMP-activated protein kinase), and EP1α (translation elongation factor 1 alpha) gene which was a reference in the intestinal contents of fish.

The 24 pairs of specific primers were synthesized by Qingke Biotechnology Co., Ltd., (Wuhan, China) and verified by PCR and electrophoresis (Supplementary Table 1). The primer information is shown in Supplementary Table 1. A 10-μl reaction mixture contained 5 μl of the qPCR mix (without ROX) (Zhuangmeng International Biotechnology, Beijing, China), 0.2 μl each of forward and reverse primers (10 μM), 1 μL of template cDNA, and 3.6 μL of DEPC water. Real-time PCR reaction conditions were as follows: the cDNA unchained element was 95°C for 20 s, the denaturation condition was 95°C for 15 s, the annealing condition was 57°C for 20 s, and extension at 72°C for 20 s, for 40 cycles. Fluorescence was read during extension The conditions of the final melting section are 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. The experiments were conducted with three experimental replications.



Morphological analysis of intestinal tissue

The morphology of the ileum was analyzed by PAS staining as reported by Wang et al. (2009). Sliced samples were viewed under an optical microscope (Wuhan Sevier Company, Wuhan, China). Five pictures and five fields in each picture were used to analyze villus height, villus number, and goblet cells on villous epithelium using image analysis software under 40 and 200 magnification microscopes (Wang et al., 2009; Yang et al., 2021).



16S rRNA gene amplicon sequencing

The genomic DNA of the gut content was extracted using the Fast DNA Stool Mini kit (Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. The primer pair (forward: CCTAYGGGRBGCASCAG and reverse: GGACTACNNGGGTATCTAAT) was used to amplify the V3–V4 region of the 16S rRNA. The obtained amplicons were sequenced on the Illumina Hiseq 2500 platform to generate paired-end 250 bp reads. The resultant paired-end reads were merged using FLASH VI.2.7. The tool QIIME 2 was employed to perform raw read filtration, chimera removal, denoising (with plugin deblur), and taxonomic classification of OTUs (with q2-feature-classifier pre-trained with 99% OTU dataset of the SILVA Release 138). After 30,000 reads per sample (the smallest number of reads per sample) were normalized to generate OTU tables, based on which Chao 1, Observed specie, Shannon, Simpson, and phylogenetic diversity indices were estimated.



Statistical analysis

All the experimental data were presented as mean ± standard error of the mean (SEM) (Wu et al., 2022). The results were analyzed using a T-Test to compare the means of groups. A value of P < 0.05 was regarded to be statistically significantly different. Intestinal fecal samples were sequenced by ITS, and OTU clustering was performed according to 97% similarity after quality control, and then compared with UNITE database for annotation (Liang et al., 2020). The 2–ΔΔCT method was used to calculate the mRNA level of target genes accordingly (Livak and Schmittgen, 2001). After OUTs were normalized by the copy numbers, functional pathways were predicted by the Kyoto Encyclopedia of Genes and Genomes (KEGG) catalog at level 3 KEGG orthology groups (KOs) using Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt).




Results


Effects of CGA on growth performance of Carassius auratus

The effects of oral CGA on the growth performance of crucian carp are shown in Table 2. The fish dietary CGA-added significantly increased the weight, weight gain rate (WGR, P = 0.000252) and specific growth rate (SGR, P = 0.000305) and tended to reduce the feed coefficient (FCR, P = 0.000323) significantly, indicating that the CGA in the diet helps to improve the feed utilization rate and promote the growth of Carassius auratus.


TABLE 2    Effects of chlorogenic acid on growth performance of Carassius auratus.
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CGA improves the intestinal digestive enzyme activity of Carassius auratus

In our study, the intestinal lipase and amylase activities of the CGA-added group were significantly higher than those of the control group, P = 0.00007 and P = 0.0012, respectively (Figure 1), indicating that adding CGA to the feed could improve the ability of secretion of intestinal lipase and amylase, and enhance the digestion level of fat and starch in Carassius auratus.


[image: image]

FIGURE 1
Intestinal digestive enzyme activities. (A) Effect of chlorogenic acid (CGA) on intestinal lipase. (B) Effect of CGA on intestinal amylase. **Indicates a significant difference compared with the control group (P< 0.01). The acronym for the CGA-added group is CGA and the acronym for the control group is Con.




Effect of CGA on lipid metabolism and energy metabolism of Carassius auratus

To explore the effect of CGA on the lipid metabolism of Carassius auratus, the contents of triglycerides (TG) in the muscle and liver of Carassius auratus were determined. As shown in Figure 2A, the TG content in the liver of the CGA-added group was significantly lower than that of the control group (P = 0.003), while there had no significant effect on TG content in the muscle (P = 0.113) (Figure 2B). In general, CGA had a certain reduction effect on the TG content in the muscle and liver of Carassius auratus.
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FIGURE 2
Effect of chlorogenic acid (CGA) on lipid and energy metabolism of Carassius auratus. (A) Effect of CGA on triglycerides (TG) in the liver. (B) Effect of CGA on TG in muscle. (C) Expression of lipid metabolism-related genes in liver tissue. (D) Expression of energy metabolism gene AMP-activated protein kinase (AMPK) in liver tissue. **Indicates a significant difference compared with the control group (P< 0.01). The acronym for the CGA-added group is CGA and the acronym for the control group is Con.


Then we measured the expression of 10 genes related to lipid metabolism in liver tissue. Among these genes, the acetyl-CoA carboxylase (ACC) gene, fatty acid synthase (FAS) gene, sterol regulatory element-binding proteins-lc (SREBP-1c) gene, and diacylglycerol acyltransferase 2 (DGAT2) gene were related to fat synthesis, and peroxisome proliferator-activated receptor alpha (PPARα) gene, acyl-coenzyme A oxidase 1 (ACOX1) gene, hormone-sensitive lipase (HSL) gene, carnitine palmitoyltransferase-1 (CPT1) gene, adipose triglyceride lipase (ATGL) gene, and monoacylglycerol lipase (MAGL) gene were related to lipolysis. As shown in Figure 2C, the expression levels of lipolysis genes (ATGL, CPT1, ACOX1, and MAGL) in the CGA-added group were significantly increased (P = 0.0065, 0.0064, 0.0016, and 0.0066 respectively), while fat synthesis gene ACC and FAS in the CGA-added group were significantly decreased (P = 0.013 and 0.00089), which may be due to the body self-regulation caused by the less fat content in the body. In general, CGA inhibited the expression of genes related to fat synthesis and promoted the expression of genes related to fat decomposition. Thereby, it is speculated that dietary supplementation of CGA could reduce the storage of fat in the liver, corresponding to the lower hepatic TG content in the CGA-added group than in the control group.

Meanwhile, there was no significant difference in the expression of the AMP-activated protein kinase (AMPK) gene between the CGA-added group and the control group in liver tissue (Figure 2D).



Non-specific immune enzyme activity in intestinal and liver tissues

The non-specific immune responses of fish are related to the enzyme activities of acid phosphatase (ACP) and alkaline phosphatase (AKP). Compared with the control group, ACP (P = 0.000006) and AKP (P = 0.003627) activities in the CGA-added group were significantly increased in the intestinal tissue (P < 0.01). The enzyme activity also increased in the liver tissue, while there was no significant effect (Figure 3). In general, it showed that CGA could improve the liver and intestinal non-specific immunity of Carassius auratus.
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FIGURE 3
Intestinal and liver non-specific immune enzyme activities. (A) Alkaline phosphatase (AKP) activity in intestinal tissue. (B) Acid phosphatase (ACP) activity in intestinal tissue. (C) AKP activity in liver tissue. (D) ACP activity in liver tissue. **Indicates a significant difference compared with the control group (P< 0.01). Acid phosphatase (ACP), alkaline phosphatase (AKP). The acronym for the chlorogenic acid (CGA)-added group is CGA and the acronym for the control group is Con.




Morphological changes of intestinal tissue and the number of goblet cells

The increase of intestinal villus height and density can cause the extension of the contact area with nutrients and promote nutrient absorption. The mucus layer formed by glycoproteins secreted by goblet cells and immune molecules (such as antimicrobial peptides and cytokines) is the first line of defense against the invasion of pathogenic substances (Alesci et al., 2022). As shown in Figures 4A,B, intestinal villi were leaf-like. Intestinal villi in the CGA-added group were arranged orderly and closely, while sparse and shorter in the control group. Meanwhile, there were slightly more goblet cells in the CGA-added group than in the control group (Figures 4C,D). According to Table 3, dietary supplementation of CGA increased intestinal villus height, villus density, and goblet cells per unit length.
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FIGURE 4
Effects of chlorogenic acid (CGA) on the intestinal morphology. (A) Observation of intestinal morphology in the control group under a 40 magnification microscope. (B) Observation of intestinal morphology in the experimental group under a 40 magnification microscope. (C) Observation of intestinal morphology in the control group under a 200 magnification microscope. (D) Observation of intestinal morphology in the experimental group under a 200 magnification microscope. Arrows in panels (A,B) indicate villus height. Arrows in panels (C,D) indicate goblet cells.



TABLE 3    Effect of chlorogenic acid on intestinal morphology of Carassius auratus.
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Effect of CGA on antioxidant capacity of intestinal tissue, muscle tissue, and liver tissue of Carassius auratus

Lipid peroxidation can cause the formation of MDA, which is an indicator of the degree of oxygen-free radical damage in the human body. In our study, we found that when CGA was added to the fish diet, MDA content in multiple tissues was reduced (Figures 5A,E,I). Especially, the content of MDA in the liver tissue was significantly lower than that in the control group (P = 0.000012). Three antioxidant enzymes, namely GSH, POD, and SOD, are important participants in cellular anti-oxidation. Compared with the control group, the antioxidant GSH in intestinal, muscle, and liver tissue of the CGA-added group were all increased (Figures 5B,F,J). Additionally, the activities of POD and total SOD in the CGA-added group were higher than those in the control group (Figures 5C,D,G,H,K,L).
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FIGURE 5
Effect of chlorogenic acid (CGA) on antioxidant capacity of intestinal, muscle, and liver of Carassius auratus. (A) Malondialdehyde (MDA) content in intestinal tissue. (B) Glutathione (GSH) activity in intestinal tissue. (C) Peroxidase (POD) content in intestinal tissue. (D) Superoxide dismutase (SOD) activity in intestinal tissue. (E) MDA content in muscle tissue. (F) GSH activity in muscle tissue. (G) POD content in muscle tissue. (H) SOD activity in muscle tissue. (I) MDA content in liver tissue. (J) GSH activity in liver tissue. (K) POD content in liver tissue. (L) SOD activity in liver tissue. Malondialdehyde (MDA), glutathione (GSH), peroxidase (POD), and superoxide dismutase (SOD). *Indicates a significant difference compared to the control group (P< 0.05); **Indicates a significant difference compared with the control group (P< 0.01). The acronym for the CGA-added group is CGA and the acronym for the control group is Con.


It is worth noting that the MDA, GSH, POD, and SOD in the CGA-administrated liver tissue of Carassius auratus were all significantly different from those in the control group. These results showed that supplementation of CGA in diet could improve the antioxidant capacity of Carassius auratus, especially in the liver.



Analysis of intestinal microbial diversity

An Illumina Hiseq 2500 sequencing platform was utilized to analyze the structure of the fish gut microbiota. A total of 499,848 microbial 16S rRNA genes raw reads were assembled using FLASH at quality settings, obtaining 492,686 clean reads. After applying the Usearch clustering algorithm, all 2,947 unique OTUs were identified and allotted.

Furthermore, the core microbial communities in each group were analyzed at the phylum and family levels (Figures 6A,B). Four predominant phyla accounted for more than 96% abundances of the total sequences at the phylum level, including Proteobacteria, Fusobacteriota, Firmicutes, and Bacteroidota in both two groups (Figure 6A). The relative abundance of Proteobacteria occupied the vast majority in the control group, and supplementation of CGA in the fish diet significantly increased the abundance of Firmicutes (from 2.00 to 31.27%, p = 0.027) and decreased the abundance of Proteobacteria (from 89.95 to 29.29%, p = 0.033) (Figure 6C).


[image: image]

FIGURE 6
Bar chart of relative abundance of intestinal species. (A) Histogram of phyla level relative species abundance. (B) Histogram of relative abundance of species at the family level. (C) The changes of the main species between the two groups. con.1, con.2, and con.3 are the control group (Con), and chlorogenic acid (CGA).1, CGA.2, and CGA.3 are the CGA-added group (CGA). The green box represented Con; the purple box represents CGA. *Indicates a significant difference compared to the control group (P< 0.05).


The bacteria with higher abundance (> 0.01%) was shown in Figure 6B. The families Aeromonadaceae and Pseudomonadaceae dominated in the control group, and their relative abundances were 62.74 and 15.01%, respectively (Figure 6B). In the CGA-added group, The families Fusobacteriaceae and Erysipelotrichaceae were predominant, and their relative abundances were 34.10 and 30.40%, respectively. Otherwise, the relative abundance of the Aeromonadaceae significantly decreased from 62.74 to 10.27% as the CGA was added (Figure 6C). In summary, the composition of dominant bacterial communities was affected by dietary supplementation of CGA.

The dynamics of alpha diversity were further studied. As shown in Table 4, the Ace, Chao1, and observed species indices reduced from 148 to 142, 150 to 144, and 146 to 138, respectively, as CGA was added to the feed. Meanwhile, Shannon and Simpson’s indices increased from 3.05 to 3.22 and 0.72 to 0.79, respectively. Accordingly, the alpha diversity showed a slightly declined trend with the supplementation of CGA in the fish diet.


TABLE 4    Effect of chlorogenic acid on alpha diversity index of intestinal bacteria.
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16S rRNA functional prediction analysis

To analyze the functions of gut microbiota among the samples, sequences were conducted and submitted to the KEGG database for analysis. Metagenome potentials were predicted by PICRUSt. The top 40 relative abundance of KEGG pathways are revealed in Figure 7A, and the KEGG pathways with significant differences with supplementation of CGA in fish diet are shown in Figure 7B. Briefly, the largest relative abundance of KEGG pathways was found in transporters, general function prediction, and the DNA repair and recombination proteins both in the two groups. The relative abundance of amino acid-related enzymes, DNA repair and recombination proteins, and DNA replication was significantly increased with supplementation of CGA in fish diet.
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FIGURE 7
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis by Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt). (A) Relative abundance of KEGG pathways for two groups. (B) KEGG pathways with significant differences between two groups (T-test). The acronym for the chlorogenic acid (CGA)-added group is CGA and the acronym for the control group is Con.





Discussion

Our study indicated that the feeding supplemented with 200 mg/kg CGA had a positive effect on the growth performance of Carassius auratus. It has been reported that CGA can help to promote piglet growth and improve the feed conversion ratio (Chen et al., 2018). The mechanism of action may be related to the significant increase of the intestinal amylase and lipase activities of Carassius auratus, as the enhancement of the digestive function of the intestine will contribute to the full absorption of nutrients. Meanwhile, oral CGA also had a positive effect on the density and height of the intestinal villi of Carassius auratus. The density and height of villi in the intestine can increase the contact area between the intestine and intestinal contents, thus increasing the deposition of nutrients, which is of great significance for improving the health of animals (Fu et al., 2021).

Acid phosphatase and AKP are important hydrolases and play an important role in the body’s immune defenses (Faccioli et al., 2016). These two enzymes, collectively called phosphatase, are divided according to the optimal PH value of catalytic conditions. They can participate in the process of protein dephosphorylation, digestion, and absorption of nutrients and other functions, and are also an important detoxification system in the body. In our study, CGA significantly increased the activities of ACP and AKP in the intestinal tissue of Carassius auratus, that corresponded to the results of the increase in the number of goblet cells per unit length, which both improved intestinal immunity to a certain extent. Additionally, TG content in liver tissue decreased significantly as fed with CGA, which corresponded to the result of the expression of genes related to lipid metabolism in liver tissue. These results indicated that feeding supplemented with CGA could promote lipid metabolism in the liver of Carassius auratus, thus reducing the accumulation of lipids in liver tissue.

The increase of free radical content in organisms may lead to an increase in lipid peroxidation content and lipid peroxidation damage, and the decomposition of lipid peroxides will produce some harmful substances, such as MDA (Ayala et al., 2014). Therefore, the key to maintaining the health of the body is to eliminate the free radical content of the body, inhibit the appearance of lipid peroxidation damage, and protect the integrity and function of the cell membrane. The antioxidant enzymes total SOD, POD, and some non-enzymatic antioxidant substances such as GSH can eliminate the reactive oxygen free radicals of the body, thus improving the antioxidant capacity of the body (Liu et al., 2013). We found that feeding CGA could reduce the production of lipid peroxides in the Carassius auratus intestinal and muscle, and improve the total antioxidant enzyme SOD, POD, and the antioxidant substances GSH levels of the liver tissue. Thus, the enhancement of the metabolism index inflected the improvement body’s antioxidant and immune capacity. In our study, there was no significant difference in the expression of the AMP-activated protein kinase (AMPK) gene between the CGA-added group and the control group in liver tissue (Figure 2D). The results of Kong et al. show that under the action of CGA, the expression of AMPK was significantly increased, the expression of FAS was decreased, and the expression of HSL was increased (Kong et al., 2021), which was partially consistent with the results of this study, and it may be caused by the different growth cycles of the experimental crucian carp.

Intestinal microorganisms play an important role in the growth and development of fish as well as their immune ability. It was reported that CGA-induced changes in the gut microbiota played an important role in the inhibition of metabolic endotoxemia in mice (Ye et al., 2021). In this study, a change in Carassius auratus’ gut microbial composition was found as the application of CGA. According to previous studies, Proteobacteria and Firmicutes were the dominant phyla in the intestinal tract of fish (Zou et al., 2020). It was reported that the gut microbiota of Carassius auratus was initially dominated by Proteobacteria, and in adulthood, it was jointly dominated by Proteobacteria, Fusobacteriota, and Firmicutes (Li et al., 2017). Additionally, these three phyla play an important role in the growth and metabolism of fish. Proteobacteria have been reported to be involved in the metabolism and cycling of carbon, nitrogen, and sulfur in fish (Fjellheim et al., 2010; Han et al., 2010); Bacteroidota is involved in the fermentation process and degradation of oligosaccharides (Li et al., 2015). Firmicutes contribute to carbon metabolism (Corrigan et al., 2015). In this study, our results were similar to those reported. In the control group, Proteobacteria was dominated by intestinal bacteria and the relative abundance of Proteobacteria was 91.76%, Fusobacteriota was 1.33%, Firmicutes was 1.68%, and Bacteroidota was 4.21%. While in the CGA-added group, fish gut microbes mainly composed by Proteobacteria, Fusobacteriotas, and Firmicutes. Practically, Proteobacteria accounted for 30.13%, Fusobacteriota 34.52%, Firmicutes 31.50%, and Bacteroidota 1.48%. The relative abundance ratio of Firmicutes and Bacteroidota may also be related to the growth of the fish (Li et al., 2013).

Chlorogenic acid had various antimicrobial effects on CGA, while it was not sensitive to probiotic bacteria which made it even more appropriate to use in the food industry (Naveed et al., 2018). In our study, the relative abundance of Aeromonadaceae, Fusobacteriaceae, Erysipelotrichaceae, and Pseudomonadaceae was increased in the intestinal bacteria of Carassius auratus with the application of CGA. Aeromonadaceae and Pseudomonadaceae are essential colony members in the normal intestinal bacteria of fish and are potential probiotics that play an important role in the digestion and health of fish (Wu et al., 2012). Additionally, it was reported that the Erysipelotrichaceae family could help to digest high-fat and polysaccharide diets. Meanwhile, Erysipelotrichaceae may enhance fish immunity by stimulating the TLR4 pathway, which was involved in innate immune defense in teleost fish (Conterno et al., 2011; El Kasmi et al., 2013; Harris et al., 2014; Qi et al., 2017). Some strains of the Fusobacteriaceae, such as Cetobacterium somerae, played a catalytic role in the synthesis of vitamin B12 in fish (Tsuchiya et al., 2008). Therefore, the increased relative abundance of Aeromonadaceae, Fusobacteriaceae, Erysipelotrichaceae, and Pseudomonadaceae in the intestinal bacteria may promote the immunity and growth performance of Carassius auratus as the application of CGA. The composition and diversity of intestinal flora can predict different biological functions. In this study, KEGG analysis revealed that one of the most abundant KOs related to DNA repair, recombination, and replication was significantly increased with supplementation of CGA in a fish diet, which showed that CGA may have anti-inflammatory and antioxidant physiological activities.



Conclusion

This study revealed that the growth performance of Carassius auratus fed with CGA was significantly improved which may be related to the enhancement of the intestinal digestive enzyme activity and increased density and height of the intestinal villi. It was shown that CGA is of great significance for improving the growth of animals. In addition, our results showed that feeding supplemented with CGA could increase the expression of genes related to lipid metabolism in the liver, improve the activities of non-specific immune enzymes in intestinal and liver tissues, promote the antioxidant capacity of intestinal, muscle, and liver tissues. Meanwhile, our data also demonstrated the relative abundance of the most dominant bacterial communities interchangeably with dietary supplementation of CGA. At the phylum level, Proteobacteria decreased and Firmicutes increased in the CGA-added group. At the family level, Fusobacteriaceae and Erysipelotrichaceae were the dominant families in the CGA-added group, while the relative abundance of Aeromonadaceae decreased significantly.

Overall, our study showed that supplementation with CGA in diet had a significant positive impact on Carassius auratus. It is of great significance to develop and use CGA, a natural and innocuous compound, in green and eco-friendly feed additives with effective preventive effects. Our findings provided a reference for exploring the CGA for replacing some chemical drugs and antibiotics to prevent and control fish diseases.
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Heavy metals released in the environment pose a huge threat to soil and water quality, food safety and public health. Additionally, humans and other mammals may also be directly exposed to heavy metals or exposed to heavy metals through the food chain, which seriously threatens the health of animals and humans. Chromium, especially hexavalent chromium [Cr (VI)], as a common heavy metal, has been shown to cause serious environmental pollution as well as intestinal damage. Thus, increasing research is devoted to finding drugs to mitigate the negative health effects of hexavalent chromium exposure. Seaweed polysaccharides have been demonstrated to have many pharmacological effects, but whether it can alleviate gut microbial dysbiosis caused by hexavalent chromium exposure has not been well characterized. Here, we hypothesized that seaweed polysaccharides could alleviate hexavalent chromium exposure-induced poor health in mice. Mice in Cr and seaweed polysaccharide treatment group was compulsively receive K2Cr2O7. At the end of the experiment, all mice were euthanized, and colon contents were collected for DNA sequencing analysis. Results showed that seaweed polysaccharide administration can restore the gut microbial dysbiosis and the reduction of gut microbial diversity caused by hexavalent chromium exposure in mice. Hexavalent chromium exposure also caused significant changes in the gut microbial composition of mice, including an increase in some pathogenic bacteria and a decrease in beneficial bacteria. However, seaweed polysaccharides administration could ameliorate the composition of gut microbiota. In conclusion, this study showed that seaweed polysaccharides can restore the negative effects of hexavalent chromium exposure in mice, including gut microbial dysbiosis. Meanwhile, this research also lays the foundation for the application of seaweed polysaccharides.
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Introduction

Industrial production releases a large amount of metal pollutants every year, such as lead, chromium, and copper, which are considered to be vital factors causing environmental contamination and animal metal poisoning (Wen et al., 2019; Zhao et al., 2019; Wang F. et al., 2022). Chromium is one of the most common heavy metals, which is widely used in leather, fuel and steel production (Mamais et al., 2016; Kapoor et al., 2022). Early surveys indicated that the global annual consumption of chromium is more than 200,000 tons and its demand is still increasing (Li A. et al., 2021). However, large amounts of chromium waste may be directly discarded and reach the environment through multiple ways, seriously threatening the surrounding water and soil health (Vaiopoulou and Gikas, 2020; Prasad et al., 2021). Importantly, the released chromium could accumulate in soil, water and plants then transfer to aquatic and terrestrial animals via food chain, posing a serious threat to human health and food safety (Nguyen et al., 2017; Lee C. P. et al., 2019). Previous studies indicated that long-term exposure to hexavalent chromium can cause parenchymal organ injury such as gastrointestinal tract, liver, and kidney. Additionally, hexavalent chromium has also been shown to be associated with cancer, asthma and gut microbial dysbiosis (Yang Q. et al., 2020; Monteiro et al., 2018; Shaw et al., 2019).

Gut microbiota is a complicated and dynamic microecosystem that consists of approximately 100 trillion microorganisms involving over 2,000 diverse species (Egerton et al., 2018; Feng et al., 2018; Morris, 2018). The gut microbiota exhibits a symbiotic relationship with the host, exerting positive effects on host metabolism, intestinal homeostasis and immune system maturation (Yu et al., 2020; Zhang L. et al., 2021). Moreover, the other well-understood contributions of the gut microbial community is its key roles in the intestinal barrier maintenance and immune system maturation, which contribute to protecting the host from invasion by infectious pathogens (Sun et al., 2022; Wang R. et al., 2022). As essential biochemical converters, gut microbiota can also convert food into nutrients and metabolites (Zhang L. et al., 2021; Zhang X. et al., 2021; Yang J. et al., 2022). However, many factors associated with hosts and environment such as aging, oxidative stress, antibiotics and heavy metal could affect intestinal homeostasis and even induce gut microbial dysbiosis (Xia et al., 2018; Kakade et al., 2020; Ma et al., 2022). Numerous studies provided supporting evidence that gut microbial dysbiosis could impair intestinal mucosal barrier and gut mucosal immune system, potentially causing severe gastrointestinal infection, diarrhea, and colonitis (Liu et al., 2019; Li Y. et al., 2021; Xu et al., 2022). Additionally, gut microbial dysbiosis can also extend its negative effects beyond the gastrointestinal system and result in extraintestinal diseases such as autism, diabetes, obesity and NAFLD (Yang et al., 2021; Wan and Ma, 2022; Ye et al., 2022). Considering the systemic effects of gut microbial dysbiosis, it is also considered as a emerging participator in the pathophysiology of many diseases (Crusell et al., 2018).

Supplementation with antioxidants is regarded as a vital way to mitigate metal poisoning because metal contaminants can cause oxidative stress and decreased antioxidant capacity (He et al., 2020; Yang Y. et al., 2020; Paithankar et al., 2021). Currently, polysaccharides extracted from animals and plants have been shown to be promising antioxidants (Chen and Huang, 2018, 2019). Among many types of polysaccharides, seaweed polysaccharide has attracted mounting attention own to its several health benefits to the host (Tanna and Mishra, 2019; Bauer et al., 2021). Numerous studies indicated that seaweed polysaccharide has anti-inflammatory, antiviral, immunomodulatory and anti-tumor effects (Lomartire and Goncalves, 2022). Moreover, recent research on seaweed polysaccharide also showed its vital roles in the gastrointestinal disease and improve antioxidant ability (Fu et al., 2021). Although increasing evidence showed the positive role of seaweed polysaccharide on the host health, it remains unclear whether seaweed polysaccharide can alleviate gut microbial imbalance caused by hexavalent chromium. Thus, we investigated the protective effect of seaweed polysaccharide on hexavalent chromium induced gut microbial imbalance.



Materials and methods


Animal experiments

Sixty 28-day-old Kunming mice with similar weight and background were used for this research. These selected mice were housed in a standard environment and health assessments were performed on all mice to ensure that the experiments ran smoothly. After acclimatization for 3 days, these mice were randomly divided into three groups namely control group (Con), Cr (VI)-induced group (Cr), seaweed polysaccharide treatment group (SP, 200 mg/kg). The dosage of seaweed polysaccharide and Cr (VI) refers to the previous research with slight improvements (Ben et al., 2016; Fu et al., 2021). The proportion of male and female in each groups was 1:1. The mice in the Con, Cr and SP groups were provided adequate feed and water. In addition, mice in Cr (VI) and SP treatment group was compulsively receive K2Cr2O7 (75 mg/kg). Moreover, the SP treatment group was compulsively gavaged with 0.2 ml of SP. On the day 29 of the experiment, we euthanized all the mice and collected colonic contents. The collected samples were snap-frozen in liquid nitrogen and stored at-80°C until further investigation.



DNA extraction and illumine MiSeq sequencing

The acquired samples of each group were separately homogenized and then performed DNA extraction using QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) following suggested instructions of manufacturer. After ensuring the extracted DNA met the requirements for subsequent analysis, we amplified the V3/V4 variable regions using the primers (338F: ACTCCTACGGGAGGCAGCA and 806R: GGACTACHVGGGTWTCTAAT) synthesized from conserved regions. The conditions and volumes of PCR reactions were determined as per previous studies (Zhang et al., 2020). Before building the libraries, some processing products including fragment recovery, quantitation and quality appraisal were performed to obtain qualified products. The constructed libraries were subsequently performed quality evaluation. The libraries with only one peak and concentration greater than 2 nM were considered qualified. The qualified libraries were subjected to paired-end sequenced (2 × 300 bp) on MiSeq sequencing machine following the standard protocols. The original data containing short sequences, chimera and mismatched primers preduced from amplicon sequencing were performed quality evaluation and filtration to acquire effective sequence. The effective sequences were clustered and OTUs partitioned based on 97% similarity. To further dissect the effects of thiram exposure on gut microbiota, we calculated five alpha diversity indices and generated PCoA plots that reflected beta diversity. The differential bacteria were identified through the Metastats analysis and LEfSe. p-values (means ± SD) <0.05 were considered statistically significant.




Results


Data collection and analysis

To investigate the protective effect of seaweed polysaccharide on Cr (VI)-induced mice, we explored changes in the gut microbiota of mice during polysaccharide supplementation. Results indicated that a total of 735,152 (Con = 256,535, Cr = 222,963, SP = 255,654) raw sequences were obtained from three groups (Table 1). Subsequently, we performed quality assessment on the raw data and obtained 502,400 (Con = 183,752, Cr = 138,389, SP = 180,259) valid sequences. Results of the rarefaction curves, which can reflect the sequencing depth, show that the species coverage and sequencing depth are qualified (Figures 1A–C). The valid sequences of three groups were clustered into 358 OTUs (Con = 298, Cr = 182, SP = 269), ranging from 76 to 193 OTUs per sample (Figures 1D,E). Furthermore, the Con, Cr and SP groups have 69, 9, and 35 unique OTUs, respectively.



TABLE 1 The raw sequence information generated from amplicon sequencing.
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FIGURE 1
 Feasibility assessment and OTU distribution. (A,B) Rarefaction curves. (C) Rank abundance curve. (D) Venn diagram. (E) OTUs distribution histogram.




Seaweed polysaccharide recovered the changes of gut microbial diversity induced by Cr (VI)

We further calculated changes in gut microbial diversity based on the abundance of OTUs in each sample. Results of Good’s coverage indicated that almost all bacterial phenotypes were found in this amplicon sequencing. The gut microbial diversity indices such as Chao1 (170.75 ± 15.79 vs. 87.00 ± 9.55, p = 0.00029), ACE (170.75 ± 15.79 vs. 87.00 ± 9.55, p = 0.00029), Shannon (4.64 ± 0.68 vs. 2.64 ± 0.64, p = 0.0055), and Simpson (0.88 ± 0.060 vs. 0.63 ± 0.15, p = 0.035) in the hexavalent chromium exposure group were significantly lower than those in the control group, indicating that hexavalent chromium markedly reduced the diversity and abundance of gut microbiota. However, seaweed polysaccharide administration reversed the hexavalent chromium-induced decrease in gut diversity indices (Figures 2A–D). PCoA plots indicated that all the samples were clustered together, indicating no differences in the major components of the gut microbiota (Figures 2E,F).
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FIGURE 2
 Seaweed polysaccharide administration restored the changes in gut microbial diversity induced by hexavalent chromium exposure. (A) Chao1. (B) ACE. (C) Shannon. (D) Simpson. (E,F) PCoA plots based on the weighted and unweighted UniFrac distance.




Seaweed polysaccharide altered gut microbial composition in Cr (VI)-induced mice

The gut microbial composition and abundance in different taxonomical levels were evaluated and observed significant variations. In this amplicon sequencing, a total of 10 phyla and 91 genera were identified in 12 samples, ranging from 7 to 10 phyla and 37 and 69 genus per sample. Proteobacteria (13.49, 40.43%), Campylobacterota (23.70, 21.54%), Firmicutes (20.47, 13.58%) and Bacteroidota (23.43, 17.17%) were the most preponderant bacteria in Con and SP groups, whereas Proteobacteria (64.11%), Campylobacterota (8.41%), Firmicutes (19.43%), and Actinobacteriota (1.58%) were abundantly present in the Cr groups (Figure 3A). However, the abundances of Deferribacterota (3.18, 0.42, 1.57%), Verrucomicrobiota (2.94, 0.82, 0.22%), Patescibacteria (0.97, 0.021, 0.31%), and Cyanobacteria (0.033, 0.00, 0.00%) are lower in Con, Cr and SP groups. Escherichia_Shigella (10.71, 33.45%) and Helicobacter (23.70, 21.54%) were the most dominant genus in the Con and SP groups, whereas Escherichia_Shigella (57.75%) and Ligilactobacillus (14.24%) were abundantly present in the Cr group (Figure 3B). However, the proportions of Enterorhabdus (4.94, 1.41, 2.71%), Desulfovibrio (6.07, 0.89, 1.43%), unclassified_Enterobacteriaceae (0.43, 4.05, 3.52%), and Bacillus (2.63, 1.57, 2.06%) were lower in gut microbiota of Con, Cr, and SP groups. The specific bacterial species and abundance are also shown in the heatmap (Figure 3C).
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FIGURE 3
 Seaweed polysaccharide administration restored gut microbial composition in hexavalent chromium-induced mice. (A,B) The preponderant bacteria at the phylum and genus levels. (C) Heat map of bacterial distribution.


At the phylum level, the abundances of Proteobacteria was observably more preponderant in Cr group than in the Con group, whereas the abundances of Bacteroidota, Patescibacteria, and Actinobacteriota were lower. At the genus level, the abundances of Escherichia_Shigella and Enterococcus in Cr group was observably predominant than Con group, whereas the unclassified_Lachnospiraceae, Prevotellaceae_UCG_001, unclassified_Desulfovibrionaceae, Bilophila, Stenotrophomonas, Lachnoclostridium, Rikenellaceae_RC9_gut_group, Rhodococcus, Microbacterium, Candidatus_Saccharimonas, Enterorhabdus, unclassified_Erysipelotrichaceae, Sphingobacterium, unclassified_Anaerovoracaceae, Anaerotruncus, unclassified_Ruminococcaceae, and Acinetobacter were lower (Figure 4). However, seaweed polysaccharide administration could reverse these bacterial changes. A comparison of the Cr and SP showed a distinct decrease in the abundances of Bacteroides, Alloprevotella, unclassified_Desulfovibrionaceae, unclassified_Ruminococcaceae, Odoribacter, GCA_900066575, unclassified_Lachnospiraceae, Anaerotruncus, and Alistipes. LEfSe analysis further revealed bacteria that differed between groups (Figure 5).
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FIGURE 4
 Statistical analysis of differential bacteria. (A) Relative Abundance at genus level. (B) Relative Abundance at phylum level. All data was indicated as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 compared with Con group, #p < 0.05 compared with Cr group.
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FIGURE 5
 Identification of differential bacteria by LEfSe and LDA scores. (A,C) Cladogram of phylogenetic distribution of differential bacteria. (B,D) LDA scores >2 were considered significantly different.




Correlation network analysis

Alistipes was positively related to unclassified_Muribaculaceae (0.79). Prevotellaceae_UCG_001 was positively related to Alloprevotella (0.83), unclassified_Erysipelotrichaceae (0.77) and unclassified_Lachnospiraceae (0.66). Rikenellaceae_RC9_gut_group was positively related to unclassified_Erysipelotrichaceae (0.72) and unclassified_Clostridia_UCG_014 (0.67) (Figure 6).

[image: Figure 6]

FIGURE 6
 Correlation network analysis of gut microbiota. The green and red lines indicate the negative and positive correlation, respectively.





Discussion

The environmental contamination caused by heavy metal discharge and the negative impact on public health have attracted increasing attention (Drzezdzon et al., 2018; Yuan et al., 2020). In addition, the accumulation of heavy metals in animals and plants also seriously affects animal production and human health (Quina et al., 2019; Bao et al., 2021). Studies have shown that chromium could be absorbed by the host in many ways such as the digestive system, epidermis and respiratory system (Zhang et al., 2020). Moreover, chromium ingested by the digestive tract can enter other organs such as liver, kidney, and intestine through blood circulation, which further threatens the health of the host (Cardenas-Gonzalez et al., 2016; Andleeb et al., 2020). Early investigations showed that long-term chromium exposure can cause a significant decrease in growth performance and perturb gut microbial homeostasis in broilers (Li Y. et al., 2021). In addition, chromium exposure has also been shown to cause significant gastrointestinal symptoms (Zhang et al., 2022). It is widely known that the intestine plays an important role in nutrient absorption and host health, which in turn depends on normal gut microbiota structure (Brussow, 2015; Coelho et al., 2019). Although gut microbiota inhabits the intestine, it can cause systemic effects. Therefore, the maintenance of gut microbial homeostasis is critical for host health (Greenhill, 2018; Ma et al., 2020). Chromium intake through the digestive tract inevitably affects the gut microbiota and causes kidney damage, but whether seaweed polysaccharides with various biological properties can restore the gut microbiota is still unknown. Therefore, we systematically explored the protective effects of seaweed polysaccharides on hexavalent chromium-induced gut microbiota in mice.

As the main channel for various substances to enter the body, the intestinal own health and the gut microbiota inhabiting the intestine are also more susceptible to external factors (Sadeq et al., 2021; Zheng et al., 2021). Generally, the gut microbiota is in a dynamic balance under the action of various factors, but intestinal function does not change significantly (Michaudel and Sokol, 2020). In addition, the stability of the gut microbiota is also necessary to maintain the host health and the intestinal function (Li et al., 2016). However, environmental pollutants such as heavy metals, microplastics and pesticides can damage the intestine and various parenchymal organs, causing gut microbial imbalance and systemic effects (Lu et al., 2019; Qiao et al., 2019). Additionally, dysbiosis in the gut microbiota also affects the digestion and absorption of nutrients and growth performance (Chi et al., 2021). Previous study showed that long-term hexavalent chromium exposure leads to dysbiosis of the gut microbiota, accompanied by a significant reduction in microbial diversity (Li A. et al., 2022). Additionally, Yao et al. (2019) also found similar conclusions, demonstrating the negative impact of hexavalent chromium on gut microbes. In this study, we observed significant decrease in gut microbial diversity of mice during hexavalent chromium exposure. However, seaweed polysaccharide administration could restore the gut microbial dysbiosis caused by chromium exposure. Studies have shown that gut microbial dysbiosis and reduced diversity are considered important drivers of various diseases such as diarrhea, obesity and diabetes (Stephens et al., 2018; Lee P. et al., 2019). Moreover, decreased gut microbial diversity also affects intestinal barrier function and immune system maturation, which may reduce host immunity and increase permeability (Burcelin, 2016; Van Averbeke et al., 2022). In this case, the host is more sensitive to external pathogenic factors and more prone to other diseases. Increased intestinal permeability may also cause the passage of harmful intestinal metabolites or pathogenic bacteria across the intestinal barrier, leading to damage to other organs such as liver and kidney (Adolph and Tilg, 2018; Wahlstrom, 2019). More importantly, some opportunistic pathogens may also become pathogenic during this period (Nishida et al., 2018). Therefore, maintaining the balance of gut microbiota is also considered to be an important condition to ensure the health of the host. In addition, we also performed beta diversity analysis to explore the differences in the main components of the gut microbiota. Results showed that all the samples were clustered together, indicating that there were no differences in the main components of the gut microbiota.

As the most complex micro-ecosystem, the gut microbiota is composed of a large number of microorganisms, of which bacteria account for approximately 98% (Qin et al., 2022; Yakabe et al., 2022). Intestinal bacteria play key roles in intestinal function and homeostasis by interacting with the host or producing some beneficial metabolites (Haase et al., 2020; Zhou et al., 2022). Consistent with previous studies, we observed that hexavalent chromium exposure could cause significant changes in gut microbial composition, indicating the disruption of gut microbial homeostasis. Specifically, hexavalent chromium exposure led to a significant increase in gut pathogenic bacteria (Enterococcus and Escherichia_Shigella) and a significant decrease in beneficial bacteria (Alistipes, Lachnospiraceae, Prevotellaceae_UCG_001, Alloprevotella, Bacteroides and Rikenellaceae_RC9_gut_group). However, seaweed polysaccharide administration significantly improved the composition of the gut microbiota in mice. Studies have shown that Alistipes and Lachnospiraceae could produce short-chain fatty acids (SCFAs; Wu et al., 2020). Many investigations indicate that SCFAs played vital roles in relieving intestinal inflammation, oxidative stress, opportunistic infections as well as maintaining gut microbial homeostasis, intestinal permeability and intestinal epithelial cells morphology (Marino et al., 2017; Schwarz et al., 2017; Ikeda et al., 2022). Moreover, SCFAs has also been shown to regulate energy intake, regulate cell apoptosis and decrease cholesterol (Murugesan et al., 2018; Prasad and Bondy, 2018; Yang J. et al., 2022; Yang X. et al., 2022). Prevotellaceae in the intestine could digest pectin, hemicellulose and high carbohydrate foods, indicating its key roles in digestion and absorption (Li A. et al., 2022; Li C. et al., 2022). Alloprevotella could secrete acetate and succinate and these beneficial metabolites are critical for intestinal homeostasis and decreased cardiovascular disease risk (Yuan et al., 2021). Bacteroides could decompose polysaccharides, showing a key role in intestinal ecosystem (Schwalm et al., 2016; Schwalm and Groisman, 2017). Rikenellaceae could alleviate inflammation by activating T-regulatory cell differentiation (Cui et al., 2018). Numerous evidence demonstrate that Enterococcus could cause many diseases such as meningitis, sepsis, and cardioperiostitis (Su et al., 2016; Subramanya et al., 2019). Additionally, Enterococcus infection is difficult to cure because of inherent and acquired resistance (Chanderraj et al., 2020; Ekore et al., 2022). Escherichia_Shigella was considered as a vital factor for causing diarrhea (Li et al., 2018). Hexavalent chromium exposure may further adversely affect host health by disrupting gut microbial homeostasis. However, seaweed polysaccharide can maintain the gut microbial balance and this may be one of the modes of action of seaweed polysaccharides. Microorganisms inhabiting the intestine could interact in a synergistic, antagonistic or symbiotic relationship to form a stable intestinal environment (Li A. et al., 2022; Li C. et al., 2022). In this study, we observed significant correlations among some bacteria through correlation network analysis. For instance, Alistipes and Prevotellaceae_UCG_001 were associated with unclassified_Muribaculaceae and Alloprevotella, respectively. Therefore, these altered bacteria may further affect the function of other bacteria through the interaction between bacteria.



Conclusion

In conclusion, this research explored the protective effect of seaweed polysaccharide administration on the gut microbiota of hexavalent chromium-exposed mice. Results showed that seaweed polysaccharide administration could alleviate hexavalent chromium exposure induced gut microbiota dysbiosis. Our study shows that seaweed polysaccharides can be used as an effective drug to mitigate the negative effects of hexavalent chromium exposure on host health. Meanwhile, maintaining the homeostasis of gut microbiota may be one of the ways that seaweed polysaccharides exert their pharmacological effects.
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Lycium barbarums are traditionally used as a homology of medicinal plants in China with a potent role in metabolism and immunomodulation. The current study was performed to explore the attenuation effect and microbiota regulation of Lycium barbarum polysaccharide (BLBP) on lipopolysaccharide (LPS)-induced intestine damage in mice. A total of 70 mice were randomly divided into five groups; negative control (GA), LPS (GB), both treated with an equal volume of normal saline, and BLBP treatment groups GC (100 mg/kg), GD (200 mg/kg), and GE (400 mg/kg) via gavage for 19 days. On Day 19, mice in groups GB, GC, GD, and GE were treated with 10 mg/kg LPS for 24 h and euthanized to collect intestine samples for pathological examination and microbiota sequencing. The results showed a non-significant difference in body weight gain among the five mouse groups; however, mice in the GC and GE groups showed decreased weight gain. An H&E examination revealed that the integrity of intestinal villi was destroyed by LPS, while BLBP supplement alleviated intestinal damage with an increase in villus height and a decrease in crypt depth. A total of over 59,000, 40,000, 50,000, 45,000, and 55,000 raw sequences were found in groups GA, GB, GC, GD, and GE, respectively. LPS challenge decreased alpha diversity indexes significantly (p < 0.05), while a non-significant difference was found between different BLBP treatment groups and the GA group. A total of 8 phyla and 13 genera were found among five mouse groups, and BLBP partly restored the bacterial abundance in mice. LPS changed 282 metabolic pathways in KEGG L2, 77 metabolic pathways in KEGG L3, and 205 metabolic pathways in MetaCyc, respectively. The BLBP-supplemented groups, especially GE, showed reverse effects on those metabolic pathways. The current study revealed that BLBP can effectively decrease intestinal damage through the regulation of intestinal microbiota, which may provide new insights for the prevention of intestinal disease using food and medicine homologous of Lycium ruthenicum.
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Black Lycium barbarum, polysaccharide, LPS, mouse, gut microbiota


Introduction

The intestine is an important organ for digestion, absorption, and immunity (Ahern and Maloy, 2020; Li et al., 2023). Any damage to the intestine commonly results in intestinal inflammation. Intestinal microbiota are composed of trillions of microorganisms, including various types of bacteria, eukaryotes, archaea, and viruses (Ahern and Maloy, 2020), which contribute greatly to the host physiology by influencing metabolism and immune modulation and affect mental and neurological functions (Honda and Littman, 2016). In the past, many diseases have been reported with microbiota dysbiosis such as inflammatory bowel diseases (Nishino et al., 2018), allergy (Bunyavanich et al., 2016), and diarrhea (Li et al., 2022).

For several millennia, goji berries or Lycium barbarums (red and black goji) have been used traditionally as a homology of medicinal and food plants in China (Stanoeva et al., 2021), which can prevent diseases like diabetes, hyperlipidemia, and hepatitis (Islam et al., 2017). Due to their health benefits and anti-aging properties, goji berries are growing frequently in western countries (Jin et al., 2013). Polysaccharides are commonly known as important functional components of goji, which present biological activities related to metabolism, antioxidant activity, and immunomodulation (Jin et al., 2013). Currently, approximately 90% of commercial goji berries are red Lycium barbarum (RLB), which is less expensive as compared to black Lycium barbarum (BLB), especially those from the Qinghai Tibetan plateau (Liu et al., 2020). There is an increasing trend in the cultivation of BLB across the world as it has high in polyphenols and is rich in antioxidants and polysaccharide contents than RLB (Ni et al., 2013; Sun et al., 2017). A previous study found that the extracts from BLB had significantly higher antioxidant and anti-inflammatory activities than RLB in lipopolysaccharides-stimulated BV2 microglial cells (Magalhães et al., 2022). Gram-negative bacteria membrane-extracted LPS is commonly known for causing oxidative damage and inflammatory reaction into host (Chen X. et al., 2022). However, information about the effect of black Lycium barbarum polysaccharide (BLBP) on LPS-induced intestine damage in mice is limited. Hence, the current study was performed to explore the attenuation effect and microbiota regulation of BLBP on LPS-induced mice.



Materials and methods


Black Lycium barbarum polysaccharide (blbp) extraction and content determination

Approximately 500 g of BLBP was purchased from Tongren Tang (Nanjing, China), and polysaccharide extraction was performed as described in previous studies (Zhao et al., 2016; Yang et al., 2018). The vacuum-dried BLBP was stored at –20°C for future use. The concentration of polysaccharides was detected by piloting the phenol-sulfuric method as described in a previous study (Liu et al., 2021).



Animal experiment design

A total of 70, 4-weeks-old Kunming mice with an equal number of male and female animals (average wight of 22 ± 2 g) were purchased from Skyford Laboratory Animal Technology Co., Ltd., China. All the mice were given 3 days to accommodate with the surroundings, and the mice were randomly divided into five groups, namely negative control (GA), lipopolysaccharide (GB), and treatment groups (GC, GD, GE). Mice in groups GC (100 mg/kg), GD (200 mg/kg), and GE (400 mg/kg) were treated by BLBP via gavage for 19 days, while mice in groups GA and GB were treated with an equal volume of normal saline. On Day 19, mice in groups GB, GC, GD, and GE were treated with 10 mg/kg LPS (Sigma-Aldrich®, Germany), and after 24 h, all mice were euthanized to collect the intestine (the duodenum, the jejunum, the ileum, the cecum, and the rectum) samples. The body weights were documented daily. All of the experimental animals used in the current study were given standard feeding in the laboratory animal center of Hebei Agricultural University.



Hematoxylin and eosin (H&E) staining

Intestinal samples from the mice of each group were collected primarily and preserved in paraformaldehyde (4.0%) for over 48 h followed by H&E staining from Pinuofei Biological Technology Co., Ltd (Wuhan, China). Olympus CX23 microscope (Olympus Co., Japan) was used for histological slide analysis. The villus height and crypt depth were recorded according to the previous study as depicted by Xu et al. (2021).



DNA extraction and sequencing

Microbial DNA from the recta of each mouse group (n = 6) were retreived through fast DNA Stool Mini Kit (Qiagen, German) guided by the instructions. DNA products’ quantity and quality were detected via NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific, USA), and were examined through agarose gel electrophoresis (0.8%). The V3–V4 regions of bacteria 16S rRNA gene were amplified using primer pairs of 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTA CHVGGG TWTCTA AT-3′) as reported in the previous study (Wang et al., 2019). Then, all the reaction products were purified and quantified using commercial AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, USA) and QuantiFluor™-ST (Promega, USA), respectively, according to the instructions, followed by sequencing via the Illumina MiSeq platform (Bioyi Biotechnology Co., Ltd., China).



Gut microbiota analysis

First, DADA2 and QIIME21 were utilized to get cleaned results, amplicon sequence variant (ASV) (Callahan et al., 2016), and the taxonomy table (Bokulich et al., 2018). Alpha diversity analysis among different mouse groups were performed by calculating metrics such as Chao1, Observed species, Shannon, Faith’s PD, Pielou’s evenness, and Good’s coverage, as described in the previous study (Chen X. et al., 2022). Beta diversity analysis was carried out through the analysis of principal coordinate, monomeric multidimensional scaling (Vazquez-Baeza et al., 2013), unweighted pair-group method with arithmetic, and partial least squares discriminant. Different abundance among mice groups were explored by piloting methods of ANCOM, ANOVA, Kruskal Wallis, LEFSe, and DEseq2 (Segata et al., 2011; Love et al., 2014; Mandal et al., 2015). Finally, the potential functional profiles of KEGG Ortholog of mice gut microbiota were predicted through PICRUSt annotating MetaCyc and ENZYME database (Langille et al., 2013).



Statistical analysis

All the currently obtained data were evaluated through ANOVA and Student’s t-test by employing IBM SPSS (20.0). Data were presented as means ± SD and were considered statistically significant when the p-value was < 0.05.




Results


Polysaccharide concentration, mice weights, and intestinal H&E examination

The concentration of present BLBP was 24.97% by the phenol-sulfuric method (Figure 1). There was no significant difference in the average daily weight of mice in different groups, the weight losses were slightly lower in groups GC and GE caused by the LPS challenge (Figure 2). An H&E examination revealed that the integrity of intestinal villi was destroyed by LPS, while the BLBP supplement alleviated the intestine damage. In the jejunum, the villus height in mice with the LPS challenge was significantly shorter (p < 0.0001), while the BLBP supplementation improved the villus height in mice in groups GC (p < 0.0001), GD (p < 0.0001), and GE (p < 0.0001). The crypt depth of the intestine of mice in group GB was significantly higher than that of mice in group GA (p < 0.0001) but decreased in the BLBP-supplemented groups (p < 0.0001). LPS significantly decreased the villus height and crypt depth of the intestine of mice in group GB (p < 0.01), while the BLBP supplementation significantly increased the villus height and the crypt depth of the intestine of mice in groups GC (p < 0.0001), GD (p < 0.0001), and GE (p < 0.0001). Similar results were found in the ileum of mice, and LPS challenge evidently decreased the villus height (p < 0.0001) and villus height/crypt depth (p < 0.0001) but increased crypt depth (p < 0.05) of the intestine of mice in group GB. Mice in groups GC and GE showed higher villus height (p < 0.0001) and villus height/crypt depth (p < 0.05) but lower crypt depth (p < 0.05; Figure 3).
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FIGURE 1
The standard curve of glucose used for detecting the concentration of BLBP.
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FIGURE 2
The daily weights of mice in different groups.
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FIGURE 3
Effects of BLBP on the intestine of LPS-induced mice. (A) H&E staining analysis, (B) villus height, crypt depth, and villus height/crypt depth ratio. Scale bar 50 μm. Significance is presented as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; data are presented as the mean ± SEM (n = 6).




BLBP partly restored gut microbiota in mice induced by LPS

A total of over 59,000, 40,000, 50,000, 45,000, and 55,000 raw sequences were found in groups GA, GB, GC, GD, and GE, respectively (Table 1). More than 32,000 filtered sequences and 290,000 non-chimeric sequences were detected in all mice samples, respectively. Alpha diversity analysis was performed by examining the diversity indexes and revealed that chao1 (p < 0.05), faith_pd (p < 0.05), observed_otus (p < 0.05), and Simpson (p < 0.05) indices in group GB were lower as compared to group GA, while a non-significant difference was observed between different BLBP supplemented groups and the negative control group (GA; Figure 4). A total of 224 shared ASVs were found among all mouse groups (Figure 5A), and then, ASVs in all mouse groups were utilized for taxa analysis. At the phylum level, the dominant phyla in mice groups were Firmicutes (61.69%) and Bacteroidetes (35.30%) in GA, Proteobacteria (63.93%) and Firmicutes (21.40%) in GB, Firmicutes (52.46%) and Proteobacteria (28.58%) in GC, Proteobacteria (52.47%) and Firmicutes (27.03%) in GD, Firmicutes (67.04%) and Bacteroidetes (26.61%) in GE (Figure 5B). At the class level, Bacilli (56.06%) and Bacteroidia (35.30%) in GA, Gammaproteobacteria (58.58%) and Bacilli (18.05%) in GB, Bacilli (46.98%), Bacteroidia (14.44%), and Epsilonproteobacteria (13.00%) in GC, Gammaproteobacteria (26.47%), Bacilli (23.77%), and Epsilonproteobacteria (22.50%) in GD, and Bacilli (61.24%) and Bacteroidia (26.61%) in GE were mainly found (Figure 5C). At the order level, the primary orders in group GA were Lactobacillales (53.56%) and Bacteroidales (35.30%), in group GB were Enterobacteriales (58.58%), Lactobacillales (17.49%), and Bacteroidales (10.67%), in group GC were Lactobacillales (41.72%), Bacteroidales (14.44%), and Enterobacteriales (12.06%), in group GD were Enterobacteriales (26.45%), Lactobacillales (23.17%), and Campylobacterales (22.50%), and in group GE were Lactobacillales (53.80%) and Bacteroidales (26.61%; Figure 5D). At the family level, the highest abundance of Lactobacillaceae was found in groups GA (53.45%), GC (41.32%), and GE (53.72%), while the staple family in groups GB (58.58%) and GD (26.45%) was Enterobacteriaceae (Figure 5E). At the genus level, Lactobacillus and unclassified were the highest genera in groups GA, GC, GD, and GE, while a higher abundance of Escherichia (20.37%) was found in group GB (Figure 5F). Phylogenetic analysis of the top 50 abundant specific genera by ggtree in R showed that a high abundance of Helicobacter, Parabacteroides, Mucispirillum, and Enterococcus was uncovered in groups GB and GD, while a relatively higher abundance of Odoribacter and Clostridium was revealed in the mouse of groups GC, GD, and GE (Figure 6).


TABLE 1    Statistical analysis of achieved sequencing data in different mouse groups.
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FIGURE 4
Alpha diversity analysis of mice gut microbiota in different groups. (A) chao1, (B) faith_pd, (C) observed_otus, (D) shannon, (E) simpson. Significance is presented as *p < 0.05; data are presented as the mean ± SEM (n = 6).



[image: image]

FIGURE 5
BLBP partly restored the gut microbiota in mice induced by LPS in different taxa. (A) Venn diagram, (B) Phylum, (C) Class, (D) Order, (E) Family, (F) Genus.
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FIGURE 6
BLBP partly restored the gut microbiota in mice induced by LPS through phylogenetic analysis of the top 50 abundance-specific genera.




BLBP regulated remarkable species in gut microbiota in mice induced by LPS

Gut microbiota beta diversity analysis of mice in different groups through methods of heat map of diversity index (Figure 7A), PCoA (Figure 7B), NMDS (Figure 7C), PLS-DA (Figure 7D), and PCA demonstrated that species diversity difference in group GB compared with groups GA and GE, respectively (Figure 7E). To further reveal the remarkable species in mice gut microbiota, we performed a species comparison analysis. LEFSe analysis found that higher abundance of g_Prevotella, f_Prevotellaceae, g_Odoribacter, f_Odoribacteraceae, g_Gemella, f_Gemellaceae, o_Gemellales, g_Lactobacillus, f_Lactobacillaceae, g_Weissella, f_Leuconostocaceae, and o_Lactobacillales in mice in group GA, g_Enterococcus, f_Enterococcaceae, g_Escherichia, f_Enterobacteriaceae, o_Enterobacteriales, c_Gammaproteobacteria, and p_Proteobacteria in mice in group GB, g_Corynebacterium, f_Corynebacteriaceae, o_Actinomycetales, g_Jeotgalicoccus, g_Sphingomonas, f_Sphingomonadaceae, and o__Sphingomonadales in mice in group GC, g_Adlercreutzia, f_Coriobacteriaceae, o_Coriobacteriales, c_Coriobacteriia, p_Actinobacteria, g_Mucispirillum, f_Deferribacteraceae, o_Deferribacterales, c_Deferribacteres, p_Deferribacteres, g_Helicobacter, f_Helicobacteraceae, o_Campylobacterales, c_Epsilonproteobacteria, and g_Enterobacter in mice in group GD, and g_Turicibacter, f_Turicibacteraceae, o_Turicibacterales, c_Bacilli, g_Anaerostipes, p_Firmicutes, g_Anaeroplasma, f_Anaeroplasmataceae, o_Anaeroplasmatales, c_Mollicutes, and p_Tenericutes in mice in group GE (Figure 8A). Similar biomarkers were also detected by the LDA diagram (Figure 8B). The higher abundance of f_Lactobacillaceae, g_Lactobacillus, o_Lactobacillales, g_Weissella, f_Leuconostocaceae, g_Prevotella, f_Prevotellaceae, g_Odoribacter, f_Odoribacteraceae, o_Gemellales, f_Gemellaceae, and g_Gemella in mice in group GA, p_Proteobacteria, f_Enterobacteriaceae, o_Enterobacteriales, c_Gammaproteobacteria, g_Escherichia, g_Enterococcus, and f_Enterococcaceae in mice in group GB, o_Sphingomonadales, f_Sphingomonadaceae, g_Sphingomonas, g_Jeotgalicoccus, f_Corynebacteriaceae, g_Corynebacterium, and o__Actinomycetales in mice in group GC, c_Epsilonproteobacteria, f_Helicobacteraceae, o_Campylobacterales, g_Helicobacter, o_Coriobacteriales, g_Adlercreutzia, f_Coriobacteriaceae, c_Coriobacteriia, p_Actinobacteria, g_Enterobacter, o_Deferribacterales, g_Mucispirillum, p_Deferribacteres, f_Deferribacteraceae, c_Deferribacteres, g_Anaerofustis, and f_Eubacteriaceae in mice in group GD, and c_Bacilli, p_Firmicutes, g_Turicibacter, f_Turicibacteraceae, o_Turicibacterales, g_Anaerostipes, g_Anaeroplasma, f_Anaeroplasmataceae, c_Mollicutes, p_Tenericutes, and o_Anaeroplasmatales in mice in group GE.
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FIGURE 7
Beta diversity analysis of mice gut microbiota in different groups. (A) A heatmap of diversity index, (B) PCoA, (C) NMDS, (D) PLS-DA, (E) PCA.
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FIGURE 8
LEFSe analysis of significant difference species at genus level in mice gut microbiota. (A) Cladogram diagram, (B) LDA diagram.


To describe the effect of BLBP on regulating remarkable species in gut microbiota in mice, ANOVA analysis was performed. At the phylum level, the abundance of Actinobacteria in mice in group GA was significantly lower than that in mice in groups GC (p < 0.05) and GD (p < 0.05). The abundance of Bacteroidetes in mice in group GA was significantly higher than that in mice in groups GB (p < 0.01), GC (p < 0.01), and GD (p < 0.01). The abundance of Deferribacteres in mice in group GD was noticeably higher than in mice in group GA (p < 0.05). The abundance of Firmicutes in mice in groups GB (p < 0.01) and GD (p < 0.01) were significantly lower than that in mice in group GA, while the abundance of Firmicutes in mice in groups GC (p < 0.05) and GE (p < 0.0001) were significantly higher than that in mice in group GB. The abundance of Proteobacteria in mice in group GB was significantly higher than that in mice in groups GA (p < 0.0001), GC (p < 0.01), and GE (p < 0.0001). The abundance of TM7 in mice in group GA was significantly higher than that in mice in groups GB (p < 0.05) and GD (p < 0.05). The abundance of Tenericutes was found to be significantly lower in mice in groups GB (p < 0.01), GC (p < 0.05), and GD (p < 0.05) but higher in mice in group GE (Figure 9). At the genus level, Corynebacterium (p < 0.01), Odoribacter (p < 0.01), and Lactobacillus (p < 0.001) were significantly higher in mice in groups GA and GB, while Butyricimonas (p < 0.01) was higher only in mice in group GB (Figure 10).
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FIGURE 9
ANOVA analysis of remarkable species in gut microbiota at the phylum level in mice. Significance is presented as *p < 0.05, **p < 0.01, and ****p < 0.0001; data are presented as the mean ± SEM (n = 6).
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FIGURE 10
ANOVA analysis of remarkable species in gut microbiota at the genus level in mice. Significance is presented as *p < 0.05, **p < 0.01, and ***p < 0.001; data are presented as the mean ± SEM (n = 6).




BLBP affected gut microbiota function in mice induced by LPS

Species interaction network diagram analysis found that the bacterial interaction was positively related to Lactobacillus, Facklamia, Anaerofustis, Dehalobacterium, and Anaerotruncus but negatively related to Mucispirillum, Gemella, Jeotgalicoccus, Streptococcus, and Enterobacter (Figure 11). KEGG L1 analysis revealed that the LPS challenge significantly affected the microbiota function of the cellular processes (p < 0.0001), the environmental information processes (p < 0.0001), the genetic information processes (p < 0.0001), the human diseases (p < 0.01), and the organismal systems (p < 0.01). The BLBP supplementation in mice in groups of GC and GE reversed the effect, especially in GE mice (Figure 12A). KEGG L2 analysis showed that the LPS significantly changed cell growth and death (p < 0.0001), cell motility (p < 0.0001), cellular community-prokaryotes (p < 0.0001), membrane transport (p < 0.001), signal transduction (p < 0.0001), folding, sorting, and degradation (p < 0.01), replication and repair (p < 0.0001), transcription (p < 0.0001), translation (p < 0.0001), drug resistance: antimicrobial (p < 0.01), drug resistance: antineoplastic (p < 0.0001), infectious disease: bacterial (p < 0.0001), amino acid metabolism (p < 0.05), biosynthesis of other secondary metabolites (p < 0.0001), carbohydrate metabolism (p < 0.01), energy metabolism (p < 0.001), glycan biosynthesis and metabolism (p < 0.05), lipid metabolism (p < 0.0001), and xenobiotic biodegradation and metabolism (p < 0.001), and the BLBP supplementation in groups GC and GE partly reversed the effect, especially in the GE group (Figure 12B). KEGG L3 analysis revealed that the significant changes of bacterial chemotaxis (p < 0.01), biofilm formation-Escherichia coli (p < 0.0001), bacterial secretion system (p < 0.0001), protein processing in the endoplasmic reticulum (p < 0.0001), DNA replication (p < 0.0001), bacterial invasion of epithelial cells (p < 0.01), and Staphylococcus aureus infection (p < 0.01) in mice induced by the LPS, while the BLBP supplementation partly reversed the effect, especially in GE mice (Figure 12C). MetaCyc analysis described that mice treated with the LPS showed visible differences in the signaling pathways of 1CMET2-PWY (p < 0.0001), ALL-CHORISMATE-PWY (p < 0.0001), ARG + POLYAMINE-SYN (p < 0.0001), and so forth, while the BLBP supplementation in mice in the GC and GE groups partly reversed the effect, especially in mice in the GE group (Figure 12D).
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FIGURE 11
Species interaction network diagram of mice gut microbiota at the genus level. Red represents a positive correlation, blue represents a negative correlation.
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FIGURE 12
Function predicting analysis of mice gut microbiota. (A) KEGG L1, (B) KEGG L2, (C) KEGG L3, (D) MetaCyc.





Discussion

Many studies found that “microbiota repair” could alleviate diseases through complete fecal communities, probiotics, synbiotics, and herbal extracts (Blanton et al., 2016; Ahern and Maloy, 2020; Gomaa, 2020; Lv et al., 2022). Lycium barbarum is a popular fruit and functional medicinal plant (Zhao et al., 2020), which has anti-oxidative, anti-inflammatory, and anti-aging functions. Besides, it regulates gut microbiota (Mocan et al., 2014) and antagonizes the LPS-induced inflammation by possibly altering the glycolysis of macrophages (Ding et al., 2021). Intestinal inflammation and oxidative damage are widely detected in different diseases, whereas the functional characteristic of Lycium barbarum makes it a potential therapy for intestinal damage.

In the current study, we explored the effect of BLBP on the LPS-induced damage and intestinal flora disturbance in mice by piloting 16s rRNA sequencing, which is an important and widely utilized method in characterizing microbiota (Wong et al., 2022). The results showed that the BLBP supplement could regulate the weight losses caused by the LPS, especially in mice in groups GC and GE (Figure 2). Intestinal integrity damage and broken villus with significantly shorter villus heights and higher crypt depths were seen in LPS-exposed mice similar to what was reported by previous studies (Duan et al., 2018; Wang et al., 2021; Chen X. et al., 2022). It was found that the treatment with BLBP could mediate intestinal damage in mice, especially in mice from groups GC and GD (Figure 3). To uncover the potential relationship with the intestinal microbiota, we performed 16s rRNA sequencing and achieved a total of 1,689,473 raw and 1,399,690 filtered sequences in this study. LPS-induced changes also decreased the alpha diversity indexes (p < 0.05), while no significant differences were found among the different BLBP treatment groups (Figure 4), which demonstrated that the BLBP could reverse the decreasing trend of species diversity caused by LPS. Further analysis revealed that the BLBP supplement could partly restore the primary and remarkable species in gut microbiota in mice induced by LPS through analysis of ASVs taxa (Figure 5), phylogenetic tree (Figure 6), and LEFSe (Figure 8). Those results revealed that the BLBP could relieve intestinal damage through “microbiota repair.” Alteration of intestinal flora will affect its function; hence, we preformed the functional predicting analysis of mice and found that the LPS changed 282 metabolic pathways in KEGG L2, 77 metabolic pathways in KEGG L3, and 205 metabolic pathways in MetaCyc, respectively; the reverse effects on those metabolic pathways were watched in mice with the treatment of BLBP, especially in mice in group GE (Figure 12).

In total, 8 phyla and 13 genera were found among the current five mouse groups through ANOVA analysis (Figures 9, 10). Cani and Delzenne (2010) reported that gut microbiota is critical for numerous aspects of host physiology and contributes effectively to regulating metabolism, development, and immunity besides their potent role in regulating inflammation and pain. In comparison to bacterial species (genus) content, Adlercreutzia was identified with the LPS-induced mice in this study. The high concentration of BLBP-treated mice in group GD showed a similar abundance of Adlercreutzia. Jin and Zhang (2020) reported lower proportions of Adlercreutzia in high-fat diet mice, proposing its role in intestinal susceptibility toward carcinogens. However, Dekker Nitert et al. (2020) reported the presence of Adlercreutzi in the intestine along with back pain issues, showing a robust relationship with the pathogenesis of back pain. It is assumed that the mere presence or absence of Adlercreutzia rather than its abundance (% age) drives the impact associated with the presence of this particular genus. A slight increase in Bacteroides, Mucispirillum, opportunistic pathogenic Enterococcus, Ruminococcus, and pro-inflammatory bacteria of Desulfovibrio and Helicobacter wwas found in LPS-induced mice, which was in accordance with the results found in dogs with mammary tumor (Zheng et al., 2022), mice with colitis (Lee et al., 2022), patients with atrial fibrillation (Huang et al., 2022), people with obseity (Xu et al., 2022), and in high-fat diet-induced obesity mice. Mice in group GE demonstrated a decrease in those genera to the same level as control in mice in group GA, which may explain that BLBP mediates intestinal damage via a decrease of those relatively negative bacteria in mice. The abundance of Gemella and beneficial bacteria of Roseburia in presently used mice were slightly lower in LPS-induced mice, which was in line with infants with food allergy and atopic dermatitis (Łoś-Rycharska et al., 2021) and ulcerative colitis rats (Ran et al., 2022), respectively, and similar to the effect of Chinese dwarf cherry fermentation juice on ulcerative colitis rats, mice treated by BLBP show higher abundance of Gemella and Roseburia. As mentioned earlier, a lower abundance of Corynebacterium was examined in Eimeria-infected birds and a supplement of probiotic bacillus subtilis could increase the abundance of Corynebacterium (Memon et al., 2022), which was in line with the current study and found to increase Corynebacterium in BLBP-treated mice with the LPS challenge. Previous study found increased Odoribacter in fecal microbiota transplantation-treated colitis mice (Zhang et al., 2020), which was in line with LPS-induced mice, and higher concentration treatment of BLBP depicted a higher abundance of Odoribacter in mice in group GE (p < 0.01). Lactobacillus is a commonly recognized genus of probiotics, which can maintain the intestinal barrier and provide protection against inflammation (Bai et al., 2022), and a lower abundance of Lactobacillus had been found in antibiotic-associated diarrhea in mice (Chen C. et al., 2022) and ulcerative colitis mice (Hu et al., 2022). In the current study, a higher abundance of Lactobacillus was detected in mice in all BLBP-supplemented groups, especially in group GC and GE, which was in accordance with Lycium barbarum arabinogalactan treated mice with colitis (Cao et al., 2022). The current study may indicate that the LPS challenge caused intestinal damage by decreasing the abundance of Corynebacterium, Odoribacter, and Lactobacillus while BLBP could alleviate it by increasing the abundance of bacteria from those genera.



Conclusion

In conclusion, the current study shows that BLBP can effectively attenuate intestine damage through the regulation of intestinal microbiota, and Corynebacterium, Odoribacter, and Lactobacillus are important links. These findings may provide new insights in the prevention of intestinal disease using food and medicine homologous of Lycium ruthenicum. This is an exploratory study of gut microbiota influenced by BLBP intake; however, further investigations are needed to confirm our findings and to clarify the potential mechanism by which BLBP attenuates intestinal damage other than microbiota regulation to establish its role as a therapeutic agent.
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Enterotoxigenic Escherichia coli (ETEC) is a common pathogen of swine colibacillosis, which can causing a variety of diseases initiate serious economic losses to the animal husbandry industry. The traditional Chinese medicine Changyanning (CYN) often used for diarrhea caused by the accumulation of damp heat in the gastrointestinal tract, has anti-bacterial, anti-inflammatory and anti-oxidation effects. This study investigated the effect of CYN on gut microbiota and metabolism in mice infected with ETEC K88. A total of 60 Kunming mices were divided into Control group, ETEC K88 group, CYN.L group (2.5 g/kg), CYN.M group (5 g/kg), CYN.H group (10 g/kg) and BTW group (10 g/kg), determined clinical symptoms, intestinal morphology, inflammatory responses, gut microbiota as well as serum metabolites. CYN administration elevated ETEC K88-induced body weight loss, ameliorated duodenum, ilem, colon pathological injury, and reduced the increase of spleen index caused by ETEC. CYN also reduced the levels of pro-inflammatory cytokines (IL-6, TNE-α) in the serum. 16s rRNA gene sequencing results showed that CYN increased the abundance of beneficial bacteria Lactobacillus but decreased the abundance of pathogenic bacteria Escherichia in the feces of mice. Moreover, CYN participates in amino acid biosynthesis and metabolism in the process of serum metabolism to regulates ameliorate intestinal injury induced by ETEC K88. In conclusion, CYN regulates gut microbiota and metabolism to ameliorate intestinal injury induced by ETEC K88.

KEYWORDS
 Changyanning, diarrhea, gut microbiota, metabolomics, ETEC K88


1. Introduction

Bacterial infection is an important factor endangering the healthy development of animal husbandry. E.coli is the important pathogen causing intestinal diseases in humans and animals (Bin et al., 2018). Among them, Enterotoxigenic Escherichia coli (ETEC) is a common pathogen of swine colibacillosis, which can easily induce enteritis and enterotoxemia, causing diseases such as piglet yellow diarrhea, piglet pullorum, and piglet edema disease (Kim et al., 2022). The main virulence factors of ETEC K88 are adhesins and enterotoxins (Dubreuil, 2021). ETECs can colonize the intestinal epithelium through virulence factors such as adhesins, thus leading to increased intestinal permeability and an inflammatory response (Wan et al., 2018; Li H. et al., 2021). At the same time, it will also lead to stunted growth and death of piglets, decrease in feed utilization rate, and cause serious economic losses to the animal husbandry industry (Laird et al., 2021). Antibiotics and heavy metal compounds, such as zinc oxide and copper sulfate, are widely used in pig industry to treat ETEC infection. However, the problem of antibiotic resistant bacteria and heavy metal pollution has aroused great concern. Therefore, it is very important for livestock production to find alternative resistance and treatment methods for ETEC.

At present, the use of traditional Chinese medicine is spreading around the world. With its characteristics of multi components and multi targets, it has unique and good clinical effects on diseases (Li Y. et al., 2021).In recent years, researchers have found that traditional Chinese medicine can play an important role in regulating intestinal microbiota to treat diarrhea caused by ETEC. For example, HNa could alleviate ETEC K88-induced intestinal dysfunction through restoring intestinal barrier integrity, modulating gut microbiota, and metabolites (Wang et al., 2022). Micro-encapsulated (protected) organic acids (OA) and essential oils (EO) combination, protect gut barrier by increasing tight junction protein expression and increase Lactobacillus and Bacilli abundances after ETEC F4 (K88+) challenge (Xu et al., 2020). Ma et al. investigated the role of tea polyphenols in ETEC K88 infection using a mouse model. Pretreating with tea polyphenols attenuated the symptoms induced by ETEC K88 (Ma T. et al., 2021).

The traditional Chinese medicine Changyanning (CYN) is composed of five kinds of Chinese medicinal herbs: Dijincao (Euphorbiae humifusae herba), Huang Mao Er grass (Hedyotis chrysotricha herba), Camphor tree root (Cinnamomum camphora root), Elsholtziaciliata (Moslae herba), and Maple leaves (Liquidambar formosana leaves). It has the effects of clearing heat and detoxifying, and moistening the intestines, so it is often used for diarrhea caused by the accumulation of damp heat in the gastrointestinal tract. In addition, modern pharmacological studies have shown that CYN has antibacterial, anti-inflammatory and relaxant effects on intestinal smooth muscle (Hu and Yang, 2022). The research confirmed that Changyanning granules have a significant effect on the treatment of ulcerative colitis in mice caused by DSS, can alleviate intestinal inflammation and protect intestinal health (Hu and Yang, 2022). A recent study showed that the CYN formula is an effective anti colitis therapy, the underlying pharmacological mechanisms of which involve anti-inflammation and anti-oxidation, as well as the re-establishment of a healthy microbiota community (Yu et al., 2022).

At present, Changyanning has been used in DSS models for research, whether it also has a role in the mice model infected by ETEC K88? We have carried out research around this issue to verify that CYN in the treatment of acute diarrhea caused by ETEC K88, and provide ideas for veterinary clinical development of new veterinary drugs. Therefore, the objective of this study is to investigate the therapeutic effects and the mechanism of action for the oral administration of CYN on ETEC K88-infected mice by determining intestinal morphology, intestinal microbiota as well as metabolites.



2. Materials and methods


2.1. Materials

CYN medicinal herbs purchased from Chengyang People’s Hospital and Tongfang Hospital of Qingdao City, Shandong Province, Dijincao, Huang Mao Er grass, Elsholtziaciliata and Maple leaves in 4:5:4:2:2 proportion. The procedure is as follows: extraction with three times of water is carried out, then heated and refluxed twice, filtered using a vacuum pump, combined the filtrate twice and fixed, and concentrated the filtrate to a final volume of 1.0 g/mL (calculated according to the crude drug amount).

Baitouweng oral solution was collected in Commission of Chinese Veterinary Pharmacopoeia (2020) and purchased from Hefei Qianfang Dynamic Protection Technology Co., Ltd. It has the functions of clearing heat and detoxifying, cooling blood and stopping dysentery, is often used in traditional Chinese medicine for the treatment of E. coli diarrhea in pigs.

The E. coli strain ETEC K88 was maintained in our laboratory. ETEC K88 was cultured in Luria-Bertani broth at 37°C for 12 h and centrifugated at 3,000 × g for 10 min at 4°C after being incubated on the shaker. Cells were washed with sterilized phosphate buffer saline (PBS) three times. Finally, ETEC K88 concentration was adjusted to 2 × 1010 colony-forming unit (CFU) mL−1 in PBS.



2.2. Animals, experimental design, and sample collection

Male-specific pathogen-free (SPF) Kunming mice weighing 20.0 ± 2.0 g (6–8 weeks) were purchased from Jinan Pengyue Experimental Animal Breeding Co., Ltd., Jinan, China. All mices were raised in an animal room free of specific pathogens in Qingdao Agricultural University, and were given free access to water and fed a commercial diet. The temperature was controlled at 24 ± 2°C, the relative humidity was 60 ± 5% with a 12 h light–dark cycle. The mices were acclimatized to laboratory conditions for 1 week prior to being subjected to the experiments. All animal experiments were performed in accordance with the Guidelines of Animal Ethics Committee of Qingdao Agricultural University.

After 1 week of adaptation, 60 mices were divided into control group, ETEC K88 group, CYN.L group (2.5 g/kg), CYN.M group (5 g/kg), CYN.H group (10 g/kg), and BTW group (10 g/kg). From day 1, all groups except control group were intraperitoneally injected with 0.2 mL ETEC K88 solution at a concentration of 2 × 108 cfu/mL. From the second day of the experiment, the control group and ETEC K88 group were given normal saline by oral gavage, and the CYN groups and BTW group were given corresponding drugs for 7 days, respectively.

During the experiment, the stools, coats and mental states of the mice were observed, and the body weights of each group of mice were measured and recorded at a fixed time point every day. After 7 days of gavage, the mice were fasted for 24 h and killed. Blood was collected from the orbital venous plexus, left at room temperature for 1 h and centrifuged for 15 min (167.7 × g); the serum was then collected and stored at-80°C. Subsequently, the mice were sacrificed by cervical dislocation, then the spleens were weighed immediately to calculate the spleen index. Spleen index (%) = spleen weight (g)/body weight (g) × 100%. The isolated colon were cut to 1-cm lengths and fixed in 4% paraformaldehyde for HE staining and histological examination. Fresh feces were collected and stored at-80°C, transported to SangonBioTech for 16S rRNA high-throughput sequencing.



2.3. Pathological analysis

The duodenum, ilem, colon tissues tissue samples were fixed in 4% paraformaldehyde fix solution. The histologic section processed as previously described (Qing et al., 2017). Subsequently, the fixed intestinal tissues are processed, trimmed, and embedded in paraffin. Sections with 5 μm thickness were stained with hematoxylin and eosin (HE). An optical microscope was used to observe morpho-logical changes.



2.4. Enzyme-linked immunosorbent assay

Mice blood was collected in centrifuge tubes, left standing at room temperature for 1 h, and then centrifuged at 1509.3 × g for 10 min after stratification. The supernatant was centrifuged at 24148.8 × g for 10 min at 4°C, and the new supernatant was dispensed into new centrifuge tubes. TNF-α, IL-6, IL-10 kits were purchased from Nanjing Jiancheng Bioengineering Institute, and the experiments were carried out according to the instructions.



2.5. 16S rRNA analysis of fecal samples

Fecal samples were collected and immediately placed in liquid nitrogen and stored at –80°C. The 16S rRNA analysis of the fecal samples was performed at Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China. The genomic DNA of fecal samples was extracted by an E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross, GA, United States) following the manufacturer’s instruction and detected by 1% agarose gel electrophoresis. The V3-V4 hypervariable regions of the microbial 16S rRNA gene were amplified by universal primers 341F (5′ -CCTACGGGNGGCWGCAG-3′) and 785R (5′ -GACTACHVGGGTATCTAATCC-3′). The PCR amplification system was 30 μL, and all products were purified by Hieff NGS™ DNA Selection Beads (Yeasen, 10105ES03, China), and quantified by Qubit® 4.0 Green double-stranded DNA assay. The purified PCR products were used to construct a sequencing library according to the specifications of Illumina TruSeq (Illumina, United States), and the quality detection and fluorescence quantification of the initial library were performed.

Using Usearch software (version 11.0.667) carried out high-quality sequence clustering to eliminate chimeras sequences and obtain Operational Taxonomic Units (OTUs) with 97% similarity. Before diversity analysis, rarefaction curves were generated to assess the sequencing depth of each sample. According to the measured effective data, alpha diversity and beta diversity were analyzed successively. Multiple indicators such as Shannon, ACE, Chao1, and Good’s coverage were calculated, and the similarities and differences of the gut microbial communities of each group were observed. To estimate the diversity of the microbial community of the sample, we calculated the within sample diversity by T-test for two groups and multiple group comparisons were made using ANOVA test. The false discovery rate corrected for p < 0.05 was considered significant for differences.



2.6. Serum metabolomics

Serum metabonomics analysis of control group, ETEC K88 group, CYN.M and BTW group were conducted by Biotree Biotech (Shanghai, China). A total of 100 μL of serum sample was added with 300 μL of solution (methanol, containing isotopically-labeled internal standard mixture). The samples were vortexed for 30 s and centrifuged at 13,800(×g), R = 8.6 cm for 15 min at 4°C. The supernatant was transferred to a 200 μL vial for analysis.

LC–MS/MS analyses were performed using an UHPLC system (Vanquish, Thermo Fisher Scientific) with a UPLC HSS T3 column (2.1 mm × 100 mm, 1.8 μm) coupled to Orbitrap Exploris 120 mass spectrometer (Orbitrap MS, Thermo). The mobile phase consisted of 5 mmol/L ammonium acetate and 5 mmol/L acetic acid in water (A) and acetonitrile (B). The auto-sampler temperature was 4°C, and the injection volume was 2 μL. The OrbitrapExploris 120 mass spectrometer was used for its ability to acquire MS/MS spectra on information-dependent acquisition (IDA) mode in the control of the acquisition software (Xcalibur, Thermo). In this mode, the acquisition software continuously evaluates the full scan MS spectrum. The ESI source conditions were set as following: sheath gas flow rate as 50 Arb, Aux gas flow rate as 15 Arb, capillary temperature 320°C, full MS resolution as 60,000, MS/MS resolution as 15,000 collision energy as 10/30/60 in NCE mode, spray Voltage as 3.8 kV (positive) or ˗3.4 kV (negative). The raw data were converted to the mzXML format using Proteo Wizard and processed with an inhouse program, which was developed using R and based on XCMS, for peak detection, extraction, alignment, and integration.

The internal standard normalization method was employed in this data analysis. The final dataset containing the information of peak number, sample name, and normalized peak area was imported to SIMCA16.0.2 software package (Sartorius Stedim Data Analytics AB, Umea, Sweden) for multivariate analysis. In order to visualize group separation and find significantly changed metabolites, supervised orthogonal projections to latent structures-discriminate analysis (OPLS-DA). Furthermore, the value of variable importance in the projection (VIP) of the first principal component in OPLS-DA analysis was obtained. The metabolites with VIP > 1 and p < 0.05 (student t-test) were considered as significantly changed metabolites.



2.7. Statistical analysis

The data were analyzed using the SPSS 21.0 statistical software, and the experimental results were all expressed as the mean ± standard deviation (SD). The statistical processing of the data used one-way analysis of variance (ANOVA), and the difference was tested as the means between multiple groups. A value of p < 0.05 was regarded to be statistically significantly different.




3. Results


3.1. Effect of CYN on clinical symptoms of ETEC K88-induced mice

No mortality was observed in the treatment groups during the experimental period. After 4 h of ETEC K88 treatment, it was found that the mental state of mice was slightly poorer, but there was no diarrhea. After 8 h the mice began to show signs of illness, with messy coats and yellow water stools in each group, except the control group. The weight changes of mice in each group are shown in Figure 1A. Prior to intraperitoneal ETEC K88 injection, there was no significant difference in the weight of mice in each group (p > 0.05). ETEC K88 group showed body weight loss in comparison with the control group (p < 0.05). However, CYN groups and BTW group showed weight loss trend during 1–3 days after infection and the weight gain was improved and had no difference with the control group (p > 0.05). As shown in Figure 1B, compared with the control group, the value for spleen index of the mice injected the ETEC K88 groups increased significantly (p < 0.05), Dose-dependent reductions in the index values for various organs were observed in the CYN groups, but the changes were not significant.

[image: Figure 1]

FIGURE 1
 The effect of CYN on body weight and spleen index of mices infected by ETEC K88. (A) The body weight of each group. (B) Spleen index of mice. All of the data are expressed as the mean ± SEM. Different superscript lowercase letters within each group indicate significantly different (p < 0.05).




3.2. Effect of CYN on intestinal injury and inflammation of ETEC K88-induced mice

The results of intestinal histopathology showed that the epithelium of duodenum, ilem, colon mucosa in the control group was intact, arranged closely and orderly, the villi were arranged in a regular and orderly manner. In ETEC K88 group, goblet cells were enlarged, mucus appeared, villi became shorter, flattened and vacuolated. After treatment with CYN, intestinal tissue recovered to a certain extent, goblet cell swelling reduced, and intestinal villi arranged in a regular order (Figure 2A). This suggested that CYN could ameliorate intestinal injury induced by ETEC K88.

[image: Figure 2]

FIGURE 2
 The effect of CYN on intestinal injury and inflammation of mices infected by ETEC K88. (A) The HE staining of the duodenum, ilem, colon tissues. (B) The changes of IL-6 content in each group. (C) The changes of TNF-α content in each group. (D) The changes of IL-10 content in each group. *p < 0.05, **p < 0.01, n = 3. The H&E stained sections presented at × 100 original magnification.


To study whether CYN can reduce the production of inflammatory factors in mice stimulated by ETEC K88, the levels of IL-6, TNF-α, IL-10 in mice serum were determined using Enzyme-linked immunosorbent assay (ELISA), and the anti-inflammatory activity of CYN was studied. As shown in Figures 2B,C, IL-6 and TNF-α secretion was significantly increased in the ETEC K88 group compared with the control group (p < 0.05). After treatment with CYN and BTW, the levels of IL-6 and TNF-α in CYN.L, CYN.M, CYN.H, and BTW groups were significantly lower than those in ETEC K88 group (p < 0.05). As shown in Figure 2D, the level of IL-10 in serum did not change significantly in each group. The results show that ETEC K88 can induce inflammation in mice and that CYN can significantly reduce the levels of IL-6 and TNF-α in mice serum and alleviate the inflammatory response in mice.



3.3. Effect of CYN on gut microbiota of ETEC K88-induced mice

Intestinal damage is accompanied by changes in the intestinal flora, which can be detected by 16S-rRNA. According to venn diagrams (Figure 3A) showed the OTUs of each group, both the same strain and different strains among different groups, including 344 strains of the same strains. Including 344 identical OTUs in different groups. As shown in Figure 3B, by drawing a sparse curve of each group at the OTU level, it was found that all curves tended to stabilize, indicating that a large number of microorganisms present in the samples were captured at this sequencing level, and that the result is credible. We computed alpha and beta diversity indexes that could reflect gut microbial diversity. We analyzed the number of species in each group by alpha diversity analysis on the composition of flora in each group to predict the abundance and diversity of gut microbiota. Among them, Chao, Ace index are used to calculate the difference of bacterial species abundance of intestinal flora between groups, and Shannon, Simpson index are used to calculate the difference of bacterial species diversity of gut microbiota. Comparative alpha diversity analysis of microbial diversity indices showed that there was no significant difference in the Chao1 (Figure 3C), ACE (Figure 3D), Simpson (Figure 3E), and Shannon (Figure 3F) indices between control and experimental groups regardless of the treatment dose, showed that CYN administration had no significant effect on the intestinal microbial diversity and abundance of mice infected with ETEC K88.
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FIGURE 3
 Number of bacterial OTUs and diversity index statistics in mice feces in six groups. (A) Venn diagram, where areas of overlap indicate the numbers of OTUs shared among the overlapping groups. (B) Alpha index spar curve, determine whether the amount of sequencing data is enough according to the curve flat. (C) ACE index. (D) Chao1 index. (E) Shannon index. (F) Simpson index. (G) PCA based on OTU level. (H) PCoA based on OTU level. Each point represents a sample and the distance between points is used to map the size of the difference in the structural composition of the gut flora between the two samples. In the picture, A represents Control group, B represents ETEC K88 group, C represents CYN. L group, D represents CYN. M group, E represents CYN. H group, and F represents BTW group.


Principal component analysis (PCA) and principal coordinate analysis (PCoA) analysis were used to compare the similarity of the microbial community structures in different groups, were applied to dissect the gut microbial beta-diversity. It can be seen from the PCA and PCoA score chart although the alpha diversity of intestinal flora was not significantly different among the six groups, the classification composition of microbiome in ETEC K88 group was different from that in control group and CYN groups (Figures 3G,H).

In addition to richness and diversity, changes in gut microbiota can also be reflected in the category and structure of the microbiota. Combined with Heatmap and microbiota structure bar chart analysis, it could be seen that the composition types of gut microbiota in each group of samples were similar, but the proportions were different. At the phylum level (Figure 4A), the gut microbiota of mice in each group mainly included Bacteroidetes, Firmicutes, Proteobacteria, Saccharibacteria, Tenericutes, Actinobacteria, Chloroflexi etc. The proportion of Bacteroidetes in the control group, ETEC K88 group, CYN.L group, CYN.M group, CYN.H group, and BTW group were 52.697, 66.624, 65.075, 26.467, 30.930, and 50.494%. Firmicutes accounted for 35.020, 21.815, 24.085, 43.831, 40.132, and 31.542%. We found that ETEC K88 infection decreased the relative abundance of Firmicutes and Firmicutes/Bacteroidetes, and increased the relative abundance of Proteobacteria (p < 0.05) whereas CYN treatment reversed that.

At the genus level (Figure 4B), it mainly included Lactobacillus, Bacteroides, Rikenella, and Parabacteroides. In the control group, ETEC K88 group, CYN.L group, CYN.M group, CYN.H group, and BTW group, the proportion of Bacteroides was 9.634, 23.937, 9.649, 2.675, 2.030, and 3.565%. The results showed that the relative abundance of Bacteroides in CYN.M, CYN.H, and BTW groups was significantly higher than that in ETEC K88 group (p < 0.05). In addition, the proportion of Lactobacillus in the intestinal microbes of the ETEC K88 group of mice was significantly decreased, while the proportion of Lactobacillus increased after CYN intervention. It should be noted that the Escherichia level in ETEC K88 group was significantly higher than that in control group, and after CYN and BTW treatment the level returned to normal. It may acted by regulated the number of beneficial and harmful bacteria. Therefore, medium and high doses of CYN could regulate the structure of intestinal microbiota to normalize and improve the abnormal changes of intestinal microbiota caused by ETEC K88 in mice.

PICRUSt analysis was used to predict functional changes in the gut microbiota of ETEC K88-induced mice, and the predictions based on the KEGG database showed that metabolism related differential pathways between groups, where the top 25 metabolic pathways were listed by the p-value [Figure 4C (Control vs. ETEC K88 group) and Figure 4D (ETEC K88 vs. CYN group)]. The membrane transport, metabolism of other amino acids, metabolism of cofactors and vitamins, glycan biosynthesis and metabolism, metabolism of terpenoids and polyketides, cellular processes and signaling, transcription were the common pathways in the control and ETEC K88 groups and the ETEC K88 and CYN.H groups. Suggested that CYN may regulate the gut microbiota in ETEC K88 treatment by affecting the carbohydrate metabolism, lipid metabolism and amino acid metabolism, the clear mechanism needs further experimental verification.
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FIGURE 4
 Microbial community composition (A) phylum levels. (B) Genus levels. The different Metabolic pathways prediction (C) Control vs. ETEC K88. (D) ETEC K88 vs. CYN.H. In the picture, A represents Control group, B represents ETEC K88 group, C represents CYN. L group, D represents CYN. M group, E represents CYN. H group, and F represents BTW group.




3.4. Effect of CYN on serum metabolism of ETEC K88-induced mice

Metabolomics has been shown to be a great tool to reveal information about the crosstalk between the host and gut microbiota (Org et al., 2017). Non-targeted metabolomic detection was performed by liquid chromatography-mass spectrometry (LC/MS). The data of principal component analysis showed that the control group and ETEC K88 group, no matter in the positive ion mode or the negative ion mode, the samples all had significant clustering and metabolic profiles on two different dimensions of the PC2 axis (Figures 5A,B). Similarly, the sample metabolic profiles of the ETEC K88 group and the CYN group were also located at different positions of the PC2 axis in the positive-ion mode and the negative-ion mode (Figures 5C,D). These results indicated that the metabolites of ETEC K88 group were different from those of control group and CYN group. Subsequently, the overall distribution of metabolite differences between groups was visualized in the form of a volcano plot. Each dot on the volcano map represented a metabolite, and the larger the scatter, the greater the VIP value. In both positive and negative ion modes, ETEC K88 group has significantly difference compared with control group and CYN group (Figures 5E–H).
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FIGURE 5
 LC/MS metabolite principal component analysis and metabolite differences between groups. (A,B) OPLS-DA score plots based on the ESI (+) and (−) mode (Control vs. ETEC K88). (C,D) OPLS-DA score plots based on the ESI (+) and (−) mode (ETEC K88 vs. CYN). (E,F) Volcano plot based on the ESI (+) and (−) mode (Control vs. ETEC K88). (G,H) Volcano plot based on the ESI (+) and (−) mode (ETEC K88 vs. CYN). Metabolites with significantly up-regulated expression were in red, down-regulated expression were in blue, non-significant expression were in gray. In the picture, 1 represents Control group, 2 represents ETEC K88 group, 4 represents CYN group.


The metabolites identified from all samples were classified according to the chemical classification information, as shown in Figures 6A,B. The major metabolites in the positive ion mode were lipids and lipid-like molecules (34.06%), organoheterocyclic compounds (19.482%), and organic acids and derivatives (13.896%). The major metabolites in the negative ion mode were lipids and lipid-like molecules (43.431%), organic acids and derivatives (17.883%), and organoheterocyclic compounds (10.584%). In order to study the change trend of the relative content of metabolites in different groups, the relative content of all different metabolites identified in the comparison of all groups according to the screening criteria was standardized by z-score, and then K-Means clustering analysis was carried out. The results showed that there have 57 metabolites in the positive ion mode and 48 metabolites in the negative ion mode among the groups were shown in Figures 6C–E.
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FIGURE 6
 The differential metabolites of serum samples between groups. (A,B) Pie plot of metabolite classification based on the ESI (+) and (−) mode. (C,D) K-Means clustering analysis of different groups based on the ESI (+) and (−) mode. (E) The list of differential metabolites in serum.


Then KEGG enrichment analysis was carried out, Compared with the control group, the main metabolic path ways altered in the ETEC K88 group included glycerophospholipid metabolism, ABC transporters, cAMP signaling pathway, purine metabolism, bile secretion, arachidonic acid metabolism, belongs to lipid metabolism, membrane transport, signal transduction, nucleotide metabolism, digestive system (Figures 7A,B). Compared with the ETEC K88 group, the metabolic pathways altered in the CYN group were D − Amino acid metabolism, protein digestion and absorption, biosynthesis of amino acids, ABC transporters, aminoacyl−tRNA biosynthesis belongs to metabolism of other amino acids, digestive system, membrane transport, translation (Figures 7C,D). In addition, to explore the pathways that CYN might affect, metabolites were further analyzed, and the results of metabolic pathway analysis were presented as bubble plots (Figures 7E–H). The pathways with influence >0.4 were screened as potential target pathways, and the pathway of aminoacyl−tRNA biosynthesis, linoleic acid metabolism, phenylalanine metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, arginine and proline metabolism, methane metabolism, glycine, serine and threonine metabolism, vitamin B6 metabolism, histidine metabolism, valine, leucine, and isoleucine biosynthesis were obtained in ETEC K88 vs. CYN groups by comprehensive analysis of positive and negative ion patterns. In summary, CYN may play a role by participating in the biosynthesis and metabolism of amino acids.
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FIGURE 7
 Major metabolic pathway analysis of serum samples between groups. (A–D) KEGG classification diagram on the ESI (+) and (−) mode. (E–H) Bubble plot of metabolic pathway based on the ESI (+) and (−) mode.





4. Discussion

Enterotoxigenic Escherichia coli is a pathogenic Escherichia coli strain, which is one of the most important pathogens in weaned piglets (Hrala et al., 2021). Numerous studies elucidated that ETEC K88 infection could cause great economic loss in livestock industry due to poor growth performance and high mortality of animals (Qiu et al., 2017; Becker et al., 2020; Wang et al., 2020). In the present study, we investigated the protective potential of CYN against ETEC K88 infection in mice. The results revealed that the body weight of mice was decreased but the spleen index was increased after ETEC K88 infection, while CYN treatment reversed these changes. A previous study found serum cytokines could be used as biomarkers of mucosal inflammation as they have high correlations, which could be used for intestinal disease assessment (Ljuca et al., 2010). It was reported that pro-inflammatory factors such as IL-10, IL-6, and TNF-α are important indicators in response to ETEC K88 (Qiao et al., 2020). The present study found that ETEC K88 infection dramatically increased the concentrations of IL-6, and TNF-α in the serum. In the enteritis patient, TNF-α not only increase the infiltration of neutrophils, but also cause damage to the intestinal barrier (Cao et al., 2004). Wang et al. detected the inflammatory factors in the serum of mice infected with ETEC and found that ETEC could increase the levels of TNF-α and IL-6 (Wang et al., 2022), similar to our result. Collectively, these data suggest that CYN can inhibiting the production of pro-inflammatory cytokines of ETEC K88 infected mice.

The gut microbiota is recognized as an indispensable “Metabolic organ,” and there is increasing evidence that the effects of microbiome fluctuations on metabolism and physiological function may play an important role in the development of disease (Lu et al., 2014; Lin et al., 2018). In order to understand the mechanism of CYN regulate intestinal injury induced by ETEC K88, 16S-RNA method was used for further study. After analyzing the results of the study, it was found that the bacteria involved mainly included not only Bacteroidetes, Firmicutes, Proteobacteria, Candidatus, Tenericutes and Actinobacteria, but also Lactobacillus, Bacteroides, Saccharibacteria, and so on. And ETEC K88 increased the proportion of Bacteroidetes and decreased the proportion of Firmicutes, and CYN treatment alleviated the disrupted diversity of the gut microbiota. In a related study on diarrhea induced by ETEC, Yue et al. found that the number of Firmicutes in the intestinal flora of mice was significantly decreased after ETEC K88 infection (Yue et al., 2020). Wang et al. found that ETEC K88 infection decreased the relative abundance of Firmicutes and Firmicutes/Bacteroidetes, and increased the relative abundance of Proteobacteria (p < 0.05) (Wang et al., 2022). When Ma et al studied the preventive effect of DESP on diarrhea, they found that ETEC increased Bacteroidetes in the gut microbiota (Ma Y. et al., 2021). These studies confirmed that ETEC K88 caused intestinal microflora disorder, and this study also found that CYN can improve this condition.

It is well known that the changes in the number of intestinal pathogenic bacteria and probiotics can be used as an important indicator to maintain intestinal health (Dong et al., 2019). In fact Lactobacillus could improve intestinal health by inhibiting colonization of pathogens and enhancing mucosal immunity (Qiao et al., 2020). In this study, we also found that the number of Escherichia significantly increased and the number and ratio of Lactobacillus significantly decreased after ETEC K88 infection, suggesting that the intestinal flora of ETEC K88 mice was in disorder, thus reducing the intestinal resistance to pathogenic bacteria (Piewngam et al., 2018). In summary, the altered intestinal microbiota abundance of CYN administration may be related to its inhibition effects on pathogenic bacteria such as Escherichia. These studies further confirmed our results that CYN had beneficial effects on maintaining intestinal microbiota homeostasis. Thus, we speculate that CYN may alleviate intestinal dysfunction induced by ETEC K88 through maintaining intestinal homeostasis and increasing the abundance of intestinal beneficial bacteria.

Gut microbiota is widely involved in host metabolic activities, producing a variety of active metabolites that play important roles in maintaining a host’s intestinal barrier integrity and immune balance via providing nutrition to intestinal epithelial cells and activating various receptors directly or indirectly (Rowland et al., 2018). Gut microbiota and their major metabolites, short-chain fatty acids (SCFAs), are recognized as important players in gut homeostasis and metabolic disease occurrence. Notably, some increased bacterial genus such as Prevotella and Odoribacter in CYN group are potential producers of short-chain fatty acids (SCFAs) which are anaerobic gram-negative bacterium, can produce short chain fatty acids (SCFAs), modulate inflammatory responses, and exert an anti-inflammatory effect in patients with inflammatory bowel disease (Li W. et al., 2021). Lactobacillus is the only glycolytic probiotic that reduces intestinal permeability by producing various tryptophan catabolic products (indole, tryptamine, and tryptophol, among others), thereby maintaining the stability of the gut microbiome (Coras et al., 2020). In our study, CYN increased the reduction of Lactobacillus caused by ETEC K88 infection.

Since metabolome is a composite of metabolic activity of host and microbe (Wall et al., 2009), we further analyzed the serum metabolites. The analysis of serum metabolomics showed that CYN influenced amino acid biosynthesis and metabolism, meantime altered the concentrations of lipids and lipid-like molecules. Our findings were consistent with the study demonstrating that gut microbiota influences lipid metabolism and lipid levels in serum and tissues (Schoeler and Caesar, 2019). When investigating the protective effect of l-theanine on colitis, Zhang et al. analyzed the correlation between transcriptional profiles and lipid profiles and found that inflammation-related genes were almost significantly associated with differential lipid metabolites (Zhang et al., 2021). In addition, more and more studies show that amino acids also play an important role in preventing and treating intestinal inflammation (He et al., 2018). For example, aromatic amino acids (AAAs), including tryptophan, phenylalanine and tyrosine, reduce intestinal inflammation by activating calcium sensitive receptors (CaSR) in piglets (Liu et al., 2018). Moreover, it was also found that amino acids might regulate the composition of intestinal microbiota (Beaumont and Blachier, 2020), which coincided with the results of this study. Results indicated that CYN elevated the serum levels of phenylalanine metabolism, phenylalanine, tyrosine, and tryptophan biosynthesis pathway-related metabolites, phenylalanine, tyrosine, and tryptophan are important pathways of amino acid metabolism, and alterations in amino acid metabolism are closely correlated with inflammation (Mangal et al., 2021). In a previous study, speculated that the phenylalanine, tyrosine, and tryptophan biosynthesis and phenylalanine metabolism might be related to the regulation of the richness of Lactobacillus, Romboutsia, and Bacteroides in the gut (Cong et al., 2022), this rule was also found in this study.

Taken together, all of the above findings provide evidences that CYN may alleviate intestinal dysfunction induced by ETEC K88 through maintaining intestinal homeostasis and increasing the abundance of intestinal beneficial bacteria. CYN participates in amino acid biosynthesis and metabolism in the process of serum metabolism to regulates ameliorate intestinal injury induced by ETEC K88. These results provide a theoretical basis for the application of CYN in the treatment of intestinal diarrhea caused by ETEC K88, and provide ideas for veterinary clinical development of new veterinary drugs.
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The aim of this study was to explore the efficacy of Compound small peptide of Chinese medicine (CSPCM) on cyclophosphamide (CTX) induced immunosuppression in mice. The 100 male Kunming mice were divided into 5 groups: group A (control group), group B (model group), group C (100 mg/kg.bw CSPCM), group D (200 mg/kg.bw CSPCM) and group E (400 mg/kg.bw CSPCM). At 1–3 days, mice of group B, C, D and E were intraperitoneally injected with 80 mg/kg.bw CTX. The results showed that compared with group A, the immune organ index, body weight change, RORγ T gene expression, RORγ T protein expression, CD3+ cell number, Th17 number and Alpha index, white blood cell count, lymphocyte count and monocyte count were significantly decreased in group B (p < 0.05), while Foxp3 gene expression, Foxp3 protein expression and Treg cell number were significantly increased (p < 0.05), CSPCM has a good therapeutic effect on the above abnormalities caused by CTX. CTX caused the decrease of intestinal flora richness and the abnormal structure of intestinal flora, and CSPCM could change the intestinal flora destroyed by CTX to the direction of intestinal flora of healthy mice. On the whole, CSPCM has a good therapeutic effect on CTX-induced immunosuppression in mice, which is reflected in the index of immune organs, the number of T lymphocytes and Th17 cells increased, the number of Treg cells decreased and the structure of intestinal flora was reconstructed.
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1. Introduction

CTX is one of the alkylants cytotoxic drugs including the therapeutic efficacy of cancer and autoimmune diseases (Emadi et al., 2009). It works by interfering with the immune response. However, CTX treatment is followed by immunosuppression (Yu et al., 2013; Huo et al., 2020), diabetes (Krueger et al., 2003) and alopecia (Sven Hendrix et al., 2005) side effects, whether low doses are used for prolonged periods or high doses for short periods of time (Bryniarski et al., 2009). Immune system disorder is considered the primary pathogenesis of various auto-immune diseases (Kobayashi et al., 2019). The numbers of two kinds of special CD4 + T cell subsets, T helper cell 17 (Th17) and regulator T cell (Treg) and the balance between them are important factors in maintaining the normal immune response. Th17/Treg cells are a new subset of T cells discovered recently. Th17 is a differentiated auxiliary T cell of Th 0 cells under stimulation of IL-6 and IL-23 (Huang et al., 2015). It mainly secretes pro-inflammatory factors like IL17 and IL-22, and RORγ T is an important transcriptional factor. Regulatory T lymphocytes (Treg) are an important factor for maintaining immune tolerance. They are produced by thymus and exported to the periphery, and inhibit the activation and proliferation of potential autoreactive T cells in normal bodies through active regulation, so as to regulate the body’s immunity (Cui et al., 2018). Traditional Chinese Medicine (TCM) has been used in China for millennia (Liang et al., 2020). Administration of TCM to animals can improve the animal immunity (He et al., 1992; Azzam et al., 2019), antioxidant capacity (Fu et al., 2017), intestinal flora (Luo et al., 2019; Liang et al., 2020) and effectively prevent and treat various diseases by promoting the differentiation of Th17 cells, the inhibiting differentiation of Treg cells and improving the secretion of related cytokines in the intestinal tract. Mahuang Fuzi Xixin Decoction has therapeutic effects against allergic rhinitis, possibly by regulating the intestinal microbial composition and Th17/Treg equilibrium (Liang et al., 2020). Compound sophorae decoction significantly improves the symptoms and the pathological damage of mice with colitis and influences the immune function by regulating Th17/ Treg cell balance in dextran sodium sulfate-induced colitis in mice (Xu et al., 2019). Total flavonoids of Tetrastigma hemsleyanum can modulate Treg/Th17 immune homeostasis to serve as an anti-inflammatory agent (Ji et al., 2019).

Maintaining the normal functioning of the intestinal barrier depends on the epithelial barrier, the intestinal immune system, the normal intestinal flora, the intestinal endocrine secretion and peristalsis (Fan et al., 2010). The most important barriers are the intestinal mucosal epithelial barrier as well as the intestinal mucosal immune barrier. Mucosal anti-infection immunity differs from the immune system, compared with the immune system, which is chronically exposed to the environment and is exposed to antigens of different origins and properties, and this requires that the mucosal immune system has the ability to discriminate between harmful and innocuous antigens, whereas for different immune responses, the mechanism and system of the immune response are also quite different (Fan et al., 2009b). The development and normal operation of intestinal immunity are inseparable from the stimulating and sustained effects of the normal intestinal flora (Omenetti and Pizarro, 2015). The differentiation and development of Th17 intestinal cells and their normal functioning are closely tied to the normal intestinal flora. Treg cells play a significant role in the gut’s immune resistance to normal flora (Xie et al., 2016). The Th17 cells and Treg cells have critical roles in the pathogenesis and disease progression of various liver diseases, respectively (Fan et al., 2009a). As a result, the equilibrium of Th17/Treg cells can be a key factor in maintaining the overall immune function of the body and the normal function of the intestinal immune barrier.

The field of Traditional Chinese Medicine (TCM) represents a vast and largely untapped resource for modern medicine (Wang et al., 2016). With improving people’s standard of living and restricting the use of antibiotics, TCM has earned unprecedented development with its benefits of safety, non-pollution, no drug resistance, and so on. The modernization of traditional Chinese medicine is developing gradually, and the CSPCM used in this experiment is a product of the modernization of traditional Chinese medicine under the guidance of traditional Chinese medicine theory. Traditional Chinese medicine (TCM) is prepared into small peptides by enzymatic hydrolysis, which not only retains the drug efficacy but also increases the rate of absorption and the rate of absorption. CSPCM is proposing a new idea for modernizing traditional Chinese medicine. In this study, CSPCM (containing 64.8% of soy peptide, 25% of wheat germ powder, 10% of Astragalus hydrolysate, and 0.2% of vitamin C) was used in mice. The manufacturing process of CSPCM used in this experiment is as follows: confirming the ratio of material to water → adding enzyme at high temperature →rotating oriented enzyme→ microfiltration→ active purification of Traditional Chinese medicine →recombination of active peptide → low temperature concentration → spray drying. The content of acid soluble protein was detected after preparation, and the acid soluble protein was required to represent over 30% of the total protein. Peptides are amino acids bound by amide bonds of compounds, to the medium of amino acids and proteins. Small peptides are compounds of two-three amino acids bound together. Some di −/tripeptides permeate through the intestinal membranes in their intact forms via the peptide transporter systems (Shen and Matsui, 2017). Compared with free amino acids, small peptides have the advantages of fast absorption, low energy consumption and high absorption rate (Matthews, 1975). They have an independent absorbing mechanism in the animal body and do not interfere with one another (Webb et al., 1993). The transformation of a traditional Chinese medicine into a peptide may increase its absorption rate while maintaining its potency. Traditional Chinese medicine can increase the site of action by formulating to improve its effect, but there are not many reports investigating the effects of compound peptides of Chinese medicine on the intestinal microorganisms of mice. Therefore, we studied the effect of CSPCM on intestinal flora to provide evidence for the clinical application of CSPCM.



2. Materials and methods


2.1. Chemicals

CSPCM was provided by HeBei TaiFeng Biotechnology Co., Ltd. (Handan, China). CTX CAS#6055-19-2(C7H15Cl2N2O2P·H2O) was purchased from Source Leaf Biotechnology Co., LTD(Shanghai, China). Eastep® Super Total RNA Extraction kit was purchased from Promega (Beijing) Biotechnology Co., LTD (Beijing, China). PrimeScript™ RT reagent Kit with gDNA Easer, TB Green® Premix Ex Taq™ II(Tli RNaseH Plus) were purchased from Takara Biomedical Technology (Beijing) Co., LTD (Beijing, China). BCA Protein Assay Kit was purchased from Beijing ComWin Biotechnology Co., LTD. (Beijing, China). SDS-PAGE Gel preparation kit was purchased from Biomed Genentech Inc. (Beijing, China). Rabbit Anti-Foxp3 Polyclonal Antibody, Rabbit Anti-RORγt Polyclonal Antibody and Mice Anti-GAPDH Polyclonal Antibody were purchased from Beijing Bioss Biotechnology Co. LTD (Beijing, China). FITC anti-mouse CD3 Antibody, APC anti-mouse CD4 Antibody, PE anti-mouse IL-17A Antibody, FITC anti-mouse CD4 Antibody, APC anti-mouse CD25 Antibody, PE anti-mouse FOXP3 Antibody, True-Nuclear™ Transcription Factor Buffer Set, True Nuclear TM 4X Fix Concentrate, True Nuclear TM 10X Per and True Nuclear TM Fix Diluent were purchased from BioLegend, Inc (California, United States).



2.2. Animals and experimental design

Male Specific Pathogen-Free (SPF) Kunming mice weighing 20.0 ± 2.0 g (6–8 w) were purchased from Spfanimals (Beijing) Laboratory Animal Science and Technology Co., LTD (Beijing, China). All mice were provided specific pathogen-free food and water ad libitum and acclimated for 1 week. All animal studies were approved by the Ethics Committee of Animal Experiments of Heibei Agricultural University.

After 1 week of adaptation, 100 male Kunming mice were divided into 5 groups: A (control group), group B (80 mg/ kg.bw CTX intraperitoneal injection), group C (80 mg/ kg.bw CTX intraperitoneal injection and oral 100 mg/kg.bw CSPCM), group D (80 mg/ kg.bw CTX intraperitoneal injection and oral 200 mg/kg.bw CSPCM) and group E (80 mg/ kg.bw CTX intraperitoneal injection and oral 400 mg/kg.bw CSPCM). At d1-d3, with the exception of Group A, 80 mg/kg CTX was injected intraperitoneally and Group A was injected intraperitoneally with a normal saline solution. From the fourth day of the experiment, the A group and B group oral normal saline, and the C, D and E groups were given 100 mg/kg.bw, 200 mg/kg.bw and 400 mg/kg.bw CSPCM for 14 days, respectively. After the gavage, each mouse was weighed to calculate the weight change. After the mice were sacrificed by cervical dislocation, thymus and spleen were collected and weighed, and the thymus and spleen indexes were calculated: Thymus or spleen index = thymus or spleen weight (mg)/body weight (g). The ileum was cut longitudinally and rinsed with normal saline, wrapped in foil and stored at −80°C for later use. Take mesenteric lymph nodes for flow cytometry, take ileum and intestinal contents for 16 s RNA high-throughput sequencing.



2.3. Western blotting analysis

The protein was extracted from the ileum tissue sample, and the protein content in the supernatant was determined by the BCA method. Then the lysate (20 μg total protein) was separated on a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane. Blotting was blocked in 5% skimmed milk powder prepared in tris-buffered saline containing 0.1% Tween 20 (TBST) at room temperature for 2 h, and then with the following antibodies (anti-foxp3, anti-RORγt, anti-GAPDH) overnight at 4°C. After washing 3 times for 15 min with TBST, incubate with enzyme-labeled secondary goat anti-rabbit IgG at room temperature for 1 h. After three more 15-min washes, use the enhanced chemiluminescence detection kit to observe the immune response bands according to the manufacturer’s instructions. GAPDH served as a control. Each protein was repeated three times. Use Image J software for density measurement. The results were analyzed by the univariate analysis using IBM SPSS Statistics 19.



2.4. Reverse transcription quantitative polymerase chain reaction analysis

Total RNA was extracted from the ileum tissue, and cDNA was obtained by reverse transcription according to the manufacturer’s instructions. The PCR reaction was carried out using the Lightcycler®96 Real-time fluorescence quantitative instrument (Roche, Basel, Switzerland), using TB Green® Premix Ex Taq™ II. The data analysis was carried out using the 2-∆∆CT method. The housekeeping gene, β-actin, is used for normalization. The sequence of RT-qPCR primers (Takara Biomedical Technology (Beijing) Co., LTD, Beijing, China) is as follows: β-actin (5′ F: CATCCGTAAAGACCTCTATGCCAAC -3′, 5′ R: ATGGAGCCACCGATCCACA 3′);RORγt(5′F: TGACTAGGAACAGGACAGGAACC3′,5′R:CCACGGAGAGGAAAGAAGAAAA3′);Foxp3(5′F:AGTGCCTGTGTCCTCAATGGTC3′,5′R:AGGGCCAGCATAGGTGCAAG −3′). The cq value was calculated by LightCycler® 96 SW 1.1 software, and the 2-∆∆ CT value was calculated by formula. The 2-∆∆ CT value was analyzed by IBM SPSS Statistics 19 for single factor analysis.



2.5. Flow cytometry analysis

Pretreatment: After grinding the mesenteric lymph nodes to extract the cells, after washing with PBS, adjust the cell concentration to 1.0*106 cells/100 μl.

CD3+ assays: Add the FITC anti-mouse CD3 Antibody, incubate at 4°C in the dark for 30 min, add 500 μl of PBS containing 1% paraformaldehyde, and test on the machine.

Treg assays: Sample cell (1×106) was resuspended by adding 100 μl of staining buffer cells were added with appropriate amounts of FITC anti-mouse CD4 antibody and APC anti-mouse CD25 antibody according to the instructions, after incubation for 30 min at room temperature in the dark, the cells were centrifuged, the supernatant was discarded, and 1 ml of 1x PBS was added to each tube to resuspend the cells again and the supernatant was discarded. Add 1 ml of ruptured membrane solution and incubate for 1 h at room temperature in the dark. After the incubation, the cells were centrifuged at 1000 rpm for 5 min, the supernatant was discarded, and the supernatant was discarded by two centrifugation with membrane disruption buffer. After resuspending the cells by adding 100 μl of breaking membrane buffer, add appropriate PE anti-mouse Foxp3 antibody according to the antibody instructions and incubate for 40–50 min at room temperature in the dark. After incubation, the supernatant was discarded by centrifugation and the cells were washed twice with membrane disruption buffer, the supernatant was discarded and 400 μl of membrane disruption buffer was added to resuspend the cells for machine detection.

Th17 assays: 0.4 μl of stimulant was added to 200 μl sample cells (1*106). Incubate at 37°C in a 5% CO2 incubator for 4–6 h. Mix and incubate for 30 min at room temperature in 100 μl system using 0.25 μl FITC anti-mouse CD3 antibody and APC anti-mouse CD4 antibody. Divide into two tubes, each with 100 μl of cell suspension labeled with the table antibody, numbered A1 and A2. The cells were washed by centrifugation (5 min at 1500 rpm) with the addition of 2 ml PBS and the supernatant was discarded. After resuspending the cells, add 1 ml of fixative membrane disruption solution working solution and mix again and incubate for 30 min at room temperature in the dark. The cells were washed twice by centrifugation with the addition of 2 ml of rupture buffer, and the supernatant was discarded. PE anti-mouse IL-17A antibody and isotype control IgG were added to each tube. Incubate for 30 min at room temperature in the dark. 2 ml PBS was added into each tube and centrifuged at 1500 rpm for 5 min, and the supernatant was discarded. The cells were resuspended with 0.5 ml PBS and detected on the machine.



2.6. Intestinal flora analysis

In this project, Illumina platform was used to conduct Epite-end sequencing of community DNA fragments, and the sequencing area was 16S_V3V4. The primer sequence is F: ACTCCTACGGGAGGCAGCA, R: GGACTACHVGGGTWTCTAA T. The resulting sequences are primed, mass filtered, denoise, spliced and de-chimed for item denoising (QIIME2). The alpha diversity index was calculated using unpumped OTU tables for 10 specified depths with 10 pumped depth values for each depth. The average score at the depth was selected as the alpha diversity index (QIIME2, R, GGplot2 package). After the ASV/OTU of each sample/group was arranged along the horizontal coordinate from large to small, the abundance value after Log2 logarithmic transformation (Log10 transformation, percentage transformation or no transformation) was used as the vertical coordinate, and the script was written in R software to draw the abundance grade curve of each sample or group. Beta diversity index is the reduction of multi-dimensional species data to one-dimensional data -- sample distance, thus representing community differences between the two samples from different perspectives (QIIME2, R, APE package). Species difference and Indicator species analysis use the abundance data of the top 20 genera in average abundance were used to calculate the clustering results of each sample and each taxon through R script, and the heat map was presented in the form of interactive graph. LEfSe analysis results included two parts, namely, the histogram of LDA value distribution of significantly different species, which was used to show the significantly enriched species (notes that the significantly down-regulated species were not shown) and their importance in each group. Cladogram, which shows the taxonomic hierarchy of designated species in each group of samples (Python LEfSe package, R language, GGtree package).

In the analysis of species composition, taxonomic statistics were based on the results of taxonomic annotations of sequence species and selected samples, and the number of taxonomic units contained in the seven taxonomic levels of phylum, class, order, family, genus and species in the species annotation results of these samples was counted. Stacked bar charts or bar charts of species composition are the most commonly used means of representing the composition of diverse species. After singleton was removed, the feature table was counted to visualize the composite distribution of each sample at the level of phylum, class, order, family, genus and species, and the analysis results were presented in histogram.

The original sequence has been submitted to NCBI. BioProject ID:PRJNA814855.



2.7. Statistical analysis

All of the experimental data are presented as mean ± standard deviation (SD). The results were analyzed by IBM SPSS Statistics 19 software (IBM Inc., Chicago, IL, United States) for single factor analysis. Value of p < 0.05 was regarded to be significantly different in statistics.




3. Results


3.1. Effects of CSPCM on immune organ indexes, body weight change and routine analysis of blood

As shown in Figure 1A, the Thymus index of B and C groups was significantly lower than that in the A group (p < 0.05), the Thymus index of D and E groups were significantly higher than that in the B group (p < 0.05). As shown in Figure 1B, the Spleen index of B group was significantly lower than that in the A group (p < 0.05), the Spleen index of C, D and E groups was significantly higher than that in A and B groups (p < 0.05). As shown in Figure 1C, the body weight change of B and C groups was significantly lower than that in the A group (p < 0.05), the body weight change of D and E groups were significantly higher than that in the A and B groups (p < 0.05). As shown in Figures 1D–F),the number of WBC, MON and LYM in B group was significantly lower than that in the A groups (p < 0.05), the number of WBC in C group was significantly higher than that in the B groups (p < 0.05), the number of WBC and LYM in C, D and E groups was significantly higher than that in the B groups (p < 0.05).
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FIGURE 1
 Effects of CSPCM on immune organ indexes and body weight change in mice. (A) Effects of CSPCM on thymus index in mice. (B) Effects of CSPCM on spleen index in mice. (C) Effects of CSPCM on body weight change on mice. (D) Effects of CSPCM on WBC number in mice. (E) Effects of CSPCM on MON number in mice. (F) Effects of CSPCM on the percent of LYM in mice. *: significant difference with group A (p < 0.05), # significant difference with group B (p < 0.05), same as below.




3.2. Effects of CSPCM on relative genes and proteins expression

As shown in Figure 2A, the RORγt gene expression of B and C groups was significantly lower than that in the A group (p < 0.05), the RORγt gene expression of D and E groups were significantly higher than that in the B group (p < 0.05). As shown in Figure 2B, the Foxp3 gene expression of A, C, D and E groups was significantly lower than that in the B group (p < 0.05).
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FIGURE 2
 Effects of CSPCM on relative genes expression. (A) Effects of CSPCM on RORγt/β-actin gene expression in mice. (B) Effects of CSPCM on Foxp3/β-actin gene expression in mice.


As shown in Figure 3B, the RORγt protein expression of B and C groups was significantly lower than that in the A group (p < 0.05), the protein gene expression of D and E groups were significantly higher than that in the B group (p < 0.05). As shown in Figure 3C, the Foxp3 gene expression of A, C,D and E groups was significantly lower than that in the B group (p < 0.05), the Foxp3 gene expression of B group was significantly higher than that in the A group (p < 0.05).
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FIGURE 3
 Effects of CSPCM on relative proteins expression. (A) Western blot analysis of RORγt, Foxp3 and GAPDH (B) Effects of CSPCM on RORγt/GAPDH protein expression in mice. (C) Effects of CSPCM on Foxp3/GAPDH protein expression in mice.




3.3. Effects of CSPCM on expression of surface antigen in mesenteric lymph node cells


3.3.1. CD3+

As shown in Figure 4, the percentage of CD3+ cells in the A, C, D and E groups was significantly higher than that in the B group (p < 0.05).
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FIGURE 4
 Effects of CSPCM on the percentage of CD3+ cells in Mesenteric lymph nodes. (A) The percentage of CD3+ cells in group A. (B) The percentage of CD3+ cells in group B. (C) The percentage of CD3+ cells in group C. (D) The percentage of CD3+ cells in group D. (E) The percentage of CD3+ cells in group E. (F) Effect of CSPCM on percentage of CD3+ cells in each group.




3.3.2. Th17

As shown in Figure 5, the percentage of CD4+ IL17+ Th17 cells in the A, C, D and E groups was significantly higher than that in the B group (p < 0.01), the percentage of CD4+ IL17+ Th17 cells in the A and C groups was significantly lower than that in the A group (p < 0.05).
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FIGURE 5
 Effects of CSPCM on the percentage of Th17 cells in Mesenteric lymph nodes. (A) The percentage of Th17 cells in group A. (B) The percentage of Th17 cells in group B. (C) The percentage of Th17 cells in group C. (D) The percentage of Th17 cells in group D. (E) The percentage of Th17 cells in group E. (F) Effect of CSPCM on percentage of Th17 cells in each group.




3.3.3. Treg

The detection of CD4+CD25+Foxp3treg cells was divided into two steps: First, CD4+ cells were screened (Figure 6), and then CD25+Foxp3Treg cells were screened (Figure 7). The percentage of CD4+CD25+Foxp3+Treg cells in the D and E groups was significantly lower than that in the B group (p < 0.05), the percentage of CD4+CD25+Foxp3+Treg cells in the B and C groups was significantly higher than that in the A group (p < 0.05).
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FIGURE 6
 Effects of CSPCM on the percentage of Treg cells in Mesenteric lymph nodes. (A) The percentage of Treg cells in group A. (B) The percentage of Treg cells in group B. (C) The percentage of Treg cells in group C. (D) The percentage of Treg cells in group D. (E) The percentage of Treg cells in group E. (F) Effect of CSPCM on percentage of Treg cells in each group.
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FIGURE 7
 The effect of CSPCM on Alpha index in mice samples. (A) The effect of CSPCM on Chao1 index. (B) The effect of CSPCM on Coverage index. (C) The effect of CSPCM on Species. (D) The effect of CSPCM on Pelou-e index. (E) The effect of CSPCM on Shannon index. (F) The effect of CSPCM on Simpson index.





3.4. Effects of CSPCM on gut microbiota


3.4.1. Alpha diversity analysis

As shown in Figures 6A,C, the chao1 index and observed species of B, C, D and E groups were significantly lower than that in the A group (p < 0.05), the chao1 index and observed species of D and E groups were significantly higher than that in the B group (p < 0.05). As shown in Figure 6D, the Pielou-e index B and C groups were significantly lower than that in the A group (p < 0.05). As shown in Figures 6E,F, the Shannon index and Simpson index of B, C, D and E groups were significantly lower than that in the A group (p < 0.05).

On the whole, rank abundance is gentle, indicating high evenness of community composition (Figure 7A). As shown in Figure 7B, the number of common OTUs is 290. The number of OTU specific to group A, B, C, D and E were 1911, 907, 1,451, 1,025, and 811, respectively.



3.4.2. Beta diversity analysis

Beta diversity uses Principal coordinate analysis (PCoA) and Nonmetric Multidimensional scaling (NMDS) to reduce the dimensionality of multi-dimensional microbial data and show the main trend of data changes. Figure 8 shows that intraperitoneal injection of cyclophosphamide in mice can significantly change the intestinal flora relative to group A. After CSPCM is used, the intestinal flora of mice gradually becomes normal.
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FIGURE 8
 The effect of CSPCM on Rank abundance and OTU numbers in mice samples. (A) The effect of CSPCM on Rank abundance. (B) The effect of CSPCM on OTU numbers.




3.4.3. Species differences and marker species analysis

As shown in Figure 9A, Allobaculum, Bifidobacterium, Oscillospira, Roseburn, Adlercreutzia, and Desulfovibrio were abundant in group A. Allobaculum, Bifidobacterium, Oscillospira, Lactobacillus, Prevotella and Faecalibacterium were abundant in group B. Streptococcus, Corynebacterium, Burkholderia, Aquabacterium, Coprobacillus, Rubrivivax and Elsera were abundant in group C. [Ruminococcus], Coprococcus, Streptococcus, Corynebacterium, Burkholderia and Aquabacterium were abundant in group D. Faecalibacterium, Candidatus arthromitus and Bacteroides were abundant in group E.
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FIGURE 9
 The effect of CSPCM on Beta diversity in mice samples. (A) PCoA analysis of mice intestinal microflora. (B) NMDS analysis of mice intestinal microflora.


To determine the significant increased bacteria in group A or others, supervised comparisons by LEfSe (LDA > 2.0) were performed. In Figure 9, Corynebacteriaceae (at family level), Corynebacterium (at genus level) and Alteromonadales (at order level) in group D were significantly higher than that in other groups (Figure 10).
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FIGURE 10
 The effect of CSPCM on Species differences and marker species analysis in mice samples. (A) Heat map of mice intestinal microflora. (B,C) LEfSe analysis of intestinal flora.




3.4.4. Analysis of taxonomic composition

Compared with group A, the number of taxa in group B decreased by 1, 2, 2.49 and 2.66% at phylum, family, genus and species levels, respectively. After treatment with different doses of CSPCM, the number of taxa in group C increased by 0.84, 0.83, 1.67, 5.33, 8.16 and 9.16% at phylum, class, order, family, genus and species levels, respectively, compared with group B. Compared with group B, the number of taxa in group D increased by 17,2.5,3.66 and 8% at order, family, genus and species levels, respectively. Compared with group B, the number of taxa in group E increased by 1.83, 4 and 4.16% at family, genus and species level, respectively (Figures 11A,B).
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FIGURE 11
 The effect of CSPCM on taxonomic composition in mice samples. (A,B) The effect of CSPCM on taxonomic composition in mice samples. (C) Effect of CSPCM on intestinal flora composition at phylum level. (D) Effect of CSPCM on intestinal flora composition at genus level.


At the phylum level, the main bacteria in each group were Firmicutes, Proteobacteria, Bacteroidetes and Actinobacteria. The abundance of these four bacteria in groups A,B,C,D and E was 99.42, 98.98,99.6,99.33 and 99.07%, respectively (Figure 11C).

At the genus level, the top 5 genera in abundance was Lactobacillus, Rubrivivax, Candidatus Arthromitus, Adlercreutzia and Allobaculum. Compared with group A, the abundance of Lactobacillus in Group B increased by 12.62%, while Rubrivivax, Adlercreutzia and Allobaculum decreased by 3.05, 2.24 and 1.14%, respectively. Compared with group B, the abundance of Lactobacillus, Adlercreutzia and Allobaculum in group C decreased by 10.48, 1.23 and 2.97%, Rubrivivax and Candidatus Arthromitus increased 9.9 and 0.71%, respectively. Compared with group B, the abundance of Lactobacillus, Adlercreutzia and Allobaculum in group D decreased by 4.62, 0.82 and 4.75%. Rubrivivax and Candidatus Arthromitus increased 3.8 and 4.04%, respectively. Compared with group B, the abundance of Lactobacillus, Adlercreutzia and Allobaculum in Group E decreased by 6.36, 1.9 and 4.55%. Rubrivivax and Candidatus Arthromitus increased by 1.65 and 15.18%, respectively (Figure 11D).





4. Discussion

CTX is an anti-tumor drug to treat malignant tumors, as well as an immunosuppressive agent to treat various auto-immune diseases (Chen et al., 2020). CTX is the first wide-spectrum “latent” antitumor medication. It is inactive in vitro and works by the liver after penetrating the animal body (Ding et al., 2019). The therapeutic effect of CTX is important, but its side effects are devastating as well. After CTX treatment, emaciation and hair loss can be seen intuitively (Xie et al., 2016; Shi et al., 2017), and invisible changes in the body including the immune system and intestinal flora have also been disrupted (Ying et al., 2020). Traditional Chinese Medicine (TCM) has been developed in China for thousands of years, and its mechanism of action is less clear than modern medicine. As a practice medicine, although the mechanism of TCM is not clear, its role in treating diseases is beyond doubt (Jianxin et al., 2011; Yu et al., 2018; Che et al., 2019; Guo et al., 2019).

Long-term intraperitoneal injection and short-term high-dose intraperitoneal cyclophosphamide injection have been reported to produce immune-suppressive mouse models (Ding et al., 2019). The results showed that compared with the control group, the immune organ index and body weight changes in the model group were significantly reduced, and the CD3+ cells in the mesenteric lymph nodes were significantly reduced. Immune organ indexes most intuitively reflect the body’s immune level. The CD3+ is a specific T cell antibody that is expressed on the surface of all T cells (Jamwal et al., 2020). The blood routine demonstrated that cyclophosphamide significantly decreased white blood cells, lymphocytes and monocytes. Therefore, the proportion of CD3+ cells directly reflects the immune level of the body, indicating the success of the immune suppressant model preparation in this experiment.

The therapeutic effect of CSPCM is reflected in the increase in the index of immune organs. Thymus is the organ that produces T cells, and spleen is the largest lymphoid organ in the body, rich in T cells and B cells, so at the same time, CSPCM increases the number of CD3+ cells. The 100 mg/kg, 200 mg/kg and 400 mg/kg CSPCM all increased the number of leukocytes, lymphocytes, and monocytes in the blood to varying degrees.

Th17 cells are characterized by the expression of the transcription factor retinoic acid-related orphan receptor (RORγt) and Treg cells are characterized by the expression of the forkhead box O3a (Foxp3). Results of RT-PCR, Western blot and flow cytometry showed that CTX caused dysregulation of the Th17/Treg ratio, and CSPCM increased the number of Th17 cells and decreased the number of Treg cells, remodeling the balance of Th17/Treg ratio in vivo. The intricate balance established between Th17 cells and Treg cells, which is critical for maintaining immune homeostasis, has recently attracted increasing attention in regulating metabolic disorders (Blacher et al., 2017; Hall et al., 2017). Treg cells were generated from the thymus and exported to the periphery, inhibiting the activation and proliferation of potential self-reactive T cells existing in the normal body through active regulation. The 17 cells play an essential role in the host’s defensive responses. There are different mechanisms of action for TCM and antibiotics. Antibiotics restore health by directly inhibiting harmful bacteria. The target of TCM is the animal body, which may regulate the animal body and mobilize the immune system or other systems to withstand disease. TCM theory is guided by the Centripetal vector/centrifugal vector and its derivative dynamics(C/C.D.) and five kinds of steady-state space dynamics induced by centripetal vector and centrifugal vector (F.S.C.), which pays attention to the cause of disease in the body is “imbalance “, whether it is the imbalance among the functions of various organs and even cells in the animal body or the imbalance between the animal body and the environment, which will cause the occurrence of disease. For example, a dysregulated relationship Th17/ Treg cellular in vivo contributes to the progression of the disease. And the role of traditional Chinese medicine is to help the body re-establish balance and withstand illness.

Based on the results of the gut flora, the effects of CTX are also extremely destructive in terms of modifications of the gut flora. From the alpha index, CTX reduces not only the diversity of the gut flora, but also the richness of the species. Moreover, the number of OTUs, the level of phylum, the level of the family, the level of the genus and the level of the intestinal flora of the species have decreased. For a comprehensive evaluation of microbial community diversity, the Chao1 index and the observed species index were used to represent richness, the Shannon index and the Simpson index were used to represent diversity. The Pielou Evenness Index was used to represent uniformity, while the Good Coverage Index was used to represent coverage. The algorithm adopted in this experiment is that the higher the score, the higher the richness, diversity, consistency and coverage. The results showed that species richness, diversity, evenness and coverage increased linearly with the addition of CSPCM, and CSPCM improved the coverage even more than control group.

Analysis of intestinal flora composition results were consistent with alpha scores, and species taxa decreased after intraperitoneal injection of CTX and improved after CSPCM treatment. Species compositional analysis determines the difference between taxa and phylum and genus. After intraperitoneal injection of CTX, the abundance of Lactobacillus, as a beneficial bacterium, increased, and the number of Lactobacillus decreased after CSPCM treatment. However, study showing that having a higher proportion of Lactobacillus alone does not guarantee greater physical health, but having a stable intestinal flora seems to be important for health (Cheng et al., 2019). When there is too much Lactobacillus, it will also become pathogenic bacteria. Lactobacillus decomposes sugars to produce acids and inhibits the growth of other bacteria, which may account for the decrease of group B species and proteobacteria. Excess Lactobacillus may disturb the balance of bacteria in the intestine, leading to poor digestion, electrolyte balance and even an increased risk of diarrhea. Studies have shown that short-chain fatty acids can contribute to Treg cell production, resulting in an imbalance in the Th17/Treg cell ratio (Cheng et al., 2019). However, the application of CSPCM can adjust the abundance of lactic acid bacteria to the normal level, reshape the balance of Th17/ Treg cell ratio, and achieve the effect of improving immunosuppression. The intestine is a complex ecosystem composed of intestinal epithelium, immune cells, mucous layer and microbial communities (Jiao et al., 2020). Recent studies have identified gut flora as an important factor in boosting the immune system (Kishida et al., 2018). The Candiatus-Arthromitus is a kind of segmented filamentous bacteria are tightly anchored to epithelial cells of the ileal mucosa and possess the unique ability to specifically modulate the host immune response. Segmented filamentous bacteria activate various immune functions, leading to innate immune responses (Keilbaugh and Banchereau, 2005; Gaboriau-Routhiau et al., 2009), increasing and activating cytotoxicintraepithelial lymphocyte populations (Umesaki et al., 2013), and coordinating T-cell responses, including the specific induction of Th17 cells (Thompson et al., 2013). Improvement of the immune function of mesenteric lymph nodes in groups D and E can be achieved by increasing the abundance of Candiatus-Arthromitus in the gut.



5. Conclusion

CSPCM has a good therapeutic effect on CTX-induced immunosuppression in mice, which is reflected in many aspects: the index of immune organs, the number of T lymphocytes and Th17 cells increased, the number of Treg cells decreased and the structure of intestinal flora was reconstructed. CSPCM has great research and development potential as a treatment for CTX-related immunosuppression.
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Introduction: This study aimed to investigate the effects of Baohe pill decoction (BPD) on microbial, lactase activity, and lactase-producing bacteria in the intestinal mucosa of mice with diarrhea induced by high-fat and high-protein diet (HFHPD).

Methods: Thirty male Kunming (KM) mice were randomly divided into normal (NM), model (MD), and BPD groups. Diarrhea models were manufactured using HFHPD combined with a gavage of vegetable oil. At the end of modeling, the BPD group was given BPD (6.63 g·kg−1d−1) intervention twice daily for 3 d. The NM and MD groups were given equal amounts of sterile water. Subsequently, the intestinal mucosa of the mice was collected, one portion was used for microbial and lactase activity measurement, and the other portion was used for its lactase-producing bacterial characteristics by high-throughput sequencing technology.

Results: Our results showed that microbial and lactase activity of intestinal mucosa decreased significantly following diarrhea in mice (Pmicrobial < 0.05, Plactase < 0.001). After BPD intervention, microbial and lactase activity increased significantly (P < 0.01). The number of operational taxonomic units (OTUs), richness, and diversity index of lactase-producing bacteria increased in the BPD group compared to the MD group (P > 0.05), and the community structure were significant differences (P < 0.01). Compared to other groups, Saccharopolyspora, Rhizobium, Cedecea, and Escherichia were enriched in the BPD group. Notably, the relative abundance of the dominant lactase-producing genus Bifidobacterium decreased after BPD intervention.

Discussion: The mechanism of BPD in relieving diarrhea induced by HFHPD is closely related to the promotion of lactase activity in the intestinal mucosa, which may be achieved by regulating the structure of lactase-producing bacteria.
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1. Introduction

The intestinal mucosa is the first point of contact between the ingested diet and the intestine and also serves as an immune barrier separating the host’s internal and external environments. It aids in food digestion, nutrient absorption, and immune sensing, but also restricts the entry and exit of harmful antigens and microorganisms (Vancamelbeke and Vermeire, 2017). Meanwhile, commensal microbiota inhabiting the mucus layer also promotes immune cell development, enhances intestinal epithelial cell (IEC) tight junctions, which shape the intestinal immune system together with the intestinal mucosa, and participate in the host immune response (Zmora et al., 2019; Gasaly et al., 2021). Diet is the primary factor shaping the structure and function of the intestinal microbial community (Shalapour and Karin, 2020). By interacting directly or indirectly with the intestinal microbiota to produce new bioinformatic factors, different dietary patterns can cause different degrees of beneficial or detrimental effects on the host’s physiological and pathological conditions. Among others, a high-fat or high-protein diet can increase the permeability of the intestinal mucosa, leading to impaired intestinal mucosal barrier function (Mittendorfer et al., 2020; Ren et al., 2022). In previous mouse experiments (Shao et al., 2022; Zhu et al., 2022), we found that HFHPD causes a significant decrease in the activity of several intestinal enzymes, including lactase, as well as structural changes in lactase-producing bacteria in the intestinal mucosa and a decrease in the abundance of beneficial bacteria, which, in turn, leads to diarrhea.

Lactase is also called β-galactosidase. The villi of intestinal mucosal epithelial cells and some lactase-producing microorganisms are the endogenous sources of lactase in the body (Facioni et al., 2020). If its activity is reduced or absent, excess lactose will be fermented by intestinal microorganisms, causing adverse reactions such as diarrhea and flatulence, which is clinically called lactose intolerance (Facioni et al., 2020). Lactase is encoded by functional genes, and its activity is genetically controlled, which means that the stability of the intestinal microbiota and mucosal barrier has an important influence on lactase activity. In addition, the self-regulatory ability of the intestinal mucosa can also promote the homeostatic balance of the intestinal microbiota, which, in turn, provides a stable expression environment for microbial enzyme proteins. In fact, it has also been proved that almost all conditions that may lead to intestinal injury, including antibiotic-induced diarrhea (AAD), acute gastroenteritis, and Giardia growth, will affect lactase activity, thus inducing lactose malabsorption (Wanes et al., 2019). Fortunately, lactase or lactase-producing bacteria supplementation can effectively alleviate diarrhea caused by low lactase activity (Ibrahim et al., 2021). Moreover, a variety of Traditional Chinese medicine (TCM) compounds have been found to treat diarrhea by affecting the activity of intestinal lactase, such as Qiwei Bai Zhu San (Hui et al., 2018), Tongxie Yaofang (Wu et al., 2020), and compound Radix pulsatillae (Zhang et al., 2010). The preliminary studies showed that it was closely related to the regulation of lactase-producing bacteria. For example, AAD changed or damaged the community structure, diversity, and relative abundance of lactase-producing bacteria in the intestinal tract of mice to different degrees, and Qiwei Baizhu Powder could alleviate AAD by promoting the growth of key lactase-producing bacteria (Long et al., 2017a, 2018a,b; He et al., 2018).

Baohe pill is a TCM compound applied to food accumulation syndrome caused by improper or excessive diet, which is composed of seven herbs, such as Crataegus pinnatifida Bge., Pineilia ternata (Thunb.) Breit., and Poria cocos (Schw.) Wolf (He et al., 2020). The main effective components include hesperidin, forsythin, oleanolic acid, and ursolic acid (He et al., 2020). Previous studies have shown that BPD plays a good role in the repair of intestinal mucosal injury, the recovery of intestinal microorganisms and the regulation of intestinal enzymes (including lactase; You et al., 2021; Guo et al., 2022; Huang et al., 2022). For example, BPD can treat diarrhea caused by HFHPD by increasing the abundance of the lactase-producing bacterium Lactobacillus spp., while reducing the abundance of the opportunistic pathogen Ralstonia (Huang et al., 2022). However, there are few studies on the efficacy of disease-related functional enzyme genes in TCM compound prescriptions. In addition, due to regional microecological differences, compared with the content microbiota, the intestinal mucosal microbiota was more stable, not easily affected by external factors such as food, and was more closely related to the intestinal mucosa. Hence, the results of its flora changes were more representative (Zhou et al., 2022a). In early studies (Zhou et al., 2022b), we studied the relationship between BPD and lactase-producing bacteria in the intestinal content, but a potential association with lactase-producing bacteria in the intestinal mucosa has yet to be identified. In this study, we explored the effect of BPD on the lactase-producing bacteria in the intestinal mucosa of mice with diarrhea induced by HFHPD, and detected the lactase and microbial activity in the intestinal mucosa, aiming to reveal the curative mechanism of BPD in the treatment of diarrhea caused by unhealthy diet pattern from the level of disease-related microbial enzyme gene, which will provide new ideas for the research on the curative mechanism of BPD and new targets of drugs.



2. Materials and methods


2.1. Animals and diet

Thirty 3-week-old KM mice weighing 20 ± 2 g were purchased from Hunan Slaccas Jingda Laboratory Animal Company. To exclude sex differences, all the above mice were male (Wu et al., 2022). The mice were raised throughout in the barrier facility (relative humanity: 50%–70%, temperature: 23°C–25°C) at the laboratory animal center of the Hunan University of Chinese Medicine [SYXK (Hunan) 2019-0009]. The general feed was provided by the laboratory animal center of the Hunan University of Chinese Medicine (20% protein, 4% fat). The high-fat and high-protein feed was prepared by oneself, which was prepared by mixing milk (Nestle, 30% protein, 20% fat), soybean powder (Huiyi, 33% protein, 18% fat), flour (Huiyi, 13% protein, 2% fat), and minced meat (Anhui Lizheng, 30% protein, 25% fat) in a ratio of 1:2:2:1. Vegetable oil (Golden Dragonfish, 59% soybean oil, 21% rapeseed oil, 10% sunflower seed, 3% peanut oil, 3% rice oil, 3% corn oil, 0.6% sesame oil, and 0.4% linseed oil). All experiments and procedures involving animals were performed according to the protocols approved by the Institutional Animal Care and Use Committee of the Hunan University of Chinese Medicine.



2.2. Medicine

Composition of Baohe pill: Crataegus pinnatifida Bge. (18 g, Hebei), medicated leaven (6 g, Sichuan), Pineilia ternata (Thunb.) Breit. (9 g, Sichuan), Poria cocos (Schw.) Wolf (9 g, Hunan), Citrus reticulata Blanco (3 g, Zhejiang), Raphanus sativus L. (3 g, Anhui), and Forsythia suspensa (Thunb.) Vahl (3 g, Shanxi). After the seven materials were weighed according to the proportion of the whole prescription, 300 mL of water was added, and the mixture was boiled for 30 min, followed by filtration, to collect the first filtrate. After 200 mL of water was added to the filter residue, the mixture was boiled for 30 min, filtered, and the filtrates were combined and concentrated into the BPD with a crude drug concentration of 0.28 g/mL, which was stored in a −4°C refrigerator for subsequent use (Guo et al., 2022).



2.3. Reagents

Acetone, Hunan Huihong Reagent Co., Ltd.; Fluorescein diacetate (FDA) and Ortho-nitrophenyl beta-D-galactopyranoside (ONPG) were purchased from Shanghai Yuanye Biotechnology Co., Ltd. Proteinase K, TE buffer, lysozyme, chloroform:isoamyl alcohol (24:1), Tris-saturated phenol:chloroform:isoamyl alcohol (25:24:1), and acetone were purchased from Beijing Dingguo Biotechnology Co., Ltd. 0.1 mol/L PBS buffer, 10% SDS, 5 mol/L NaCl, CTAB/NaCl, 3 mol/L sodium acetate, and 70% anhydrous ethanol, etc. were configured by the laboratory. FDA stock solution configuration: add 2 mg of FDA to 1 mL of acetone solution, mix well to obtain 2 mg/mL of FDA stock solution, and store in the dark at −20°C. FDA reaction solution configuration: the FDA stock solution was added to PBS buffer (pH = 7.6) for a final FDA concentration of 10 μg/mL (Li et al., 2023).



2.4. Grouping, modeling, and administration of experimental animals

The 30 mice were randomly divided into the normal group (NM), model (MD), and BPD group, with 10 mice in each group and 5 mice in one cage, with the numbers of NM1-10, MD1-10, and BPD1-10, respectively. As shown in Figure 1, after adaptive feeding for 2 days, both MD and BPD groups were given an HFHPD, and on day 4, vegetable oil was gavage at 0.4 mL twice/d for 3 days. NM group was given a general diet and gavage with equal sterile water in place of vegetable oil. After 6 days of HFHPD intervention, and the BPD group was treated with BPD according to the conversion of mouse body surface area, i.e., 6.63 g·kg−1d−1 for 3 days. NM and MD were gavage with equal amounts of sterile water (Shao et al., 2022).

[image: Figure 1]

FIGURE 1
 Animal experimental design.




2.5. Sampling

After rapid euthanasia by cervical dislocation in three groups of mice, the intestinal mucosa was removed from the jejunum to ileum section of the mice, dissected and rinsed in physiological saline, placed on sterile filter paper to absorb the water, scraped on weighing paper, and stored frozen at −80°C (Zhang et al., 2020). Five mouse intestinal mucosa samples were randomly selected from each group and mixed for microbial and lactase activity assay. The remaining five were used for the sequencing of lactase-producing bacteria.



2.6. Microbial and lactase activity measurement

The intestinal mucosa was weighed, placed in sterile centrifuge tubes with glass beads, added with the appropriate amount of saline, shaken in a shaker for 30 min (120 r/min), centrifuged for 10 min (3,000 r/min), and the supernatant was used for microbial activity and lactase activity assay. The supernatant was used for the determination of microbial activity and lactase activity. The microbial activity was measured by the FDA method. Three sterile tubes were used for three parallel replicates, and 2 mL of FDA reaction solution and 50 μL of the sample supernatant were added, mixed evenly, and shaken at 24°C. Shake for 90 min, add 2 mL of acetone, shake well, and measure the absorbance of the sample at OD490. Another sterile tube was taken as a blank control, 2 mL of the reaction solution and 2 mL of acetone were added, then 50 μL of the sample supernatant was added, and the absorbance was measured under the same conditions after a shake for 90 min. The lactase activity was measured by the ONPG method. The amount of enzyme generated by hydrolysis ONPG at 37°C per minute from 1 g of intestinal mucosa to 1 mmol of o-nitrophenol was used as one unit of enzyme activity.



2.7. DNA extraction and PCR amplification

Total bacterial DNA was obtained by acetone washing, proteinase K denaturation, SDS lysis, and phenol/chloroform extraction, referring to the literature (Shao et al., 2020) for the specific steps. Subsequently, amplification was performed using the lactonase-producing bacterial primers we reported previously (Long et al., 2017b), i.e., forward primer: 5′-TRRGCAACGAATACGGSTG-3′ and reverse primer: 5′-ACCATGAARTTCSGTGGTSARCGG-3′. The PCR amplification system is shown in Table 1. PCR amplification conditions: initial denaturation at 98°C for 30 s and then entering the amplification cycle. Denaturation at 98°C for 15 s, annealing at 46°C for 30 s, and extension at 72°C for 30 s. After 32 cycles, it extended for 5 min at 72°C and stored at 4°C. The sequencing was performed by Shanghai Paisennuo Biological Technology Co., Ltd.



TABLE 1 PCR amplification system.
[image: Table1]



2.8. Bioinformatic analysis

Vsearch (v 2.13.4) and cutadapt (v 2.3) software were used to splice, de-duplicate, filter the resulting sequences, and divide the OTUs with a 97% similarity threshold (Blaxter et al., 2005). The delineated OTU representative sequences were compared with the NCBI database on Qiime2 (v 2019.4) software to obtain OTU species annotation information. Diversity indices such as Chao1, Observed species, Shannon, Simpson, Pielous evenness, and Goods coverage indices were calculated using Qiime2 and visualized using R (v 4.2.2). Goods coverage indices were used to assess the proportion of species obtained from sequencing to the total number of species in the sample, Chao1, Observed species indices to assess community richness, and Shannon, Simpson, and Pielous evenness indices to assess community evenness. Principal coordinate analysis (PCoA) was used to assess community structure, and we used Adonis test to express the difference between communities, with p < 0.05 considered as the significant difference (Caporaso et al., 2010).



2.9. Statistical analysis

Experimental results data were expressed as mean ± standard deviation (x ± s). Data were analyzed with IBM SPSS (v 25.0) software, and when the data conformed to the normal distribution and variance uniformity, one-way ANOVA test was used to compare the differences among multiple groups. The LSD method was used for pairwise comparison between groups. When the data did not conform to the normal distribution or variance was inconsistent, the Kruskal–Wallis test in non-parametric test and Bonferroni correction were used. p < 0.05 was considered a significant difference.




3. Results


3.1. General behavioral observations in mice

The mice in the NM group were in good mental condition and had normal feces. Mice in the MD and BPD groups had decreased glossy fur, depressed mental condition, showed diarrhea symptoms, unshaped soft sludge-like feces, filthy perianal area and visible fecal adhesion. After the intervention of BPD, the mice had restored shiny fur, increased voluntary activity, and their feces changed from soft and rotten to normal. The naturally recovered mice in the MD group also converged to the state of the mice in the NM group, but individual mice were still in poor mental and had unformed stools.



3.2. Effect of BPD on microbial and lactase activity in the intestinal mucosa of mice with diarrhea induced by HFHPD

FDA can be hydrolyzed by non-specific enzymes expressed by bacteria and fungi, while its degree of hydrolysis is proportional to microbial activity, so the total microbial activity of the intestinal mucosa can be assessed by detecting the degree of hydrolysis of FDA (Swisher and Carroll, 1980). From Figures 2A,B, the microbial activity was consistent with the change in lactase activity. Microbial and lactase activity was significantly lower in the MD group compared to the NM group (Pmicrobiota < 0.05, Plactase < 0.001). The microbial activity and lactase activity in the BPD group were significantly increased after the intervention of BPD (Pmicrobiota < 0.01, Plactase < 0.01). Meanwhile, microbial and lactase activity was significantly higher in the BPD group than in the NM group (Pmicrobiota < 0.001, Plactase < 0.05). This indicates that HFHPD modeling reduced the microbial and lactase activity of mouse intestinal mucosa, while BPD had a significant restoring and promoting effect on their microbial and lactase activity.

[image: Figure 2]

FIGURE 2
 Microbial and lactase activities of intestinal mucosa in mice. (A) microbial activity; (B) lactase activity. NM, normal group; MD, model group; BPD, Baohe pill decoction group. *p < 0.05, **p < 0.01, ***p < 0.001.




3.3. Sequencing quality and number of OTUs for each group

After sequencing was completed, 2,078,695 raw sequences were obtained (Figure 3A), and 1,632,715 high-quality sequences were obtained after screening for subsequent analysis. The rarefaction curve of Shannon shows that with increasing sequencing depth, the curve growth saturates when the sequencing depth reaches 15,000 (Figure 3B). Similarly, the number of observed species flattened out with increasing sample size, indicating that the sequencing depth and sample size in this study were the sufficient and further increase in sequencing depth had little gain for the next analysis (Figure 3C). In addition, there was some variability in the number of OTUs obtained for different taxonomic classes (Figure 3D). In Figure 3E, the number of OTUs delineated for each of the NM, MD, and BPD groups was 166, 261, and 287, respectively, and the common number of OTUs for the three groups was 102. We plotted the abundance rank curve using the log2 of OTU abundance as the vertical coordinate and the OTU abundance sorted from largest to smallest as the horizontal coordinate, and the length of the curve at the horizontal coordinate reflected the number of OTUs for that sample at that abundance. In the Figure 3F, the BPD group fold line spans the largest horizontal axis, and combined with the size of the number of OTUs possessed by each group, it tentatively indicates that both HFHPD and BPD interventions increased the richness of lactase-producing bacterial.

[image: Figure 3]

FIGURE 3
 Intestinal mucosa sequencing quality assessment and number of OTUs. (A) Number of sequences. (B) Dilution curve of Shannon. (C) Species accumulation curve. (D) Number of OTUs at each taxonomic level. (E) Venn diagram. (F) Rank abundance distribution curve. The steeper the fold line in the horizontal axis, the lower the evenness of the community. NM, normal group; MD, model group; BPD, Baohe pill decoction group.




3.4. Effect of BPD on alpha diversity of lactase-producing bacteria in the intestinal mucosa of mice with diarrhea induced by HFHPD

In Figure 4, the Goods coverage index was close to 1 in all groups, indicating that the number of detected species had adequately covered the current sample. Compared with the NM group, the MD group mice had higher Chao1 (p < 0.01), Observed species (p < 0.05), Simpson (p > 0.05), Shannon (p > 0.05) indices, and lower Pielou evenness index (p > 0.05). After the intervention of Bohol Pill soup, the Observed species, Simpson, Shannon, and Pielou evenness indices of mice in the BPD group showed an increasing trend, but none of them was significant (p > 0.05). This indicates that the richness of lactase-producing bacteria in the intestinal mucosa of mice significantly increased after HFHPD modeling, while BPD had a slight promotion effect on the richness and diversity of lactase-producing bacteria in the intestinal mucosa of mice with diarrhea induced by HFHPD.

[image: Figure 4]

FIGURE 4
 Alpha diversity of lactase-producing bacteria of intestinal mucosa in mice. (A) Goods coverage. (B) Observed species. (C) Chao1. (D) Simpson. (E) Shannon. (F) Pielou evenness. NM, normal group; MD, model group; BPD, Baohe pill decoction group. *p < 0.05, **p < 0.01.




3.5. Effect of BPD on beta diversity of lactase-producing bacteria in the intestinal mucosa of mice with diarrhea induced by HFHPD

With PCoA, we can naturally decompose and rank the community data, which, in turn, allows us to assess the differences in the distribution of community structure. In PCoA, the closer the samples are, the more similar their sample structures are indicated. As shown in Figure 5, the contributions of PCoA1 and PCoA2 were 22.45% and 14.64%, respectively. Except for NM1, which was separated farther, both NM and BPD groups could be well clustered together individually. Meanwhile, NM, MD and BPD groups were all significantly separated, and the difference was found to be highly significant by Adonis test (p < 0.01). The above results suggest that both HFHPD modeling and BPD interventions changed the community structure of lactase-producing bacteria in the intestinal mucosa.

[image: Figure 5]

FIGURE 5
 PCoA analysis. The larger the distance between the points in the graph, the larger the difference in species composition. NM, normal group; MD, model group; BPD, Baohe pill decoction group.




3.6. Effect of BPD on the taxonomic composition of lactase-producing bacteria in the intestinal mucosa of mice with diarrhea induced by HFHPD

The compositions of the three groups of lactase-producing bacteria are shown in Table 2. At the same time, we draw a percentage-filled column chart based on the relative abundance of each phylum or genus in the three groups (Figure 6). The lactase-producing bacteria in the intestinal mucosa of mice are mainly derived from Actinobacteria and Proteobacteria. At the genus level, 2, 4, and 8 lactase-producing bacterial genera were annotated in the NM, MD, and BPD groups, respectively, consistent with the highest richness in mice in the BPD group in Alpha diversity. Among them, Bifidobacterium was the most abundant genus, and the abundance ranking among the groups was NM > MD > BPD. In Figure 6, compared with the NM group, the MD group added new sources of lactase-producing bacteria from Amycolatopsis, Burkholderia, and Serratia. After intervention with BPD, the abundance of Bifidobacterium, Amycolatopsis, Burkholderia, and Serratia decreased, while the abundance of Saccharopolyspora, Rhizobium, Cedecea, and Escherichia increased in the BPD group.



TABLE 2 Taxonomic composition at phylum and genus levels.
[image: Table2]
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FIGURE 6
 Percentage-filled column plot of relative abundance of lactase-producing bacteria in different groups. NM, normal group; MD, model group; BPD, Baohe pill decoction group.




3.7. Correlation analysis of microbial and lactase activity with lactase-producing bacteria in the intestinal mucosa

We analyzed the relationship between microbial and lactase activity with lactase-producing bacteria in the intestinal mucosa by redundancy analysis (RDA). As can be seen from Figure 7, it can be seen that microbial and lactase activity was positively correlated with some bacteria, including Bifidobacterium, Saccharopolyspora, Escherichia, Rhizobium, and Cedecea. Microbial and lactase activity was negatively correlated with Burkholderia and Serratia.

[image: Figure 7]

FIGURE 7
 RDA analysis. The length of the arrow indicates the importance of this factor, and the angle between the arrows indicates the correlation between them. The acute angle between the arrows indicates a positive correlation, and the obtuse angle indicates a negative correlation. NM, normal group; MD, model group; BPD, Baohe pill decoction group.





4. Discussion

The intestinal microbiota is not only a deep participant in the digestive cycle and immune regulation, but also acts as a bridge between the human intestine and various physiological activities (Lin et al., 2023). The intestinal microbiota composition is profoundly influenced by dietary patterns, of which HFHPD may not be a diet model worth promoting (Farré et al., 2020). On the one hand, a high-fat diet reduces the expression of intestinal tight junction proteins, induces IEC oxidative stress and apoptosis, and decreases barrier-forming cytokines. This increases intestinal mucosal permeability, leading to intestinal barrier damage and endotoxemia expansion in the intestinal lumen (Rohr et al., 2020). On the other hand, moderate protein intake is highly beneficial, but excessive protein intake can be equally detrimental to health. For example, low protein levels and balanced amino acids can reduce nutritional diarrhea in piglets, but high-protein-induced amino acid imbalance can disrupt intestinal morphology and increase the risk of diarrhea (Han et al., 2016; Mittendorfer et al., 2020). Meanwhile, undigested proteins and amino acids can act as substrates for the growth of pathogenic bacteria, leading to increased diarrhea (Zhao et al., 2019).

The FDA method assesses microbial activity in a sample by detecting the activity of non-specific hydrolytic enzymes secreted by microorganisms, which naturally include lactase-producing microorganisms. Thus, the variation in microbial activity is somewhat representative of the activity of lactase-producing microorganisms. As part of the composition of the intestinal mucosal barrier, a decrease in the overall microbial activity inevitably affects the function of the intestinal mucosa. This is also evidenced by the trend in lactase activity in the intestinal mucosa that is consistent with microbial activity. In addition, the functional integrity of the intestinal mucosa is an important guarantee for the intestinal enzymes to play their role in the digestion and absorption of nutrients, and its impairment is detrimental to the expression of lactase activity in the organism (Wang et al., 2020). Compared with the NM group, intestinal mucosal microbial and lactase activity decreased significantly by HFHPD intervention and increased significantly by BPD intervention. Therefore, this means that the pathological mechanism of diarrhea due to HFHPD is associated with the downregulation effect of microbial and lactase activity of intestinal mucosa, while the therapeutic mechanism of BPD is closely related to the promotion of upregulation of intestinal microbial lactase activity.

The analysis of bacterial lactase genes allowed us to investigate further the effect of BPD on intestinal mucosal lactase-producing bacteria. Alpha diversity and OTU numbers showed that the diversity and abundance of intestinal mucosal lactase-producing bacteria increased after HFHPD intervention, which is consistent with our previous study on intestinal mucosal lactase-producing bacteria, but contrary to the change in diversity in intestinal contents. Due to the intestinal mucosal barrier and differences in the eco-regional environment, the intestinal mucosal microbiota may be more resistant and self-recover than the intestinal content microbiota (Zhou et al., 2022a). For example, Long et al. (2018b) reported a decrease in the abundance of lactase-producing bacteria in the intestinal contents of AAD mice, while the diversity and abundance of lactase-producing bacteria in the intestinal mucosa increased instead. Therefore, HFHPD intervention may have caused adaptive changes or translocation of lactase-producing bacteria in the intestinal mucosa. However, the change in the diversity of lactase-producing bacteria may not be the main mechanism of BPD in treating diarrhea induced by HFHPD. In our results, the richness and diversity of lactase-producing bacteria in the intestinal mucosa showed a small increase after the BPD intervention. Notably, the structure of lactase-producing bacteria was significantly altered. At the same time, the structure of intestinal mucosal lactase-producing bacteria in the BPD group was also significantly different from that of lactase-producing bacteria in the NM group of mice. This may be related to the rebound of intestinal mucosal lactase activity after BPD intervention. It is well known that lactase activity varies among bacterial sources. Compared to the MD group, Saccharopolyspora, Rhizobium, Cedecea, and Escherichia, all of which have increased abundance in the BPD group, have varying degrees of lactase production capacity. However, their contribution to host lactase activity is not outstanding (Harada et al., 1994; Leahy et al., 2001; Liu et al., 2020). Compared to these lactase-producing bacteria, Bifidobacterium is recognized as a safe and reliable source of microbial lactase. Some lactases can also bind galactose residues to lactose receptors to synthesize galactooligosaccharides2 that can have the ability to stimulate the growth of probiotic bacteria such as Bifidobacterium, thus creating a virtuous cycle (Füreder et al., 2020; Azcarate-Peril et al., 2021; Mulualem et al., 2021). This is also evidenced by the positive correlation of Bifidobacterium with microbial activity and lactase activity in correlation analyses, but Bifidobacterium has a more complex association with diarrhea. Natural plant products or compound preparations have attracted extensive attention at home and abroad due to their multi-channel, multi-level, and multi-target action pathways (Khan et al., 2020; Li C. R. et al., 2022; Li X. Y. et al., 2022). In a previous study, BPD promoted Bifidobacterium abundance in intestinal contents and feces (Guo et al., 2022). But Bifidobacterium abundance in the intestinal mucosa did not increase after BPD intervention. The complex cross-feeding network provides stability to the microbiota metabolism of substances in the gut. If a bacterium with a specific enzyme gene is inhibited, another bacterium with a homologous enzyme gene can perform a top-down (Aakko et al., 2020; Meijer et al., 2020). However, the deletion or mutation of one of the contributing bacteria can still profoundly alter the way the host interacts with the ingested substance (Wardman et al., 2022). Therefore, the modulatory effect of Bohol Pill tonics on lactase activity may be related to the adjustment of the overall structure of lactase-producing bacteria in the intestine.

Finally, this study has some limitations. The amplification primers may need further improvement to avoid some important intestinal lactase-producing bacteria not being detected, such as Lactobacillus spp., which is widely colonization in the intestine (Behera et al., 2018). In addition, the source of lactase is rich, and except for bacteria, some fungi are also lactase-producing. Further additional validation work on lactase-producing fungi in the intestine is necessary for the future.



5. Conclusion

HFHPD reduced intestinal mucosal microbial and lactase activity in mice, while BPD probably improved lactase activity by altering the structure of lactase-producing bacteria in the intestinal mucosal microbiota, alleviating diarrhea.
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Introduction: The Chang-Kang-Fang (CKF) formula, a traditional Chinese herbal formula, can decrease serotonin (5-HT) levels and treat irritable bowel syndrome (IBS). Probiotics have a better synergistic effect on diarrhea-predominant IBS (IBS-D) when combined with 5-HT3 receptor antagonists. The present study aimed to elucidate the efficacy and the mechanisms of action of the CKF formula combined with bifid triple viable capsules (PFK) against IBS-D.

Methods: The rat models of IBS-D were induced by gavage with senna decoction plus restraint stress. The CKF formula, PFK and their combination were administered to the rats. Their effects were evaluated based on general condition of the rats and the AWR score. The levels of 5-HT and fos protein in the colon and hippocampus were measured by immunohistochemistry. The levels of SP and VIP, as well as ZO-1 and occludin in the colon, were determined by enzyme-linked immunosorbent assay and immunohistochemistry. The intestinal microbiota in faeces was analyzed by 16S rRNA high-throughput sequencing.

Results: The results showed that the oral CKF formula combined with PFK (CKF + PFK) could significantly relieve the symptoms of IBS-D, including elevating the weight rate and decreasing the AWR score. Compared with the MC group, administration of CKF + PFK significantly reduced the expression of fos in the colon and hippocampus and that of 5-HT, SP and VIP in the colon and increased the levels of 5-HT in the hippocampus and ZO-1 and occludin in the colon. The above indexes exhibited statistical significance in the CKF + PFK group relative to those in the other groups. Moreover, treatment with CKF + PFK improved the diversity of intestinal microbiota and the abundance of Firmicutes, Lachnospiraceae and Ruminococcaceae but decreased those of Bacteroidetes and Prevotellaceae.

Conclusions: The CKF formula combined with PFK may have a synergistic effect on IBS-D by slowing gastrointestinal motility, lowering visceral hypersensitivity, enhancing the intestinal barrier function and modulating the composition of intestinal microbiota.

KEYWORDS
 diarrhea-predominant irritable bowel syndrome, Chang-Kang-Fang, bifid triple viable capsule, serotonin, intestinal microbiota


1. Introduction

Irritable bowel syndrome (IBS) is a chronic functional gastrointestinal tract disorder without organic abnormalities. Currently, the prevalence of IBS is approximately 1–16% in China and 10–18% in Western countries (Choung and Locke, 2011; Lu et al., 2014). According to the Rome IV criteria (Altomare et al., 2021), diarrhea-predominant irritable bowel syndrome (IBS-D) is one of the most common clinical subtypes accounting for 40% of all IBS cases (Liang S.-B. et al., 2019). IBS-D usually manifests as abdominal pain or diarrhea accompanied by alteration of bowel habits and mental dysfunction. Patients with IBS-D commonly have an adverse mental state that significantly influences their quality of life due to persistent and relapsing episodes. This can directly or indirectly lead to a high medical burden and increase the risk of comorbidities (e.g., psychological and psychiatric diseases) (Lacy et al., 2017, 2019; Cibert-Goton et al., 2021).

Patients with IBS-D usually present with multiple issues, such as gastrointestinal (GI) motility disorder, visceral hypersensitivity, intestinal immune activation, intestinal microbiota dysbiosis and intestinal barrier dysfunction (Ishaque et al., 2018). Clinical studies have implicated that patients with IBS-D have significantly high serotonin (5-HT) levels (Yu et al., 2016). 5-HT is an essential neurotransmitter and a paracrine signaling molecule that regulates GI function and is located predominantly in the enterochromaffin (EC) cells, where it accounts for 90% of the total body levels (Moore et al., 2013). 5-HT acts on nerve endings within the submucosa and mucosa via a range of receptors (including 5-HT3 receptors) to stimulate motility (Marciani et al., 2010). Studies have shown that abnormalities in the 5-HT signaling system can trigger GI motility disorders and visceral hypersensitivity and eventually result in the development of IBS-D (Zhu et al., 2017).

5-HT3 receptor antagonists have been exploited as conventional medications for IBS-D to target the main bowel symptoms (Roberts et al., 2020). However, their use is frequently symptom-based and is associated with severe adverse effects, such as recurrent abdominal pain and constipation (Sun et al., 2015). Research has demonstrated that patients with IBS-D receiving 5-HT3 receptor antagonists often achieve limited improvement and experience common side effects, such as constipation and nausea, as well as ischemic colitis (Zheng et al., 2017). Therefore, a majority of patients with IBS-D increasingly turn to alternative treatments (Koloski et al., 2003; van Tilburg et al., 2008). Recently, Chinese Herbal Medicines (CHMs) have been considered safe and curative for several diseases and have been extensively applied to treat diarrhea for thousands of years (Ko et al., 2011; Kwak et al., 2014; Compare et al., 2017; Bu et al., 2020). The Chang-Kang-Fang (CKF) formula, a traditional Chinese herbal formula, has been used clinically in China for the treatment of IBS (especially IBS-D). This formula consists of seven common crude herbs (Table 1). Previous clinical and preclinical trials revealed that the CKF formula reduced intestinal motility and visceral hypersensitivity by decreasing the 5-HT levels with few side-effects (Li and Shen, 2015; Jie et al., 2020).



TABLE 1 The ingredients of Chang-Kang-Fang formula.
[image: Table1]

However, in most cases, a single drug cannot completely cure IBS-D caused by multiple factors. Drug combinations can produce a synergistic effect, improve efficacy and reduce side effects. A study reported that probiotics could enhance the efficacy of ondansetron (a 5-HT3 receptor antagonist) in intestinal disease (Schnadower et al., 2015). Several clinical trials have shown that probiotics can be used for the prevention of IBS-D and demonstrate a better synergistic effect (Sánchez et al., 2017; Zhao, 2018; Jiang et al., 2020). Accordingly, whether probiotics can enhance the efficacy of CHMs in treating IBS-D is worthy of further investigation.

Bifid triple viable capsule (product name: Pei-Fei-Kang, PFK) is a probiotic mixture and has been shown to be effective in IBS-D. It comprises three bacterial species, including Bifidobacterium longus, Lactobacillus acidophilus and Enterococcus faecalis (Chen et al., 2019). The US-based International Scientific Association for Probiotics and Prebiotics (Pham et al., 2021) recommends the use of probiotics in IBS before the use of licensed drugs, considering its inexpensiveness (Liang D. et al., 2019), absence of side effects (Tarrerias et al., 2011), and safety (Preston et al., 2018).

Hence, we speculated that the combination of the CKF formula with PFK might exert complementary therapeutic effects to ameliorate the clinical symptoms of IBS-D. In the present study, we explored the therapeutic effects and the underlying mechanisms of action of the CKF formula in conjunction with PFK on IBS-D (Figure 1).

[image: Figure 1]

FIGURE 1
 The summary of the protective effect CKF combined with PFK on IBS-D.




2. Materials and methods


2.1. Materials

Rabbit anti-5-HT Polyclonal (abs120892), rabbit anti-Fos Polyclonal (abs131453), rabbit anti-ZO-1 Polyclonal (abs131224) and rabbit anti-occludin Polyclonal (abs136990) antibodies were obtained from Absin Bioscience Inc. (Shanghai China). ELISA kits for rat substance P (SP) and vasoactive intestinal peptide (VIP) were purchased from the Elabscience Biotechnology Co., Ltd. (Wuhan, China). Hematoxylin-eosin dyeing solution was acquired from Wuhan Boster Biological Engineering Co., Ltd. (Wuhan, China). All other chemicals were purchased from Xilong Chemical Co., Ltd., (Guangdong China). Bifid triple viable capsule (PFK) was purchased by Shanghai Xinyi Pharmaceutical Co., Ltd. Target-colon probiotics capsule is a colon positioning release capsule, with a national invention patent (CN00117989.6).



2.2. Animals

Male-specific pathogen-free (SPF) Wistar rats (6–8 weeks) were supplied by SPF (Beijing) Biotechnology Co., Ltd. (Beijing, China). Rats were housed at the SPF experimental animal center, Jiangsu Academy of Traditional Chinese Medicine at 23 ± 3°C and 55 ± 5% humidity under a circadian light–dark cycle (12 h each). The animals were nourished with water and standard mouse chow ad libitum. All animal treatments have been supervised and approved by the Animal Ethics Committee at Jiangsu Academy of Traditional Chinese Medicine (AEWC-20220611-212).



2.3. Preparation of CKF and Senna

The medications adopted the famous Traditional Chinese Medicine prescription “Chang-Kang-Fang (CKF),” which has obtained the national invention patent (ZL201110336380). CKF was prepared from following listed raw material (Table 1), purchased from the Pharmacy of Jiangsu Province Hospital on Integration of Chinese and Western Medicine and accredited by Professor Songlin Li following the standards of the Chinese Pharmacopoeia (2010 edition). The seven herb samples have been deposited at Department of Translational Medicine, Jiangsu Academy of Traditional Chinese Medicine with voucher numbers: No. 20190910 for Paeoniae Alba Radix, No. 20190911 for Saposhnikoviae Radix, No. 20190912 for Rehmanniae Radix, No. 20190913 for Cuscutae Semen, No. 20190914 for Coptidis Rhizoma, No. 20190915 for Fagopyri Dibotryis Rhizoma, No. 20190916 for Periostracum Cicadae. The methods for identifying and quantifying the chemical profiles of CKF have been reported in previous studies (Mao et al., 2017). The seven crude herbs were decocted in 10 and 8 vol of distilled water (1.5 h each time), respectively. Then, the twice decoctions were combined and concentrated to 0.5 g crude drug per mL and stored in the refrigerator at 4°C for further use. Senna (1310050432) was provided by Huqiao Pharmaceutical Co., LTD, (Bozhou, China). Senna was soaked in boiled water five times and left overnight. After filtering, the filtrate was concentrated to 0.3 g/mL crude drug for intragastric administration.



2.4. Experimental design

After 1 week of confirmation, rats were randomly divided into seven groups (n = 10 per group): (1) NC group; (2) MC group; (3) CKF group; (4) PFK group; (5) PFK-TM group; (6) CKF + PFK group; (7) CKF + PFK-TM group. The modeling methods of IBS-D made a little modifications refer to the reference (Al-Chaer et al., 2000). Specifically, all groups except the NC group was orally administrated with 0.3 g/mL senna and then restraint stress for 2 weeks, and the NC group was given sterile water. The methods of restraint stress were as follows: the limbs of rats were restrained by home-made container for a duration of 2 h for 2 weeks, starting 1 h after the gavage, to produce certain stimuli. After model establishment, the NC group and MC group were intragastrically administrated sterile water. The treatment groups were gavage with 4.96 g/kg CKF, 0.0875 g/kg PFK and PFK-TM or their combination for 2 weeks at 9:00 am. The dosage of rats was calculated according to “equivalent dose method of animal body surface area ratio conversion,” and one capsule was administered each time. During the experiment period, the mental status, activity, hair, vision, diet and defecation were recorded daily and the growth rate of the weight was calculated. Weight growth rate = (weight on the day − initial weight)/initial weight × 100%. The schematic diagram of the experimental process is displayed in Figure 2.
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FIGURE 2
 The schematic illustration of the experimental design. NC: Control group; MC: Model control group; CKF: Chang-Kang-Fang group; PFK: Bifico group; PFK-TM: Bifico target-colon capsule group; CKF+PFK: Chang-Kang-Fang combined with Bifico group; CKF+PFK-TM: Chang-Kang-Fang combined with Bifico target-colon capsule group.


At the terminal of the experiment, all rats were anesthetized with inhaling 2% isoflurane. Blood samples were taken from the abdominal aorta, centrifuged at 3000 rpm for 15 min after standing at room temperature for 3 h and the supernatant was collected as blood serum. Rats were euthanized by 5% isoflurane. The fresh colon and whole brain tissues were promptly excised and divided; one part was fixed in 4% paraformaldehyde for at least 24 h and then embedded in paraffin wax; another part was placed on the ice and then stored at −80°C for further analysis.



2.5. Assessment of the AWR score

The abdominal withdrawal reflex (AWR), is a reliable index for estimating changes in visceral hypersensitivity. Based on the procedure previously described (Choi et al., 2008), the rats was fasted for 12 h with unrestricted access to water, and then placed in a home-made container. Subsequently, an 8F-catheter was carefully inserted into the anus until a maker (1 cm distal from the end of the balloon) was positioned at the anus. After the rats was sedated, the balloon was slowly inflated to the pressure of 10, 20, 40, 60, and 80 mmHg lasting 20 s, respectively. Meanwhile, the reaction of rats under the different pressure was observed and scored. Each measurement was performed in triplicate. The AWR score criteria was shown in Table 2.



TABLE 2 AWR scoring criteria.
[image: Table2]



2.6. Immunohistochemical staining

After the rats were euthanized, the whole brain and an approximately 1 cm length of the proximal colon were removed, fixed in a formaldehyde solution, embedded in paraffin, sectioned and stained with IHC. After that, five fields of each sample were randomly selected, observed and captured under a microscope. The positive expression was brown-yellow staining particles; the negative expression was ‘no staining’. The mean optical density (MOD) of its positive expression for semiquantitative analysis was measured by using the Image-Pro Plus software and the average values were obtained for evaluating the levels of 5-HT and fos protein in the colon and hippocampus, as well as ZO-1 and occludin in the colon.



2.7. Enzyme-linked immunosorbent assay

The colon tissues were isolated, homogenized in cold PBS solution and then centrifugated at 12,000 × g for 10 min at 4°C. The supernatant was collected and the levels of SP and VIP in the colon tissues were detected using ELISA kits based on their protocols. A general protocol is as follows: (1) prepare reagents, samples, and standards; (2) add the prepared samples and standards & incubate at 37°C for 90 min; (3) wash 2×, add Biotinylated Antibody solution & incubate at 37°C for 60 min; (4) wash 3×, then add the Enzyme working solution & incubate at 37°C for 30 min; (5) wash 5×, then add the Color Reagent solution & incubate at 37°C; (6) add TMB termination solution; (7) use microplate reader to measure OD within 10 min; (8) calculate the content of samples being tested. The working range of the SP and VIP ELISA is 1,000 pg./mL-15.6 pg./mL and the minimum sensitivity value of them can reach 5 pg./mL.



2.8. High-throughput sequencing assay and 16S rRNA gene sequencing

Freshly rats faeces (0.5 g) were collected under sterile conditions, immediately transferred into sterile EP tube and stored at −80°C. The total genomic DNA of fecal sample was extracted DNA Extraction Kit following the manufacturer’s protocols. The DNA purity and concentration were measured by agarose gel electrophoresis. The V3–V4 region of the bacterial 16S-rDNA gene were amplified by PCR using primer pairs 343F (5′-TACGGRAGGCAGCAG-3′) and 798R (5′-AGGGTATCTAATCCT-3′). The PCR amplification of 16S rRNA gene was performed in triplicate. The PCR products were extracted from 2% agarose gel, purified with the AMPure XP beads again and quantify using Qubit dsDNA assay kit. Purified amplicons were sequenced on an Illumina MiSeq PE300 platform (Illumina, San Diego, United States). The raw reads were deposited into the NCBI Sequence Read Archive database (Accession Number: SRP421032). The raw sequencing reads were demultiplexed, quality-filtered by FASTQ version 0.20.0. Operational taxonomic units (OTUs) with ≥97% similarity were clustered and analyzed according to quantitative insights into microbial ecology (QIIME) package. Meanwhile, the chimeric sequences were detected and removed using UCHIME. The taxonomy of each OTU representative sequence was analyzed by RDP Classifier version 2.2 against the Silva (v123) database with a confidence threshold of 70%.



2.9. Statistical analysis

The experimental data were presented as means ± standard error of the mean (SEM). The data were analyzed using GraphPad Prism (version 8.0.2). Statistical analysis was conducted using one-way ANOVA. The t-test was used to compare the differences between each two groups. p-value < 0.05 was judged as statistically significant.




3. Results


3.1. Rat model of IBS-D

Considering the death of 3 rats during the pre-experiment stage, a total of 95 rats were used in our experiment, including 83 rats in the model group and 12 rats in the control group. During the experiments, three rats died in the model group. The death of one rat could have been due to improper posture and strength when restrained. The cause of death of the other two rats might have been unskilled gavage or the reduced diet. Eleven rats in the MC group were eliminated because there was no significant difference compared to the NC group, and the remaining 69 rats were included for the experiments. After modeling, two rats from the NC and MC groups were used to study the pathological characteristics of the colon. The success rate of establishing the IBS-D animal model in the NC and MC groups is presented in Table 3.



TABLE 3 Success rate of modeling.
[image: Table3]



3.2. Effect of the CKF formula combined with PFK on rats with IBS-D

The morphological characteristics of rats, defecation and the AWR score were observed to assess the effect of the CKF formula combined with PFK on rats with IBS-D (Figure 3). The rats in the control group were in a spirited mental state, had smooth and glossy hair, moderate body size and were agile in their activities. However, the rats in the model group demonstrated a poor mental state and wizened hair. Compared with the MC group, the above features showed obvious improvement in the five intervention groups. Moreover, the body weights of the rats in the treatment groups were significantly increased compared with the MC group; however, there was no statistically significant difference (Figure 3A). Based on the Bristol score scale (Table 4) (Lewis and Heaton, 1997), the rats in the NC group had normal feces, whereas the feces of rats in the MC group were sparse and unformed. After the intervention, the symptoms of diarrhea were gradually disappeared and the form of stool reversed to normal.

[image: Figure 3]

FIGURE 3
 Effects of the CKF formula combined with PFK on the body weight and AWR score in IBS-D rats. (A) The body weight. (B)–(F) The AWR score under 10, 20, 40, 60, and 80 pressure in seven groups, respectively. The data were represented as mean ± SEM. *p < 0.05, **p < 0.01 versus NC group; #p < 0.05, ##p < 0.01 versus MC group; ap < 0.05 versus CKF + PFK group. NC, control group; MC, model control group; CKF, Chang-Kang-Fang group; PFK, Bifico group; PFK-TM, Bifico target-colon capsule group; CKF-D + PFK, Chang-Kang-Fang combined with Bifico group; CKF-D + PFK-TM, Chang-Kang-Fang combined with Bifico target-colon capsule group; AWR, Abdominal withdrawal reflex.




TABLE 4 The Bristol stool scale.
[image: Table4]

Under a balloon pressure of 10, 20, 40, 60, and 80 mmHg, the AWR scores of rats in the MC group were markedly greater compared with that of rats in the NC group, indicating high visceral hypersensitivity among rats in the MC group (Figure 3). Compared to the MC group, there was no significant difference in the AWR score of rats in the treatment groups under a pressure of 10 mmHg; however, there were significant differences under pressures of 20, 40, and 60 mmHg. Unexpectedly, only the CKF + PFK and CKF + PFK-TM groups demonstrated a statistical discrepancy under a pressure of 80 mmHg. Most importantly, the combination of CKF + PFK exhibited a downtrend in the AWR score compared with the use of CKF formula or PFK-TM alone under a pressure of 60 mmHg (Figures 3B–F). These results suggested that the combination therapy of CKF + PFK significantly ameliorated the pathological symptoms induced by IBS-D.



3.3. Effects of the CKF formula combined with PFK on GI motility in rats with IBS-D

Neurotransmitters (5-HT, SP and VIP) are involved in the regulation of intestinal motility. To explore whether CKF + PFK affected GI motility in rats with IBS-D, we assessed the level of 5-HT in the colonic and hippocampal tissues as well as those of SP and VIP in the colon. The IHC results showed that 5-HT was mainly expressed in the intestinal epithelial cells and CA3 region of the hippocampus. Compared with the NC group, rats in the MC group showed strong positive staining for 5-HT in the colon and the CA3 region (Figures 4A,C) with an increasing and decreasing trend in the MOD value, respectively (Figures 4B,D). As shown in Figure 5, the ELISA revealed that the levels of SP and VIP were significantly increased among rats in the MC group compared with those in the NC group. However, these changes showed a significant reversal in all rats in the treatment groups compared with those in the MC group, especially in the combination group (p < 0.01), indicating that CKF + PFK is more effective than monotherapy in slowing GI motility. This finding is in accordance with that reported in the literature.

[image: Figure 4]

FIGURE 4
 Immumohistochemical analysis stain for assessing 5-HT-positive cells expression in IBS-D rats. (A) IHC of 5-HT in the colon (scar bar: 100 μm), (B) MOD of 5-HT in the colon, (C) IHC of 5-HT in the hippocampus (scar bar: 1000 μm), (D) MOD of 5-HT in the hippocampus. The data were represented as mean ± SEM. **p < 0.01 versus NC group; ##p < 0.01 versus MC group; bp < 0.01 versus CKF + PFK group. NC, control group; MC, model control group; CKF, Chang-Kang-Fang group; PFK, Bifico group; PFK-TM, Bifico target-colon capsule group; CKF-D + PFK, Chang-Kang-Fang combined with Bifico group; CKF-D + PFK-TM, Chang-Kang-Fang combined with Bifico target-colon capsule group; 5-HT, serotonin; MOD, mean optical density; CA3, cornu amonis 3; DG, dentate gyrus.


[image: Figure 5]

FIGURE 5
 Effects of CKF + PFK on the colonic neurotransmitter levels in IBS-D rats. (A) The level of SP in the colon, (B) The level of VIP in the colon. The data were represented as mean ± SEM. **p < 0.01 versus NC group; #p < 0.05, ##p < 0.01 versus MC group; ap < 0.05 versus CKF + PFK group. NC, control group; MC, model control group; CKF, Chang-Kang-Fang group; PFK, Bifico group; PFK-TM, Bifico target-colon capsule group; CKF-D + PFK, Chang-Kang-Fang combined with Bifico group; CKF-D + PFK-TM, Chang-Kang-Fang combined with Bifico target-colon capsule group; SP, substance P; VIP, vasoactive intestinal peptide.




3.4. Effects of the CKF formula combined with PFK on visceral hypersensitivity in rats with IBS-D

Fos was used to explore the origin of abnormal visceral sensitivity and neural pathways associated with GI nociceptive signal transmission. Gut sensitivity has been reported to reduce significantly along with a decrease in fos mRNA to different degrees after drug interventions. The results suggested that the fos protein is mainly distributed in the cytoplasm and nuclear of the colon and the CA1 region of the hippocampus. The MC group exhibited an obvious increase in fos protein expression relative to the NC group. However, the MOD of fos was progressively declined in all treatment groups. In addition, the combination of CKF + PFK demonstrated an inhibitory effect on the expression of fos protein than monotherapy (Figures 6A–D), which indicated that CKF + PFK more strongly inhibited visceral hypersensitivity.

[image: Figure 6]

FIGURE 6
 Immumohistochemical analysis stain for assessing fos-positive cells expression in IBS-D rats. (A) IHC of fos in the colon (scar bar: 100 μm). (B) MOD of fos in the colon. (C) IHC of fos in the hippocampus (scar bar: 1000 μm). (D) MOD of fos in the hippocampus. The data were represented as mean ± SEM. **p < 0.01 versus NC group; ##p < 0.01 versus MC group; ap < 0.05, bp < 0.01 versus CKF + PFK group. NC, control group; MC, model control group; CKF, Chang-Kang-Fang group; PFK, Bifico group; PFK-TM, Bifico target-colon capsule group; CKF-D + PFK, Chang-Kang-Fang combined with Bifico group; CKF-D + PFK-TM, Chang-Kang-Fang combined with Bifico target-colon capsule group; MOD, mean optical density; CA1, cornu amonis 1; DG, dentate gyrus.




3.5. Effects of the CKF formula combined with PFK on intestinal barrier function in rats with IBS-D

Under normal conditions, the intestinal tract has an intact barrier system comprising microbial, mechanical, chemical and immune barriers. Intestinal epithelial cells and tight junctions (TJs) are the most critical components of the mechanical barrier. TJs are a specific membrane region of the apical zone of polarized epithelial cells, collectively composed of multiple transmembrane proteins and membrane-associated proteins. ZO-1 and occludin are the important component proteins of TJs (Xie et al., 2019).

Compared with the NC group, the expressions of ZO-1 and occludin on the edge of the intestinal epithelium in the MC group were significantly decreased but markedly increased in all treatment groups (Figures 7A,B). Particularly, this effect was more evident in the CKF + PFK group than in the single drug groups, which partly repaired the TJ and protected the intestinal mechanical barrier.

[image: Figure 7]

FIGURE 7
 Immumohistochemical analysis stain for assessing ZO-1 and occludin-positive cells expression in IBS-D rats. (A) IHC of ZO-1 in the colon (scar bar: 100 μm). (B) MOD of ZO-1 in the colon. (C) IHC of occludin in the colon (scar bar: 100 μm). (D) MOD of occludin in the colon. The data were represented as mean ± SEM. **p < 0.01 versus NC group; ##p < 0.01 versus MC group; ap < 0.05, bp < 0.01 versus CKF + PFK group. All diagrams were captured at 200× magnification. NC, control group; MC, model control group; CKF, Chang-Kang-Fang group; PFK, Bifico group; PFK-TM, Bifico target-colon capsule group; CKF-D + PFK, Chang-Kang-Fang combined with Bifico group; CKF-D + PFK-TM, Chang-Kang-Fang combined with Bifico target-colon capsule group; MOD, mean optical density.




3.6. Effects of the CKF formula combined with PFK on the composition of intestinal flora in rats with IBS-D


3.6.1. The effect of bacterial diversity

In our study, high-throughput sequencing of 16S rRNA was performed to evaluate the changes in intestinal microbiota after treatment with CKF + PFK. Venn diagram analysis revealed 480 common OTUs in all seven groups. A total of 940, 996, 1,106, 954, 1,016, 730, and 989 OTUs were present in the NC, MC, CKF, PFK, PFK-TM, CKF + PFK and CKF + PFK-TM groups, respectively (Figure 8A). The OTUs increased among rats in the MC group compared with those in the NC group, but decreased after treatment with CKF + PFK. The diversity of the intestinal flora was evaluated by α-diversity analysis using the Shannon index, which was increased in the MC group (vs NC group), as shown in Figure 8B, and decreased in the treatment groups (vs MC group). PCoA was performed to further study the composition of the intestinal flora in each group. The closer the points on the PCoA distribution figure, the greater the similarity of the composition of gut microbiota. The results (Figure 8C) showed that the gut microbial composition in the NC group was statistically different from that in the MC group, indicating that CKF + PFK could alter the gut microbiota induced by IBS-D.
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FIGURE 8
 Changes in the alpha diversity and beta diversity of the gut microbiota in IBS-D rats. (A) Venn diagram. (B) Shannon (alpha diversity index). (C) Principal coordinate analysis (PCoA) analysis of the gut microbiota at OTU level (beta diversity index). The data were represented as mean ± SEM. NC, control group; MC, model control group; CKF, Chang-Kang-Fang group; PFK, Bifico group; PFK-TM, Bifico target-colon capsule group; CKF-D + PFK, Chang-Kang-Fang combined with Bifico group; CKF-D + PFK-TM, Chang-Kang-Fang combined with Bifico target-colon capsule group.




3.6.2. The changes in gut microbiota

At the phylum level, 90% of the intestinal microbiota was composed of Firmicutes, Bacteroidetes, and Proteobacteria in all groups. A decrease in the abundance of Firmicutes and an increase in Bacteroidetes were observed in the MC group, which were significantly reversed by the CKF formula, PFK or their combination treatment (Figures 9A,B). At the family level, an increased abundance of Lachnospiraceae and Ruminococcaceae was observed in all treatment groups; however, the populations of Prevotellaceae decreased in rats with IBS-D (Figures 9C,D). The linear discriminant analysis effect size (LEfSe) method was used to identify the dominant bacterial taxa among the seven groups from the phylum to genus levels (LDA score ≥ 4). As illustrated in Figures 9E,F, the dominant types were o_Bacteroidales, p_Bacteroidota, c_Bacteroidia and g_Prevotellaceae_UCG-003 in the NC group, and g_Prevotella and g_Roseburia in the MC group. However, there was an obvious discrepancy in the CKF formula, PFK and the combination treatment groups. In the CKF formula group, g_Lactobacillus, f_Lactobacillaceae and o_Lactobacillales played major roles. A rich abundance of c_Clostridia, f_Lachnospiraceae and o_Lachnospirales was observed in the PFK group. The PFK-TM group demonstrated enrichment of f_Ruminococcaceae and p_Desulfobacterota. A dramatic enrichment in c_Bacilli, g_Blautia, o_Erysipelotrichales and p_Firmicutes, as well as o_Oscillospirales and f_Lachnospiraceae was observed in the CKF + PFK and CKF + PFK-TM groups, respectively.
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FIGURE 9
 The structure of the gut microbiota and identification of specific characteristic taxa among seven groups. (A) Relative abundance of distinguishable phyla. (B) Relative abundance of Firmicutes and Bacteroidetes in seven groups. (C) Relative abundance of distinguishable family. (D) Relative abundance of Lachnospiraceae, Ruminococcaceae and Prevotellaceae in seven groups. (E) LEfSe tree diagram of seven groups on the genus level. (F) Differently abundance of intestinal bacteria taxa was obtained by linear discriminant analysis (LDA) score. The data were represented as mean ± SEM. #p < 0.05, ##p < 0.01, ###p < 0.01 vs. NC group, *p < 0.05, **p < 0.01, ***p < 0.001 vs. MC group. NC, control group; MC, model control group; CKF, Chang-Kang-Fang group; PFK, Bifico group; PFK-TM, Bifico target-colon capsule group; CKF-D + PFK, Chang-Kang-Fang combined with Bifico group; CKF-D + PFK-TM, Chang-Kang-Fang combined with Bifico target-colon capsule group.






4. Discussion

The present study demonstrated that the combination of the CKF formula and PFK had superior efficacy than monotherapy in ameliorating the symptoms of diarrhea and abdominal pain in IBS-D. The potential mechanisms were associated with retarding intestinal motility, reducing visceral hypersensitivity, enhancing intestinal barrier function and shaping the composition of the GI microbiota. Previous study has showed that the components detected by CFK contained alkaloids, flavonoids, polysaccharides and etc. (Mao et al., 2017). Studies have reported that alkaloids and flavonoids could regulate the composition of intestinal microbiota (Zhang et al., 2012; Espley et al., 2014). Polysaccharides, as a prebiotic, generally have beneficial effects on the gut microbiota. Therefore, we speculate that the alkaloids, flavonoids, and polysaccharides from CKF could have synergistic effects with PFK.

It is widely recognized that the pathogenesis of IBS is complicated, and monotherapy for IBS-D has limited clinical application due to unsatisfactory efficacy. Therefore, combination therapies are often applied clinically to achieve better synergistic efficacy. Ko et al. (2011) reported that Huoxiang-zhengqi-san combined with Duolac 7S had superior synergistic curative efficacy than monotherapy in IBS-D. At present, co-treatment with CHMs and probiotics has been reported to distinctly improve various symptoms in patients with IBS-D with decreased adverse reactions (Chapman et al., 2011; Tang et al., 2018; Zhou et al., 2019; Zheng et al., 2021). Our study revealed that the effectiveness of combination therapy was better than monotherapy in ameliorating prominent symptoms of IBS-D. Thus, we propose that a combination of CHMs and probiotics may be a promising and beneficial therapeutic strategy for IBS-D.

5-HT is primarily secreted from the EC cells located in the intestinal mucosa, which plays an essential role in modulating GI motility, intestinal secretion and afferent signaling to the central nervous system (CNS) (Spiller, 2007; Zhu et al., 2017). Studies have reported that the 5-HT levels in the intestinal mucosa was elevated in patients with IBS-D (Bearcroft et al., 1998; Houghton et al., 2003; Gao et al., 2022). Our study revealed that the combination treatment of CKF + PFK resulted in significantly decreased 5-HT levels in the colon than monotherapy (Figures 4A,B), suggesting that the possible mechanism of the combined therapy in ameliorating the symptoms of IBS-D may be related to the decrease in 5-HT levels. Serotonin transporter (SERT) can rapidly re-uptake 5-HT in the effective site and regulate GI movement. Excess 5-HT contributes to abdominal pain, diarrhea and bloating, among other symptoms (Geng et al., 2020). Furthermore, a decreased expression of SERT was observed in patients with IBS-D and SERT-knockout mice exhibited high visceral hypersensitivity with watery stools, indicating that SERT may be a promising therapeutic target for IBS-D (Gao et al., 2022). Studies have been reported that Tong-Xie-Yao-Fang could decrease the level of 5-HT by elevating the SERT mRNA expression in the intestine (Houghton et al., 2009; Foley et al., 2011; Min and Rhee, 2015; Hou et al., 2018; Li et al., 2018). Interestingly, our previous research suggested that CKF could increase the expression of SERT (Fan et al., 2019). However, whether CFK + PFK is more effective at upregulating the expression of SERT and consequently reducing the 5-HT levels than monotherapy is worthy of further study.

Most IBS patients experience anxiety and depression. The occurrence of anxiety and depression could reduce the level of 5-HT in the hippocampus (Flores-Ramos et al., 2014), indicating IBS might decrease the 5-HT levels in the hippocampus. This present study showed that the combination of CKF and PFK improved the symptoms of IBS-D, thereby alleviating anxiety and depression, leading to an increase in 5-HT levels in the hippocampus (Figures 4C,D).

Visceral hypersensitivity is a clinical marker for the diagnosis of IBS-D, the pathogenesis of which is closely related to the interaction between nerve growth factor (NGF) and the enteric nerve. Generally, NGF interacts with mast cells and sensory nerve fibers to mediate visceral hypersensitivity (Xu et al., 2016), and it can rapidly induce the expression of fos mRNA and protein (Kruijer et al., 1985). Fos, an early gene, has been used for the measurement of the response to pain stimulus in various studies (Liu et al., 2011). Clinical experiments have confirmed that the elevated expression of fos mRNA in the colon could increase the severity of pain (Cibert-Goton et al., 2021). Notably, combined therapy with CKF and PFK could lower the level of fos than monotherapy (Figure 6). Therefore, whether this combination therapy reduces visceral hypersensitivity by decreasing the level of fos is worthy of further investigation.

Presently, researchers are increasingly focusing on the mechanisms by which the intestinal barrier affects IBS-D (Chao et al., 2021). Intestinal permeability is a functional characteristic of the intestinal barrier, which is regulated by TJs in epithelial cells (Linsalata et al., 2020). A study found that the downregulation of ZO-1 and occludin levels in patients with IBS-D was associated with increased colonic paracellular permeability (Hou et al., 2017). Probiotics could upregulate the expression of TJs to enhance intestinal barrier function and improve diarrhea (Nébot-Vivinus et al., 2014). The present study demonstrated that CKF + PFK therapy enhanced the levels of ZO-1 and occludin compared with monotherapy (Figure 7). Taken together, the alleviative effect of the combined therapy on IBS-D may be partially associated with augmenting intestinal barrier function.

Recently, a great deal of evidence has revealed that dysbacteriosis may promote the development of IBS, particularly IBS-D (Skrzydlo-Radomanska et al., 2021). Probiotics supplementation (e.g., Lactobacillus) could alter the intestinal microbial composition and ameliorate the symptoms of IBS-D (e.g.: bloating) (Compare et al., 2017). In our study, a reduced relative abundance of Prevotellaceae and elevated proportions of Lachnospiraceae and Ruminococcaceae were observed in the CKF + PFK group (Figure 9D). This data indicated that the partial efficacy of the combined drug therapy on IBS-D might be ascribed to its ameliorative action on the regulation of the intestinal microbiota.

Small intestinal bacterial overgrowth (SIBO) is a common type of dysbacteriosis and is usually triggered by excessive bacteria in the small intestine. The GI symptoms of diarrhea, abdominal pain and bloating in patients with SIBO are similar to those with IBS-D (Ghoshal and Srivastava, 2014; Su et al., 2018). A study reported that an enriched Prevotellaceae enterotype could increase the incidence of IBS-D and induce low-grade inflammation (Wu et al., 2019). Our study demonstrated that the abundance of Prevotellaceae was increased in rats with IBS-D; however, the levels declined after the combination therapy. Thus, it can be inferred that excessive Prevotellaceae might aggravate diarrhea in IBS-D by causing SIBO. SCFAs are metabolites of intestinal microbial fermentation that play a crucial role in maintaining enteric health by promoting intestinal peristalsis and water absorption. In general, Lachnospiraceae and Ruminococcaceae are the producers of butyric acid (Vacca et al., 2020), and it has been reported that patients with IBS have the decreased levels of butyric acid (Zaleski et al., 2013). Our data illustrated that the combination treatment increased the relative abundances of Lachnospiraceae and Ruminococcaceae, suggesting that complementary Lachnospiraceae and Ruminococcaceae might be beneficial for patients with IBS-D by increasing the content of butyric acid.

Accumulating data have reported that the microbiota-gut-brain axis (MGBA) is the essential pathological basis of IBS-D (Li et al., 2020; Wu et al., 2022). At present, most pharmacological drugs used for the treatment of IBS-D influence the brain-gut peptides (5-HT) and gut hormones (SP, VIP) which are vital interrelated components of the MGBA (Li et al., 2020). A disorder in gut-brain interaction has been observed in IBS-D (Sabo and Dumitrascu, 2021; Mayer et al., 2022). The present study revealed that CKF + PFK therapy significantly regulated 5-HT in the colon and brain tissues as well as SP and VIP in the colon, suggesting the modulative effect on gut-brain interaction. Moreover, CKF + PFK also enriched the abundance of Lachnospiraceae and Ruminococcaceae, and consequently led to an increase in the level of butyric acid. Considering that SCFAs are recognized as a key mediator in the pathophysiological functioning of the gut-brain axis (Sadler et al., 2020; Magzal et al., 2021), further studies are required to verify whether combined treatment with CKF and PFK would have a regulatory effect on IBS-D through the MGBA.



5. Conclusion

Taken together, the findings of our study confirmed that the CKF formula combined with PFK has a synergistic effect on IBS-D, and the effect of the combination are better than that of monotherapy. The possible mechanism of CKF + PFK on IBS-D is related to slowing GI motility, lowering visceral hypersensitivity, enhancing intestinal barrier function and modulating the composition of the intestinal microbiota. These results suggest that the CKF formula combined with PFK may be a potential new therapeutic drug for IBS-D.
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Control vs. Model Model vs. DBD

Metabolite Mz Mode  yip pred VIP_PLS- VIP_pred_  VIP_PLS-

G iRl Pvalue  Trend  \gpbredo VIR Pvalue  Trend
(=)-Trans-Carveol glucoside 359.17146 Neg 2.198 219 0 T 1.148 Lus 0.003 1
(£) 5-iPF2alpha-VI 353.23344 Neg 1026 Lo12 0 1 1148 1105 0 1
(6E,8R,102)-8-hydroxy-3-oxohexadecadienoic acid 28117574 Neg L 1088 0.002 1 L138 117 0.002 1
(R)-2,3-Dihydro-3,5-dihydroxy-2-ox0-3-indoleacetic acid 22204079 Neg 1895 1912 0 1 Los7 1004 0035 1
(R)-Shinanolone 234.11241 Pos. 1.853 1.846 0 T 1.183 1169 0 1
1,2-Dihydroxyheptadec-16-en-d-yl acetate 31125736 Pos 1873 1873 0 1 1227 1219 0018 !
12-OPDA 293.21091 Pos. 1.158 1.156 0 T 1.022 0.984 0.001 1
19-Oxotestosterone 366.20633 Pos. 1.385 1.376 0 T 1.243 1.193 0.004 1
2,3-Dinor-6-keto-prostaglandin F1 a 387.203 Neg 2151 2146 0 1 1165 1148 0,005 1
2,5-Dihydroxycinnamic acid methyl ester 4330147 Neg 1122 1128 0.022 1 1258 115 0.034 1
25-Hydroxyvitamin D3-26,23-lactol 42930109 Neg 1083 1.066 0.003 1 1359 1277 0.006 1
2-Formaminobenzoylacetate 208.06044 Pos. 1711 1.694 0 T 1.237 1.185 0 1
2-Hydroxyquinoline 291.11279 Pos. 2964 2957 0 1 1164 1.086 0.002 1
3,4-Dimethyl-5-propyl-2-furanheptanoic acid 303.1351 Neg 1157 1134 0.004 1 1406 1443 0.001 !
4-OH-Retinal 345.20964 Neg 1.148 1137 0 T 1.385 1.336 0 1
5-Androstene-3b,16b,17a-triol 351.19107 Pos. 1.23 1223 0.029 1 1718 1742 0.004 1
5-bromo-3-pheny Salicylic Acid 290.96831 Neg L115 1118 0.01 1 1.524 1421 0.01 1
5-Cis Carbaprostacyclin 349.23862 Neg 1.901 1.882 0 1 161 157 0 1
9,12-Octadecadiynoic Acid 277.21611 Pos. 1125 1127 0.002 1 1.201 1185 0.011 1
9-0x00DE 295.22665 Pos. 1079 1.083 0.002 1163 L15 0.013 1
Alpha-CEHC 277.14382 Neg 1578 1561 0 1 133 1306 0.001 1
Auxin b 347.16155 Neg 1444 1427 0.002 1 1309 1327 0.004 1
Blumenol C glucoside 386.22806 Pos. 1.361 1.364 0 1 112 L12 0.005 1
c75 2531444 Neg 1148 1132 0.001 1 L147 1141 0.002 1
Carnosic acid 33119159 Neg 1518 1497 0 1 1104 1088 0.005 1
Cryptomeridiol 11-thamnoside 38525995 Neg 1834 1822 0 B 1535 Lasa 0 1
Cucurbic acid 257.13953 Neg 131 1307 0.003 1 1108 1059 0033 1
Cyclo (Leu-Phe) 259.14512 Neg 1578 1551 0002 T 1375 1428 0.004 1
DG (15:0/18:4(62,9Z,12Z,152)/0:0) 573.45286 Neg 1.029 1.031 0.008 T 1352 1335 0.006 1
Falcarinolone 30316021 Neg 2352 2341 0 B 133 1307 0 i
Methyl 9,10-epoxy-12,15-octadecadienoate 309.24231 Pos. 1.509 1512 0.001 T 1.339 1.339 0.021 1
MG (18:2(9Z,122)/0:0/0:0)[rac] 355.28423 Pos. 2,051 2.043 0.001 T 1.536 1.556 0.026 1
N1,N12-Diacetylspermine 287.24419 Pos. 2.137 2115 0.002 T 1.767 1.682 0.038 1
Niazirin 32410918 Neg 1014 1012 0.004 T 1.204 1141 0.003 1
Nomega-Acetylhistamine 154.09744 Pos. 1.598 1613 0.008 1 2156 2.146 0.004 1
O-Demethylfonsecin 297.04044 Neg 2322 2318 0 1 14 1372 0 1
Physagulin B 583.18265 Neg 1376 1377 0.007 1 La6s 1465 0014 1
Polyethylene, oxidized 243.12366 Neg 1055 1049 0 1 L1s6 1143 0 1
Pyroglutamylvaline 27310932 Neg 1169 1161 0.008 T 1047 1016 0033 1
Quadrone 249.14842 Pos. 1178 117 0 1 1128 L115 0 1
Sterebin E 371.27908 Pos. 2228 2225 0 1 1.561 157 0.017 1
(-)-Epicatechin sulfate 18401223 Neg 1078 1087 0.006 1 2924 2969 0 T
(+)-Enterolactone 29711309 Neg 1872 1875 0 i 1382 1389 0 B
12 Alpha-hydroxy-3-oxo-Sbeta-cholan-24-oic Acid 43527537 Neg Los2 1096 0011 1 L1s7 131 0011 1
13-HDoHE 337.25237 Pos. 1.075 1.089 0.027 1 1.592 1.672 0.01 1
17-beta-Estradiol-3-glucuronide 42919507 Neg 1783 1766 0.002 i 202 2004 0 B
2-Hydroxyenterolactone 335.08707 Neg 1764 1767 0 1 121 123 0 1
1-(1-hydroxy-3-phenylprop-2-en-1-yl)-5-methoxy-2,6-  299.12885 Neg Lot Lon 0.023 1 1626 1631 0 1
dimethylbenzene-1,3-diol
6,7-dihydro-12-epi-LTB4 356.27892 Pos. 2.101 2.095 0 1 1.279 1.258 0.001 T
Arachidonyl carnitine 54937614 Pos. 1.877 1.875 0 1 3.891 3921 0 T
Cholic acid glucuronide 565.30007 Neg 1.94 1922 0.006 1 2.08 2,055 0 1
CL (8:0/10:0/18:0/18:2(9Z,11Z)) 605.39623 Pos. 1.584 1.586 0.005 1 1.859 1.935 0.014
Enterodiol 301.1446 Neg. 1.084 1.09 0.007 1 1615 1.598 0 1
FA (18:1(OH3)) 329.23343 Neg 1221 1219 0 1 1427 1393 0 1
Gibberellin A88 329.13976 Neg 1.808 1811 0 k 1428 1442 0 T
Imidazoleacetic acid ribotide 337.04225 Neg 1.063 1075 0.006 3 2.46 2497 0 T
Methylnorlichexanthone 271.0614 Neg. 1.296 1318 0.017 [3 1.928 2016 0.006 b
Oxindole 134.06007 Pos. 1.368 1.365 0 3 1.024 b I | 0.04 1
Polyporusterone B 499.30306 Pos. 1193 1.203 0 1 1718 1.734 0 L]
Pregnan-20-one, 17-(acetyloxy)-3-hydroxy-6-methyl-, 39128405 Pos 1455 1449 0.007 1 1768 1866 0.007 1
(3b,5b,6a)-
P-Tolyl Sulfate 187.00692 Neg 168 1645 0.009 1 Lag9 La12 0,029

Valyl-phenylalanine 29911919 Neg 1981 1.986 0 1 1462 1498 0 1
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Index LNT Addition percentage/% p-value

0 5 15 20
Redness 262 2653 2646 2713 0.228
Yellowness 409 4an3 4l 42 0455
Brightness 48873 518 52566 54.176° 0017
pH 6.63 6593 666 672 0.07
Drip loss 2376 242 2413 235 0.285

Superscript letters within each row indicate significant difference between the group
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Index LNT addition percentage/% p-value

0% 5% 10% 20%
BW/g 076 076 074 076 0785
FBW/g 262 256 267 270 0.183
ADG/(g/d) 4148 4037 4296 4318 0.156
F/G 218 223 210 209 0.150
Diarrhea 1 0 1 0 -
rate/%
Mortality 1 0 1 0 -
rate/%
Whole carcass 169 176 175 175 0057
weight/g
Whole carcass 6482 68.68 6545 6476 0062
ratio/%
Half carcass 133 135 139" Lar 0016
weight/g
Half carcass 5073 5272 5209 5203 0407
ratio/%

1BW,initial body weight; FBW, fnal body weight; ADG, average daily gain; F/G, feed/gain.
Superscript leters within each row indicate significant difference between the group
(p<0.05).
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Index LNT addition percentage/% p-value

0 5 10 20

TG 098* 0.85* 0.68* 047" 0.002
CHO 287 1.25¢ 218" 184" 0.047
LYM% 39.70" 4533 46.50" 4147 0.029
MON% 10.67" 893" 7.50° 11.70* 0.033
EOS% 133 L 177 1.83* 0.035
RBC S0 640° 714 670" 0.021
(x10%1L)

HGB(gL) 12167 12033% 667 14167 0036
HCT% 36.47" /5™ 44.00" 4327 0.040
RDW-CV% 12.80" 12.87 12,87 14.00° 0.042
RDW-SD (fL)  33.17° 31.33" 31.50° 35.53" 0.012

TG, triglycerides; CHO, Cholesterol; NEU, neutrophil number; LYM, lymphocyte number;
MON, monocytes number; EOS, Eosinophil number; RBC, red blood cells; HGB,
hemoglobin; HCT, hematocrit; RDW-SD, red blood cell distribution width - standard
deviation. Different superscript letters within each row indicate significant difference
between the group (uppercase letters for p<0.01, lowercase letters for p<(0.05).
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PCR amplification system Volume (|

Q5 high-fdelity DNA polymerase 0.25
5xreaction buffer 5
5 high GC buffer 5
ANTP (10mM) 05
Template DNA 1
Forward primer (10 uM) 1
Reverse primer (10 uM) 1

Ultrapure water 1125
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Primers

mice Il-1p F
mice I-p R
mice I1-61
u00BOF

mice Il-6 R
mice Tnf-a F
mice Tnf-a R
mice Cxcll F
mice Cxcll R
mice Cdg6 F
mice Cds6 R
mice Mrcl F
mice Mrcl R
mice Ccl2 F
mice Ccl2 R
mice Icam-1 F
mice Icam-1 R
mice Veam-1F
mice Veam-1 R
mice Actin F

mice Actin R

Sequence (5 t03') References
GAAATGCCACCTTTTGACAGTG Zhou etal. (2020)
TGGATGCTCTCATCAGGACAG
CTGCAAGAGACTTCCATCCAG

AGTGGTATAGACAGGTCTGTTGG
CCCTCACACTCAGATCATCTTCT
GCTACGACGTGGGCTACAG
CTGGGATTCACCTCAAGAACATC
CAGGGTCAAGGCAAGCCTC
CAGACTCCTGTAGACGTGTTC
GTCCCATTGAAATAAGCTTGCG
CCACGGATGACCTGTGCTCGAG
ACACCAGAGCCATCCGTCCGA
TACAAGAGGATCACCAGCAGC Luetal. (2017)
ACCTTAGGGCAGATGCAGTT

CACCCCGCAGGTCCAAT Qian etal. (2022)
CAGAGCGGCAGAGCAAAAG
GACTCCATGGCCCTCACTTG
GCGTTTAGTGGGCTGTCTATCTG
GTGACGTTGACATCCGTAAAGA Chang et al.
GCCGGACTCATCGTACTCC (2021)
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Grade The Bristol stool scale Score

1 “The facces are scattered hard lumps,similar to nuts 1
“The facces are sausage-shaped but lumpy. 2

3 ‘The facces are sausage-shaped but with cracks on its 3
surface.

1 “The faeces are sausage-like or snake-like, smooth 4
and soft

5 “The facces are soft mass with clear-cut edges. 5

3 “The facces are fluffy pieces with indistinct edges, a 6
‘mushy stool.

7 ‘The faeces are watery, no solid pieces, completely 7

liquid.
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Before modeling Death (n) Mortality rate After modeling (n) Success rate of
during modeling modeling (%)

(%)

MC 83 3 361 69 83.13
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Abdominal withdrawal reflex Score

“The rats had no behavioral response to 0

colorectal distention (CRD)

The rats had brief head movements 1

followed by immobility

The rats contracted the abdominal muscle 2

“The rats hunched its abdomen off the 3
ground
“The rats body was arched and the pelvis 4

waslifted of the ground
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Latin binomial English name Part of use Amount (g)

nomenclature
Bai Shao Paconia lactiflora Pall Paconiae Alba Radix root 15
Fang Feng Saposhnikovia divaricata (Trucz.) root 6
Schischk
Shu Di Huang Rehmannia glutinosa (Gaertn.) Libosch | Rehmanniae Radix 10t 5
TuSiZi Cuscuta chinensis Lam Cuscutae Semen seed 5
Huang Lian Captis chinensis Franch Coptidis Rhizoma thizome 3
Jin Qiao Mai Fagopyrum dibotrys (D. Don) H. hara | Fagopyri Dibotryis Rhizoma thizome 8

Chan Tui Cryptotympana pustulata Fabricius Periostracum Cicadae exuviae 3
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Genes

practin

Claudin-1

Claudin-4

MUC2

20-1

IL-10

IL-18

IL-22

TNF-a

NE-xB

GPR41

GPR43

GPR109

ABR

Promers sequences (5’ to 3')

GCGTAGCATTTGCTGCATGA
GCGTGTGTGTAACTAGGGGT
TCGACTCCTTGCTGAATCTG
TTACCATACCTTGCTGTGGC
CAACTGCGTGGATGATGAGA
CCAGGGGATTGTAGAAGTCG
CGCATGGATGGCTGTTTCTG
ATTGCTCGCAGTTGTTGGTG
CTCCAGGCCCTTACCTTTCG
GGGGTAGGGGTCCTTCCTAT
GCCAGTCTTCATTGTTCAGGTTT
CCAAGGTCCAGGTTTTGGGT
TCCAATCTGGGTTCAATCA
TCTTTCCCTTTTGCCTCA
TACGCATTCCACACCTTTC
GGCAGACCTCTTTTCCATT
TCGGCCCAGTGAAGAGTTTC
GGAGTTCACGTGCTCCTTGA

GCCCATCTGTCGGCACCACC
AGTACCCTGAGGCTATAACTCGC
TCCGCAATGGAGGAGAAGTC
GTCTGTGCCCTCATGGGTTT
GACGTTCATACCTTCGGCCT
CCTGACGCTGGCAGACCT
GCTGCTGTAGAAGCCGAAACC
AGCCATCATCTCCTGCCTCCTG
ATCATGCCAGCGGAAGGTATTGC
CATGCTTTGGTCTTTTATGC
TTCCCTTTCTTTTTCTGTCC
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Ingredients CON/LPS PECL

Expanded corn 4673 4673
Expanded soybean 10 10.00
Soybean meal 13 13.00
Fish meal 45 450
Dried whey 10 10.00
Soybean ol 2 200
CaHPO, 05 050
NaCl 03 030
Limestone 051 051

Choline chloride 009 0.09
Lysine 08 0.80
Met 017 017
The 032 032
Trp 008 0.08
Sugar 25 250
Glucose 25 250
Premix1) 1 1.00
Cellulose 5

Pectin 500

Nutrient levels2)

GE Maal/kg 394 401
Crude protein 1801 17.90
Ca 067 0.67
TP 054 054
AP 039 039
Lys 151 151
Met 044 044
Met+Cys 068 0.68
Thr 091 091
Trp 026 0.26

(1) The premix provides per kg of diet: VA: 180001U; VD3: 45001U; VE: 22
1.5 mg; VBI: 4.32mg VB2: 12mg: VB6: 4.86 mg; VB12: 30y

1.764mg Calcium Pantothenate: 33.12 mg; Nicotinamide:
140mg; Zn: 140 mg; Mn: 40mg; Se: 03mgs I: 0.5mg.

(2) GE and Crude protein are measured values, while the other nutrient levels are
calculated values.

mg; VK3
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Ace and Chaol are the flora abundance index, observed species are the sequencing depth index, and Shannon and Simpson are the flora diversity index. The acronym for the CGA-added
group is CGA and the acronym for the control group is Con.
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*Indicates a significant difference compared to the control group (P< 0.05).

The acronym for the CGA-added group is CGA and the acronym for the
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0.028 £ 0.013
0.0046 £ 0.0014
0+0
0.0018 4= 0.0011
0+0
0+0
0.1540.031

D (%)

1.1 +0.096
0.068 = 0.012
544123
0.10 £ 0.0090
13.8 +£0.49
0.11 £0.0073
0.21 +0.020
0.60 £ 0.024
0.092 + 0.0068
0.14 £0.015
0.018 £ 0.0022
0.354+0.029
0.41 £0.053
0.71 £0.031
0.013 £ 0.0021
0.31 £ 0.045
1.06 £ 0.092
0.16 = 0.011
0.12+0.013
0.14+0.016
0.036 & 0.0068
0.12 +£0.022
0.020 4= 0.0037
0.34 +£0.048
0.13 £0.015
0.033 £ 0.0053
0.41 +0.036
0.013 = 0.0032
0.038 £ 0.0097
0.061 4 0.0063
0.050 4 0.0083
0.068 +0.012
0.20 £0.016
0.065 = 0.011
0.025 £ 0.0045
0.32 ££0.022
0.011 £ 0.0031
0.095 =+ 0.0068
0.028 & 0.0039
0.01 £ 0.0029
0.10 £ 0.0076
0.071 £ 0.0079
0.076 & 0.0059
0.013 £ 0.0022
0.0093 £ 0.0029
0.013 £ 0.0033
0.016 4 0.0052
0.020 £ 0.0068
0.29 +0.029

p

0.0004
0.0028
0.0072
0.011
0.03
0.000016
0.00005
0.000064
0.000079
0.000093
0.00012
0.00013
0.00015
0.00016
0.00023
0.00024
0.00032
0.0005
0.00057
0.0006
0.00064
0.0007
0.0011
0.0011
0.0011
0.0013
0.0016
0.0024
0.0027
0.003
0.0032
0.0033
0.0033
0.0035
0.0035
0.0037
0.0045
0.005
0.0063
0.0063
0.0066
0.0073
0.0073
0.0082
0.0086
0.0089
0.0091
0.0098
0.0099
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Candidatus_Koribacter 0.0021 £ 0.0013 0.013 £ 0.0036 0.011
Peptostreptococcus 0.010 & 0.0036 0.030 + 0.0055  0.012
Prevotellaceae_UCG-001 0.10 £ 0.017 0.18 £ 0.02 0.012
Hydrogenophaga 0.015+0.0044  0.0025 £ 0.00095 0.012
Odoribacter 0.11 £ 0.042 0.28 £ 0.041 0.012
Subdoligranulum 0.047 £ 0.0064 0.079 £ 0.0089  0.012
Allisonella 0.0047 + 0.0014 0.013 +0.0025 0.013
Asticcacaulis 0.00094 £ 0.00062  0.0056 & 0.0015 0.014
Brevinema 0.041 £0.016 0.094 £+ 0.0091 0.014
Imperialibacter 0.012 £ 0.0053 0.035+0.0067 0.017
Ruminococcaceae_UCG-014 0.71 £ 0.065 0.90 4 0.037 0.021
Rothia 0.15 £ 0.032 0.061 £ 0.010 0.021
Wolbachia 0.042 £ 0.0070 0.019 +0.0053  0.022

Candidatus_Actinomarina 0.046 £ 0.0087 0.080 & 0.010  0.025

Candidatus_Aquiluna 0.0062 £ 0.0026 0.018 +0.0043  0.025
OMG6ONORS5_clade 0.0034 £ 0.0013 0.021 £ 0.0071  0.026
Synechococcus_CC9902 0.042 +0.014 0.098 4+ 0.017 0.028
Clostridium_sensu_stricto_1 0.095 +0.018 0.16 4 0.022 0.03

Lachnospiraceae_ND3007_group 0.0044 & 0.0022 0.012 4+ 0.0028  0.035
Hafnia-Obesumbacterium 0.15+0.036 0.27 £ 0.040 0.036
Lactococcus 0.061 £ 0.014 0.10 £0.011 0.039
Flavonifractor 0.0084 + 0.0022 0.017 £ 0.0036  0.044
Ruminococcaceae_UCG-005 0.52 +£0.13 0.21 £ 0.043 0.045

A and D indicated the control and high dose black soldier fly oil treatment groups,
respectively. Data were indicated as mean = SD.
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Sample Raw reads Clean Effective reads AvgLen GC Q20 Q30 Effective

reads (bp) (%) (%) (%) (%)
Al 80,039 79,592 75,066 419 53.84 99.15 96.41 93.79
A2 80,119 79,709 76,902 415 54.74 99.16 96.49 95.98
A3 80,140 79,715 76,760 414 54.77 99.17 96.52 95.78
A4 80,008 79,556 76,898 413 55.14 99.18 96.56 96.11
A5 79,853 79,418 76,776 414 54.86 99.18 96.55 96.15
Bl 79,991 79,559 77,140 414 54.96 99.17 96.54 96.44
B2 80,053 79,610 77,189 414 54.81 99.18 96.56 96.42
B3 79,806 79,371 77,078 414 54.8 99.19 96.57 96.58
B4 79,998 79593 77423 423 53.52 99.15 96.39 96.78
B5S 80,389 79,937 77,590 414 54.77 99.18 96.57 96.52
C1 80,167 79,767 77,427 414 54.83 99.2 96.62 96.58
(e 80,366 80,001 76,525 415 54,58 99.21 96.62 95.22
c3 80,220 79,811 77,089 416 54.46 99.19 96.56 96.1
c4 79,771 79,354 66,011 418 54.13 99.17 96.48 82.75
Cs 79,930 79,510 75,718 415 53.96 99.19 96.57 94.73
D1 80,281 79,889 77,336 415 54,62 99.2 96.62 96.33
D2 80,174 79,702 77,248 415 54.78 99.14 96.38 96.35
D3 79,996 79,529 76,874 415 547 99.15 96.42 96.1
D4 79,819 79,374 76,901 415 54,63 99.16 96.45 96.34

D5 80,363 79,879 77,342 415 54.51 99.17 96.47 96.24
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Sample Rawreads Cleanreads Denoisedreads Mergedreads Effective reads  Effective (%)

Conl 63,877 48,706 47,825 46,605 44,712 69.99
Con2 52,984 12,083 41,786 41,500 41,298 77.94
Con3 68,338 56,977 56,209 55,487 54,201 7931
Cond 71336 54244 51,810 48,256 43,541 61.03
crt 57,184 45,048 44317 43,248 36,645 61.08
o2 43,218 33,053 32877 32,630 32,505 75.21
c 64,568 50,981 50,095 48,996 40,654 62.96
Cra 57,993 44,484 43224 41,448 28,585 49.29
sP1 72,200 55611 54193 52,194 46,092 63.83
sp2 59,875 48,195 47,982 47,741 46,954 78.42
sp3 68,315 52716 50,800 48,336 43,504 63.68

P4 55,264 44,248 44,016 43,778 43,709 79.09
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Target species GeneBank accession Size (bp)

Primer sequence ()

number

Total bacteria F: CGGCAACGAGCGCAACCC AY548787.1 147
R: CCATTGTAGCACGTGTGTAGCC

Total anaerobic fungi F: GAGGAAGTAAAAGTCGTAACAAGGTTTC 6Q355327.1 120
R: CAAATTCACAAAGGGTAGGATGATT

Total protozoa F: GCTTTCGWTGGTAGTGTATT HM212038.1 234
R: CTTGCCCTCYAATCGTWCT

Total methanogens F: TTCGGTGGATCDCARAGRGC GQ339873.1 160
R: GBARGTCGWAWCCGTAGAATCC

Ruminococcus albus F: CCCTAAAAGCAGTCTTAGTTCG CP002403.1 176
R: CCTCCTTGCGGTTAGAACA

Ruminococcus flavefaciens F: ATTGTCCCAGTTCAGATTGC AB849343.1 173
R: GGCGTCCTCATTGCTGTTAG

Butyrivibrio fibrisolvens F: ACCGCATAAGCGCACGGA HQ404372.1 6
R: CGGGTCCATCTTGTACCGATAAAT

Fibrobacter succinogenes F: GTTCGGAATTACTGGGCGTAAA AB275512.1 121
R: CGCCTGCCCCTGAACTATC

Prevotella ruminicola F: CTGGGGAGCTGCCTGAATG MH708240.1 102
R: GCATCTGAATGCGACTGGTTG

Ruminobacter amylophilus F: GAAAGTCGGATTAATGCTCTATGTTG LT975683.1 74

R: CATCCTATAGCGGTAAACCTTTGG
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Item Temperature (T)
39°C  42°C
6.66 6.72
8.67 16.02
dL)
CH, (mmol/L) 1115 11.80
SCFA (mmol/L) 54.99 42.64
SCFA proportion
(mol/100mol)
Acetate 59.50 60.68
Propionate 3273 19.69
Butyrate 5.44 16.73
Isobutyrate 0.19 057
Valerate 0.56 142
Caproate 157 090
Ratio ofacetate 183 369

to propionate

‘Dietary conditions (forage/concentrate ratio): F
“Target CAP concentration (mg/L): CON, 0
g only interactions are showing a significant effect (p.<0.05) and, as shown in a bracket, a tendency (p<0.10).

Diet (D;
HF LP
668 670
172 129
124 07
4474 5889
6254 5764
2408 2834
1070 1147
041 036
s 091
L19 129
308 244

3070 (LE); EC, 70:30 (HE).
20; HC, 200.

Capsicum oleoresin (C)?

CON

63.16"

23.80

1057
038
102
106
327

Lc

671
1232

1184
5130

59.25"

25.50

1240
044
111
129
286"

““Means in the same row with different lowercase superscript letters are significantly different (p<0.05).

HC
671
1200

1087
4834

57.87

2932

1029
032
084
136
2150

SEM

002
065

032
195

081
153
109
004
009
0.10
024

T

0.09
<0.001

030
<0.001
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<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

p-Value

D

0.65
001
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0.02

0001
0.04
051
034
0.08
0.48
0.05

C
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027
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0.01
0.09
028
017
0.09
0.20
0.02

Interaction®

(DxTxC)
DxC, (DxTxC)

(DxT)

(DxT)

DxT
DxT
DxT
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Item Temperature (T) Diet (D)" Capsicum oleoresin
©y

39°C 42°C HF LF CON LC HC
Total anaerobic 078 1397 154 063 0.83 1239 11.89
fungi, 10
Total protozoa, 952 041 364 629 318 597 574
107"
Total 077 349 1 235 168 207 264
methanogens,
10
Ruminococcus 501 396 662 242 202 248 907
albus, 107
Ruminococcus 9.02 1344 1457 789 791 951 1627
flavefaciens, 10~
Butyrivibrio 5.25 11.86 9.46 7.65 691° 9.55" g
fibrisolvens, 10°*
Fibrobacter 1454 1.06 10.79 481 581 7.96 9.63
succinogencs,
107
Prevotella 1552 0.18 11.50 421 935 9.39 482
ruminicola, 107
Ruminobacter 165 1.26 150 141 075 146 217
amylophilus,
10

‘Dietary conditions (forage/concentrate ratio): LF, 30:70; HF, 70:30.
“Target CAP concentration (mg/L): CON, 0; LC, 20; HC, 200,

Listing only interactions showed a significant effect (p < Listing.
“"Means in the same row with different lowercase superscript letters are s

nificantly different (p<0.05).

SEM

017

106

028

176

030

196

T

0.03

<0001

<0001

076

020

0.02

<0001

<0001

052

p-Value

D

001
0.06

024

026
0.06
<0.001

001

001

088

0.38

017

012

024

012

0.03

0.20

024

Interaction®

TxD

TxD





OPS/images/fmicb-13-1005818/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-13-1005818/fmicb-13-1005818-g001.jpg
QL [SR)
8¢ 8 e
o o
2 ¢
2 i 5
s <
g .
H
<
2 L =z
8 .% 8
8 8 & 8§ © - & °
(%) 218300y ajeuoidold 03 a3e3R0Y
Qo Qo Q1
g< 3¢9 B
3
g g g
2
| a «f | 9
H
=
" z z A H
| 3 ol 5 3
8 8 % 8 § 8 & ¢ ° & ®© e © °
(Moww) V408 (%) @1euoidoid (p/Bw) euowwY





OPS/images/fmicb-13-1005818/fmicb-13-1005818-g002.jpg
= HF
- LF
= HF
- LF

HC

o
| I
s o
I : g
z
<] z
8 §
8 8 8§ & =° 6 % o & - o
(%) a1e300y ajeuoidold 03 ajejooy
oy * 1L £y
o) SR
x z H 2
o o
] &1
©
3 3
o o F]
s 2 @ 8 ° g @ § @° ‘° 2 2 °

(Moww) v408 (%) areuoidoid (Tp/Buw) eluowwY

CON





OPS/images/fmicb-13-1005818/fmicb-13-1005818-t001.jpg
Chemical
composition

Dry matter (%)

% of dry matter
Organic matter
Crude protein
Neutral detergent fiber
Acid detergent fiber
Ash

'C, forage/concentrate ratio,

F:C=30:70 (LF

9094

92.81
1553
3034
1877
7.16

F:C=70:30 (HF)

9167

92.12
1267
4519
5.27





OPS/images/fmicb-13-1001372/fmicb-13-1001372-g004.jpg
B
Score scatter 2D plot (OPLS-DA) S-plot (OPLS-DA,Control=1,Model=-1)

|
§

Score scatter 2D plot (PLS-DA) Score scatter 3D plot (PLS-DA)






OPS/images/fmicb-13-1001372/fmicb-13-1001372-g005.jpg
-log10(p)

Overveiw of pathway analysis

Pathway Impact






OPS/images/fmicb-13-1001372/fmicb-13-1001372-g006.jpg
Deoxycytidine

Methacholine

Anserine
N-Acetyl-D-Galactosamine
Ectoine

Taurocholic acid
Taurochenodesoxycholic Acid
Hyocholic acid

Cholic acid
Tauro-alpha-muricholic acid






OPS/images/fmicb-14-1039287/fmicb-14-1039287-g009.jpg
peaz 2

T 70 8 38 74 97 00 07 o4 on on 1n 1 s

Peol 2218

os:






OPS/images/fmicb-14-1039287/fmicb-14-1039287-g008.jpg
OTU Abundance(lag?)

Rank Abundance Curve

—aA
—s 2
—c

—b 4
—E %

10

100

OTURank





OPS/images/fmicb-14-1039287/fmicb-14-1039287-g007.jpg
wen F aren






OPS/images/fmicb-14-1039287/fmicb-14-1039287-g006.jpg
BL2-A 1 FOXP3-PE-A

BL2-A:: FOXP3-PE-A

RL1-A: CD26-APC-A

A B CODE

[
o w7 - s | =
fiosse Tasi) 16° Janen A 108 frooss Sl
P
y g
£ 4 3
£
g
S
2
oz - -
e i S
Y IR Ea
AL CO28-aPCA
F
o w7
T o =z
= 2 10* Jaoe S| & s
- - A
& 4 g -
5w 5 B
i N " =c
& 10’ El
H H # mp
FI & |
50 2 = E
b 32
S i
3
o 8
e, ) e e .
S :
o o -





OPS/images/fmicb-14-1039287/fmicb-14-1039287-g005.jpg
HILATA-PEA

g
a

<
&

BL2A

o [ w7 T @z oz 77
o pr 16725 10° fig 7% S0 16° fraas 16315
s 5
PR PR
¢ EL.
i 1o o »
i i
< <
0 § @ 37
10" '
o2 aze 022 a
] B A5 1o L R 1 I TR a0
W o w0 o o 1ol o W P 0 0 0 10
RL1A: CD4-APC-A RLI-A 5 CDA-APC-A
. w7 ¢ [T [y
o 7o) 1o [ o] 20
- A
5
o
I 3 15 =B
g . b
§w "« = C
s =
3 510 =D
o o = E
| a
a B
Q24 w!
. co
S o 1 o i
- : R 5
R L 10 10 i 1 10t 10° 1of

RLI-A: CD&-ARC-A






OPS/images/fmicb-13-985529/fmicb-13-985529-g006.jpg
20

§ ¢ 33 3 §g335di3
S ¢ 2 3 3 & 3 2 2 3 38
uossaidxe YNuW ) ——
Luipen|g eAnefey p— m\:aum‘\“tmk
a
4
X
k %
%
e K H
7
i # .
o
H [v) 3
* E
% E
v
2 3 3§ F & % og
UemEaI® VI uorssaldxs YN
1-0Z arleley

gutpenig aaneRy





OPS/images/fmicb-14-1039287/fmicb-14-1039287-g004.jpg
FSC-A: FSC-A (10%3)

FSC-A : FSC-A (1043)

B m
B
g
- §
3
£
o
o
L L R R LA 4 L
Bt con-prcA oLt s co-Foa
E
=0
<
g w
:
3
g »
Hen S
o
100 10 100 1ot 10® 100 10! 10? 0°
R o0

FSC-A:: FSC-A (10°3)

CD3+

200
5
00
Fy
w
Hoom
o
107 10' 107 10° 10" 10°
BLA = CO-FITCA
100
80
oy
60 #
40
20
o





OPS/images/fmicb-13-985529/fmicb-13-985529-g007.jpg
Venn

Sequences(x10")

Rarefaction curves.

8 =
Tw :
3 % =
§ 0. 25. — -
i i
] 5.
S f
°3 000 10000 15000 2000 25000 30000 35000 -
W T e e e W e

‘Numbae of Resds Sampled





OPS/images/fmicb-14-1039287/fmicb-14-1039287-g003.jpg
RORy

Foxp

Gt

ROR/GAPDH

2000000

1500000

1000000

500000

A B CODE

pooon
moowx»

Foxp3/GAPDH

2500000

2000000-

1500000-

1000000-

500000-

[

A B CODE

gpooon
g TR TR





OPS/images/fmicb-14-1039287/fmicb-14-1039287-g002.jpg
upor-g/gdxo g

. 0 o) ] b=}
o - - E] =)

i unde-nlyoyd





OPS/images/fmicb-14-1039287/fmicb-14-1039287-g001.jpg
<o OO0 uw
rgnon "
& = .
F a
* 5]
* L "
«
e @ o w 9 = w2 g
& 2 2 8 3 § 7 85 8
28ueyd WS Apog. (T/6v0DINAT

3]

<mOO0ouw
poooam

A B C D E

2 ® © ¥ ~§ o

1
2
3

0.0

2 2 = © % 9«
xapur uaa|d - ° 2 S <
i PR (16v0LNOW
< m OO0 w
poooam
= w
= a
& o B
* o *
<
[ S
xopup snwiAyL T e e = s
(U6 0DDIM

<





OPS/images/fmicb-13-985529/fmicb-13-985529-g002.jpg
500

w B
S 38
s S

MPO(pg/ml)
N
8

-
=]
=3

IL-6(pg/mL)

o

TNF-a(pg/mL)

o

IL-1B(pg/ml)

150.

g

N
o

]
S

-
o

10






OPS/images/fmicb-14-1039287/fmicb-14-1039287-g011.jpg
PR oo





OPS/images/fmicb-13-985529/fmicb-13-985529-g003.jpg
25

~ -
:o_mmo;nxﬂ(zm:.

YL 2AReRY

Q@ o e o
a ¢ < o

uojssaidxa YNyW
*hao annerey






OPS/images/fmicb-14-1039287/fmicb-14-1039287-g010.jpg
{Ruminococous]
Capracaceus
Streptococcus
Corynebacterium
Burkholderia
Aguabacterium
Coprobacillus
Rubrivivax

Bifidobacterium
II " Oscillospira
I Raseburia
Adlercreutzia
L I I Desulfovibrio
Lactobacilius
Prevotefia
Faecalbacterium
" M candidatus_Arthromitus
I Bacteroides
<woaw

T s LD b5

Group ;o [ I
l 179 " ]
i i ] 4 .
0.00 c
I D
s e Sl






OPS/images/fmicb-13-985529/fmicb-13-985529-g004.jpg
1

) ~ -
uojssaidxa YNy
YL-Ti oApeRY

4

4] b )
- - =

uoissaidxa YNYW
D-dNL aARERY

%

>N
& & &
PO

uolssaidxa YNYW
] aAnefay

o

e 40
< &

uoissaldxe YNHW
0§d dAnelsy

L
o





OPS/images/fmicb-13-985529/fmicb-13-985529-g005.jpg
] un e o
N < < o

uoissaidxa YNYW
MH3 annepy

25

) w e 0
Py = < =
uojssaidxa yNyw

8¢ed aAnelsy





OPS/images/fmicb-13-959726/fmicb-13-959726-t001.jpg
Group A

1L-10 (pg/ml) 3820491
1L-17 (pg/ml) 3617236
1L-2 (pg/ml) 30117 £ 4.5
1L-22 (pg/ml) 2825 115
TNF-o (pg/ml) 50179 24.1°
slgA (ug/ml) 3243 % 165

“Significant difference with group A (P < 0.05).
Significant difference with group B (P < 0.05), same

B

38093 % 6.45
3444072
24341145
2678 1.19°
467.73 £ 14%
30.13 % 1.39°

in Table 2.

C

3843243381
35214282
30471 % 3.

2891 % 1.47°
52278 +£27.81°
31344 134°

D

39179+ 21.86
37.73£239°
309.64 % 9.29°
29.050.57°
551.33 4 29.0

35.56 4 2.68°

E

43577 £ 1825
387£132°
323.97 % 1156
3174082
620.48 £ 28.03"
3773127






OPS/images/fmicb-13-959726/fmicb-13-959726-t002.jpg
Group

CD3+ (%)
CD4+ (%)
CD8+ (%)
CD4+/CDS+

A

98.64 % 1.34°
68.86 £ 4.7°
18.18 £ 1.77
37917

B

13.26 £ 2.56*
36.65 4 8.63°
17.85+2.84
208 249"

C

99.640.25°
6439 6.86°
2129605
3264081

D

9977 £0.1°
57.69£9.39°
1708 % 1.4
3354167

E

99.48 £ 0.1
58.19 4 9.45°
1471+ 2,67
397 £024°





OPS/images/fmicb-13-985529/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-13-985529/fmicb-13-985529-g001.jpg





OPS/images/fmicb-14-1098818/fmicb-14-1098818-g007.jpg
A et sz () Comtrol vs ETECK 38 B <5 comiran (=) Cantrol v ETHC KBS
— _— 1
— e
— —
- ==
————8 ==
— —
= ]
ol —
- -
— EE—
— —
recoonmen (5 FTFE KRR 55 CYN ) FTEC K38 CYN

— —

- ==
—3 E—
— — -
— —
— —m

i = —
H — -

— --
— --

(+) Contral vs ETRC K88 F






OPS/images/fmicb-14-1098818/fmicb-14-1098818-g006.jpg
ESL(1) Metabolites ESI () Mletabolites

- LPE(6 1) HER2S
1510y (2H -indol-2-one $-Hydronydaidzein
e 2-Pyrolidinone Ricinoleic atid

= LPE(I60) DOmithine

BT ] LrCi20))
2 PE(183et4) PII611182)
s PC(H 50 PICI617204)
PC(l40ek0) P06

PO 1ef30) Lpcro)
2 Lecua Pi(16.0204)

1 Ly S(ZT7,107, 1321673001 LPCI8)
T =) P3022:4)

1A

R0 %)
1 TAa3a ) PIIT0203)
15 TaGe2 PR L8]

16 TAGRO4NRT) I -Serine

17 TAGRUIS227227) PII8020:3)

18 TAG(I8522:722:7) OxPILI§:07203-10(1Cyeh)

19 LysoPB0/184(6Z.92,122,152)) ‘Dodecanedioic acid
e i 0 .7-Dibyerony4-methoxy-8-preny flavan 2.7- PI19:0:20:3)

2 reEensa SQDGE6422:5)

" 2 Lee(163) SQDGE0.426:4)

3 LG SQDGE6:122:6)

4 PCORSeR1) PIR1/IR2)

23 1PC(192) 1P8(222)
e 26 LpCERs) LPG(16:0)

7 Leci7n) PI19:0/18:2)

W LysoPCQRU A/ R 11L147) L83

3 LysolB0 21IZ14210 ) et
3 Sinapicacid LrCQ2)
(+) 48 Metabolites 31 SAcen dinydmesporagusi scid Lt 1)
2 B 1PCRNA7.87,117) s TR
3 LysolC(S46Z9Z,12.152)) JLE
Salpha Salpha-Dincctory- (22K hydroyanasia
¥ i 2men 6o eid )
s5 2D Timeln Ml s h 2o
[ ——
o 36 Lysobls) 022 SWLTLILIA16) el
AT Methylimidine sctileryde PR(IS 469 0y
38 Vitamin D2 3-glacuronide PE82020)
=4 38 OMehiconpaline LPE183)
@ DGTSIES) OPS( 180720330
" 41 Namial LIz 5)
42 25 Hydosywitmin D2 23-hes-glucnile) D-Phenylletic il
T - - e 43 Ubiquinone-1 LPAGES)
44 Dibydroferulic acid 4-O-glucuronide 70165
) 57 Metabolites a5 Hydeonine (A
" 46 S Fluoleosyuridine monophosphis LPI20S)
47 Janihivem B LP160)
W Cystemyl-Lysine LrCi225)
' ) P D)
il LPEQE 1)
Hl Stashyose
° 2 HexCartAR(15220.1)
) DL-Dops
st Methowindoleaceatc
55 Lithyronine
% Quinulinc
il PRI 18.2097.127))






OPS/images/fmicb-14-1098818/fmicb-14-1098818-g005.jpg
51 Conts! i ETRCKSH

3 Conizol s LILC K88

14 TR KR 10 OV

€ Conal w FFC K8

TG R8s v






OPS/images/fmicb-14-1098818/fmicb-14-1098818-g004.jpg
Relative Abundance (%)

100
0
o
W
20-]
e o oo ¢ %

=a o=

100

80—

60

40 -

Relative Abundance (%)

20

5% car dence nter

T % O 90 ¢ %

5% corgence intarve

urchsmeq_Concosctensosss
i ——
G

PSR e — == S

e = = v
sy v 5 ,
et oy v . .
oesrmosis = & g
5 . 2
3 .

P e

! oo






OPS/images/fmicb-14-1098818/fmicb-14-1098818-g003.jpg
b K T Chao index
A L . w ‘
——H \ ; i s
) ] Q - =
T © " T ' et ' '

Shannon index

Simpson index






OPS/images/fmicb-14-1098818/fmicb-14-1098818-g002.jpg
Control

ETEC K88

CYN.M

Duodenum

Relative Level of IL-10

S S





OPS/images/fmicb-13-998524/fmicb-13-998524-g004.jpg
’

B
4

Nt/
s

d,
3

q

7

e
g/

[

ez

',
Q]

A
»

N

N/
()

\>

\)
3

gy -

\>

%"“

N

S WA
"s

—
X
3

N

\"

\

ZIV N N\ °

~vg

N

j

@ | : Blautia

@ 2: Prevotellaceae UCG-001
@ 3: Ruminiclostridium 5

@ 4: Bilophila
@ 5: Escherichia-Shigella
@ 6: Holdemanella
© 7: Paracoccus

@ 8: Rikenellaceae RC9 gut group

© 9: Fusobacterium
@ 10: Alkaliphilus

@ | |: [Eubacterium] nodatum group

@ 12: GCA-900066225
© 13: Sphingobacterium

Phascolarctobacterium

@ 14: Ruminococcaceae UCG-005

© 15: Odoribacter

[Eubacterium] coprostanoligenes group
Family XIII AD3011 group

@ 16: Lachnospiraceae NK4A 136 group@ 36: Desulfovibrio

@17: A2

@ 18: GCA-900066575
@ 19: Bacteroides

@ 20: Peptoclostridium

@ 39: Lachnospiraceae UCG-006





OPS/images/fmicb-14-1098818/fmicb-14-1098818-g001.jpg
>
N
I

Body weight/g
S =
3 3 8

2

I

Time/day

[(EE RN X

Control
ETRC K88
CYNL
CYNM
CYNH
BTW

Spleen index(%)

1.5

o

4
o

0.0

. T

A

Control ETEC CYNL CYN.M CYNH BTW





OPS/images/fmicb-14-1098818/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-13-1080922/fmicb-13-1080922-t001.jpg
Input | Filtered | Percentage of | Denoised | Merged | Percentage of | Non-chimeric | Percentage of
input passed input merged input
filter non-chimeric
GAl 63,518 52,788 83.11 51,140 48,049 75.65 41,184 64.84
GA2 70,383 58,598 83.26 56,536 52,415 74.47 42,536 60.44
GA3 65,407 55,278 84.51 54,381 52,610 80.43 44,904 68.65
GA4 67,595 56,673 83.84 55,277 51,915 76.80 43,781 64.77
GAS 70,226 57,526 81.92 55,733 50,941 72.54 43,814 62.39
GA6 59,353 49,720 83.77 48,754 47,133 79.41 43,647 73.54
GBI 47,056 37,466 79.62 36,817 36,090 76.70 35,370 75.17
GB2 49,570 39,563 79.81 38,596 36,867 74.37 32,336 65.23
GB3 40,060 32,259 80.53 32,032.0 31,546 78.75 29,605 73.90
GB4 40,097 32,142 80.16 32,010 31,576 78.75 30,293 75.55
GB5 51,260 41,434 80.83 41,137 40,258 78.54 36,698 71.59
GB6 65,278 53,865 82.52 52,462 49,989 76.58 46,328 70.97
GC1 54,052 44,080 81.55 43,954 43,706 80.86 43,458 80.40
GC2 50,408 42,836 84.98 42,734 42,637 84.58 42,576 84.46
GC3 61,439 51,018 83.04 50,007 47,725 77.68 45,773 74.50
GC4 73,822 62,373 84.49 60,681 56,859 77.02 50,261 68.08
GC5 56,800 48910 86.11 48,332 46,101 81.16 36,420 64.12
GC6 60,271 50,898 84.45 49,273 45,954 7625 41,306 68.53
GDI1 48,879 41,834 85.59 41,620 41,372 84.64 41,087 84.06
GD2 73,194 59,711 81.58 58,002 55,555 75.90 50,254 68.66
GD3 45,688 37,169 81.35 36,899 36,541 79.98 35,531 77.77
GD4 51,880 42,255 81.45 41,627 40,960 78.95 40,422 77.91
GD5 47,825 40,581 84.85 40,386 40,154 83.96 40,100 83.85
GD6 557,06 46,155 82.85 45,867 45,650 81.95 45,621 81.90
GE1 64,545 52,667 81.60 50,798 46,695 72.34 39,087 60.56
GE2 62,331 52,077 83.55 50,911 49,371 79.21 45,434 72.89
GE3 55,632 45,789 8231 45,399 44,600 80.17 40,529 72.85
GE4 69,403 57,363 82.65 56,036 52,382 75.48 44,511 64.13
GE5 67,795 56,662 83.58 55,828 54,091 79.79 52,073 76.81
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Group Treatment Duration

NT Sterile water (gavage) Days 1-7
MC sterile water (gavage) Days 1-7
5041 0.2mg/ml LPS (inject) Day7
DEX 5mg/kg/d dexamethasone (gavage)  Days 17
5041 0.2mg/ml LPS (inject) Day7
ATF-L 100mg/kg/d ATF (gavage) Days 1-7
5041 0.2mg/ml LPS (inject) Day7
ATE-M 200mg/kg/d ATF (gavage) Days 1-7
5041 0.2mg/ml LPS (inject) Day7
ATF-H 1,000 mg/kg/d ATF (gavage) Days 1-7
5041 0.2mg/ml LPS (inject) Day7

NT: No treatment model groups MC: LPS treatment model groups DEX: Dexamethasone
(5mg/kg) treatment group; ATE-L: ATF 100 mg/kg, ATF-M: ATF 500 mg/kg, ATF-Hs
ATF 1000 mg/kg.
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Name

INF-a

L1

P50

CD14

TLR4

p38

ERK

Occludin

20-1

Cluadin-1

Cluadin-3

GAPDH

Primer sequence (5'-3)
CTCATGCACCACCATCAAGG
ACCTGACCACTCTCCCTTTG
AGCTTCAAATCTCGCAGCAG
TCTCCACAGCCACAATGAGT
ACAGGGAGATTCGCTGTCAC
CGGTGCCCTCCTTCTTAACC
ATGCCAGAACGAGATAGTGAGC
AGGTGGCGCAGAAGTAGGT
CTCTGTCCTTAAAGCGGCTTAC
GTTGCGGAGGTTCAAGATGTT
TCTGGGGAGGCACATCTTCT
AGGTCCAAGTTGCCGTTTCT
GGCTCGGCACACTGATGAT
TGGGGTTCCAACGAGTCTTAAA
AGCCCGTGGAGTAACCCAA
GCATGGAGGGATACATTCCTGT
CTGGATCTATGTACGGCTCACA
TCCACGTAGAGACCAGTACCT
GAGCGGGCTACCTTACTGAAC
GTCATCTCTTTCCGAGGCATTAG
AGACCTGGATTTGCATCTTGGTG

TGCAACATAGGCAGGACAAGAGTTA

ACCAACTGCGTACAAGACGAG
CAGAGCCGCCAACAGGAAA
CAATGTGTCCGTCGTGGATCT
GTCCTCAGTGTAGCCCAAGATG

GenBank accession number

NM_001278601.1

XM_006498795.5

XM_006499155.5

NM_011879.2

NM_009841.4

XM_036163964.1

NM_001168514.1

NM_001360542.1

NM_001360538.1

XM_036152895.1

NM_016674.4

NM_009902.4

XM_036165840.1

Product size (bp)

96
72
75
156
191
110
214
18
129
75
126
78

124
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Groups  Chao

NT 35073+ 40.12
MC 362,05+ 25.27
DEX 379.56 4 40.24
L 378.83 4 36.46
M 349.11431.25

ACE
33030 14.19
358.26 £ 20.90
378.90 + 42.10
367.88+ 18.67
337.69+29.38

Shannon
3514033
3934012
426+0.19*
41220.18*
3724015

Simpson
0.10 £ 0.024
0.05 £ 0.018%
0.04 £ 0.008*
0.03 £ 0.010%
0074003

NT: No treatment model group: MC: LPS treatment model groups DEX: Dexamethasone
(5 mg/kg) treatment group; L: ATF 100mg/kg, M: ATF 500 mg/kg. Data are expressed as
meanSD, n=5-7. *p<0.05 compared with NT group.
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