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Editorial on the Research Topic
 Insights in microorganisms in vertebrate digestive systems: 2022




The entire microbiota of the digestive tract, spanning from the oral cavity to the rectum, is established through interactions with the external environment, a process initiated during the fetal stage (Martino et al., 2022). Microorganisms intricately influence host physiological activities (Westermann and Vogel, 2021), engaging with the nervous system, immune system, and various organs (Morais et al., 2021; Tilg et al., 2022). Imbalances in the microecology impact diverse aspects of the host's cognition, emotions, diet, and metabolism (Fan and Pedersen, 2021). Deyaert et al. established an in vitro dynamic ileal microbiota model to investigate bacterial activity. Additionally, Pan et al. highlighted the regulatory role of flavonoids in shaping the human gut microbiota structure. We underscore that an understanding of microbial ecology can unveil the host's health status. This Research Topic aims to provide a comprehensive overview of cutting-edge studies on the symbiotic relationship between microorganisms and digestive system. This aligns with the summaries provided by Liang et al., Kasarello et al., and White et al. contributing insights and addressing current challenges in the exploration of microorganism interactions across multiple systems.

The gut microbiota actively participates in the human physiological and pathological activities (Shalon et al., 2023). Its potential as prognosis indicators or treatment targets has been deeply explored. Hu et al. illustrated the microbial landscape of the gallbladder in patients with gallstones, revealing significant alterations in bacterial taxonomic composition and strengthened correlation between bacterial and fungal communities in bile, potentially linked to gallstone formation. Xiang et al. connected the saliva microbiota changes with the renal function recovery in renal transplant patients during the perioperative period, suggesting them as biomarkers for postoperative recovery. Jiao et al. reported that a rising abundance of Actinobacteria and Bifidobacterium in the intestine following salidroside treatment, correlated with downregulation of Tomm7 (translocase of outer mitochondrial membrane 7) in the hippocampus, ameliorating memory impairment after long-term ethanol intake in rats. Zhao M. et al. proposed that an increase in Shigella and a decrease in Prevotella and Bacteroides may contribute to the occurrence and development of myasthenia gravis. The imbalance of the microbial community can be adjusted by Modified Buzhong Yiqi Decoction treatment, further enhancing host immune function.

Beyond its implications for human diseases, the gut microbiota holds the potential for developments in animal husbandry. Ji et al. proposed that organic Mn supplementation in the diet had more advantages than the sulfate forms in weaning calves, maintaining a more stable microbial community. Zhao W. et al. demonstrated that a diet supplemented with glucose oxidase may strengthen the immunologic barrier and maintain a healthy intestinal microecology. A deeper understanding of the microbiota community aids in optimizing gut function and improving feeding efficiency. Zhang et al. documented dynamic changes in fecal microbiota in donkey foals during weaning, while He et al. manipulated gut microbial and metabolic profiles through hybridization in Tunchang pigs. Regarding microbial structure, composition, and functional capacity as crucial assessment, Li et al. disclosed that house ammonia exposure in rabbits may impact on local immune responses and inflammatory processes. Liu et al. disclosed a higher prevalence of multidrug-resistant Proteus mirabilis in domestic dogs, along with corresponding antibiotic resistance genes. This finding emphasizes the importance of prudent antibiotic management by veterinarians. The study of vertebrate microbiota offers an opportunity to comprehensively monitor the health status of livestock, ensuring the high-quality of husbandry products (Wen et al., 2021).

It is inspiring that our Research Topic has garnered attention from researchers worldwide, including those from the USA, Poland, Belgium, the Netherlands, and China. We extend our gratitude to all authors who contributed their original work to this Research Topic and the reviewers for their invaluable comments. We also express our sincere thanks to the editorial office of Frontiers in Microbiology for their excellent support and for providing us with the opportunity to successfully host this hot topic issue.
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The global incidence of inflammatory bowel disease (IBD) has increased rapidly in recent years, but its exact etiology remains unclear. In the past decade, IBD has been reported to be associated with dysbiosis of gut microbiota. Although not yet proven to be a cause or consequence of IBD, the common hypothesis is that at least some alterations in the microbiome are protective or pathogenic. Furthermore, intestinal epithelial cells (IECs) serve as a protective physical barrier for gut microbiota, essential for maintaining intestinal homeostasis and actively contributes to the mucosal immune system. Thus, dysregulation within the intestinal epithelium increases intestinal permeability, promotes the entry of bacteria, toxins, and macromolecules, and disrupts intestinal immune homeostasis, all of which are associated with the clinical course of IBD. This article presents a selective overview of recent studies on bacterial mechanisms that may be protective or promotive of IBD in biological models. Moreover, we summarize and discuss the recent discovery of key modulators and signaling pathways in the IECs that could serve as potential IBD therapeutic targets. Understanding the role of the IECs in the pathogenesis of IBD may help improve the understanding of the inflammatory process and the identification of potential therapeutic targets to help ameliorate this increasingly common disease.

KEYWORDS
 inflammatory bowel disease, gut microbiota, bacterial mechanisms, intestinal epithelial cells (IECs), therapeutic targets


Introduction

Inflammatory bowel disease (IBD) is a multifactorial chronic inflammatory disease, which primarily includes Crohn’s disease (CD) and Ulcerative colitis (UC). IBD causes severe gastrointestinal (GI) tract symptoms, including diarrhea, abdominal pain, bleeding, anemia, and weight loss, and poses a severe but incurable threat to human life and health. The etiology and pathogenesis of IBD remain unknown. However, they may be linked to genetic susceptibility, intestinal microbial homeostasis imbalance, impaired intestinal mucosal barrier function, disorders of innate and adaptive immune regulation in the intestine, and stimulation by external environmental factors. IBD primarily affects genetically predisposed individuals in a specific environment where the intestinal mucosal immune system produces an abnormally amplified immune response to intestinal microbial antigens, resulting in inflammatory damage to the intestinal mucosa.

There are ~400 species of bacteria in the human intestine, including resident and some transient bacteria. The sites of IBD are the colon, rectum, and ileum, where the intestine is most exposed to bacteria. Some clinical features of IBD are similar to those of some infectious diseases of the GI. Several studies have shown that a large quantity of bacteria in the human intestine affects the function of the intestinal mucosal immune system and that a large number of intestinal antigens, such as enteric bacteria and bacterial products, induce abnormal immune responses in the intestine of individuals with genetic susceptibility to IBD, leading to the development of IBD. Although the current research data do not support that infection with a specific pathogenic microorganism causes the development of IBD, clinical observations suggest that intestinal infections caused by these microorganisms can induce the recurrence of IBD in remission. In addition, many experiments have confirmed the involvement of intestinal bacteria in the development of experimental colitis. About 99.9% of human GI microbiota are bacteria, and the other 0.1% are fungi, archaea, and viruses (Qin et al., 2010; Sommer and Backhed, 2013). Bacteria have been extensively reported to have an important role in the pathogenesis of IBD. Intestinal epithelial cells (IECs) line the surface of the intestinal epithelium and perform a variety of functions, including the physical isolation of commensal bacteria and the integration of microbial signals (Peterson and Artis, 2014). IECs also react to immune cell-produced factors that regulate epithelial barrier function, proliferation, and differentiation (Soderholm and Pedicord, 2019). Dysregulation of the IECs can lead to increased intestinal permeability, abnormal IEC interactions with immune cells, and disruption of intestinal immune homeostasis, all of which are associated with the clinical course of IBD (Coskun, 2014).

Many medications, including aminosalicylates, corticosteroids, immunomodulatory drugs, biologics, and antibiotics, can help reduce inflammation and alleviate IBD symptoms. Among them, the introduction of tumor necrosis factor (TNF) inhibitors is an outstanding achievement, allowing for long-term remission and modification of the IBD course in many patients (Nielsen and Ainsworth, 2013). The clinical treatment of IBD has advanced dramatically due to the development and application of these medications and the updating of therapeutic targets. However, these conventional treatments still focus on inducing and maintaining clinical remission, which is not yet wholly curable. A substantial proportion of patients still have long-term chronic active inflammatory reactions and the need for surgical procedures, which significantly impacts patients’ quality of life and imposes a major social and medical burden. Therefore, it is critical to investigate the pathogenesis of IBD, identify new targets for IBD treatment and implement precision medicine to develop the best treatment for patients.



Bacteria species and functional pathways involved in the protection and pathogenicity of inflammatory bowel disease

The gut microbiota is considered to be a nonnegligible factor in the pathogenesis of IBD and an important target for the research of therapeutic drugs for IBD, which can regulate the host’s vital activities, modulate the immune response and counteract the dysbiosis of gut microbiota, and play a vital role in protecting the host’s health. Many studies have found that IBD patients have a disturbed intestinal microecological balance, characterized by reduced diversity, increased bacterial instability, increased Actinobacteria, and Proteobacteria, and decreased Bacteroidetes and Firmicutes, especially a significant decrease in bacteria producing short-chain fatty acids (SCFAs; Caruso et al., 2020). The pathophysiological mechanisms by which gut microbiota antigens induce abnormal responses in the innate and adaptive immune systems of the intestinal mucosa remain unknown. In addition to SCFAs, tryptophan metabolism, bile acid metabolism, Polysaccharide A (PSA) production, and virulence factor genes are balanced in the normal intestine, whereas tryptophan derivatives are reduced, secondary bile acids are reduced, PSA gene expression is reduced, and microbial virulence gene expression is increased in IBD patients’ intestines.


Bacteria species and functional pathways that are potentially protective of inflammatory bowel disease

The first bacterial metabolite to play a potentially protective role for IBD is SCFA. The major SCFAs, including acetate, propionate, and butyrate, account for over 95% of the total SCFA content in feces (Kim et al., 2019). SCFAs can be produced by bacteria such as Roseburia and Faecalibacterium prausnitzii. Intestinal microorganisms convert dietary fiber fatty acids into SCFAs, which then enter the intestinal lumen. SCFAs can bind to G protein-coupled receptors (GPCRs), like GPR41 (Brown et al., 2003), GPR43 (Maslowski et al., 2009), and GPR109A (Thangaraju et al., 2009), to activate signaling cascades that control immune functions and improving intestinal barrier integrity (Vieira et al., 2015). SCFAs can also modulate immune cells, reduce pro-inflammatory factors, and mitigate the development of IBD (Luis et al., 2021); (Renga et al., 2022); (Rösch et al., 2017); (Nicolas and Chang, 2019). Back in 2013, butyrate, a by-product from Clostridia fermentation of indigestive dietary fiber, was discovered to increase histone H3 acetylation at the Foxhead box P3 (Foxp3) promoter and conserved noncoding regions, promoting Treg differentiation and alleviate the development of colitis in mice (Furusawa et al., 2013). Similarly, Li et al. reported that butyrate inhibited neutrophil migration, formation of neutrophil extracellular traps (NETs), and production of pro-inflammatory cytokines, chemokines, and calmodulin in IBD patients by inhibiting histone deacetylase (HDAC). RNA sequencing analysis revealed that butyrate’s immunomodulatory effects on neutrophils included leukocyte activation, innate immune response regulation, and oxidative stress (Li et al., 2021). Recent studies demonstrated previously unknown intracellular signaling network mediated by butyrate. For instance, butyrate could exert a protective effect against colitis by downregulating Hexokinase 2 (HK2) in the intestinal epithelium via HDAC8 (Hinrichsen et al., 2021). Moreover, a subsequent study revealed that butyrate increased P-glycoprotein (P-gp) transcription by inhibiting HDACs and activating nuclear receptors, pregnane X receptor (PXR) and vitamin D3 receptor (VDR). P-gp is a component of Intestinal epithelial cells (IECs) that plays an essential role in the excretion of endogenous cannabinoid toxins, the prevention of excessive inflammation, and the maintenance of endocytosis (Foley et al., 2022; Figure 1). The second pathway that protects against IBD is the metabolism of bile acids. Bile acids are synthesized in the liver, then processed and modified before being secreted into the duodenum, where intestinal microorganisms convert them to secondary bile acids (Ahmad and Haeusler, 2019). There are two secondary bile acids: lithocholic acid (LCA) and chenodeoxycholic acid (CDCA). They modulate immune cells, reduce pro-inflammatory factors, decrease systemic inflammation and alleviate the development of IBD (Postler and Ghosh, 2017); (Sinha et al., 2020). Bile acids can affect host metabolism, cancer progression, and innate immunity, but their effects on adaptive immune cells such as Helper T-cell 17 (Th17) cells and Regulatory T (Treg) cells have not been clarified. Previous research has shown that 3-oxoLCA and isoalloLCA, 2 lithocholic acid (LCA) derivatives, can inhibit the differentiation of Th17 cells and promote the differentiation of Treg, respectively. 3-oxoLCA inhibits the differentiation of Th17 cells by directly binding to the key transcription factor RAR-related orphan receptor gamma t (RORγt) and isoalloLCA promotes Treg differentiation by enhancing Foxp3 expression and inducing the production of mitochondrial reactive oxygen species (mROS; Hang et al., 2019); however, the relationship between 3-oxoLCA and IBD remains unknown. A recent study discovered Enterobacteria and bacterial enzyme 3-hydroxysteroid dehydrogenase (3-HSDH) that convert LCA to 3-oxoLCA and then to isoLCA through in vitro culture screening. IsoLCA, like 3-oxoLCA, inhibits the transcriptional activity of RORγt and thus reduces Th17 cell differentiation (Paik et al., 2022). This study adds to our understanding of Enterobacteria-metabolite-host immune interactions and highlight the critical role of microbe-derived bile acid metabolites in regulating host immunity, shedding new light on the treatment of immune diseases such as IBD (Figure 1). Treg cells have an important role in maintaining intestinal homeostasis, and their differentiation is influenced by the products of gut microbiota. A recently published study identified two new secondary bile acids, ω-muricholic acid (ω-MCA) and 3β-hydroxydeoxycholic acid (isoDCA) that effectively induce Treg differentiation in vitro, with isoDCA being more abundant in the intestine (Campbell et al., 2020). Further studies showed that isoDCA enhances its Treg induction by interacting with the farnesol X receptor (FXR) in dendritic cells (DCs), and by constructing engineered bacteria and colony colonization experiments, it was confirmed in mice that isoDCA-producing colonies promote peripheral Treg. The third pathway is tryptophan metabolism. Tryptophan is a necessary amino acid. Dietary tryptophan can undergo the kynurenine ammonia pathway in response to microbial and other inflammatory stimuli, producing a variety of compounds (Ma et al., 2020). Microbial action breaks down tryptophan to an indole derivative, which can modulate immune cells by stimulating IL-22, secreting antimicrobial peptides, and inhibiting the expression of inflammatory factors (Zelante et al., 2013). Clostridium perfringens can participate in the metabolism of tryptophan, which is also protective of IBD. According to a recent study, a tryptophan metabolite, indole-3-carboxaldehyde (3-IAld) reduces immune checkpoint inhibitor (ICI)-induced colitis in mice by influencing the structure and function of the mouse gut microbiota, resulting in an increase in sugar-fermenting bacteria and SCFA-producing bacteria and regulating Aryl hydrocarbon receptor (Ahr)/IL-22, and IL-10+ Treg cells (Renga et al., 2022; Figure 1). PSA production, the fourth potentially protective pathway for IBD, is primarily produced by Bacteroides fragilis. B. fragilis can deliver the immunomodulatory molecule PSA to immune cells by releasing outer membrane vesicles (OMVs), activate TLR 2 on the surface of DCs, resulting in the release of cytokines that promote IL-10 production by T cells (Wang et al., 2006; Shen et al., 2012; Dasgupta et al., 2014). This process is enhanced by direct binding of PSA to TLR2 expressed on Foxp3+ Tregs, which increases IL-10 production even further (Round and Mazmanian, 2010; Figure 1). PSA-induced IL-10 production inhibits the activity of mucosal effector T cells, particularly TH17 cells, and thus protects mice in colitis models (Mazmanian et al., 2008; Dasgupta et al., 2014). Here, B. fragilis refers mainly to non-toxigenic B. fragilis, or NTBF. On the other hand, Enterotoxigenic B. fragilis (ETBF) is toxin-producing, which is likely to promote the development of IBD (Chung et al., 2018).

[image: Figure 1]

FIGURE 1
 Common bacteria species and functional pathways involved in the protection of IBD. SCFAs, tryptophan, and bile acid metabolites, and PSA production by gut microbiota interact with receptors on IECs and immune cells, contributing to gene regulation, epithelial function, and homeostasis maintenance and inflammation modulation, thus leading to alleviation of IBD symptoms. Short-chain fatty acids (SCFAs), Polysaccharide A (PSA), Histone deacetylase (HDAC), Foxhead box P3 (Foxp3), Neutrophil extracellular traps (NETs), Hexokinase 2 (HK2), P-glycoprotein (P-gp), Intestinal epithelial cells (IECs), Pregnane X receptor (PXR), Vitamin D3 receptor (VDR), Helper T-cell 17 (Th17), 3-hydroxysteroid dehydrogenase (3-HSDH), Retinoid-related orphan receptor gamma t (RORt), indole-3-carboxaldehyde (3-IAld), Aryl hydrocarbon receptor (Ahr).


In addition to the four metabolite pathways associated with gut microbiota mentioned previously, other microbial species and functional molecules/pathways have been studied extensively recently (Figure 2). Akkermansia muciniphila (Akk) binds to a receptor on the membrane of IECs, affecting downstream immune regulatory responses, lowering lipopolysaccharide (LPS), reducing inflammation, regulating lipids, and lowering blood glucose in mouse models (Plovier et al., 2017). The literature has reported that Akk and its outer membrane protein, Amuc_1100, can alleviate enteritis in mice (Zhai et al., 2019). Toll-like receptor 4 (TLR4) is a critical mediator in the interactions between gut microbiota and host immunity. Yang et al. recently discovered that TLR4 protects mice from colitis by promoting Akk colonization in the intestine, which upregulates RORt+ Treg cell-mediated immune responses (Liu et al., 2022). Furthermore, in a previous study, oral administration of Akk bacteria strain BAA-835 significantly improved the phenotype of Dextran sulfate sodium (DSS)-induced acute colitis in mice. Mechanistically, Akk increased the expression of NLR family pyrin domain containing 3 (NLRP3), caspase-1 p20, and IL-1 p17 improved intestinal barrier function, and inhibited the expression of pro-inflammatory factors such as TNF-α and IL-6 (Qu et al., 2021). However, an earlier study found that Akk can cause colitis in sterile IL-10 gene-deficient mice (Seregin et al., 2017). Therefore, whether Akk can be used to treat IBD is still debatable. Furthermore, according to a recent study by Wang et al., Enterobacter ludwigii isolated from metronidazole-treated mouse feces could enhance DCs and promote Tregs differentiation through its metabolite choline and its receptor α7 nicotinic acetylcholine receptor (α7nAChR)-mediated upregulation of retinoic acid (RA) and TGF-β, thereby increasing the CD103+ DC/Treg-dependent tolerance response and ultimately reducing the susceptibility of mice to DSS-induced colitis. Thus, this study provides a potential therapeutic approach for IBD (Li et al., 2022).

[image: Figure 2]

FIGURE 2
 Emerging bacteria species and functional pathways involved in the protection of IBD. In addition to the well-known mechanisms, emerging bacteria species and functional molecules/pathways identified recently possess the potential to protect hosts from IBD. The mode of action includes the bacterial own component interacting with receptors on IECs and immune cells with the participation of Treg, DC and macrophage. Toll-like receptor 4 (TLR4), Retinoic acid (RA), NLR family pyrin domain containing 3 (NLRP3), Dendritic cell (DC), α7 nicotinic acetylcholine receptor (α7nAChR).




Bacteria species and functional pathways that are potentially promotive of inflammatory bowel disease

Previous research has found that some pathobionts play a pro-IBD role in genetically susceptible individuals, such as Mycobacterium paratuberculosis and Helicobacter pylori. In addition, the efficacy of antibiotics and probiotics targeting gut microbiota further suggests a role for microorganisms in IBD. New research has recently emerged identifying many new bacteria species and the virulence factors they contain that potentially promote IBD (Figure 3). Adherent-invasive E. coli (AIEC) is distinct from typical E. coli, which AIEC is enriched in the intestinal microbiota of CD patients and promotes intestinal inflammation, development of IBD and even colorectal cancer (CRC). However, it is unclear how the nutrient metabolism of AIEC affects intestinal homeostasis. AIEC can adhere to the IECs layer via the FimH and carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6), enter the lamina propria and Peyer’s patch via Microfold (M) cells, and interact with immune cells in the intestinal lumen to increase the production of inflammatory factors (Barnich et al., 2007; Palmela et al., 2018; Viladomiu et al., 2021). A recent article reported that in CD, propionate metabolism by AIEC is critical in promoting intestinal T cell inflammation. Meanwhile, CX3CR1+ mononuclear phagocytes produce IL-1β upon sensing the AIEC metabolite propionate, which induces Th17 cells and drives intestinal inflammation (Viladomiu et al., 2021). Moreover, ETBF is strongly associated with the development of IBD, colitis associated cancer (CAC), and CRC. However, the mechanisms by which ETBF induces intestinal inflammation and tumorigenesis are unclear. B. fragilis contains the virulence gene B. fragilis toxin (BFT), which encodes the virulence protein BFT, interacting with the membrane receptors of IECs and immune cells via the STAT3 and NF-κB pathways, causing the expression of IL-17 downstream, promoting the expression of inflammatory factors and thus influencing the development of CRC (Chung et al., 2018). Recent study has discovered that ETBF-stimulated cells deliver miR-149-3p via exosomes and promote Th17 cell differentiation. ETBF induced CRC by suppressing miR-149-3p and promoting PHD finger protein 5A (PHF5A)-mediated histone acetyltransferase KAT2A mRNA alternative splicing (Cao et al., 2021). Campylobacter concisus is involved in a wide range of inflammatory diseases, including IBD. The zonula occludens toxin (Zot) gene, discovered in Asiatic cholera and had a pathogenic effect, is found in 30% of C. concisus (Zhang et al., 2014). In a large study of Danish subjects, 962 people were infected with C. concisus and 1725 with C. jejuni. The risk of colitis was significantly higher in C. concisus-infected subjects than in controls, with a risk ratio of 32.4 (Nielsen et al., 2020). This also implies that C. Concisus likely hasten the onset of IBD. Further research has revealed that the enteropathogenic Zot virulence protein of C. concisus disrupts the intestinal epithelial barrier and induces the production of pro-inflammatory cytokines, particularly TNF-α, by intestinal epithelial and macrophage cells (Mahendran et al., 2016). Fusobacterium varium was found in up to 54.6% of 163 inflamed mucosal samples from 152 UC patients in Japan using real-time quantitative PCR (Tahara et al., 2015). A genome-wide analysis of an F. varium Fv113-g1 isolate from a UC patient’s intestine revealed numerous virulence factors, including 44 Type 5 secretion systems (T5SS) and 13 FadA adhesion gene homologs in mucosal inflammation (Sekizuka et al., 2017). Some gut microbiota (for example, pks + E. coli) produce colibactin, a chemically unstable small molecule genotoxin whose genotoxicity to host cells can increase the host’s risk of CRC. The effects of colibactin on other microorganisms in the gut have received little attention. A recent study discovered that colibactin could target surrounding bacteria containing prophages and activate prophages within the bacteria, causing phage replication and bacterial lysis. The induction of prophages by colibactin-producing bacteria has been observed in various human and gut-associated phage-bacterial systems and in mouse fecal flora. These findings shed light on the potential mechanisms by which colibactin influences gut microbiota and the relationship between bacterial products and phagosomal behavior. As a result, it is possible that bacteria evolved this genotoxin to inhibit other bacteria rather than poison the host and that the cancer-promoting effects of colibactin are a “misuse” of the host (Silpe et al., 2022). Enterococci are a group of bacteria widely found in the intestines of humans and other animals that cause multi-drug resistant infections. However, a family of potent protein-like toxins specifically targeting human and animal cells has not been previously identified in Enterococcus spp. Min’s group have recently identified and resolved a novel family of Pore-forming toxins (Epxs) expressed in Enterococcus spp. They discovered that Epx is a subclass of small β-barrel pore-forming toxins, with the β-barrel serving as the top structural domain and forming homo-octameric pores. The whole-genome CRISPR-Cas9 screen revealed that Epx2/3 binds to human leukocyte antigen class I (HLA-I). Through Epx2 virulence, Epx2+ E. faecalis strains harm peripheral blood mononuclear cells (PBMCs) and intestinal-like organs (Xiong et al., 2022). Ruminococcus gnavus is a type of commensal bacteria found in the human intestine. Several studies have found that they are significantly more abundant in IBD patients than in healthy subjects. R. gnavus. Can reduce intestinal mucin, which is mediated by intramolecular trans-sialidase (RgNanH; Tailford et al., 2015). Moreover, R. gnavus. Can stimulate DCs via the production of inflammatory polysaccharides, increasing the inflammatory cytokine TNF-α, promoting IBD’s development (Henke et al., 2019). Other bacteria that potentially contribute to IBD are Helicobacter hepaticus and H. bilis, both of which are from the genus Helicobacter. Bacteria from the genus Helicobacter that are not H. pylori often positively associated with IBD. In contrast, H. pylori and IBD show a negative correlation, meaning that people infected with H. pylori are less likely to develop IBD, possibly due to the ability of H. pylori to inhibit the growth of other bacteria. According to one study, in a mouse model of IL-10 gene-deficient colitis, H. hepaticus induced inflammatory Th17, increased IL-17A and IFN-γ expression, and aided in the development of colitis (Xu et al., 2018). Some gut microbiota can colonize the intestinal mucus layer and feed on mucin, a major component of the mucus layer. Mucin is a heavily glycosylated protein with numerous O-glycan chains. Mucin O-glycan ends are frequently sulfated in the distal colon. Bacterial degradation of colonic mucin requires specific sulfatases to remove sulfate groups on O-glycans. However, little is known about the bacterial sulfate esterases that act on colonic mucin and how they work. A recently published study discovered a sulfate esterase expressed by Bacillus thetaiotaomicron, a common human intestinal commensal that uses sulfated colonic mucin O-glycans as its sole carbon source. The knockout of sulfate esterases from B. thetaiotaomicron revealed that one of the enzymes (BT1636^3S-Gal) is required to utilize sulfated mucin O-glycan and plays an important role in the intestinal colonization of the bacterium (Luis et al., 2021). These findings shed light on how gut microbiota degrade colonic mucins and the mechanisms associated with bacterial colonization and IBD. Blocking this enzymatic pathway could be a potential intervention strategy to prevent pro-IBD bacteria from disrupting the intestinal mucus layer barrier. Fusobacterium nucleatum infection may contribute to the worsening of UC, but its mechanism is not yet clear. Dong’s team recently published findings that EVs of F. nucleatum could promote the expression of pro-inflammatory factors (IL-1β, IL-6, TNF-α) and down-regulate the expression of anti-inflammatory factors (IL-10) and tight junction proteins (ZO-1 and occludin) in IECs by down-regulating the expression of miR-574-5p to promote the activation of autophagy, leading to barrier dysfunction and worsen DSS-induced colitis in mice (Wei et al., 2022). Furthermore, another recent study discovered that Eggerthella lenta could promote colitis in mice by activating Th17 cells and promoting IL-17a production through its expression of a drug-metabolizing enzyme, Cardiac glycoside reductase (cgr2). E. lenta was found to be enriched in patients with IBD, while the expression of the cgr2 gene was increased in patients with rheumatoid arthritis. Cgr2 metabolizes steroidal saponins, which inhibit Th17 cell activity and are negatively associated with IBD severity. Furthermore, dietary arginine supplementation inhibited cgr2-induced Th17 cell activation and colitis in mice (Alexander et al., 2022).
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FIGURE 3
 Bacteria species and functional pathways that are potentially promotive of IBD. Recent research identified many new bacteria species and the virulence factors they contain that potentially promote IBD. These virulence factors can directly bind to receptors on IECs and damage barrier function. Specific miRNAs are involved in regulating signaling pathways that further regulate immune cells to alter normal inflammatory responses. Moreover, bacteria-expressed sulfate esterases catalyze mucin O-glycans, which leads to mucin degradation, and ultimately worsens IBD. Carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6), Bacteroides fragilis toxin (BFT), PHD finger protein 5A (PHF5A), Histone acetyltransferase KAT2A, Type 5 secretion systems (T5SS), FadA adhesion gene, Pore-forming toxins (Epxs), Human leukocyte antigen class I (HLA-I), Peripheral blood mononuclear cells (PBMCs), Intramolecular trans-sialidase (RgNanH), Sulfate esterase (BT1636^3S-Gal), tight junction proteins (ZO-1 and occludin), Cardiac glycoside reductase (cgr2).





Targeting potential modulators and signaling pathways in intestinal epithelial cells to treat inflammatory bowel disease

Recent advances in various treatments have directly changed the clinical management model for IBD patients. The introduction of immunosuppressants and biologics significantly reduces the use of corticosteroids. In addition, the alpha 4β7 integrin blocker vedolizumab has also been included in the clinical IBD treatment. While these strategies expand the arsenal of IBD physicians, a significant percentage of patients do not respond to these treatments (Singh et al., 2018). Several new cytokine inhibitors, modulators of cytokine signaling pathways, inhibitors of transcription factors, and new anti-adhesion and anti-T cell activation and migration strategies are undergoing clinical trial evaluation. More therapeutic targets and signaling pathways need to be found to provide patients with more choices and personalized services in treatment decisions (Table 1).



TABLE 1 Targeting IEC modulators or signaling pathways to treat IBD.
[image: Table1]

An essential function of the intestinal epithelium is to act as a barrier limiting the interaction between the luminal contents, such as intestinal microorganisms, and the immune system, absorbing nutrients while limiting microbial translocation (Allaire et al., 2018). Impaired intestinal barrier function leads to increased membrane permeability of IECs, which promotes the entry of intraperitoneal bacteria, toxins, and macromolecules into the body, thus inducing an inflammatory immune response. Intestinal epithelial barrier injury is of great interest in the study of the cellular and molecular pathogenesis of IBD, and reconstruction and regeneration of the intestinal epithelium is essential to restore intestinal homeostasis after injury (Sommer et al., 2021). Patients with IBD exhibit defects in multiple components of the mucosal barrier. Future research should focus on the modulation of the intestinal epithelial barrier as a possible therapeutic target for IBD.

By analyzing the function of the creatine transporter protein SLC6A8 (also known as CRT) in IECs, a recent study found that CRT is localized around tight junction proteins and can maintain intestinal epithelial barrier function by regulating the energy balance of IECs to promote the expression and localization of tight junction proteins. The deficiency of CRT inhibited creatine uptake, barrier formation, and healing function in IECs (Hall et al., 2020). Mechanistically, CRT deletion increased Claudin-2 expression and decreased Claudin-1 expression to promote the “leaky gut” phenotype, altered the localization of tight junction proteins, and inhibited actin polymerization. The study also found that the expression of CRT was significantly reduced in the colon tissue of IBD patients, suggesting that CRT may be a potential target for treating IBD (Hall et al., 2020). Recently, the protective role of IECs Golgi membrane protein 1 (GOLM1) in IBD has been demonstrated. IECs-specific deletion of GOML1 leads to greater susceptibility to DSS-induced colitis and Azoxymethane (AOM)/DSS-induced colonic carcinogenesis in mice. GOLM1 interacts with the Notch2 intracellular structural domain to maintain intestinal epithelial barrier homeostasis by regulating the balance of the Notch signaling pathway in IECs, thereby inhibiting the development of colitis and colorectal carcinogenesis (Pu et al., 2021). Moreover, myosin light chain kinase (MLCK) is also a key regulator of intestinal barrier function. A unique structural domain within the MLCK splice variant MLCK1 mediates its recruitment to the tightly linked peri-junctional actomyosin ring (PAMR). A small molecule divertin was identified previously through screening that blocked acute TNF-induced MLCK1 recruitment, downstream myosin light chain (MLC) phosphorylation, barrier dysfunction, and diarrhea in vitro and in vivo, and inhibited the progression of experimental IBD (Graham et al., 2019). Another recent study has found that MLCK1 can interact with the tacrolimus-binding protein FKBP8 peptidyl-prolyl cis/trans isomerase (PPIase) structural domain and that these interactions are critical for MLCK1 recruitment, MLC phosphorylation, and TNF-induced barrier loss. Tissue biopsies from CD patients revealed an increased number of intercellularly linked MLCK1-FKBP8 interactions compared to controls. Blocking MLCK1-FKBP8 binding reversed MLCK1-FKBP8 interactions, MLCK1 recruitment, and barrier loss in vitro and in vivo (Zuo et al., 2022). These studies provide a new potential therapeutic target for diseases related to intestinal barrier dysfunction, such as IBD.

There are fewer studies on post-transcriptional regulation in the maintenance of intestinal homeostasis and the development of colitis. A recently published study showed that the conserved miR-181 family members in the intestinal epithelium are down-regulated in IBD and mouse colitis samples, and their expression promotes intestinal recovery after injury by regulating Wnt and immune processes, which could be a potential new target for the treatment of intestinal inflammation (Jimenez et al., 2022). Furthermore, SETDB1 is a histone H3K9 methyltransferase that plays a regulatory role in intestinal epithelial homeostasis and IBD. Recent studies reveal that SETDB1 can maintain intestinal epithelial homeostasis by silencing endogenous retroviruses to inhibit DNA damage. Mice specifically deficient in SETDB1 in the intestinal epithelium exhibited impaired intestinal epithelial differentiation, impaired intestinal barrier, enhanced intestinal inflammation, and reduced survival. Meanwhile, some missense mutations associated with SETDB1 loss of function were significantly enriched in IBD patients (Juznic et al., 2021). Taken together, the results of this study suggest that SETDB1 may be a potential target for the treatment of IBD. In recent years, many studies have found that the methylation modification of RNA N6-methyladenosine (m6A) is involved in the maintenance of many types of stem cells, but whether RNA m6A also plays a vital role in intestinal stem cells is unclear. Recently, Li’s group found that m6A methyltransferase METTL14 plays an essential role in colonic stem cell self-renewal, and it may regulate the development and apoptosis of colonic epithelial cells and colonic stem cells by regulating the stability of NF-kB mRNA, affecting the activity of NF-kB pathway, and inhibiting TNF-mediated apoptosis (Zhang et al., 2022). Therefore, m6A is closely related to the development of colitis and can be used as a potential clinical target for the treatment of colitis. DNA methyltransferase 3A (DNMT3A) is involved in DNA methylation modifications and its genetic variants are associated with IBD. A recent study observed downregulation of DNMT3A expression in IECs in CD patients. Mechanistically, DNMT3A deficiency leads to hypomethylation, which impairs the function and regeneration of the intestinal epithelial barrier, making mice more susceptible to DSS-induced colitis, implying a role for impaired epithelial DNMT3A function in the etiology of IBD (Fazio et al., 2022).

Recently, the role of some regulatory factors known to be associated with colorectal carcinogenesis and development in IBD has also been revealed. Special AT-rich sequence-binding protein 2 (SATB2) is a potential diagnostic and prognostic marker for CRC, but its role in colitis and CAC is unclear. A recent study found that intestinal epithelial cell-specific SATB2 deficiency worsened colitis and CAC in mice by altering the diversity and composition of the gut microbiota and decreasing the expression of the Cl-/HCO3-transport protein SLC26A3 (Ni et al., 2021). Moreover, 5-hydroxytryptamine (5-HT) is commonly associated with CAC, and the conclusions on how 5-HT affects CAC are not yet uniform. 5-HT2B is one of the receptors for 5-HT, which is expressed in IECs. A recent study revealed that 5-HT/5-HT2B/TGF-β signaling exerts tumor-suppressive effects at the initiation stage of CAC while promoting tumor progression in the later stages. 5-HT2B-deficient IECs, on the one hand, reduce TGF-β secretion and inhibit the TGF-β/SMAD pathway; on the other hand, it enhances AKT activity through 5-HT2B and thus activate the IL-6/STAT3 pathway, enhance the intestinal inflammatory response, and exacerbates IEC destruction, thus promoting CAC tumorigenesis. Antibody blockade of IL-6 reverses the promoting effect of 5-HT2B deficiency on CAC development. TCGA data show a positive correlation between 5-HT2B expression and prognosis in CRC patients (Mao et al., 2022). Previous studies have shown that spermidine oxidase (SMOX) promotes spermidine production and regulates colitis. In a recent study, SMOX deficiency in mice worsened DSS-induced colitis and AOM/DSS-induced colonic tumorigenesis, increased alpha-defensin expression, and induced dysbiosis of gut microbiota, leading to reduced abundance of Prevotella and increased Proteobacteria and Deferribacteres. In contrast, spermidine supplementation reversed the above phenotype. In addition, down-regulation of SMOX expression was observed in inflamed colonic tissues from patients with UC and patients with colitis-associated heterotypic hyperplasia (Gobert et al., 2022). Furthermore, stromal interaction molecule 1 (STIM1) is an integral component of the store-operated calcium entry (SOCE) process that promotes CRC and T-cell-mediated inflammatory diseases. However, it is unclear whether STIM1 in IECs is involved in the pathological process of IBD. Recent studies have found that STIM1 deficiency in the intestinal epithelium in colitis controls the stimulation of the intestinal epithelium by commensal bacteria by reducing endoplasmic reticulum stress caused by an imbalance in Ca2+ homeostasis, reducing loss of goblet cells, and maintaining the integrity of the mucus layer (Liang et al., 2022). STIM1 is a vital regulator of maintaining the intestinal barrier and a potential target for IBD treatment. RhoB, a member of the small Rho GTPase family, exhibits rapid upregulation when the organism is induced by genotoxic stress, LPS, inflammatory cytokines, growth factors and toxins, and is involved in a variety of cellular processes; however, the role of RhoB in colitis remains unclear. Recently, Wang Quan’s team found that RhoB is significantly upregulated in UC, and that reduced or absent RhoB promotes goblet cell differentiation and proliferation of IECs by inhibiting the Wnt pathway and activating the p38 MAPK pathway. In addition, decreased RhoB increased the abundance of SCFA-producing bacteria and elevated the levels of SCFAs and their receptors. These findings suggest that RhoB is a potential molecular marker for the diagnosis of IBD, as well as a potential therapeutic target (Yang et al., 2022).

The intestine is the fastest self-renewing tissue in the adult mammalian organism, and its primary stem cells are located in the crypt of the intestinal villi. Stem cells in this location have a high capacity for self-renewal and differentiation and can differentiate into intestinal epithelial absorptive cells and intestinal epithelial endocrine cells after 4–5 mitotic divisions. Among them, Paneth cells and Tuff cells are involved in the maintenance of intestinal stem cells. Different subtypes of cells differentiated from intestinal stem cells are essential in maintaining intestinal homeostasis by producing a mucus layer covering the surface of the intestinal epithelial cells, recognizing pathogens, and producing antimicrobial peptides to ensure an effective immune response (Peterson and Artis, 2014). Moreover, a recent study found that leukemia inhibitory factor (LIF), a cytokine in the IL-6 family secreted by IECs, alleviates colonic inflammation by inhibiting the differentiation of Th17 cells in a mouse model of colitis. Mechanistically, LIF inhibits the differentiation of Th17 cells by phosphorylating and activating STAT4 and suppressing STAT3-induced IL17 gene expression (Zhang et al., 2019). The results of this study provide new potential therapeutic targets for the treatment of IBD. Alpha B-crystallin (CRYAB) is a small heat shock protein that plays a protective role in intestinal inflammation. A recent study found that CRYAB expression was significantly reduced in both IBD patients and DSS-induced colitis mouse models and negatively correlated with TNF-α and IL-6 levels; CRYAB could reduce cellular inflammatory factors (TNF-α, IL-6, IL-1β, IL-8) production in vitro by inhibiting IKKβ activity, and in colitis mice in vivo (Xu et al., 2019). This suggests that CRYAB may be a potential therapeutic target for IBD, as it protects the integrity of the intestinal barrier and alleviates colitis symptoms. Previous studies have found that epithelial deSUMOylation is associated with IBD. The deSUMOylase SENP7 and its interacting group regulate epithelial-immune cross-reactivity. In healthy cells, the ubiquitin ligase SIAH2 negatively regulates SENP7 through ubiquitination. Upregulation of epithelial SENP7 induces pro-inflammatory mechanisms through γδ T cells. Knockdown of SENP7 or clearance of γδ T cells suppressed DSS-induced intestinal inflammation; upregulation of SENP7 expression was strongly statistically correlated with higher clinical disease indices in IBD patients (Suhail et al., 2019). This study shows that epithelial SENP7 is necessary to control intestinal inflammation and highlights its importance as a potential drug target.

In addition, excessive activation of RelA/NF-κB causes abnormal inflammation associated with IBD. The canonical NF-κB module regulates intranuclear activation of RelA dimers and induces e pro-inflammatory gene expression, and uncontrolled RelA activity induces abnormal intestinal inflammation. A recently published study found that atypical NF-κB2 signaling amplifies RelA activity in colonic epithelial cells, increases RelA-driven inflammatory gene expression, and exacerbates intestinal pathogenesis in IBD patients and mice with colitis, suggesting that the atypical NF-κB2 pathway may be a potential therapeutic target for inflammatory diseases (Chawla et al., 2021). Activating mutations in guanylate cyclase C (GC-C), a target receptor for the gastrointestinal peptide hormone guanylate and urinary guanylate, and bacterial heat-stable enterotoxins can both cause early-onset diarrhea and chronic IBD. GC-C regulates intestinal ion and fluid secretion through cGMP production and activation of cGMP-dependent protein kinase II. A recent study constructing activating mutant mice with the guanylate cyclase C (Gucy2c) gene found that mutant mice have increased intestinal cGMP, leading to loss of overall internal environmental homeostasis, fluid ion imbalance, dysregulation of the intestinal microbiota, and susceptibility to colitis, suggesting that gut-associated cGMP signaling pathway may mediate colitis and flora dysbiosis (Mishra et al., 2021).

Inflammasomes are an important natural immune component expressed in both immune cells and non-immune cells (Lamkanfi and Dixit, 2014). By regulating the degree of inflammation and cell death in response to pathogen-associated molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs), they can either protect or harm the host (Man, 2018). Inflammasomes play an important role in inflammation and pathogen clearance. However, the mechanisms by which endogenous danger signals activate inflammasomes and the association of inflammasomes with inflammatory diseases have not been clarified. Earlier studies have shown that Salmonella typhimurium expresses a specific PAMP, a ligand for NLR family of apoptosis inhibitory proteins (NAIPs), during infection of IECs and high expression of NAIP/NLRC4 inflammasomes in IECs specifically inhibits the dissemination of S. typhimurium from the intestine to the whole body (Rauch et al., 2017; Hausmann et al., 2020). A recent study demonstrated that epithelial autonomous NAIP/NLRC4 inflammasomes mitigate TNF-induced disruption of the intestinal epithelial barrier by driving IEC pyroptosis or apoptosis and promoting IEC expulsion (Fattinger et al., 2021). miR-223 expression is increased in inflammatory tissues in IBD (Zhang et al., 2021). NLRP3 is a component of inflammasomes, and NLRP3 expression is elevated in colon and myeloid cells in miR-223-deficient environments. Drugs block the NLRP3 pathway, reduce IL-1β production, and attenuate colitis (Kanneganti, 2017). Recently, Zhang et al. revealed the mechanism by which endogenous danger signals activate inflammasomes to promote IBD. ADP, a danger signal released during colonic injury from IECs, activates NLRP3 inflammasomes via P2Y1 receptors and promotes phosphorylation of NLRP3 inflammasomes component ASC to increase IL-1β production, thereby worsening DSS-induced colitis in mice. Extracellular ADP activates NLRP3 inflammasomes via P2Y1 receptor-mediated calcium signaling, and deletion of P2Y1 receptors or treatment with P2Y1 receptor inhibitors inhibits NLRP3 inflammasomes activation to alleviate colitis (Zhang et al., 2020). The results of this study suggest that ADP/P2Y1 may serve as a potential therapeutic target for IBD. NLRP6 inflammasomes regulate the intestinal inflammatory response and the organism’s resistance to microbial responses, but the molecular mechanism of how to inhibit NLRP6 function to avoid tissue damage caused by excessive inflammatory response is not clear. A recent study showed that the deubiquitinating enzyme Cyld binds to NLRP6, removes its ubiquitination modifications, inhibits NLRP6-ASC inflammasomes formation, regulates the maturation process of IL-18, and suppresses excessive inflammatory responses in the intestine (Mukherjee et al., 2020). This finding may provide new ideas for the treatment of intestinal inflammation.

The intestinal epithelium is constantly exposed to inducers of ROS, such as commensal microorganisms (Kajino-Sakamoto et al., 2010). In addition to an excessive inflammatory response, oxidative stress is considered a major feature of IBD (Tian et al., 2017). In the gastrointestinal tract, ROS production by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX/DUOX) is a key biological mechanism regulating pathogen killing, host–microbe interactions and tissue repair after injury (Aviello et al., 2019). ROS production via enterocyte NOX1 has been shown to transduce microbial signals that promote epithelial wound healing (Alam et al., 2014) and mutations in genes that induce ROS production, such as Nox1, are highly associated with IBD (Aviello et al., 2019; Hsu et al., 2022). Mechanistically, the absence of intestinal epithelial NOX1 combined with TNFα stimulation can alter the stem cell microenvironment and stem cell differentiation, promote the number of lymphoplasmacytes and thus accelerate the progression of colitis, which may provide new insights into the prevention and treatment of IBD (Hsu et al., 2022). Superoxide dismutase 1 (SOD1) is one of the three superoxide dismutases responsible for the destruction of free superoxide radicals in the body. However, the role of SOD1 in oxidative stress in colitis is unclear. Hwang et al. found that SOD1 deletion enhances oxidative stress in mice and disrupts the intestinal epithelial barrier, reduces antioxidant enzyme activity, and increases colonic infiltration of pro-inflammatory immune cells to worsen DSS-induced colitis in mice. Restoring SOD activity can inhibit p38-MAPK/NF-κB signal-mediated inflammation and apoptosis, thereby alleviating colitis (Hwang et al., 2020). In mice, loss of multidrug resistance 1 (MDR1) function leads to colitis similar to human IBD. Ho et al. showed that MDR1 has a protective effect on mitochondria, where MDR1 deficiency leads to mitochondrial dysfunction, while increased mROS drive the development of colitis. Since MDR1 protects against xenotoxins primarily through its efflux function, the results of this study suggest a unique mitochondrial toxin genetic susceptibility interaction leading to mitochondrial dysfunction, a novel pathogenic mechanism that could provide many new therapeutic opportunities for IBD (Ho et al., 2018). Moreover, endogenous hydrogen sulfide (H2S) has anti-inflammatory activity in IBD, and the role of 3-mercaptopyruvate sulfurtransferase (MPST), a key enzyme regulating endogenous H2S biosynthesis, in IBD is not yet clear. A recent study found that MPST likely protects the intestine from inflammation by regulating the AKT/apoptotic axis in IECs, inhibiting the expression of pro-inflammatory cytokines, ROS production, and the incidence of apoptosis, providing a new therapeutic strategy for colitis (Zhang et al., 2022). Albumin is the most abundant matrix protein in the body and performs a variety of biological functions, including the ability to resist oxidative stress through free sulfhydryl groups (-SH). Oxidative stress is an important feature of colitis, and studies have shown that colitis can significantly reduce albumin and increase oxidized albumin (Krzystek-Korpacka et al., 2008; Khan et al., 2017). However, no studies have yet explored the potential efficacy of albumin in the treatment of colitis. A recent work showed that DSS-induced administration of reductively modified albumin (r-Alb) to mice with colitis effectively improved the colitis phenotype by the mechanism that r-Alb inhibits cellular ROS and superoxide production through sulfhydryl (-SH) and reduces the cellular damage caused by oxidative stress. The results of this study provide a new intervention technique for the clinical treatment of colitis, while r-Alb has a promising application as an effective antioxidant (Yang et al., 2021).



Conclusion

Multiple factors are involved in the pathogenesis of IBD, such as genetic, environmental, infectious, and immunological factors, among which intestinal inflammation and immune dysfunction play an important role. In IBD patients, molecules such as SCFAs, bile acids and microbial tryptophan metabolites are altered (Sun et al., 2017; Heinken et al., 2019; Scott et al., 2020). These microbe-derived compounds function as signaling molecules, mediating host-microbiota communication and regulating immune homeostasis. Recent research suggests that SCFAs, particularly butyrate, have immunomodulatory properties. Furthermore, SCFAs can activate the signaling cascade that controls immune function via GPCRs. With the advancement of molecular biology techniques, the value of epigenetics as one of the pathways regulating gene expression in IBD has been gradually explored and established to be particularly relevant to IBD. Butyrate has recently been discovered to regulate epithelial gene expression or immune cells via epigenetic pathways. Besides, the latest evidence suggests that specific bile acid metabolites, tryptophan metabolites, and PSA interact with adaptive immune cells to improve the inflammatory environment of IBD. In addition to traditional bacterial metabolites, certain new bacteria species and their effector molecules have been identified to regulate immune factors release and improve IBD by binding to IECs or immune cell surface receptors. On the contrary, many new bacteria species and the virulence factors they contain potentially promote IBD by disrupting epithelial barrier, promoting pro-inflammatory factors secretion, and interfering normal gut microbiota. Recent research has confirmed the importance of miRNAs in targeting specific molecules in signaling pathways that regulate intestinal barrier homeostasis, inflammation, and autophagy. Several studies have found specific miRNAs linked to IBD and attempted to use them as diagnostic biomarkers (Soroosh et al., 2018).

The long-term persistence of chronic inflammation in IBD is a major contributor to tumor transformation and the development of CAC. In the past decades, significant progress has been made in the immunological mechanisms of IBD, providing new strategies and ideas for treating IBD. The subsequent introduction of biologics, such as TNF-α blocker, replaced nonselective anti-inflammatory corticosteroids in IBD management. However, these therapies still have the potential for primary unresponsiveness, secondary loss of response, opportunistic infections, and cancer development. Therefore, there is an urgent need to develop novel and effective therapies that target specific signaling pathways in the pathogenesis of IBD. Disruption of the intestinal barrier, abnormal death of epithelial cells, and subsequent inflammation are at the heart of chronic inflammatory and infectious gastrointestinal diseases (Patankar and Becker, 2020). Recent studies have shown that the Notch, Wnt, and NfkB signaling pathways are involved in the pathogenesis of IBD and different upstream signaling molecules can activate these pathways, thus serving as potential targets for the treatment of IBD. Moreover, RNA methylation is a new class of RNA epigenetic modifications discovered in recent years and can regulate mRNA expression. One of the most common modifications is m6A. There is a growing body of research involving RNA methylation and disease, covering tumors (Su et al., 2019), neurological disorders (Jiang et al., 2022), obesity (Li et al., 2020), and immune response (Wang et al., 2020), but the relationship with IBD needs further investigation. Elevated levels of NLRP3 inflammasome and pro-inflammatory cytokines are the main pathological mechanisms of IBD (Zhen and Zhang, 2019). Therefore, targeting NLRP3 inflammasome offers a promising strategy for the treatment of IBD. Chronic intestinal inflammation is related with the overproduction of ROS, which leads to oxidative stress. Recent studies have identified several key molecules that play varying degrees of regulatory functions in the production of ROS and could be explored as possible targets for IBD therapy. In the future, altering specific genetic loci may be a promising therapeutic approach for IBD. In addition, novel antibodies or inhibitors, combination therapy regimens, and multifactor blockers are also expected to break the bottleneck of IBD treatment and improve disease for patients with IBD. Furthermore, in the past three decades, there has been a rapid development in the clinical diagnosis and treatment of IBD. However, numerous issues still need to be explored in depth, such as genetic testing, serological markers in the disease population, imaging of the disease, endoscopic assessment, monitoring, drug specificity, and FMT. It is the future trend to further develop relatively specific novel drugs, develop IBD assessment models through extensive sample population studies, and provide personalized treatment to patients.



Author contributions

BL and CnW wrote the paper. CoW, WS, and XH made figures. WC made the table. NL and DX conceived of the presented idea. All authors contributed to the article and approved the submitted version.



Funding

This work is financially supported by the Qingdao Postdoctoral Applied Research Project (grant no. RZ2200001423).



Conflict of interest

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



Publisher’s note

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



References

 Ahmad, T. R., and Haeusler, R. A. (2019). Bile acids in glucose metabolism and insulin signalling – mechanisms and research needs. Nat. Rev. Endocrinol. 15, 701–712. doi: 10.1038/s41574-019-0266-7 

 Alam, A., Leoni, G., Wentworth, C. C., Kwal, J. M., Wu, H., Ardita, C. S., et al. (2014). Redox signaling regulates commensal-mediated mucosal homeostasis and restitution and requires formyl peptide receptor 1. Mucosal Immunol. 7, 645–655. doi: 10.1038/mi.2013.84 

 Alexander, M., Ang, Q. Y., Nayak, R. R., Bustion, A. E., Sandy, M., Zhang, B., et al. (2022). Human gut bacterial metabolism drives Th17 activation and colitis. Cell Host Microbe 30, 17–30.e9. doi: 10.1016/j.chom.2021.11.001 

 Allaire, J. M., Crowley, S. M., Law, H. T., Chang, S. Y., Ko, H. J., and Vallance, B. A. (2018). The intestinal epithelium: central coordinator of mucosal immunity. Trends Immunol. 39, 677–696. doi: 10.1016/j.it.2018.04.002 

 Aviello, G., Singh, A. K., O’Neill, S., Conroy, E., Gallagher, W., D’Agostino, G., et al. (2019). Colitis susceptibility in mice with reactive oxygen species deficiency is mediated by mucus barrier and immune defense defects. Mucosal Immunol. 12, 1316–1326. doi: 10.1038/s41385-019-0205-x 

 Barnich, N., Carvalho, F. A., Glasser, A. L., Darcha, C., Jantscheff, P., Allez, M., et al. (2007). CEACAM6 acts as a receptor for adherent-invasive E. coli, supporting ileal mucosa colonization in Crohn disease. J. Clin. Invest. 117, 1566–1574. doi: 10.1172/JCI30504 

 Brown, A. J., Goldsworthy, S. M., Barnes, A. A., Eilert, M. M., Tcheang, L., Daniels, D., et al. (2003). The orphan G protein-coupled receptors GPR41 and GPR43 are activated by propionate and other short chain carboxylic acids. J. Biol. Chem. 278, 11312–11319. doi: 10.1074/jbc.M211609200 

 Campbell, C., McKenney, P. T., Konstantinovsky, D., Isaeva, O. I., Schizas, M., Verter, J., et al. (2020). Bacterial metabolism of bile acids promotes generation of peripheral regulatory T cells. Nature 581, 475–479. doi: 10.1038/s41586-020-2193-0 

 Cao, Y., Wang, Z., Yan, Y., Ji, L., He, J., Xuan, B., et al. (2021). Enterotoxigenic Bacteroidesfragilis promotes intestinal inflammation and malignancy by inhibiting exosome-packaged miR-149-3p. Gastroenterology 161, 1552–1566.e12. doi: 10.1053/j.gastro.2021.08.003 

 Caruso, R., Lo, B. C., and Nunez, G. (2020). Host-microbiota interactions in inflammatory bowel disease. Nat. Rev. Immunol. 20, 411–426. doi: 10.1038/s41577-019-0268-7

 Chawla, M., Mukherjee, T., Deka, A., Chatterjee, B., Sarkar, U. A., Singh, A. K., et al. (2021). An epithelial Nfkb2 pathway exacerbates intestinal inflammation by supplementing latent RelA dimers to the canonical NF-kappaB module. Proc. Natl. Acad. Sci. U. S. A. 118:e2024828118. doi: 10.1073/pnas.2024828118

 Chung, L., Thiele Orberg, E., Geis, A. L., Chan, J. L., Fu, K., DeStefano Shields, C. E., et al. (2018). Bacteroides fragilis toxin coordinates a pro-carcinogenic inflammatory Cascade via targeting of colonic epithelial cells. Cell Host Microbe 23, 203–214.e5. doi: 10.1016/j.chom.2018.01.007 

 Coskun, M. (2014). Intestinal epithelium in inflammatory bowel disease. Front. Med. (Lausanne). 1:24. doi: 10.3389/fmed.2014.00024

 Dasgupta, S., Erturk-Hasdemir, D., Ochoa-Reparaz, J., Reinecker, H. C., and Kasper, D. L. (2014). Plasmacytoid dendritic cells mediate anti-inflammatory responses to a gut commensal molecule via both innate and adaptive mechanisms. Cell Host Microbe 15, 413–423. doi: 10.1016/j.chom.2014.03.006 

 Fattinger, S. A., Geiser, P., Samperio Ventayol, P., Di Martino, M. L., Furter, M., Felmy, B., et al. (2021). Epithelium-autonomous NAIP/NLRC4 prevents TNF-driven inflammatory destruction of the gut epithelial barrier in salmonella-infected mice. Mucosal Immunol. 14, 615–629. doi: 10.1038/s41385-021-00381-y 

 Fazio, A., Bordoni, D., Kuiper, J. W. P., Weber-Stiehl, S., Stengel, S. T., Arnold, P., et al. (2022). DNA methyltransferase 3A controls intestinal epithelial barrier function and regeneration in the colon. Nat. Commun. 13:6266. doi: 10.1038/s41467-022-33844-2 

 Foley, S. E., Dente, M. J., Lei, X., Sallis, B. F., Loew, E. B., Meza-Segura, M., et al. (2022). Microbial metabolites orchestrate a distinct multi-tiered regulatory network in the intestinal epithelium that directs P-glycoprotein expression. mBio 13:e0199322. doi: 10.1128/mbio.01993-22

 Furusawa, Y., Obata, Y., Fukuda, S., Endo, T. A., Nakato, G., Takahashi, D., et al. (2013). Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 504, 446–450. doi: 10.1038/nature12721 

 Gobert, A. P., Latour, Y. L., Asim, M., Barry, D. P., Allaman, M. M., Finley, J. L., et al. (2022). Protective role of Spermidine in colitis and colon carcinogenesis. Gastroenterology 162, 813–827.e8. doi: 10.1053/j.gastro.2021.11.005 

 Graham, W. V., He, W., Marchiando, A. M., Zha, J., Singh, G., Li, H. S., et al. (2019). Intracellular MLCK1 diversion reverses barrier loss to restore mucosal homeostasis. Nat. Med. 25, 690–700. doi: 10.1038/s41591-019-0393-7 

 Hall, C. H. T., Lee, J. S., Murphy, E. M., Gerich, M. E., Dran, R., Glover, L. E., et al. (2020). Creatine transporter, reduced in colon tissues from patients with inflammatory bowel diseases, regulates energy balance in intestinal epithelial cells, epithelial integrity, and barrier function. Gastroenterology 159, 984–998e1. doi: 10.1053/j.gastro.2020.05.033

 Hang, S., Paik, D., Yao, L., Kim, E., Trinath, J., Lu, J., et al. (2019). Bile acid metabolites control T(H)17 and T(reg) cell differentiation. Nature 576, 143–148. doi: 10.1038/s41586-019-1785-z 

 Hausmann, A., Böck, D., Geiser, P., Berthold, D. L., Fattinger, S. A., Furter, M., et al. (2020). Intestinal epithelial NAIP/NLRC4 restricts systemic dissemination of the adapted pathogen salmonella Typhimurium due to site-specific bacterial PAMP expression. Mucosal Immunol. 13, 530–544. doi: 10.1038/s41385-019-0247-0 

 Heinken, A., Ravcheev, D. A., Baldini, F., Heirendt, L., Fleming, R. M., and Thiele, I. (2019). Systematic assessment of secondary bile acid metabolism in gut microbes reveals distinct metabolic capabilities in inflammatory bowel disease. Microbiome. 7, 1–18.

 Henke, M. T., Kenny, D. J., Cassilly, C. D., Vlamakis, H., Xavier, R. J., and Clardy, J. (2019). Ruminococcus gnavus, a member of the human gut microbiome associated with Crohn's disease, produces an inflammatory polysaccharide. Proc. Natl. Acad. Sci. U. S. A. 116, 12672–12677. doi: 10.1073/pnas.1904099116 

 Hinrichsen, F., Hamm, J., Westermann, M., Schroder, L., Shima, K., Mishra, N., et al. (2021). Microbial regulation of hexokinase 2 links mitochondrial metabolism and cell death in colitis. Cell Metab. 33, 2355–2366.e8. doi: 10.1016/j.cmet.2021.11.004 

 Ho, G. T., Aird, R. E., Liu, B., Boyapati, R. K., Kennedy, N. A., Dorward, D. A., et al. (2018). MDR1 deficiency impairs mitochondrial homeostasis and promotes intestinal inflammation. Mucosal Immunol. 11, 120–130. doi: 10.1038/mi.2017.31 

 Hsu, N.-Y., Nayar, S., Gettler, K., Talware, S., Giri, M., Alter, I., et al. (2022). NOX1 is essential for TNFα-induced intestinal epithelial ROS secretion and inhibits M cell signatures. Gut :gutjnl-2021-326305. doi: 10.1136/gutjnl-2021-326305 

 Hwang, J., Jin, J., Jeon, S., Moon, S. H., Park, M. Y., Yum, D.-Y., et al. (2020). SOD1 suppresses pro-inflammatory immune responses by protecting against oxidative stress in colitis. Redox Biol. 37:101760. doi: 10.1016/j.redox.2020.101760 

 Jiang, L., Li, X., Wang, S., Yuan, Z., and Cheng, J. (2022). The role and regulatory mechanism of m(6)a methylation in the nervous system. Front. Genet. 13:962774. doi: 10.3389/fgene.2022.962774 

 Jimenez, M. T., Clark, M. L., Wright, J. M., Michieletto, M. F., Liu, S., Erickson, I., et al. (2022). The miR-181 family regulates colonic inflammation through its activity in the intestinal epithelium. J. Exp. Med. 219:e20212278. doi: 10.1084/jem.20212278

 Juznic, L., Peuker, K., Strigli, A., Brosch, M., Herrmann, A., Hasler, R., et al. (2021). SETDB1 is required for intestinal epithelial differentiation and the prevention of intestinal inflammation. Gut 70, 485–498. doi: 10.1136/gutjnl-2020-321339 

 Kajino-Sakamoto, R., Omori, E., Nighot, P. K., Blikslager, A. T., Matsumoto, K., and Ninomiya-Tsuji, J. (2010). TGF-β–activated kinase 1 signaling maintains intestinal integrity by preventing accumulation of reactive oxygen species in the intestinal epithelium. J. Immunol. 185, 4729–4737. doi: 10.4049/jimmunol.0903587 

 Kanneganti, T.-D. (2017). Inflammatory bowel disease and the NLRP3 Inflammasome. N. Engl. J. Med. 377, 694–696. doi: 10.1056/NEJMcibr1706536

 Khan, N., Patel, D., Shah, Y., Trivedi, C., and Yang, Y. X. (2017). Albumin as a prognostic marker for ulcerative colitis. World J. Gastroenterol. 23, 8008–8016. doi: 10.3748/wjg.v23.i45.8008 

 Kim, K. N., Yao, Y., and Ju, S. Y. (2019). Short chain fatty acids and fecal microbiota abundance in humans with obesity: a systematic review and meta-analysis. Nutrients 11:2512. doi: 10.3390/nu11102512

 Krzystek-Korpacka, M., Neubauer, K., Berdowska, I., Boehm, D., Zielinski, B., Petryszyn, P., et al. (2008). Enhanced formation of advanced oxidation protein products in IBD. Inflamm. Bowel Dis. 14, 794–802. doi: 10.1002/ibd.20383 

 Lamkanfi, M., and Dixit, V. M. (2014). Mechanisms and functions of inflammasomes. Cells 157, 1013–1022. doi: 10.1016/j.cell.2014.04.007

 Li, G., Lin, J., Zhang, C., Gao, H., Lu, H., Gao, X., et al. (2021). Microbiota metabolite butyrate constrains neutrophil functions and ameliorates mucosal inflammation in inflammatory bowel disease. Gut Microbes 13:1968257. doi: 10.1080/19490976.2021.1968257 

 Li, Q., Sun, X., Yu, K., Lv, J., Miao, C., Yang, J., et al. (2022). Enterobacter ludwigii protects DSS-induced colitis through choline-mediated immune tolerance. Cell Rep. 40:111308. doi: 10.1016/j.celrep.2022.111308 

 Li, Y., Wang, J., Huang, C., Shen, M., Zhan, H., and Xu, K. (2020). RNA N6-methyladenosine: a promising molecular target in metabolic diseases. Cell Biosci. 10:19. doi: 10.1186/s13578-020-00385-4 

 Liang, X., Xie, J., Liu, H., Zhao, R., Zhang, W., Wang, H., et al. (2022). STIM1 deficiency in intestinal epithelium attenuates colonic inflammation and tumorigenesis by reducing ER stress of goblet cells. Cell. Mol. Gastroenterol. Hepatol. 14, 193–217. doi: 10.1016/j.jcmgh.2022.03.007 

 Liu, Y., Yang, M., Tang, L., Wang, F., Huang, S., Liu, S., et al. (2022). TLR4 regulates RORgammat(+) regulatory T-cell responses and susceptibility to colon inflammation through interaction with Akkermansia muciniphila. Microbiome. 10:98. doi: 10.1186/s40168-022-01296-x 

 Luis, A. S., Jin, C., Pereira, G. V., Glowacki, R. W. P., Gugel, S. R., Singh, S., et al. (2021). A single sulfatase is required to access colonic mucin by a gut bacterium. Nature 598, 332–337. doi: 10.1038/s41586-021-03967-5 

 Ma, N., He, T., Johnston, L. J., and Ma, X. (2020). Host-microbiome interactions: the aryl hydrocarbon receptor as a critical node in tryptophan metabolites to brain signaling. Gut Microbes 11, 1203–1219. doi: 10.1080/19490976.2020.1758008 

 Mahendran, V., Liu, F., Riordan, S. M., Grimm, M. C., Tanaka, M. M., and Zhang, L. (2016). Examination of the effects of campylobacter concisus zonula occludens toxin on intestinal epithelial cells and macrophages. Gut Pathog. 8:18. doi: 10.1186/s13099-016-0101-9 

 Man, S. M. (2018). Inflammasomes in the gastrointestinal tract: infection, cancer and gut microbiota homeostasis. Nat. Rev. Gastro Hepat. 15, 721–737. doi: 10.1038/s41575-018-0054-1 

 Mao, L., Xin, F., Ren, J., Xu, S., Huang, H., Zha, X., et al. (2022). 5-HT2B-mediated serotonin activation in enterocytes suppresses colitis-associated cancer initiation and promotes cancer progression. Theranostics. 12, 3928–3945. doi: 10.7150/thno.70762 

 Maslowski, K. M., Vieira, A. T., Ng, A., Kranich, J., Sierro, F., Yu, D., et al. (2009). Regulation of inflammatory responses by gut microbiota and chemoattractant receptor GPR43. Nature 461, 1282–1286. doi: 10.1038/nature08530 

 Mazmanian, S. K., Round, J. L., and Kasper, D. L. (2008). A microbial symbiosis factor prevents intestinal inflammatory disease. Nature 453, 620–625. doi: 10.1038/nature07008 

 Mishra, V., Bose, A., Kiran, S., Banerjee, S., Shah, I. A., Chaukimath, P., et al. (2021). Gut-associated cGMP mediates colitis and dysbiosis in a mouse model of an activating mutation in GUCY2C. J. Exp. Med. 218:e20210479. doi: 10.1084/jem.20210479

 Mukherjee, S., Kumar, R., Tsakem Lenou, E., Basrur, V., Kontoyiannis, D. L., Ioakeimidis, F., et al. (2020). Deubiquitination of NLRP6 inflammasome by Cyld critically regulates intestinal inflammation. Nat. Immunol. 21, 626–635. doi: 10.1038/s41590-020-0681-x 

 Ni, H., Chen, Y., Xia, W., Wang, C., Hu, C., Sun, L., et al. (2021). SATB2 defect promotes colitis and colitis-associated colorectal cancer by impairing cl-/HCO3-exchange and homeostasis of gut microbiota. J. Crohns Colitis 15, 2088–2102. doi: 10.1093/ecco-jcc/jjab094 

 Nicolas, G. R., and Chang, P. V. (2019). Deciphering the chemical lexicon of host-gut microbiota interactions. Trends Pharmacol. Sci. 40, 430–445. doi: 10.1016/j.tips.2019.04.006 

 Nielsen, O. H., and Ainsworth, M. A. (2013). Tumor necrosis factor inhibitors for inflammatory bowel disease. N. Engl. J. Med. 369, 754–762. doi: 10.1056/NEJMct1209614

 Nielsen, H. L., Dalager-Pedersen, M., and Nielsen, H. (2020). High risk of microscopic colitis after campylobacter concisus infection: population-based cohort study. Gut 69, 1952–1958. doi: 10.1136/gutjnl-2019-319771 

 Paik, D., Yao, L., Zhang, Y., Bae, S., D'Agostino, G. D., Zhang, M., et al. (2022). Human gut bacteria produce TauEta17-modulating bile acid metabolites. Nature 603, 907–912. doi: 10.1038/s41586-022-04480-z 

 Palmela, C., Chevarin, C., Xu, Z., Torres, J., Sevrin, G., Hirten, R., et al. (2018). Adherent-invasive Escherichia coli in inflammatory bowel disease. Gut 67, 574–587. doi: 10.1136/gutjnl-2017-314903 

 Patankar, J. V., and Becker, C. (2020). Cell death in the gut epithelium and implications for chronic inflammation. Nat Rev Gastro Hepat. 17, 543–556. doi: 10.1038/s41575-020-0326-4 

 Peterson, L. W., and Artis, D. (2014). Intestinal epithelial cells: regulators of barrier function and immune homeostasis. Nat. Rev. Immunol. 14, 141–153. doi: 10.1038/nri3608

 Plovier, H., Everard, A., Druart, C., Depommier, C., Van Hul, M., Geurts, L., et al. (2017). A purified membrane protein from Akkermansia muciniphila or the pasteurized bacterium improves metabolism in obese and diabetic mice. Nat. Med. 23, 107–113. doi: 10.1038/nm.4236 

 Postler, T. S., and Ghosh, S. (2017). Understanding the Holobiont: how microbial metabolites affect human health and shape the immune system. Cell Metab. 26, 110–130. doi: 10.1016/j.cmet.2017.05.008 

 Pu, Y., Song, Y., Zhang, M., Long, C., Li, J., Wang, Y., et al. (2021). GOLM1 restricts colitis and colon tumorigenesis by ensuring notch signaling equilibrium in intestinal homeostasis. Signal Transduct. Target. Ther. 6:148. doi: 10.1038/s41392-021-00535-1 

 Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al. (2010). A human gut microbial gene catalogue established by metagenomic sequencing. Nature 464, 59–65. doi: 10.1038/nature08821 

 Qu, S., Fan, L., Qi, Y., Xu, C., Hu, Y., Chen, S., et al. (2021). Akkermansia muciniphila alleviates dextran sulfate sodium (DSS)-induced acute colitis by NLRP3 activation. Microbiol Spectr. 9:e0073021. doi: 10.1128/Spectrum.00730-21 

 Rauch, I., Deets, K. A., Ji, D. X., von Moltke, J., Tenthorey, J. L., Lee, A. Y., et al. (2017). NAIP-NLRC4 Inflammasomes coordinate intestinal epithelial cell expulsion with eicosanoid and IL-18 release via activation of Caspase-1 and -8. Immunity 46, 649–659. doi: 10.1016/j.immuni.2017.03.016 

 Renga, G., Nunzi, E., Pariano, M., Puccetti, M., Bellet, M. M., Pieraccini, G., et al. (2022). Optimizing therapeutic outcomes of immune checkpoint blockade by a microbial tryptophan metabolite. J. Immunother. Cancer 10:e003725. doi: 10.1136/jitc-2021-003725 

 Rösch, C., Taverne, N., Venema, K., Gruppen, H., Wells, J. M., and Schols, H. A. (2017). Effects of in vitro fermentation of barley β-glucan and sugar beet pectin using human fecal inocula on cytokine expression by dendritic cells. Mol. Nutr. Food Res. 61:1600243. doi: 10.1002/mnfr.201600243

 Round, J. L., and Mazmanian, S. K. (2010). Inducible Foxp3+ regulatory T-cell development by a commensal bacterium of the intestinal microbiota. Proc. Natl. Acad. Sci. U. S. A. 107, 12204–12209. doi: 10.1073/pnas.0909122107 

 Scott, S. A., Fu, J., and Chang, P. V. (2020). Microbial tryptophan metabolites regulate gut barrier function via the aryl hydrocarbon receptor. Proc. Natl. Acad. Sci. U. S. A. 117, 19376–19387. doi: 10.1073/pnas.2000047117 

 Sekizuka, T., Ogasawara, Y., Ohkusa, T., and Kuroda, M. (2017). Characterization of Fusobacterium varium Fv113-g1 isolated from a patient with ulcerative colitis based on complete genome sequence and transcriptome analysis. PLoS One 12:e0189319. doi: 10.1371/journal.pone.0189319 

 Seregin, S. S., Golovchenko, N., Schaf, B., Chen, J., Pudlo, N. A., Mitchell, J., et al. (2017). NLRP6 protects Il10(−/−) mice from colitis by limiting colonization of Akkermansia muciniphila. Cell Rep. 19, 733–745. doi: 10.1016/j.celrep.2017.03.080 

 Shen, Y., Giardino Torchia, M. L., Lawson, G. W., Karp, C. L., Ashwell, J. D., and Mazmanian, S. K. (2012). Outer membrane vesicles of a human commensal mediate immune regulation and disease protection. Cell Host Microbe 12, 509–520. doi: 10.1016/j.chom.2012.08.004 

 Silpe, J. E., Wong, J. W. H., Owen, S. V., Baym, M., and Balskus, E. P. (2022). The bacterial toxin colibactin triggers prophage induction. Nature 603, 315–320. doi: 10.1038/s41586-022-04444-3 

 Singh, S., George, J., Boland, B. S., Vande Casteele, N., and Sandborn, W. J. (2018). Primary non-response to tumor necrosis factor antagonists is associated with inferior response to second-line biologics in patients with inflammatory bowel diseases: a systematic review and meta-analysis. J. Crohns Colitis 12, 635–643. doi: 10.1093/ecco-jcc/jjy004 

 Sinha, S. R., Haileselassie, Y., Nguyen, L. P., Tropini, C., Wang, M., Becker, L. S., et al. (2020). Dysbiosis-induced secondary bile acid deficiency promotes intestinal inflammation. Cell Host Microbe 27, 659–670.e5. doi: 10.1016/j.chom.2020.01.021 

 Soderholm, A. T., and Pedicord, V. A. (2019). Intestinal epithelial cells: at the interface of the microbiota and mucosal immunity. Immunology 158, 267–280. doi: 10.1111/imm.13117 

 Sommer, F., and Backhed, F. (2013). The gut microbiota–masters of host development and physiology. Nat. Rev. Microbiol. 11, 227–238. doi: 10.1038/nrmicro2974 

 Sommer, K., Wiendl, M., Müller, T. M., Heidbreder, K., Voskens, C., Neurath, M. F., et al. (2021). Intestinal mucosal wound healing and barrier integrity in IBD-crosstalk and trafficking of cellular players. Front. Med. (Lausanne). 8:643973. doi: 10.3389/fmed.2021.643973 

 Soroosh, A., Koutsioumpa, M., Pothoulakis, C., and Iliopoulos, D. (2018). Functional role and therapeutic targeting of microRNAs in inflammatory bowel disease. Am. J. Physiol. Gastrointest. Liver Physiol. 314, G256–G262. doi: 10.1152/ajpgi.00268.2017 

 Su, Y., Huang, J., and Hu, J. (2019). m6A RNA methylation regulators contribute to malignant progression and have clinical prognostic impact in gastric cancer. Front. Oncol. 9:1038. doi: 10.3389/fonc.2019.01038 

 Suhail, A., Rizvi, Z. A., Mujagond, P., Ali, S. A., Gaur, P., Singh, M., et al. (2019). DeSUMOylase SENP7-mediated epithelial signaling triggers intestinal inflammation via expansion of Gamma-Delta T cells. Cell Rep. 29, 3522–3538.e7. doi: 10.1016/j.celrep.2019.11.028 

 Sun, M., Wu, W., Liu, Z., and Cong, Y. (2017). Microbiota metabolite short chain fatty acids, GPCR, and inflammatory bowel diseases. J. Gastroenterol. 52, 1–8. doi: 10.1007/s00535-016-1242-9 

 Tahara, T., Shibata, T., Kawamura, T., Okubo, M., Ichikawa, Y., Sumi, K., et al. (2015). Fusobacterium detected in colonic biopsy and clinicopathological features of ulcerative colitis in Japan. Dig. Dis. Sci. 60, 205–210. doi: 10.1007/s10620-014-3316-y 

 Tailford, L. E., Owen, C. D., Walshaw, J., Crost, E. H., Hardy-Goddard, J., Le Gall, G., et al. (2015). Discovery of intramolecular trans-sialidases in human gut microbiota suggests novel mechanisms of mucosal adaptation. Nat. Commun. 6:7624. doi: 10.1038/ncomms8624 

 Thangaraju, M., Cresci, G. A., Liu, K., Ananth, S., Gnanaprakasam, J. P., Browning, D. D., et al. (2009). GPR109A is a G-protein-coupled receptor for the bacterial fermentation product butyrate and functions as a tumor suppressor in colon. Cancer Res. 69, 2826–2832. doi: 10.1158/0008-5472.CAN-08-4466 

 Tian, T., Wang, Z., and Zhang, J. (2017). Pathomechanisms of oxidative stress in inflammatory bowel disease and potential antioxidant therapies. Oxidative Med. Cell. Longev. 2017:4535194. doi: 10.1155/2017/4535194

 Vieira, A. T., Macia, L., Galvão, I., Martins, F. S., Canesso, M. C., Amaral, F. A., et al. (2015). A role for gut microbiota and the metabolite-sensing receptor GPR43 in a murine model of gout. Arthritis Rheumatol. 67, 1646–1656. doi: 10.1002/art.39107 

 Viladomiu, M., Metz, M. L., Lima, S. F., Jin, W. B., Chou, L., Guo, C. J., et al. (2021). Adherent-invasive E. coli metabolism of propanediol in Crohn's disease regulates phagocytes to drive intestinal inflammation. Cell Host Microbe 29, 607–19.e8. doi: 10.1016/j.chom.2021.01.002 

 Wang, Q., McLoughlin, R. M., Cobb, B. A., Charrel-Dennis, M., Zaleski, K. J., Golenbock, D., et al. (2006). A bacterial carbohydrate links innate and adaptive responses through toll-like receptor 2. J. Exp. Med. 203, 2853–2863. doi: 10.1084/jem.20062008 

 Wang, Y. N., Yu, C. Y., and Jin, H. Z. (2020). RNA N(6)-Methyladenosine modifications and the immune response. J Immunol Res 2020:6327614. doi: 10.1155/2020/6327614

 Wei, S., Zhang, J., Wu, X., Chen, M., Huang, H., Zeng, S., et al. (2022). Fusobacterium nucleatum extracellular vesicles promote experimental colitis by modulating autophagy via the miR-574-5p/CARD3 Axis. Inflamm. Bowel Dis. 23:izac177. doi: 10.1093/ibd/izac177 

 Xiong, X., Tian, S., Yang, P., Lebreton, F., Bao, H., Sheng, K., et al. (2022). Emerging enterococcus pore-forming toxins with MHC/HLA-I as receptors. Cells 185, 1157–1171.e22. doi: 10.1016/j.cell.2022.02.002 

 Xu, W., Guo, Y., Huang, Z., Zhao, H., Zhou, M., Huang, Y., et al. (2019). Small heat shock protein CRYAB inhibits intestinal mucosal inflammatory responses and protects barrier integrity through suppressing IKKbeta activity. Mucosal. Immunol. 12, 1291–1303. doi: 10.1038/s41385-019-0198-5 

 Xu, M., Pokrovskii, M., Ding, Y., Yi, R., Au, C., Harrison, O. J., et al. (2018). C-MAF-dependent regulatory T cells mediate immunological tolerance to a gut pathobiont. Nature 554, 373–377. doi: 10.1038/nature25500 

 Yang, X., Mao, Z., Huang, Y., Yan, H., Yan, Q., Hong, J., et al. (2021). Reductively modified albumin attenuates DSS-induced mouse colitis through rebalancing systemic redox state. Redox Biol. 41:101881. doi: 10.1016/j.redox.2021.101881 

 Yang, J., Pei, G., Sun, X., Xiao, Y., Miao, C., Zhou, L., et al. (2022). RhoB affects colitis through modulating cell signaling and intestinal microbiome. Microbiome. 10:149. doi: 10.1186/s40168-022-01347-3 

 Zelante, T., Iannitti, R. G., Cunha, C., De Luca, A., Giovannini, G., Pieraccini, G., et al. (2013). Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and balance mucosal reactivity via interleukin-22. Immunity 39, 372–385. doi: 10.1016/j.immuni.2013.08.003 

 Zhai, R., Xue, X., Zhang, L., Yang, X., Zhao, L., and Zhang, C. (2019). Strain-specific anti-inflammatory properties of two Akkermansia muciniphila strains on chronic colitis in mice. Front. Cell. Infect. Microbiol. 9:239. doi: 10.3389/fcimb.2019.00239 

 Zhang, J., Cen, L., Zhang, X., Tang, C., Chen, Y., Zhang, Y., et al. (2022). MPST deficiency promotes intestinal epithelial cell apoptosis and aggravates inflammatory bowel disease via AKT. Redox Biol. 56:102469. doi: 10.1016/j.redox.2022.102469 

 Zhang, T., Ding, C., Chen, H., Zhao, J., Chen, Z., Chen, B., et al. (2022). M(6)a mRNA modification maintains colonic epithelial cell homeostasis via NF-kappaB-mediated antiapoptotic pathway. Sci. Adv. 8:eabl5723. doi: 10.1126/sciadv.abl5723

 Zhang, L., Lee, H., Grimm, M. C., Riordan, S. M., Day, A. S., and Lemberg, D. A. (2014). Campylobacter concisus and inflammatory bowel disease. World J. Gastroenterol. 20, 1259–1267. doi: 10.3748/wjg.v20.i5.1259 

 Zhang, C., Qin, J., Zhang, S., Zhang, N., Tan, B., Siwko, S., et al. (2020). ADP/P2Y1 aggravates inflammatory bowel disease through ERK5-mediated NLRP3 inflammasome activation. Mucosal Immunol. 13, 931–945. doi: 10.1038/s41385-020-0307-5 

 Zhang, J., Wang, C., Guo, Z., Da, B., Zhu, W., and Li, Q. (2021). miR-223 improves intestinal inflammation through inhibiting the IL-6/STAT3 signaling pathway in dextran sodium sulfate-induced experimental colitis. Immun. Inflamm Dis. 9, 319–327. doi: 10.1002/iid3.395 

 Zhang, Y. S., Xin, D. E., Wang, Z., Song, X., Sun, Y., Zou, Q. C., et al. (2019). STAT4 activation by leukemia inhibitory factor confers a therapeutic effect on intestinal inflammation. EMBO J. 38, 1–20. doi: 10.15252/embj.201899595

 Zhen, Y., and Zhang, H. (2019). NLRP3 Inflammasome and inflammatory bowel disease. Front. Immunol. 10:276. doi: 10.3389/fimmu.2019.00276 

 Zuo, L., Kuo, W. T., Cao, F., Chanez-Paredes, S. D., Zeve, D., Mannam, P., et al. (2022). Tacrolimus-binding protein FKBP8 directs myosin light chain kinase-dependent barrier regulation and is a potential therapeutic target in Crohn's disease. Gut :gutjnl-2021-326534. doi: 10.1136/gutjnl-2021-326534 









 


	
	
TYPE Original Research
PUBLISHED 06 January 2023
DOI 10.3389/fmicb.2022.1082565






Traditional Chinese medicine improves myasthenia gravis by regulating the symbiotic homeostasis of the intestinal microbiota and host

Mingli Zhao1†, Li Liu2†, Fanzhao Liu1, Lei Liu1, Zhijuan Liu1, Yanli Gao1 and Jianxi Cao1*


1Department of Cardio-Thoracic Surgery, The First Affiliated Hospital of Henan University of Traditional Chinese Medicine, Zhengzhou, China

2Department of Thoracic Surgery, Henan Province Hospital of Traditional Chinese Medicine, Zhengzhou, China

[image: image2]

OPEN ACCESS

EDITED BY
 Weiqi He, Soochow University, China

REVIEWED BY
 Fang Xiang, South China Agricultural University, China
 Manoj Baranwal, Thapar Institute of Engineering and Technology, India

*CORRESPONDENCE
 Jianxi Cao, wkyxb2013@126.com 

†These authors have contributed equally to this work

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

RECEIVED 28 October 2022
 ACCEPTED 12 December 2022
 PUBLISHED 06 January 2023

CITATION
 Zhao M, Liu L, Liu F, Liu L, Liu Z, Gao Y and Cao J (2023) Traditional Chinese medicine improves myasthenia gravis by regulating the symbiotic homeostasis of the intestinal microbiota and host. Front. Microbiol. 13:1082565. doi: 10.3389/fmicb.2022.1082565

COPYRIGHT
 © 2023 Zhao, Liu, Liu, Liu, Liu, Gao and Cao. 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.
 

Myasthenia gravis (MG) is an autoimmune disease caused by autoantibodies that is dependent on T-cell immunity and complement participation and mainly involves neuromuscular junctions. In this study, 30 patients with myasthenia gravis were selected and divided into pretreatment (Case group) and posttreatment (Treatment group) and 30 healthy volunteers (CON group) were included. Among them, the treatment group was treated with Modified Buzhong Yiqi Decoction (MBZYQD), and the levels of antibodies such as AChR, Musk and Titin in blood and intestinal microbiota were compared before treatment (Case group), after treatment (Treatment group) and in healthy volunteers (CON group). The results showed that after treatment with MBZYQD, the antibody levels of AChR, MuSK, and Titin and the inflammatory factor level of IL-6, IL-1β, and IL-22 in MG patients decreased significantly and nearly returned to a healthy level. In addition, after treatment with MBZYQD, the diversity, structure and function of intestinal microorganisms in MG patients also recovered to a healthy level. At the phylum level, the relative abundance of Proteobacteria in the Case group increased significantly, accompanied by a significant decrease in the relative abundance of Bacteroides compared with that in the CON group, the relative abundance of Proteobacteria and Bacteroides in the Treatment group was similar to that in the CON group. At the genus level, the relative abundance of Shigella in the Case group was significantly increased, accompanied by a significant decrease in the relative abundance of Prevotella, and the relative abundance of Shigella and Prevotella in Treatment group was similar to that in the CON group. Moreover, the fluorobenzoate degradation pathway (KO00364) was significantly increased in the Case group, while this pathway was significantly decreased in the Treatment group. In conclusion, MBZYQD can improve the immune function of the host by regulating the diversity, structure and function of the intestinal microbiota to treat myasthenia gravis.
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Introduction

Myasthenia gravis (MG) is an autoimmune mediated disease (Gilhus and Verschuuren, 2015). Its etiology includes environmental factors and genetic factors. At present, antibodies to acetylcholine receptor (AChR), muscle specific receptor tyrosine kinase (MuSK), and Rankine receptor (RyR) are known (Zhao et al., 2008; Sieb, 2014; Müllges and Stoll, 2019). These antibodies can interfere with the aggregation of AChR and affect the function of AChR and the signal transmission of nerve-muscle junctions, resulting in the failure of nerve-to-muscle action potential transmission (Gomez et al., 2010). Its main clinical manifestations are skeletal muscle weakness, fatigue, aggravation after activity, ptosis, diplopia, dysphagia, unclear articulation, and weak mastication (Zhao et al., 2011).

There are a large number of microorganisms in the human intestine, and they gradually form a complex relationship of mutualism with humans (Hugon et al., 2015). The intestinal microbiota play a variety of role; they are not only responsible for digesting and absorbing nutrients, but also play an important role in regulating the proliferation and differentiation of epithelial cells and resisting the invasion of pathogens (Soderholm and Pedicord, 2019; Rohr et al., 2020; Stacy et al., 2021). Moreover, the intestinal microbiota play an important role in promoting the occurrence and development of host innate immunity and its acquired immune system (Thaiss et al., 2016; Pascal et al., 2018). Studies have shown that there are obvious defects in the development and maturation of the spleen, mesenteric lymph nodes and intestinal-associated lymphoid tissues of sterile mice, and the administration of microbiota or some metabolites of microbiota can induce the above tissues to become normal, which indicates that intestinal microbiota are indispensable in the maturation of the host immune system (Kamada et al., 2013). Moreover, the immunosuppressive effect of intestinal microbiota on T lymphocytes is mainly reflected in the two cell helper T lymphocytes - helper T cells and regulatory T cells (Yang et al., 2020). Regulatory T cells in the intestine have the anti-inflammation functions, maintaining the immune tolerance of the body to its own harmful substances, and preventing the occurrence of autoimmune disorders in the host (Lan et al., 2007; Gao et al., 2016; Elmadfa and Meyer, 2019).

Previous research found that compared with a normal group, the diversity of microorganisms in the feces of patients in an MG group decreased as a whole, and the structure of the microbial community also changed, especially the SCFA level in the feces of patients in the MG group, which decreased significantly (Qiu et al., 2018; Liu et al., 2021). The same study also found that the Firmicutes/Bacteroides ratio (F/B ratio) in the intestinal microbiota of MG patients was significantly lower than that of the healthy control group, and the F/B ratio can be regarded as a pro-inflammatory environment. The inflammatory microbiota may cause damage to intestinal epithelial cells and trigger an immune response, eventually leading to the occurrence of various autoimmune diseases and an imbalance in the immune system (Qiu et al., 2018; Rinaldi et al., 2018). Other research explored the fecal microbiota of MG experimental mice (experimental autoimmune myasthenia gravis, EAMG) and healthy mice: At the phylum level, the ratio of Tenericutes/Verrucomicrobiota in the experimental autoimmune myasthenia gravis (EAMG) model group significantly decreased compared with that in the healthy control group, and Tenericutes/Verrucomicrobiota ratio partially recovered after probiotic treatment. At the family level, Lachnospiraceae decreased significantly in the EAMG group, and the ratio of Ruminococcaceae/Lachnospiraceae increased significantly. After treatment with probiotics, the ratio of Ruminobacteriaceae to Lachnospiraceae decreased significantly (Rinaldi et al., 2019). Additionally, Zheng et al. colonized germ-free mice with MG microbiota and healthy microbiota. The MG microbiota mice exhibited markedly impaired motor performance compared with healthy microbiota mice, and this insufficiency could be reversed by cocolonization of germ-free mice with MG microbiota and healthy microbiota mice. The above experimental results further support the correlation between gut microbiota and MG (Zheng et al., 2019).

In recent years, the role of intestinal microbiota in the immune system and their correlation with autoimmune diseases have been gradually explored. Intestinal microbiota may play a role in the occurrence and development of MG by affecting key factors in the anti-inflammatory process (Rinaldi et al., 2019). Traditional Chinese medicine (TCM) treatment is now considered a new immunomodulatory tool and a potential treatment that may be used to improve the symptoms of MG. Traditional Chinese medicine believes that MG belongs to the category of “flaccidity syndrome.” Most studies also show that the method of invigorating the spleen and replenishing qi is the key to the treatment of MG, and most of them use Buzhong Yiqi Decoction as the base prescription, which is treated according to syndrome differentiation, and has achieved remarkable effects (Jiang et al., 2018; Li et al., 2021; Zong et al., 2021). In our clinical work, we found that MBZYQD has a significant effect in the treatment of myasthenia gravis. Its main ingredients are nine medicines, including Astragalus, Codonopsis, Atractylodes macrocephala, Cohosh, and Bupleurum chinense, et al., among which the main active ingredients are flavonoids, including quercetin, luteolin, kaempferol, and naringenin. These active ingredients have anti-inflammatory and antioxidant effects (Imran et al., 2019; Kracht et al., 2020). However, the effect of MBZYQD on the intestinal microbiota of myasthenia gravis is unknown. By using the hypervariable marker sequence of the V3-V4 region of the 16S rRNA gene, this study established the systematic pattern spectrum of the intestinal microbial population, compared the differences in fecal microbiota between MG patients and a healthy control group, as well as MG patients treated with MBZYQD before and after treatment, and discussed the possible mechanism of traditional Chinese medicine in the treatment of MG to lay a solid foundation for the discovery of new diagnosis and treatment methods.



Materials and methods


Case source

MG patients who met the inclusion criteria in the cardiothoracic surgery clinic of the First Affiliated Hospital of Henan University of Traditional Chinese Medicine were selected, and a sample size of n = 90 was obtained according to the case–control study design. That is, 30 MG patients (before (Case group, n = 30) and after treatment (Treatment group, n = 30)) and 30 healthy volunteers (CON group, n = 30) were selected in this study (Volunteers with one of the following conditions were excluded: liver and /or kidney disease, mental disease, tumor, gastrointestinal disease, metabolic disease or any other disease that might affect the results of the study. Antibiotics, glucocorticoids, anti-obesity agents, monoclonal drugs, hypoglycemic agents or probiotics within 3 months were excluded).



Ethical review

The clinical research plan met the ethical standards of and was approved by the clinical ethics committee of the scientific research project of The First Affiliated Hospital of Henan University of Traditional Chinese Medicine: HECABX-20210185.



Diagnostic criteria


Inclusion criteria

According to the diagnostic criteria of myasthenia gravis in Western medicine, the condition of patients with myasthenia gravis is in a stable stage. In line with the diagnostic criteria of TCM syndrome differentiation, the disease belongs to deficiency of spleen and stomach qi. The age of the patients with myasthenia gravis in Henan was between 18 and 70 years old. No patients had thymoma. The test design was explained to the patients to help them understand the test contents, and the consent form was signed. Patients with myasthenia gravis who could cooperate with this treatment scheme and persist in treatment for 4 months were permitted to complete the detection of the main observation indices. Those who met the above conditions could be selected.

TCM syndrome was refeenced from the National Standard of the People’s Republic of China Terms for Clinical Diagnosis and Treatment of Traditional Chinese Medicine-Symptoms, issued by the State Administration of Technical Supervision and from the Guidelines for Diagnosis and Treatment of Common Diseases in Internal Medicine of Traditional Chinese Medicine - Western Medicine Diseases issued by the Chinese Society of Traditional Chinese Medicine in 2008. Spleen and stomach qi deficiency syndrome was characterized by main symptoms, including drooping eyelids, light twilight, limb weakness, and dysphagia, chewing difficulty or chewing weakness; secondary symptoms, including a lack of qi and laziness, stuffiness and shortness of breath in the chest, choking after drinking water, inability to lift the neck, loss of appetite, abdominal distension, fatigue, body fatigue, sallow complexion, and loose stool. Tongue pulse was characterized by the tongue being light and fat, with tooth marks on the edge, with thin and white fur, and a weak pulse. TCM syndrome differentiation required that the main symptoms be and at least one secondary symptom was present, along with the tongue pulse meeting the described criteria.



Exclusion criteria

Exclusion criteria included the following: MG symptoms did not conform to TCM syndrome types (spleen stomach qi deficiency syndrome); myasthenic crisis and cholinergic crisis had occurred in the last 6 months; for women, being pregnant or lactating; having experienced the surgical removal of thymoma; being diagnosed with a serious mental illness or being unable to cooperate with the clinical investigation; having complications of serious heart, kidney, blood, or other important organ diseases; being allergic to drugs that might be used in this study; and having recently participated in other clinical studies.




Treatment plan

Thirty patients with myasthenia gravis of spleen stomach deficiency of vital energy type were treated with MBZYQD (drug composition: Astragalus membranaceus (reuse), Atractylodes macrocephala, Radix Pseudostellariae, Poria cocos, Angelica sinensis, Tangerine peel, Bupleurum, Cohosh, Roasted licorice, etc.), which was uniformly decocted by the decoction machine in the preparation room of the First Affiliated Hospital of Henan University of Traditional Chinese Medicine, 1 dose/day, 2 times/day).



Research period and sample collection

The study period was 3 months (The overall framework of this study is shown in Figure 1A). The index collection time point at which feces and blood samples were collected occurred once the MG patients were enrolled (i.e., before the intervention of MBZYQD). Within 3 months of treatment, it was indicated that it was effective or cured according to the efficacy evaluation criteria. Combined with the absolute and relative score table of myasthenia gravis, feces and blood samples were taken again for patients with a relative score of more than 50%. The absolute and relative clinical scoring criteria for myasthenia gravis were determined in Supplementary material S1. Fecal samples were collected once the healthy control group was enrolled. Blood test items mainly included AChR antibody, MuSK antibody, Titin antibody levels and inflammatory factor levels (IL-6, IL-1β, and IL-22). The clinical symptoms of myasthenia gravis patients before and after treatment are shown in Table 1.
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FIGURE 1
 Experimental framework and Blood biochemical indexes. (A) Experimental framework. (B) AChR antibody content. (C) Musk antibody content. (D) Titin antibody content. (E) IL-6 content. (F) IL-1β content. (G) IL-22 content. Asterisks denote significance (*p < 0.05; **p < 0.01; ***p < 0.001).




TABLE 1 The clinical symptoms of myasthenia gravis patients before and after treatment.
[image: Table1]



Extraction and database construction of fecal genomic DNA

From the CON, Case and Treatment groups of fecal samples, 10, 17, and 13 samples were randomly selected for 16S rRNA gene sequencing. Total genomic DNA samples of bacteria in feces were extracted using the fecal DNA Extraction Kit (MP biomedical, Santa Ana, CA, United States) according to the manufacturer’s instructions and stored at −20°C before further analysis. The concentration and quality of extracted DNA were measured by the NanoDrop ND-1000 spectrophotometer and agarose gel electrophoresis, respectively. The V3-V4 region of the bacterial 16S rRNA gene was amplified by PCR using forward primer (5′-ACTCCTACGGGGAGGGCAGCA-3′) and reverse primer (5′-GGACTACHVGGTWTCTAAT-3′). Illumina’s TruSeq Nano DNA LT Library Prep Kit was used to prepare the sequencing library.



Bioinformatics analysis


Alpha and beta diversity analysis

In this study, the alpha diversity index and beta diversity index were used to characterize the diversity of species within and between habitats respectively, to comprehensively evaluate their overall diversity. Alpha diversity was calculated as follows: Using QIIME2 (2019.4) and the ggplot2 package in R language, calculate the alpha diversity index (mainly including Chao1, observed species, Shannon, Simpson, Faith’s, PD Pielou’s evenness and Good’s coverage) was calculated according to the ASV/OTU table that was not flattened to detect biological diversity. Then, the R language was used to draw the specaccum species accumulation curve for the total number of ASVs/OTUs corresponding to each sample in the ASV/OTU abundance matrix to test whether the sample size of this study was sufficient. Beta diversity was calculated as follows: The vegan package in the R script was used for NMDS analysis. Through the dimensionality reduction decomposition of the sample distance matrix, the data structure was simplified, and the distribution characteristics of samples were described at a specific distance scale to show the composition differences of microbial communities.



Species composition analysis

Called the “QIIME taxa barplot” command in QIIME2, statistical calculations were performed on the feature table after removing singletons; the composition distribution of each sample at the phylum and genus levels was visualized; and the analysis results were presented in a histogram. In addition to showing the formation of taxonomic composition in the form of a tree diagram, in this study, ggtree was used as an evolutionary tree to show the position of ASV/OTU in the evolutionary tree and the evolutionary distance between them and to reflect their composition, abundance, taxonomy and other information through a heatmap and histogram (Wang et al., 2020).



Species difference and standard species analysis

After exploring the differences in microbial community composition, we also need to know which species are mainly caused by these differences. LEfSe analysis is a difference analysis method that which can directly analyze the differences of all classification levels at the same time. At the same time, LEfSe puts more emphasis on finding robust differential species between groups, namely marker species (biomarkers). One of its characteristics is that it is not only limited to analyzing the differences in community composition in different sample groups but can also go deep into different subgroups and identify the marker microbial groups that are consistent in different subgroups. At present, it has been widely used in the fields of microbial amplification analysis and is especially suitable for finding biomarkers in medical research. To further compare the species composition differences between samples, the pheatmap package in R language was used to calculate the clustering results of each sample and each taxon, which is presented in the form of an interactive graph to display the distribution trend of species abundance of each sample. By default, the abundance data of the top 20 genera of average abundance were used to draw the heatmap.



Functional potential prediction

The above analysis focuses on the diversity and species composition of the microbiota. With the development of data analysis technology, we can refer to known microbial genome data to predict the composition of microbiota genes or functional units for samples with only microbiota marker gene sequencing data. The obtained functional units were used to obtain the abundance value of metabolic pathways according to the metabolic pathway database and R language analysis. Then, using the normalized functional unit abundance table, the R script was used to calculate the distance matrix in R and conduct PCoA. The PCoA coordinates of the sample points were output and drawn into a two-dimensional scatter diagram. Finally, after obtaining the abundance data of metabolic pathways, we attempted to identify the metabolic pathways with significant differences between groups.




Statistical analysis

A completely randomized test design was used in the study. The significance of the difference between the means of the groups was determined by one-way ANOVA. Differences with p < 0.05 (*), p < 0.01 (**), and p < 0.01 (***) were considered to be statistically significant. The statistical calculations used in this study were performed with IBM SPSS 25.0.




Results


Blood biochemical indices

The results showed that the levels of AChR, MuSK, Titin and inflammatory factors (IL-6, IL-1β, and IL-22) in the Treatment group were significantly lower than those in the Case group, and there were no significant differences in the antibody levels of AChR, MuSK and Titin between the Treatment group and the CON group of healthy volunteers (Figures 1B–G).



Species composition

To further compare the species composition differences between samples and display the distribution trend of species abundance of each sample, a heatmap can be used for species composition analysis. At the phylum level, the relative abundance of Bacteroidetes in the Case group was significantly lower than that in the CON group, and the relative abundance of Proteus was significantly higher than that in the CON group. After treatment, the relative abundance of Bacteroidetes and Proteobacteria returned to the level of the CON group (Figures 2A,C). At the genus level, Prevotella and Megamonas were hardly detected in the Case group, but the relative abundance of Shigella was significantly higher than that in the CON group, and all bacteria returned to the level of the CON group after treatment (Figures 2B,D). Phylotree results show that Bacteroides and Prevotella are closely related, and both belong to Bacteroidea. They had high relative abundance in the Case group but low relative abundance in Treatment group and CON group. In addition, Roseburia and Bifidobacterium were closely related, and Bifidobacterium had a high relative abundance in the Treatment group (Figure 2E). The correlation analysis results of intestinal microbiota and cytokines showed that antibodies (AChR, MuSK, and Titin) and inflammatory factors (IL-6, IL-1β, and IL-22) were mainly positively correlated with Shigella and Enterococcus, but negatively correlated with Prevotella, Bacteroides, and Bifidobacterium (Figure 2F).
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FIGURE 2
 Species composition and association analysis. (A,C) Composition and distribution of intestinal microbiota at phylum level in Case group, Treatment group and CON group. (B,D) Composition and distribution of intestinal microbiota at genus level in Case group, Treatment group and CON group. (E) Phylotree evolutionary tree. (F) Correlation analysis of intestinal microbiota (Genus Level) and Cytokines. Asterisks denote significance (*p < 0.05; **p < 0.01; ***p < 0.001).




Alpha and beta diversity

Alpha diversity refers to the indicators of richness, diversity and evenness of species in locally uniform habitats. It is also known as within-habitat diversity. In this study, the alpha diversity results showed that the Chao1 index, Faith PD index, Shannon index, Simpson and observed species index of the case group were lower than those of the CON group, while the coverage index was higher than that of the CON group. In the Treatment group, these alpha diversity indices were restored (Figure 3A). NMDS results showed that the dispersion degree among samples in the Case group was large. After MBZYQD treatment, the dispersion distance among samples in the Treatment group decreased, and there was a great difference between the Case group and the Treatment group, while the distribution degree of samples in the Treatment group was closer to that of the CON group (Figure 3B).

[image: Figure 3]

FIGURE 3
 Alpha and beta diversity. (A) Alpha diversity indexes. (B) Nonmetric Multidimensional scaling (NMDS).




Species differences and marker species

LEfSe analysis showed that Proteobacteria, Coprobacillus, Bacteroidia, Bacteroidales, and Bacteroidetes were the most significantly different bacteria in Case group, CON group and Treatment group, respectively (Figure 4A). To further compare the species composition differences between samples and display the distribution trend of species abundance of each sample, the species composition of the top 20 relative abundances was analyzed by a heatmap. The results showed that the microbiota of the Case group was significantly different from that of the CON group and Treatment group, such as Sutterella, Oscillospira, Fusobacterium, Dorea, [Ruminococcus], Phascolarctobacterium, Shigella, and [Eubacterium], while the relative abundance of Prevotella, Bacteroides, and Megamonas were significantly lower than those of the CON group. After treatment, the relative abundances of these bacteria returned to the normal level, reaching the level of the CON group (Figure 4B).

[image: Figure 4]

FIGURE 4
 Species differences and marker species. (A) Lefse analysis. (B) Species composition heatmap at phylum level in Case group, Treatment group and CON group.




KEGG metabolic pathway

In this study, the microbiota was mainly involved in metabolic pathways, including amino acid metabolism, carbohydrate metabolism, coenzyme factor and vitamin metabolism (Figure 5A). The results of functional unit PCoA analysis were consistent with the NMDS results in the beta diversity analysis results; that is, the dispersion degree between samples in the Case group was large. After MBZYQD treatment, the dispersion ranges between samples in the Treatment group decreased, and there were great differences between the Case group and the Treatment group, while the distribution degree of samples in the Treatment group was closer to that in the CON group (Figure 5B). Further analysis of the differences in KEGG metabolic pathways among the three groups showed that the Case group significantly upregulated KO00364, KO00624, KO00980, and KO00621 compared with the CON group. The KO00364 pathway was significantly downregulated in the Treatment group compared with the Case group (Figures 5C,D).
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FIGURE 5
 KEGG metabolic pathway. (A) KEGG metabolic pathway. (B) Functional unit PCoA analysis. Not: Each point in the functional unit PCoA analysis result diagram represents a sample, and points of different colors indicate different samples (groups). The percentage in the brackets of the coordinate axis represents the proportion of the sample difference data (distance matrix) that can be explained by the corresponding coordinate axis. The closer the projection distance of the two points on the coordinate axis, the more similar the functional composition of the two samples in the corresponding dimensions. (C) Metabolic pathway difference analysis between Case group and CON group. (D) Metabolic pathway difference analysis between Treatment group and Case group.





Discussion

Myasthenia gravis (MG) refers to an autoimmune disease in which the lesion occurs at the junction of the nerve and muscle, and the acquired neuromuscular junction transmission disorder is mediated by autoantibodies (Narayanaswami et al., 2021). The etiology of myasthenia gravis blepharoptosis is related to many factors (Mantegazza et al., 2018). At present, the commonly used treatment methods include cholinesterase inhibitors, immunosuppressants, thymectomy and so on (Farmakidis et al., 2018). However, because the disease is a chronic disease and has a long course, long-term use of the above drugs will produce a variety of adverse reactions, and surgical treatment is painful (Gajdos et al., 2012). Modern studies have found that there is a new cholinesterase inhibitor in MBZYQD (Liu et al., 2010; Cui et al., 2015). MBZYQD may affect the key factors in the anti-inflammatory process by regulating intestinal microbiota (Wang et al., 2022) and may play a role in the occurrence and development of MG (Li et al., 2021; Zong et al., 2021). However, it is unclear whether MBZYQD can improve myasthenia gravis by regulating intestinal microbiota. Therefore, this study analyzed the difference in intestinal microbiota in myasthenia gravis patients before and after MBZYQD treatment by high-throughput sequencing technology.

The results of this study showed that compared with the CON group, the diversity of microorganisms in the feces of patients in the MG group decreased as a whole, and the structure of the microbial community also changed. The study also found that the Firmicutes/Bacteroides ratio (F/B ratio) in the intestinal microbiota of MG patients was significantly lower than that of the healthy control group, and the F/B ratio can be regarded as a pro-inflammatory environment (Liu et al., 2021). The intestinal microbiota may cause damage to intestinal epithelial cells and trigger an immune response, eventually leading to the occurrence of various autoimmune diseases and an imbalance in the immune system (De Luca and Shoenfeld, 2019; Nakamoto et al., 2019; Di Tommaso et al., 2021). The view that the change in the F/B ratio is related to a series of autoimmune mediated diseases has also been supported by the research of Bibbò et al. (2017) and Shen et al. (2022). After MBZYQD treatment, the diversity and structure of the intestinal microbiota of MG patients recovered, and the ratio of Firmicutes/Bacteroides (F/B ratio) in the intestinal microbiota of MG patients also returned to normal.

Further analysis showed that the relative abundance of Shigella was significantly increased in Case group, the relative abundance of Shigella was restored in Treatment group, and the relative abundance of Shigella was closely related to that found in Alzheimer’s disease (AD), colitis and pancreatitis (Cattaneo et al., 2017; Li et al., 2020; Fan et al., 2021; Pivari et al., 2022). In addition, the relative abundance of Prevotella and Bacteroides was significantly reduced in the Case group and the relative abundance of Prevotella and Bacteroides was restored in the Treatment group, while Prevotella can use carbohydrates in the intestine to produce SCFAs, and the quantities and relative abundance of SCFAs can be considered biomarkers of health (Wu et al., 2011; Martínez et al., 2015; Yao et al., 2022). Atarashi et al. and Furusawai et al. found that SCFAs can directly regulate T cells to differentiate into CD4 + FoxP3+ T cells, change the phenotype of dendritic cells, induce the expression of Raldh1 in dendritic cells, promote the production of retinoic acid (RA), and induce the differentiation of CD4 + FoxP3+ T cells (Atarashi et al., 2013; Furusawa et al., 2015). Based on previous studies and the comparison between MG patients and healthy controls, it is speculated that the change in intestinal microbiota composition may lead to the lack or dysfunction of CD4 + FoxP3+ T cells induced by intestinal bacteria, which has a profound impact on immunity (Kwon et al., 2010; Chae et al., 2012). When the number of Prevotella and Bacteroides colonizing in the host decreases, the content of SCFAs in the intestine will be affected, and the number of CD4 + FoxP3+ T cells in the corresponding mucosal lamina propria will also be reduced, leading to an imbalance in the immune response (Mangalam et al., 2017; Shahi et al., 2019, 2020).

These results indicate that the increase in Shigella abundance and the decrease in Prevotella and Bacteroides abundance may be important reasons for the occurrence and development of myasthenia gravis. Moreover, the researchers fed EAMG rats mixed probiotic preparations of two lactobacilli and two Bifidobacteria. It was found that the mixed probiotic preparations could significantly reduce the clinical symptoms of EAMG rats by influencing the level of regulatory dendritic cells and inducing CD4+ T cells to transform into CD4 + Foxp3+ T cells. In addition, such preparations can reduce the level of AChR antibody and IFN-γ, TNF-α, IL-6, IL-17, and other immune factors levels, which is similar to the results of this study, indicating that intestinal microbiota can participate in the pathogenesis and development of MG (Chae et al., 2012). It can be inferred from the pathogenesis of myasthenia gravis and the immune regulation mechanism of intestinal microbiota that the immune response to stimulate T lymphocytes may be the key link of intestinal microbiota leading to MG (Chen and Tang, 2021).

Furthermore, in the analysis of KEGG metabolic pathways, it was found that the Case group significantly upregulated the pathways of fluorobenzoate degradation (KO00364), polycyclic aromatic hydrocarbon degradation (KO00624), metabolism of xenobiotics by cytochrome P450 (KO00980) and dioxin degradation (KO00621) compared with the CON group. The KO00364 pathway significantly downregulated in the Treatment group compared with the Case group. This result suggests that KO00364 may be the key metabolic pathway involved in myasthenia gravis. Previous reports have shown that this pathway is related to the severity of intestinal inflammation, such as Crohn’s disease (Montassier et al., 2015). In addition, the KO pathway related to the fluorobenzoic acid degradation pathway is often observed in the intestinal microbiota of patients with Clostridium difficile infection, and Proteobacteria bacteria involved in this pathway are significantly enriched (mainly including Klebsiella, Escherichia coli, unclassified Enterobacteriaceae, and Salmonella; Fujimoto et al., 2021). Subsequently, Fujimoto et al. significantly reduced the relative abundance of the KO pathway related to the fluorobenzoic acid degradation pathway and Proteobacteria (mainly including Klebsiella, Escherichia coli, unclassified Enterobacteriaceae, and Salmonella) in the intestinal microbiota of patients infected with Clostridium difficile through fecal microbiota transplantation (FMT; Fujimoto et al., 2021). This is consistent with the results of this study, indicating that MBZYQD can improve the intestinal environment, regulate the host immune level, and achieve intestinal microbiota host symbiosis and stability by reducing the relative abundance of Proteobacteria and the degradation pathway of fluorobenzoic acid in the intestine.



Conclusion

Intestinal microbiota plays an essential role in the pathogenesis of myasthenia gravis. The results of this study show that the imbalance of the microbial community may be one of the causes of myasthenia gravis. Treatment with MBZYQD can adjust the diversity and structure of the intestinal microbiota and the function of the microbial community in MG patients. Reconstruction of the microbiota can further improve the immune function of the host, indicating that MBZYQD may play a role in the treatment of myasthenia gravis by regulating the intestinal microbiota and achieving intestinal microbiota host symbiosis and stability.
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The gastrointestinal tract of the human is inhabited by about 5 × 1013 bacteria (of about 1,000 species) as well as archaea, fungi, and viruses. Gut microbiota is known to influence the host organism, but the host may also affect the functioning of the microbiota. This bidirectional cooperation occurs in three main inter-organ signaling: immune, neural, and endocrine. Immune communication relies mostly on the cytokines released by the immune cells into circulation. Also, pathogen-associated or damage-associated molecular patterns (PAMPs or DAMPs) may enter circulation and affect the functioning of the internal organs and gut microbiota. Neural communication relies mostly on the direct anatomical connections made by the vagus nerve, or indirect connections via the enteric nervous system. The third pathway, endocrine communication, is the broadest one and includes the hypothalamic-pituitary-adrenal axis. This review focuses on presenting the latest data on the role of the gut microbiota in inter-organ communication with particular emphasis on the role of neurotransmitters (catecholamines, serotonin, gamma-aminobutyric acid), intestinal peptides (cholecystokinin, peptide YY, and glucagon-like peptide 1), and bacterial metabolites (short-chain fatty acids).
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1. Gastrointestinal tract as a living environment of the gut microbiota

The gastrointestinal tract (GI) is the external environment for our body. Therefore, the GI epithelium has to act as the protective barrier for the organism. Tight junctions connecting the epithelial cells and mucus produced by goblet cells are the physical barriers (Vancamelbeke and Vermeire, 2017). Moreover, enterocytes produce antimicrobial peptides (AMPs) which act directly on the bacterial cell membrane, causing its disruption and cell lysis (Chung and Raffatellu, 2018). Furthermore, the gut-associated lymphoid tissue (GALT) defends the organism against pathogens and, more importantly, maintains homeostasis in the GI tract (Mörbe et al., 2021). The molecules which allow our immune system to recognize potentially harmful microorganisms are the microorganism-associated molecular patterns (MAMPs), or in general for pathogens—the pathogen-associated molecular patterns (PAMPs). Such patterns are recognized by pattern recognition receptors (PRRs) present on the host cells of the innate immune system (Takeuchi and Akira, 2010; Wang and Wang, 2016). All these factors contribute to limiting the direct contact of the gastrointestinal epithelium with the microbiota. Therefore, the symbiotic gut microbiota which colonizes our intestines influences the GI epithelium, and interacts with the immune system, but in a limited scope (Hooper et al., 2012).



2. Gut microbiota–Characteristics

The term gut microbiota describes the microorganisms that exist in the GI, consisting mainly of bacteria, but also of archaea, fungi, and viruses (Quigley, 2017; Zhao and Elson, 2018; Zhao et al., 2021). The term microbiome, which is a broader concept that refers to microorganisms, their genomes, and the habitat they reside in, is often used instead of the term gut microbiota.

The colonization of the GI tract mostly takes place during birth, but there is evidence of trans-placental gut colonization (Quigley, 2017). It was shown that the gut microbiota profile in humans changes with the age of the host and is most stable in adulthood (Nicholson et al., 2012; Carabotti et al., 2015). In the healthy adult human, there are about 5 × 1013 bacteria (of about 1000 species) in the gut, mostly represented by the two phyla, Firmicutes and Bacteroidetes (Quigley, 2017; Zhao and Elson, 2018; Zhao et al., 2021), as well as less numerous Actinobacteria, Proteobacteria, Fusobacteria, Verrucomicrobia, and Archaea (Dubinski et al., 2021). The available data suggest that gender may have a significant influence on the composition and activity of gut microbiota (Makris et al., 2021). Clinical studies have shown that men when compared with women have an increased number of Bacteroides and Prevotella, as well as Clostridia, Bacteroidetes, and Proteobacteria phylum (Kovacs et al., 2011). However, the mechanisms explaining the above observation remain unclear (Bolnick et al., 2014).

The condition in which the balance between the commensal microflora and pathogenic microorganisms is maintained is called eubiosis (Iebba et al., 2016). Each deviation from the normal composition of gut microbiota (instability or a decrease in the number of Firmicutes and Bacteroidetes) and the accompanying violation of the intestinal epithelial barrier is referred to as dysbiosis, i.e., a deviation leading to an inflammatory state (Ahlawat et al., 2021; Dubinski et al., 2021).

The host organism creates favorable conditions for the development of gut microbiota, which in turn exert many positive effects on the host. Bacteria, through fermentation processes, produce metabolites such as lactates and short-chain fatty acids (SCFAs), which include acetate (C2), propionate (C3), and butyrate (C4) (Silva et al., 2020). These substances, synthesized in the gastrointestinal tract, can enter the circulation through the portal vein, and then via the blood to the peripheral tissues and organs, and also to the brain (Lerner et al., 2017). For example, butyrate is the most abundant of the SCFAs. It is synthesized in the large intestine by the following types of bacteria: Clostridium, Eubacterium, and Butyrivibrio (Bourassa et al., 2016; Czerwińska et al., 2021; Amiri et al., 2022; Table 1). It has been shown that butyrate has anti-inflammatory properties and has a positive effect on the intestinal epithelium, which may have a positive effect on the gut microbiota, increasing the number of the ENS cholinergic neurons, as well as modulating appetite through vagal and hypothalamic stimulation (Liu et al., 2018). Additionally, gut microbiota plays an important role in the synthesis of vitamins (K, riboflavin, biotin, nicotinic acid, pantothenic acid, pyridoxine, thiamine, and folic acid), and the metabolism of bile acids (Thursby and Juge, 2017). However, gut microbiota can also have adverse effects on the host organism, including the synthesis and release into the blood of lipopolysaccharide (LPS), also called endotoxin, which is a component of the cell wall of gram-negative bacteria and plays a key role in the initiation and progression of inflammation (Cani et al., 2012; Dubinski et al., 2021).


TABLE 1    The butyrate-producing bacteria.
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The gut microbiota has been shown to influence the host organism in three major pathways: (a) via immune systems, (b) via neurotransmitters, and (c) via microbial metabolites (Wang and Wang, 2016).


2.1. Gut microbiota and immune system interaction

As previously mentioned, the mucus layer reduces to a large extent the direct contact of the gut microbiota with the GI epithelium. Bacteria that reach deeper into the mucosal surface are sampled by the protrusions of the dendritic cells (DCs), which are the specialized antigen-presenting cells (APCs). Next, the DCs go to the mesenteric lymph node, where the sampled antigens are presented to T and B lymphocytes (Hooper et al., 2012).

In the state of eubiosis, physical barriers are intact and molecules such as IgA and AMPs, present in the gut lumen, provide the control mechanisms inhibiting the pathogen spreading. Moreover, symbiotic bacteria itself produces the AMPs against pathogenic strains (Iebba et al., 2016). Immune cells composing GALT present the tolerogenic phenotype as the result of the influence of transforming growth factor β (TGFβ) produced by the epithelial cells. TGFβ causes the differentiation of immune cells toward the anti-inflammatory tolerogenic phenotype. In addition, CD103 + DCs residing in the lamina propria produce anti-inflammatory interleukin 10 (IL-10), which further influences T and B cell differentiation (Siddiqui and Powrie, 2008; Moro-Sibilot et al., 2016; Pathak et al., 2020). B cells in the mesenteric lymph nodes produce the IgA antibodies against the bacterial antigens, and next go to the lamina propria and secrete the IgA into the intestinal lumen. Here, the IgA binds to the bacterial antigens and prevents bacterial translocation through the gut epithelium. In case of bacterial penetration under the epithelium, the resident macrophages and DCs in the lamina propria phagocyte the microorganisms (Hooper et al., 2012). In turn, naive T cells under the influence of the commensal bacteria antigens are differentiated into regulatory T cells (Tregs) (Lathrop et al., 2011). Such a mechanism underlies the mechanism of oral tolerance, which prevents the evoking of an immune response against dietary antigens and against symbiotic microflora. Furthermore, induced Tregs secrete the anti-inflammatory cytokines, IL-10, and TGF-β. When the pathogenic bacteria encounter GALT, naive T cells differentiate into Th1/Th17 subtypes, producing proinflammatory cytokines (Zhao and Elson, 2018). Moreover, CD103+ DCs also contribute to the production of retinoic acid (RA) from vitamin A, which is induced by the SCFAs obtained from dietary fibers. RA is also the factor inducing Tregs differentiation (Luu et al., 2017). In such a homeostatic state, tolerance to dietary antigens and antigens from commensal microflora is maintained.

On the other hand, during dysbiosis, pathogens and their harmful metabolites are recognized by the PRRs on the surface of the immune cells of the host, and an innate immune response is evoked. Enterotoxins released by pathogens, such as LPS, cause damage to the intestinal epithelium, which results in gut permeability and the entrance of pathogens into the circulation. The damage to the gut epithelium may also contribute to intestinal inflammation. Environmental factors, such as a western diet, antibiotics, stress, or injury may cause damage to the gut epithelium, allowing bacterial gut penetration, which induces an immune reaction (Cresci and Bawden, 2015; Lobionda et al., 2019). Mediators released by the immune cells during an inflammatory reaction enter the circulation to attract more immune cells. PAMPs released from damaged pathogens may also enter the circulation.

Two examples of PRRs are toll-like receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors (McCusker and Kelley, 2013). The interaction of PRRs and PAMPs results in the activation of intracellular signaling pathways, leading to nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) translocation to the nucleus, and results in the activation of gene transcription for proinflammatory cytokines (e.g., interleukin-1, IL-1; tumor necrosis factor α, TNFα; interferon gamma, IFNγ) (McCusker and Kelley, 2013). Interestingly, the TLRs of the innate immune systems can distinguish between the MAMPs of the symbiotic bacteria from those present on the surface of the pathogens (Korecka and Arulampalam, 2012).

The above-mentioned cells and molecules, such as immune cells differentiated under the influence of symbiotic or pathogenic microflora, cytokines, inflammatory mediators, pathogen toxins, and PAMPs after translocation into the systemic circulation, may further infiltrate the central nervous system (CNS) and influence its functioning (Zhang et al., 2021).



2.2. Gut microbiota and neurotransmitters interaction

The main neurotransmitters that may play a role in the gut-brain axis communication are serotonin, dopamine, noradrenaline, and gamma-aminobutyric acid (GABA) (Cox and Weiner, 2018; Makris et al., 2021). These substances are synthesized not only in the CNS but also in enteroendocrine (EEC) cells that have the ability to synthesize neurotransmitters under the influence of intestinal peptides, as well as the gut microbiota itself (Makris et al., 2021).

It is worth emphasizing that one percent of the intestinal epithelial cells are EEC cells, the role of which is to synthesize and release substances into the intestinal lumen in the presence of ingested carbohydrates, triglycerides, and proteins, and to regulate intestinal motility, secretion, and food intake (Näslund and Hellström, 2007; Gunawardene et al., 2011; Wu et al., 2013).

It has been shown that EEC cells synthesize approximately 90 percent of the total serotonin produced in the human body (Bellono et al., 2017). Moreover, an important role in the synthesis of serotonin is played by the liver expressing the enzyme tryptophan-2,3-dioxygenase (TDO, tryptophan pyrolase), degrading tryptophan to N-formylkynurenine, which is then deformylated by formidases to kynurenine. This reduces the concentration of tryptophan which may be converted to the serotonin in the brain (Wirleitner et al., 2003; Müller and Daya, 2008). In the digestive system, serotonin is involved in the activation of innate intestinal reflexes, mediating intestinal-brain communication, regulating the immune system, and has a protective/regenerative effect on neuronal cells and the interstitial cells of Cajal, but on the other hand it may cause enteritis (Mawe and Hoffman, 2013). Studies indicate that the level and activity of serotonin, synthesized both in the CNS and peripherally, is strongly influenced by the gut microbiota. In particular, a few representatives of the gut microbiota such as Candida, Streptococcus, Escherichia, and Enterococcus are capable of producing serotonin directly (Holzer and Farzi, 2014; Jameson and Hsiao, 2018). Nevertheless, it was noticed that serotonin has a significant effect on the composition and activity of the gut microbiota. Fung et al. (2019) observed that elevated intestinal serotonin levels increased the relative abundance of spore-forming bacteria.

Serotonin as well as other neurotransmitters, including dopamine and norepinephrine, are involved in gut-brain communication (Makris et al., 2021). It has been found that both dopamine and norepinephrine can be synthesized directly by the gut microbiota. Dopamine can be synthesized by the following microorganisms: Bacillus cereus, Bacillus mycoides, Bacillus subtilis; Escherichia coli; Hafnia alvei; Klebsiella pneumoniae; Morganella morganii; Proteus vulgaris; and Staphylococcus aureus. In turn, norepinephrine can be synthesized by: Bacillus mycoides, Bacillus subtilis; Escherichia coli; and Proteus vulgaris (Strandwitz, 2018). Moreover, gut microbiota is capable of synthesizing oxidases such as laccase, which has oxidizing properties, and catabolize catecholamines to reactive oxygen species (ROS) and dopamine quinone (DAQ), which is associated with mitochondrial dysfunction and dementia in patients with Parkinson’s disease (Sharma et al., 2018). Gut microbiota may also play a role in the transport of catecholamines (Singh et al., 2007). In addition, gut microbiota may affect the availability of tryptophan, a precursor to catecholamines (Rackers et al., 2018). These data appear to have important implications because the nucleus tractussolitarius (NTS), the main site for catecholamine synthesis, receives signals from the phrenic and vagus nerves (Paton et al., 2000). In turn, the NTS, via noradrenergic neurons and catecholamines, can activate the hypothalamic-pituitary-adrenal (HPA) axis, which has a significant impact on the composition and activity of the gut microbiota (Herman et al., 2016).

It has also been shown that GABA is directly synthesized by some types of intestinal bacteria, mainly: Bifidobacterium spp. and Lactobacillus spp. (Strandwitz, 2018). In addition, it was found that lactate, a substrate for the SCFAs produced by gut microbiota, through the pathway dependent on the brain G protein-coupled receptor 81 (GPR81), induces anti-GABA-transmitting effects (Caspani et al., 2019). On the other hand, the administration of Lactobacillus rhamnosus contributed to an increase in the expression of GABA receptors in the cingulate cortex and a decrease in the expression of GABA receptors in the hippocampus, amygdala, and the locus coeruleus, leading to a reduction in anxiety and depressive-like behavior in adult male BALB/c mice (Tanida et al., 2005; Bravo et al., 2011).



2.3. Gut microbiota metabolites and brain interaction

It appears that SCFAs can influence the brain indirectly by activating the immune system and the autonomic nervous system (Stilling et al., 2016). First, SCFAs are able to stimulate the activity of microglia and change the selectivity of the blood-brain barrier (BBB) permeability (Strandwitz, 2018). It is likely that the abundant exposure of H+ dependent monocarboxylate transporters (MCTs) in endothelial cells may facilitate the penetration of SCFAs by BBB. Clinical studies have shown the presence of SCFAs in human cerebrospinal fluid (CSF) in the following range: acetate 0–171 μM, propionate 0–6 μM, and butyrate 0–2.8 μM. In addition, the mean level of SCFAs in the human brain is 17.0 pmol/mg of tissue for butyrate, and 18.8 pmol/mg of tissue for propionate (Silva et al., 2020). The SCFAs also appear to play a significant role in maintaining the integrity of the BBB. Studies on germ-free mice showed decreased expression of tight junction proteins such as claudin and occludin in the endothelium, leading to increased BBB permeability. In turn, colonization of adult germ-free mice with complex microflora or monocolonization with SCFA-producing bacterial strains restored BBB integrity (Braniste et al., 2014).

It has also been shown that SCFAs can act indirectly on the CNS by binding SCFAs to their receptors on EEC cells, stimulating the secretion of GLP-1 and PYY, which can act on the CNS via the vagus nerve (Bliss and Whiteside, 2018). Another mechanism by which SCFAs respond to systemic functions is the inhibition of histone deacetylase (HDAC) activity, thereby promoting the acetylation of a lysine residue present in histones and nucleosomes in various cell populations, including the intestine, the autonomic nervous system (ANS), and the CNS (Stilling et al., 2016).

It was also found that SCFAs can affect the synthesis of neurotransmitters in the CNS, butyrate and propionate are able to stimulate the synthesis of dopamine and norepinephrine, and propionic acid can modulate serotonergic neurotransmission and affect the levels of GABA, dopamine, and serotonin (Nankova et al., 2014; El-Ansary et al., 2015; Stilling et al., 2016). The available data suggest that the SCFAs synthesized by the gut microbiota after entering the host cells (passive diffusion and/or active transport) inhibit the histone deacetylase inhibitor (HDAC) or, by interacting with membrane receptors, activate various intracellular signaling pathways that modify the expression of a given gene (Nankova et al., 2014; Stilling et al., 2016). It has been shown that butyric and propionic acids can regulate tyrosine hydroxylase (TH) mRNA levels through various transcription factors, including the activation of the cAMP-response element binding protein (CREB) and, consequently, may lead to increased production of catecholamines (Nankova et al., 2014).

Short-chain fatty acids may also modulate the expression of signaling molecules important for learning and memory, such as brain-derived neurotrophic factor (BDNF), N-methyl-D-aspartate receptor subtype 2B (NR2B) subunit, the serotonin transporter, and the neuropeptide Y system. It has been shown that sodium butyrate is able to stimulate BDNF expression, neurogenesis, and neuronal proliferation in rodents, and facilitate long-term consolidation (Silva et al., 2020). Moreover, SCFAs influence several nervous functions, such as the regulation of the circadian rhythm and the control of appetite (Silva et al., 2020; Williams et al., 2020; Makris et al., 2021). It appears that SCFAs may affect neuronal function through a pathway dependent on GPR41 and GPR43 receptors or HDAC inhibitory activity (Nankova et al., 2014; Patnala et al., 2017).




3. Gut-brain axis (GBA)

The observed concordance of the phylogenetic trees of the gut microbiota and primates indicates co-evolution of the host organism, including humans, with the resident microorganisms. Through co-evolution, the gut microbiota influenced the formation of the host’s immune system, which developed complex mechanisms for identifying and destroying microbes (Dominguez-Bello et al., 2019). Moreover, available data suggest that gut microbiota may influence host brain activities such as behavior, appetite regulation, and serotonin metabolism (Schroeder and Bäckhed, 2016). Changes in gut microbiota composition have been linked to many neurological diseases such as neurodegenerative disorders (Vogt et al., 2017). The above effects on the host brain are likely to be exerted by gut microbiota via the gut-brain axis (GBA). Moreover, the same pathway enables the CNS to influence the composition and activity of the gut microbiota (Ahlawat et al., 2021; Makris et al., 2021). The gut-brain axis is a bidirectional signaling pathway between the gut and the CNS (Bauer et al., 2016), and this action is possible through three GBA communication pathways: (1) immunological; (2) neuroanatomical; and (3) neuroendocrine (Wang and Wang, 2016).


3.1. Immunological signalization in the GBA

As described above, the immune mechanisms are shifted to anti-inflammatory responses in the state of eubiosis in the gut (Lee and Kim, 2017). Tregs are generated when antigens are presented by DCs to lymphocytes in the GALT during the eubiotic state (Lathrop et al., 2011). Tregs produce anti-inflammatory cytokines, such as IL-10 and TGFβ, which are responsible for the inhibition of proinflammatory cytokine production, switching the immune response from Th1/Th17-dependent to Th2-dependent (Li et al., 2021), and therefore quenching the immune reaction and promoting the repair process in the damaged tissue (Mingomataj and Bakiri, 2016). Induced Tregs may also translocate into circulation and inhibit the inflammatory responses in the organism (Weiner and Wu, 2011). The depletion of Tregs was shown to increase CNS damage in mice after stroke (Liesz et al., 2009). It was also presented that Tregs may influence the CNS from the periphery. In rodents with ischemic stroke evoked, injection of Tregs diminished immune cell infiltration, inflammatory response, and ischemic damage of the brain. This was due to the inhibition of matrix metallopeptidase-9 (MMP-9) production by neutrophiles, which suppressed the remodeling of the BBB and decreased its permeability (Li et al., 2013; Figure 1).
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FIGURE 1
Immune signaling between gut microbiota and central nervous system during eubiosis and dysbiosis. BBB, blood-brain barrier; CNS, central nervous system; DAMPs, damage-associated molecular patterns; IFNγ, interferon gamma; IL-2, interleukin-2; IL-10, interleukin 10; IL-12, interleukin 12; MMP9, matrix metallopeptidase 9; PAMPs, pathogen associated molecular patterns; TGFβ, transforming growth factor β; Th-1, T helper 1 cells; Th-17, T helper 17 cells; TNFα, tumor necrosis factor α; Tregs, regulatory T cells.


When dysbiosis occurs, a local inflammatory response in the gut is observed first, and then peripheral inflammation develops when inflammatory mediators, bacteria, metabolites, PAMPs, etc., enter the systemic circulation (Lobionda et al., 2019). Both innate and adaptive immune mechanisms are involved. PAMPs via PRR receptors on the host cells activate innate immunity mechanisms (Bergstrom et al., 2012). In addition, the immune cells in GALT are involved during dysbiosis, and lymphocytes under the influence of inflammatory mediators and PAMPs differentiate into proinflammatory subtype (Th1 and Th17), and further produce proinflammatory cytokines, such as interleukin-2 (IL-2), interleukin-12 (IL-12), TNFα, IFNγ, and Th-17. Peripheral inflammation affects the BBB integrity, allowing the infiltration of immune cells and inflammatory mediators into the CNS (Amoo et al., 2021). Besides, bacterial toxins present in the circulation may also infiltrate into the CNS (Abdel-Haq et al., 2019; Zhang et al., 2021). Microglia, resident immune cells in the CNS may be further activated by infiltrating proinflammatory cytokines from the periphery, and sterile immune reaction may be evoked, eventually causing CNS injury (Cryan et al., 2019; Gwak and Chang, 2021; Figure 1).

The gut-brain immune communication acts in both ways. After injury of the CNS caused by mechanical injury, stroke, infection, etc., the damaged tissue releases damage-associated molecular patterns (DAMPs) activating resident microglia. Activated microglia of the proinflammatory (M1) phenotype release inflammatory mediators acting as chemoattractants and are responsible for recruiting peripheral immune cells to the inflammation site. Those cells, neutrophils, monocytes, and CD4+ T cells, also produce proinflammatory cytokines, which together with DAMPs may enter the peripheral circulation and affect the peripheral tissues (Shichita et al., 2009). If the intestinal barrier is reached, gut inflammation may be evoked, causing gut permeability, epithelial injury, and the entrance of pathogenic bacteria into circulation. This may eventually lead to systemic inflammation (Arya and Hu, 2018). Moreover, intestinal inflammation causes the reduction in Tregs differentiation and IL-10 and TGFβ secretion and the promotion of a Th1/Th17-dependent immune reaction. Such a lack of anti-inflammatory signaling and promotion of proinflammatory mechanisms further activates the immune cells and exacerbates the inflammation of the CNS (Rahman and Dandekar, 2021; Schächtle and Rosshart, 2021; Figure 2).


[image: image]

FIGURE 2
Influence of injured and inflamed central neurons system on gut microbiota. CNS, central nervous system; DAMPs, damage-associated molecular patterns; IL-10, interleukin 10; TGFβ, transforming growth factor β; Th-1, T helper 1 cells; Th-17, T helper 17 cells; Tregs, regulatory T cells.




3.2. Neuroanatomicsignaling in gut microbiota-brain communication

Based on the available data, it can be concluded that the gut microbiota-induced vagal signaling affects the critical immune components of the microbiota-gut-brain axis and allows the vagus nerve to be seen as an integral part of the bidirectional neuroimmunoendocrine pathway (Liu et al., 2021; Figure 3). Therefore, two pathways can be distinguished at the neuroanatomical level. The first direct way between the GI and the brain consists of the vagus nerve and the ANS. While the second indirect way is made by the connection between the ANS and the enteric nervous system (ENS) (Wang and Wang, 2016).
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FIGURE 3
The role of the vagus nerve in gut microbiota-brain communications. BBB, blood-brain barrier; CCK, cholecystokinin; DA, dopamine; GABA, gamma-aminobutyric acid; GLP-1, glucagon-like peptide-1; 5-HT, serotonin; LPS, lipopolysaccharide; NA, noradrenaline; PYY, peptide YY (PYY); SCFAs, short-chain fatty acids.


It has been proven that the vagus nerve plays a key role in the communication between the gut microbiota and the brain via anatomical signaling (Czerwińska et al., 2021; Makris et al., 2021). Some researchers believe that the vagus nerve innervates the entire digestive tract, while others argue that it only innervates to the left colon flexion (Bonaz et al., 2018). Vagal afferent fibers are distributed in all layers of the gastrointestinal wall but do not penetrate the epithelial layer into the lumen of the intestine (Wang and Powley, 2007). The afferent endings of the vagus nerve have been divided into three subtypes: (1) afferent endings located at the apices of the intestinal villi directly under the epithelial wall; (2) afferent endings around the intestinal glands or crypts located below the crypt-villus junction; (3) afferent endings along the antral glands of the stomach (afferent endings of the antral gland) forms the end concentrations directly below the luminal epithelial wall (Powley et al., 2011). All of the above vagus nerve endings are both chemosensitive and mechanosensitive (Bonaz et al., 2018). Vagus nerve chemoreceptors are presumed to be involved in communication between the gut microbiota and the brain by detecting SCFAs and/or intestinal peptides (Raybould, 2010; Figure 3). Oleate (one of the SCFAs) acts on the vagal afferent fibers via cholecystokinin (CCK), while butyrate can directly activate the vagus nerve (Lal et al., 2001). Similarly, the LPS synthesized by the gut microbiota can interact with the TLRs located on the vagus nerve fibers at the nodose ganglion level (Hosoi et al., 2005; Figure 3).

The vagus nerve can also receive signals from the gastrointestinal tract indirectly, involving the ENS, which is part of the autonomic nervous system. The ENS consists mainly of enteric glial cells (EGCs), which resemble astrocytes in the CNS (Ahlawat et al., 2021). The ENS is distributed throughout the intestinal wall, including the lamina propria of the mucosa (Obata and Pachnis, 2016; Kho and Lal, 2018). From the ganglia of the ENS, the neuron fibers go to the prevertebral ganglia and then to the spinal cord at the level of the T5-L2 and S2-S4 segments, and to the vagal nuclei. Afferent fibers of the vagus nerve and spinal cord concentrate hormonal and mechanical stimuli in the NTS and in the dorsal motor nucleus, where the signal is integrated, and next sent to the hypothalamus, as well as to the basal ganglia and brain stem nuclei (Sobrino Crespo et al., 2014; Bauer et al., 2016; Zhao et al., 2018). NTS signaling is mediated by proopiomelanocortin (POMC), catecholaminergic neurons, and N-methyl-D-aspartate (NMDA) glutamate receptors (Bauer et al., 2016; Bliss and Whiteside, 2018). The vagus nerve can also receive information from the intestinal lumen via enteroendocrine (EEC) cells, which make up one percent of all intestinal epithelial cells (Bonaz et al., 2018). It has been shown that EEC can release serotonin (5-HT), which then activates 5-HT3 receptors on the vagal afferent fibers (Li et al., 2000). EEC effects on the vagus nerve may also be indirect through intestinal peptides such as CCK, glucagon-like peptide-1 (GLP-1), and peptide YY (PYY) (Strader and Woods, 2005). In general, gut hormones fall into two broad categories: orexigenic, for example, ghrelin, which together with neuropeptide Y (NPY) and agouti-related peptide (AGRP) neurons, increases hunger; and anorexigenic, i.e., appetite-suppressing peptides such as GLP-1, PYY, and CCK (Weltens et al., 2018). The vagus nerve has receptors for both anorexigenic and orexigenic intestinal peptides (Strader and Woods, 2005). Subsequently, the signal is sent to the CNS, ultimately leading to the modulation of reward regions (amygdala and nucleus accumbens) and appetite regulation (Weltens et al., 2018; Czerwińska et al., 2021; Figure 3).

Evidence for the direct influence of the gut microbiota on the activation of the vagus nerve is provided by a few experimental studies. Ex vivo studies have shown that the application of Lactobacillus johnsonii to the isolated fragment of the jejunum contributed to an increase in the firing rate of the vagus nerve fibers, which was prevented by the previous subdiaphragmatic vagotomy (Perez-Burgos et al., 2013). It was reported that duodenal injection of Lactobacillus johnsonii in male Wistar rats caused an increase in gastric activity of the vagus nerve (Tanida et al., 2005). It was also shown that signals sent by the gut microbiota via the vagus nerve can go directly to the CNS. Male mice receiving Lactobacillus rhamnosus for 14 days showed a reduction in anxiety-like behavior and a decrease in the HPA axis activity. Whereas vagotomy in these mice abolished the anxiolytic effects induced by Lactobacillus rhamnosus (Liu et al., 2021). Bravo et al. (2011) observed that chronic oral administration of Lactobacillus rhamnosus (JB-1) in healthy adult male BALB/c mice increased gamma-aminobutyric acid (GABA) expression in the cingulate cortex and decreased GABA in the hippocampus, amygdala, and locus coeruleus. Interestingly, the above effects were abolished by vagotomy. In addition, studies in healthy Sprague Dawley rats have shown that one of the bacterial metabolites, indole, can stimulate the ECC of the colon to secrete GLP-1, which in turn stimulated colonic vagal afferent activity (Buckley et al., 2020). Recently, Tashtush et al. (2023) showed that administration of fecal supernatant from patients with active inflammatory bowel disease (IBD) on the C57/Bl6 mouse vagal afferent neurons (nodose ganglion; NG) increased their excitability, possibly due to mediators such as cysteine protease, activating protease-activated receptor 2 (PAR2) dependent signaling pathways, which leads to the inhibition of voltage-gated K+ currents.

Moreover, available data have shown that gut microbiota can affect the nervous system of the host by altering the metabolism of neurotransmitters. Studies (Engevik et al., 2021) on adult germ-free Swiss Webster mice treated with live Bifidobacterium dentium via oral gavage showed that bacterial-produced acetate contributed not only to increased 5-HT release from the EEC, but also increased 5-HT2a receptor expression in the hippocampus and lowered the anxiety-like behaviors in the tested mice. In turn, a study (Peng et al., 2022) revealed that another bacterial metabolite, succinate, has a protective effect on dopaminergic neurons in the substantia nigra. In addition, it was shown that oral supplementation of the three major SCFAs (acetate, propionate, and butyrate) in C57BL/6J mice undergoing psychosocial stress reduced disturbance in food-seeking behavior as well as reducing anti-depressant and anti-anxiety effects (van de Wouw et al., 2018). SCFAs are presumed to affect the host nervous system in a hormone-like fashion via specific G-protein coupled receptors (GPCRs) (Barki et al., 2022), which also include many metabotropic neurotransmitter receptors. On the other hand, emotional disorders such as chronic stress not only affect the metabolism of neurotransmitters but also have strong implications on the composition of the gut microbiota (Yang et al., 2021). Moreover, norepinephrine, a stress-related hormone has been shown to increase the abundance of Desulfovibrio vulgaris. A significant population increase of this bacterium is observed in patients with inflammatory bowel disease and irritable bowel syndrome (Coffman et al., 2022).



3.3. Neuroendocrine signaling in the gut microbiota-brain communication

The neuroendocrine level primarily includes the HPA axis, which plays a key role in the stress response and is also one of the main components of the gut-brain axis. The HPA axis begins in the paraventricular nucleus of the hypothalamus, where the corticotropin releasing factor (CRF) is synthesized. In turn, CRF stimulates the pituitary gland to produce the adrenocorticotropic hormone (ACTH), which leads to the release of glucocorticoids (cortisol and corticosterone) from the adrenal cortex (Misiak et al., 2020). In addition, CRF stimulates the locus coeruleus to synthesize catecholamines, thus leading to an increase in the noradrenergic activity of the brain (Jedema and Grace, 2004). There is evidence that the gut microbiota develops in parallel with the HPA axis, moreover, they are in constant communication (de Weerth, 2017; Frankiensztajn et al., 2020; Misiak et al., 2020; Williams et al., 2020). Interestingly, the two-way communication between the gut microbiota and the HPA axis is increasingly emphasized (Dinan and Cryan, 2017; Foster et al., 2017; Morris and Ridlon, 2017; Figure 4). It has been reported that the abnormal formation of the HPA axis during brain development may affect microbial colonization and visceral sensitivity (Pellissier and Bonaz, 2017). Irritable bowel syndrome studies have shown that cortisol can directly activate resident immune cells and external primary afferent fibers in the gastrointestinal tract (Moloney et al., 2016). Moreover, both experimental and clinical researchers have demonstrated that the stress-related HPA axis response can increase intestinal permeability leading to dysbiosis (Vicario et al., 2012; Vanuytsel et al., 2014; Figure 4).
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FIGURE 4
The role of the hypothalamic-pituitary-adrenal axis in gut microbiota-brain communications. ACTH, adrenocorticotropic hormone; CRF, corticotropin-releasing factor; HPA axis, hypothalamic-pituitary-adrenal axis; IL-1β, interleukin-1 beta; IL-6, interleukin 6; LPS, lipopolysaccharide; SCFAs, short-chain fatty acids; TNFα, tumor necrosis factor α.


Significant information on the existence of interactions between the gut microbiota and the HPA axis was provided by Sudo et al. (2004). These researchers demonstrated that germ-free mice (GF; mice raised in the absence of microbes) were more sensitive to restraint stress than mice with normally functioning microbiota but in the absence of specific pathogens (SPF; specific pathogen-free mice). GF mice also showed decreased levels of cortical glucocorticoid receptor mRNA expression and increased levels of CRF mRNA and protein in the hypothalamus compared with SPF mice. Moreover, the same researchers observed that the increase in plasma ACTH and corticosterone levels in response to restrictive stress was significantly greater in GF mice compared with SPF mice. Probably the observed differences in stress response between GF and SPF mice could also be caused by decreased expression of POMC and encoding CRF receptor type 1 (Crhr1) genes (Vagnerová et al., 2019).

Experimental studies have also shown that numerous stressors causing an increase in the activity of the HPA axis may affect the development of dysbiosis (Dubinski et al., 2021). It has been shown that chronic s.c. injection of ACTH hormone fragment in female Wistar rats not only caused their depressive-like behavior, but also caused changes in the community of gut microbiota, namely a marked increase in Ruminococcus and Klebsiella and a reduction in the population of Akkermansia and Lactobacillus (Song et al., 2019). Wu et al. (2020) in research carried out on rats with stress-induced hypertension (SIH) noted a reduction in HPA axis hyperactivity and blood pressure due to the administration of an antibiotic cocktail containing ampicillin, vancomycin, neomycin, and metronidazole. Catecholamines released in response to stress probably play an important role in this process. It was proven that catecholamines can stimulate the growth of gram-negative bacteria (Lyte and Ernst, 1992). The above data seem to confirm studies conducted in patients suffering from irritable bowel syndrome (IBS) in combination with emotional distress including anxiety and depressive symptoms. In these patients, already slightly lower concentrations of serotonin and norepinephrine corresponded to significant changes in the composition of gut microbiota. Namely, serotonin levels were positively correlated with the abundance of Proteobacteria, and norepinephrine was positively correlated with Bacteroidetes and negatively correlated with Firmicutes (Barandouzi et al., 2022). Similarly, clinical data confirmed that stress and the accompanying increased cortisol blood level have a significant impact on the development of gut dysbiosis (Misiak et al., 2020).

In contrast, both experimental and clinical studies revealed that probiotics based on Bacillus licheniformis, Saccharomyces boulardii, Lactobacillus rhamnosus, and Bifidobacterium spp. contributed to the inhibition of stress-induced HPA axis hyperactivity, as well as alleviated depressive-like behavior and anxiety-related behavior (Eutamene et al., 2007; Gareau et al., 2007; Desbonnet et al., 2010).

It appears that the gut microbiota can act on the HPA axis through several mechanisms (Figure 4): (1) gut dysbiosis contributes to the increased release of pro-inflammatory cytokines, including IL-1, IL-6, and TNF-α which can cross the BBB and activate the HPA axis (Turnbull and Rivier, 1995; Banks, 2005); (2) the HPA axis can be activated by bacterial metabolites such as LPS, SCFAs, and peptidoglycans (components of bacterial cell walls) (Arentsen et al., 2017; van de Wouw et al., 2018); (3) by the influence of gut microbiota on the HPA axis via the vagus nerve, affecting the NTS activity of noradrenergic neurons (Paton et al., 2000; Herman et al., 2016); and (4) by changes in HPA axis activity caused by the modulation of central gene expression in the hippocampus and hypothalamus by gut microbiota (Frankiensztajn et al., 2020).




4. The role of the gut-brain axis in the treatment of CNS diseases

Currently, many researchers emphasize the possibility of using the gut-brain axis in the treatment of many neurological diseases such as autism spectrum disorder (ASD), Alzheimer’s disease (AD), and Parkinson’s disease (PD) (Metta et al., 2022; Taniya et al., 2022; Varesi et al., 2022).

Clinical studies increasingly point to a link between ASD and intestinal dysfunction. It is estimated that up to 70% of children with ASD have impaired function of the digestive tract (Sajdel-Sulkowska et al., 2019). In the case of gut microbiota, these abnormalities concern the development of an excessive number of pathogenic bacteria such as Clostridium tetani (Shaw, 2010). In turn, treating children with ASD with anti-clostridium antibiotics resulted in a decrease in typical behaviors for them (Kang et al., 2017). Moreover, high hopes are attached to Microbiota Transfer Therapy (MTT) in the treatment of patients with ASD (Taniya et al., 2022).

Currently, the role of disorders in the functioning of the gut brain-axis in the pathogenesis of neurodegenerative diseases such as AD and PD is increasingly emphasized. Damage to the intestinal barrier is hypothesized to lead to a systemic inflammatory response, which in turn impairs BBB function and promotes neuroinflammation leading to neurodegeneration and neuron damage. Consequently, damaged GBA potentiates β-amyloid deposition in AD and misfolding and aggregation of α-synuclein in PD (Quigley, 2017). Similar to patients with ASD, also in the case of therapy of patients with neurodegenerative diseases, much attention is paid to the need to restore the proper composition of the gut microbiota with fecal microbiota transplantation (FMT) or probiotics (Metta et al., 2022; Varesi et al., 2022). It is likely that FMT has a beneficial effect on reducing symptoms in patients with PD through neuroprotective effects against toxicity induced by the TLR4/TNF-α signaling pathway and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Metta et al., 2022). So far, few clinical trials have shown the beneficial effect of FMT on improving cognition, memory, and mood, as well as gut microbiota biodiversity and SCFA production in patients with AD (Hazan, 2020; Park et al., 2021). However, the results of studies on the effect of probiotics on symptom improvement in patients with AD are inconclusive. Akbari et al. (2016) showed that after 12 weeks of daily administration of a mixture of Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum, and Lactobacillus fermentum, AD patients showed a significant improvement in mini-mental state exam results. On the other hand, the administration of two different probiotic mixtures: one containing Lactobacillus fermentum, Lactobacillus plantarum, and Bifidobacterium lactis and the other containing Lactobacillus acidophilus, Bifidobacterium bifidum, and Bifidobacterium longum, did not contribute to the improvement of cognitive functions in patients with severe Alzheimer’s disease (Agahi et al., 2018). Moreover, numerous studies indicate a well-chosen diet as a quick way to modify the composition and metabolism of the gut microbiota, reduce inflammation, and help maintain eubiosis and proper dependencies in the gut-brain axis (Metta et al., 2022; Varesi et al., 2022).



5. Conclusion

Gut microbiota, which is an integral part of the human body, is able to summon and control many of its physiological processes. The host organism also has great influence on the composition and activity of the gut microbiota. Recent studies show that the gut-brain axis is a well-established concept, indicating the bidirectional cooperation between two organs of the human body, the brain, and the gut, and in particular the microbiota residing in the intestines. Many studies have shown the engagement of different routes of communication able to transmit information between the two separate organs, such as immune, nervous, and endocrine. It was also proved that disturbances in one of the organs may affect the proper functioning of the other, also in a bidirectional manner. Unfortunately, the routes for signal transduction involved in the gut-brain communication are still not fully known as well as what roles are played by inflammation, neurotransmitters, intestinal peptides, and bacterial metabolites. In addition, a significant amount of information on the gut-brain axis activity comes from studies on animal models, which, while providing relevant information, should not be directly extrapolated to the human population. Therefore, more research is needed to elucidate the importance of gut microbiota not only for adult organisms, but also for developing ones, with the target of preventing or treating CNS diseases.
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Introduction: A better understanding of the microbiota community in donkey foals during the weaning transition is a prerequisite to optimize gut function and improve feed efficiency. The objective of the present study was to investigate the dynamic changes in fecal microbiota in donkey foals from pre-to post-weaning period.

Methods: A total of 27 fecal samples of donkey foals were collected in the rectum before morning feeding at pre-weaning (30 days of age, PreW group, n = 9), dur-weaning (100 days of age, DurW group, n = 9) and post-weaning (170 days of age, PostW group, n = 9) period. The 16S rRNA amplicon sequencing were employed to indicate the microbial changes during the weaning period.

Results: In the present study, the cessation of breastfeeding gradually and weaning onto plant-based feeds increased the microbial diversity and richness, with a higher Shannon, Ace, Chao and Sobs index in DurW and PostW than in PreW (p < 0.05). The predominant bacterial phyla in donkey foal feces were Firmicutes (>50.5%) and Bacteroidota (>29.5%), and the predominant anaerobic fungi and archaea were Neocallimastigomycota and Euryarchaeota. The cellulolytic related bacteria including phylum Firmicutes, Spirochaetota and Fibrobacterota and genus norank_f_F082, Treponema, NK4A214_group, Lachnospiraceae_AC2044_group and Streptococcus were increased from pre-to post-weaning donkey foals (p < 0.05). Meanwhile, the functions related to the fatty acid biosynthesis, carbohydrate metabolism and amino acid biosynthesis were significantly enriched in the fecal microbiome in the DurW and PostW donkeys. Furthermore, the present study provided the first direct evidence that the initial colonization and establishment of anaerobic fungi and archaea in donkey foals began prior to weaning. The relative abundance of Orpinomyces were the highest in DurW donkey foals among the three groups (p < 0.01). In terms of archaea, the abundance of Methanobrevibacter were higher in PreW than in DurW and PostW (p < 0.01), but the abundance of Methanocorpusculum were significantly increased in DurW and PostW compared to PreW donkey foals (p < 0.01).

Discussion: Altogether, the current study contributes to a comprehensive understanding of the development of the microbiota community in donkey foals from pre-to post-weaning period, which may eventually result in an improvement of the digestion and feed efficiency in donkeys.

KEYWORDS
 weaning, fecal microbiota, bacteria, anaerobic fungi, archaea, donkey foal


1. Introduction

Donkey hindgut is vastly developed and consists of the cecum, colon and rectum (Julliand and Grimm, 2016). It’s a complex microbial ecosystem and is inhabited by highly dense and diverse microbiota, with bacteria, anaerobic fungi, methanogenic archaea, and ciliate protozoa involved (Edwards et al., 2020). Intestinal microbiota and their hosts have developed a complex and mutually adapted micro-ecological system (Santos et al., 2011). This steady microbiome-host balance is essential for the maintenance and ideal physiological function of intestine (Lindenberg et al., 2019).

Donkeys rely on the resident microbiota in hindgut to degrade dietary plant fiber to provide energy to support their growth and development (Dougal et al., 2012; Liu et al., 2020). A better understanding of the donkey hindgut microbiota is essential for the manipulation of the intestinal microbiota to optimize intestinal function and improve feed efficiency. In recent years, information is available in characterizing the hindgut microbiota in adult donkeys using high throughput sequencing of fecal samples (Liu et al., 2020; Li et al., 2022; Zhang et al., 2022a). As a suitable representation of the hindgut, feces are often used for microbial investigation in adult donkeys (Grimm et al., 2017). However, the fecal microbial population in donkey foal has never been studied during the weaning period. Weaning in donkey foals typically happens between 5 and 6 months of age in China, but the change from breast-feeding to plant-based feeds is gradual, as most donkey foals will have started ingesting plant-based solid feeds before weaning (Lindenberg et al., 2019).

From pre-weaning to post-weaning, donkey foals are subjected to a variety of stressors that include the separation from their dam, exposure to unfamiliar pens or novel pasture environments, and especially the switch from easily digestible milk to a more complicated adult-type feed (Zhang et al., 2022b). The cessation of milk and the subsequent shift in diet composition has a profound influence on the intestinal microbiota, as shown in other mammals, such as the calf (Luo et al., 2022), lamb (Li et al., 2018), deer Li et al., 2022), and piglet (Meng et al., 2020). Several studies have demonstrated that the development of the microbial ecosystem during weaning period may have an important impact on the microbial community structure in the adult and, consequently, the digestive efficiency and production performance (Zhang et al., 2017; Salem et al., 2018). The introduction of solid food leads to a new phase in the development of the microbiota, characterized by a significant increase in microbial abundance and diversity, and evolution toward a composition that is associated with adult individuals (Frese et al., 2015). Among the physiological and gastrointestinal factors influenced by the weaning transition, the microbiota alteration is likely to be considered as one of the keys leading to weaning stress (Weary et al., 2008). In addition, weaning stress usually causes intestinal microbiota related-disorders (Meng et al., 2020). Therefore, an in-depth understanding of foal gut microbiota during weaning transition is essential to optimize care of donkey foals and improve the health conditions.

However, to the very best of our knowledge, no work has reported on the dynamics of intestinal microbiota in donkey foals during weaning. An integrated investigation of the compositions and abundances of fecal bacteria, fungi, and archaea in donkey foals during weaning could be used to help develop microbial interventions to improve animal health and production performance. Therefore, the present study aimed at monitoring weaning-related changes in the microbial community structure in foal feces from pre-to post-weaning period using high-throughput MiSeq sequencing technique.



2. Materials and methods


2.1. Animals and sample collection

In the present study, 9 donkey foals (vaginal delivery) with the similar body weight and similar time of birth (from June 12, 2021 to July 4, 2021) were enrolled from the provincial Dezhou donkey original breeding farm. During the sampling period, donkey foals were clinically healthy and present no behavioral abnormalities. Following the practices commonly applied by Chinese equine breeders, donkey foal raising can be divided into three stages from pre-to post-weaning period.

From birth to day 50, donkey foals were maintained with their respective mares in the individual pens with straw bedding in a sandy paddock. Donkey foals had no access to concentrate and hay, but they received donkey milk and fresh water ad libitum during this pre-weaning period. From day 50 to day 150, donkey foals were still kept with their dams in a large sandy paddock and were not fed separately. In addition to the donkey milk, donkey foals had access to the mares feed bucket with wheat hay and supplemented concentrate ad libitum in the dur-weaning period. Donkey foals were abruptly weaned at 150 days of age. From day 150, foals were kept in one sand-bedded barn with wood shelters and were allowed access to wheat hay ad libitum and 1 kg/d concentrate diet (Hekangyuan Co., Ltd., Dezhou, Shandong Province, China). Donkey foals were fed twice daily at 08:00 and 18:00 in the post-weaning period. Water and a salt block were offered free access to all donkey foals.

Fecal samples of donkey foals were collected in the rectum using single-use gloves before morning feeding at pre-weaning (30 days of age), dur-weaning (100 days of age) and post-weaning (170 days of age) period. Each fecal sample was then put into sterile centrifuge tubes and kept in liquid nitrogen. All samples were transported to Liaocheng University laboratory immediately and stored at −80°C until DNA extraction. In addition, the body height (BH), body length (BL), thoracic girth (TG), thoracic depth (TD), thoracic width (TW), rump height (RH), rump length (RL), rump width (RW), and cannon bone circumference (CB) of donkey foals were determined before morning feeding by using a measuring stick or a tape.



2.2. The DNA extraction, PCR amplification, and 16S rRNA sequencing

Following the manufacturer’s protocol, microbial DNA of the fecal samples was extracted with the EZNA® Stool DNA Kit (Omega Bio-tek, Norcross, GA, United States). The extracted DNA purity and concentrations were determined using the NanoDrop 2000 UV–vis spectrophotometer (Thermo Scientific, Wilmington, United States).

The genomic DNA was then subjected to PCR amplification with the ABI GeneAmp® 9,700 PCR thermocycler (ABI, Foster City, CA, United States). For bacterial analysis, the V3-V4 hyper-variable region of the 16S rRNA gene was amplified with primers 338F (5′-ACTC CTAC GGGA GGCA GCAG-3′) and 806R (5′-GGAC TACH VGGG TWTC TAAT-3′) (Zhang et al., 2022a). The PCR amplification was performed in triplicate using the TransStart Fastpfu DNA polymerase in a volume of 20 μL containing 4 μL of 5 × FastPfu buffer, 2 μL of dNTPs (2.5 mM), 0.8 μL of forward and reverse primers (5 μM), 0.2 μL of BSA (bovine serum albumin), 0.4 μL of FastPfu polymerase, 10 ng of template DNA and ddH2O. For anaerobic fungi analysis, the 28S rRNA gene was amplified using primers GGNL1F (5′-CATA GAGG GTGA GAAT CCCG TA-3′) and GGNL4R (5′-TCAA CATC CTAA GCGT AGGT A-3′) (Nagler et al., 2019). For total archaea analysis, the 16S rDNA V4-V5 regions of the methanogen was amplified using primers 524F (5′-TGYC AGCC GCCG CGGT AA-3′) (Wei et al., 2013) and Arch958R (5′-YCCG GCGT TGAV TCCA ATT-3′) (Ma et al., 2018). The fungal and archaeal PCR amplifications were conducted with Pro Taq in a volume of 20 μL containing 10 μL of 2 × Pro Taq, 0.8 μL of forward and reverse primers (5 μM), 10 ng of template DNA and ddH2O. All PCR products were extracted from 2% agarose gel and further purified with DNA gel extraction kit (Axygen Bioscience, Union City, CA, United States) according to the manufacturer’s instructions and quantified by Quantus™ Fluorometer (Promega, United States).

Purified amplicons were ultimately pooled together in equimolar concentrations and high-throughput sequenced (paired-end, 2 × 300 bp) on an Illumina MiSeq platform (Illumina, San Diego, United States) at Majorbio Bio-Pharm Technology Co. Ltd (Shanghai, China) following standard protocols (Zhang et al., 2017).



2.3. Sequencing data processing and bioinformatic analysis

The raw data of sequencing reads were quality-filtered by Trimmomatic and merged by FLASH with the criteria as described by previous study (Zhang et al., 2017). To eliminate the influence of sequencing depth on microbial diversity and composition measurement, the number of reads from bacterial, fungal and archaeal sample was rarefied to 40,921, 30,469, and 34,214, respectively. Operational taxonomic units (OTUs) based on 97% identity were clustered with UPARSE (version 11.0),1 and chimeric sequences were removed. The taxonomy of specific OTU representative sequence (bacteria, fungi, and archaea) was analyzed by RDP Classifier (version 2.13)2 against the SILVA bacterial database (version 138) (Pruesse et al., 2007), UNITE fungi ITS database (version nt_v20210917) (Kõljalg et al., 2005), and SILVA archaea database (version 138/16S_archaea) through PYNAST (Caporaso et al., 2010) with the confidence threshold of 0.7 using QIIME.

Alpha diversity indices (Sobs, Chao, Shannon, and Simpson index) were measured by the MOTHUR (version 1.30.2). The Venn diagram and bar graphs were visualized by the R software (version 3.3.1). Beta diversity was determined by calculating the bray–curtis distance by QIIME (version 1.9.1) and showed by principal component analysis (PCA), principal coordinate analysis (PCoA) and non-metric multi-dimensional scaling (NMDS) plots. The microbial alterations among experimental groups were analyzed using partial least squares discriminant analysis (PLS-DA), and the results were plotted using R software (version 3.3.1). The Kruskal–Wallis H test and the One-way ANOVA was used to determine the phyla and genera that presented significant differences in abundance among groups using the scipy package in PYTHON and the stats package in R software (version 3.3.1). The linear discriminant analysis effect size (LEfSe) was used to determine statistically significant taxa in pre-, dur-, and post-weaning groups based on LDA scores >3.5 and p < 0.05. The co-abundant topological network of microbial genus was constructed using Networkx software. The PICRUSt (phylogenetic investigation of communities by reconstruction of unobserved states) transforms OTUs aligned against the SILVA, UNITE fungi and SILVA archaea database into the KEGG pathways (Kyoto Encyclopedia of Genes and Genomes).

All raw sequences after assembling and filtering were ultimately submitted to the NCBI Sequence Read Archive (SRA) with the accession number PRJNA903673.



2.4. Statistical analysis

Body measurements of donkey foals were conducted using PROC MEANS procedures in SAS 9.4 software (Statistical Analysis for Windows, SAS Institute Inc., Cary, NC, United States), and the data were expressed as Mean ± SD. Significant differences of alpha diversity index, microbial abundance at phylum- and genus-level, enriched KEGG Module pathways and COG functions among PreW, DurW, and PostW groups were determined using Wilcoxon rank-sum test in R software (version 4.0.3). The presented data are expressed as least-squares means (SEM) with their standard errors. Statistical significance was set at p < 0.05 and a trend was declared at p < 0.1. The correlations between donkey fecal microbiota and donkey body measurements were evaluated via Pearson’s correlation analysis using the pheatmap package (version 3.3.1) in R.




3. Results


3.1. Body measurements of donkey foals

As shown in Table 1, with the age increasing, the body measurements including BH, BL, TG, TD, TW, RH, RL, RW, and CB linearly increased from pre-weaning to post-weaning period.



TABLE 1 Descriptive values for donkey foals are shown related to body measurement.
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3.2. Fecal bacteria changes in donkey foals from pre- to post-weaning period

The Shannon, Ace, Chao and Sobs index of PreW group was lower than that of DurW and PostW group (Table 2, p < 0.01), which indicated that the PreW group had lower bacterial diversity and richness in comparison with DurW and PostW groups.



TABLE 2 Alpha diversity indices of bacteria, anaerobic fungi, and archaea among different groups.
[image: Table2]

The UpSet Venn diagram (Figure 1A) showed the distribution of bacterial community OTUs. There were 1,442, 2,559 and 2,625 OTUs observed in the PreW, DurW and PostW groups, respectively. The PreW donkey foals shared a bacterial community, including 959 OTUs, with DurW and PostW.

[image: Figure 1]

FIGURE 1
 The UpSet Venn diagram presenting the distribution of microbial bacterial (A), anaerobic fungi (B), and archaeal (C) community OTUs among different groups. PreW, pre-weaning donkeys; DurW, during weaning donkeys; PostW, post-weaning donkeys.


The results of PCoA and NMDS for bacteria with weighted uniFrac distances showed that the PreW group were obviously separated from DurW and PostW groups at the OTU level (Figures 2A,B, ANOSIM: R = 0.51, p = 0.001).
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FIGURE 2
 Principal co-ordinates analysis (PCoA) and Nonmetric multidimensional scaling analysis (NMDS) of microbial community composition among different groups. (A) The PCoA analysis of bacteria. (B) The NMDS analysis of bacteria. (C) The PCoA analysis of anaerobic fungi. (D) The NMDS analysis of anaerobic fungi. (E) The PCoA analysis of archaea. (F) The NMDS analysis of archaea; PreW, pre-weaning donkeys; DurW, during weaning donkeys; PostW, post-weaning donkeys.


The relative abundance of bacterial phyla accounting for ≥0.01% of the total sequences in at least one samples were presented in Figure 3A. Among these phyla, Firmicutes and Bacteroidota had relatively high abundance, at mean abundance levels of 50.5 and 29.5%, respectively (Figure 3A). The relative abundance of Firmicutes, Spirochaetota and Fibrobacterota in PreW group were lower than that in DurW and PostW groups (Figure 4, p < 0.01). However, the relative abundance of Fusobacteriota and Proteobacteria in PreW donkey foals were higher in comparison with DurW and PostW donkey foals (p < 0.01).

[image: Figure 3]

FIGURE 3
 Composition of the predominant microbiota among different groups (accounting for ≥0.01% of the total sequences in at least one samples). (A) The predominant bacteria at phylum level. (B) The predominant bacteria at genus level. (C) The predominant anaerobic fungi at phylum level. (D) The predominant anaerobic fungi at genus level. (E) The predominant archaea at phylum level. (F) The predominant archaea at genus level; PreW, pre-weaning donkeys; DurW, during weaning donkeys; PostW, post-weaning donkeys.
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FIGURE 4
 Difference of the predominant microbiota at phylum level among different groups (abundance of the microbiota is expressed as a percentage). PreW, pre-weaning donkeys; DurW, during weaning donkeys; PostW, post-weaning donkeys; **p < 0.05; ***p < 0.01.


The top 10 abundant bacterial genera of fecal microbiota in pre-, dur- and post-weaning donkey foals were unclassified_f_Lachnospiraceae, Rikenellaceae_RC9_gut_group, Bacteroides, norank_f_F082, Fusobacterium, Treponema, NK4A214_group, Lachnospiraceae_AC2044_group, Escherichia-Shigella and Streptococcus (Figure 3B). The relative abundance of Rikenellaceae_RC9_gut_group, norank_f_F082, Treponema, NK4A214_group, Lachnospiraceae_AC2044_group and Streptococcus in PreW donkey foals were significantly lower than that in DurW and PostW donkey foals (Figure 5A, p < 0.01). In contrast, the relative abundance of Fusobacterium and Escherichia-Shigella in PreW group were obviously higher than in DurW and PostW groups (p < 0.01).
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FIGURE 5
 Difference of the predominant microbiota at genus level among different groups (abundance of the microbiota is expressed as a percentage). (A) The different bacteria. (B) The different anaerobic fungi. (C) The different archaea; PreW, pre-weaning donkeys; DurW, during weaning donkeys; PostW, post-weaning donkeys; *p < 0.05; **p < 0.01, ***p<0.001.




3.3. Fecal anaerobic fungi changes in donkey foals from pre- to post-weaning period

Compared to the PreW group, both the DurW and PostW group had the higher Ace, Chao and Sobs index (Table 2, p < 0.05). However, there was no significant difference among PreW, DurW and PostW groups for Shannon index (p > 0.05).

The distribution of anaerobic fungi community OTUs were presented in Figure 1B. There were 19, 61 and 143 OTUs in the PreW, DurW, and PostW donkey foals, respectively. The PreW donkey foals shared an anaerobic fungi community, including 9 OTUs, with DurW and PostW.

The PCoA and NMDS based on unweighted UniFrac distance revealed that the fecal anaerobic fungi of donkey foals showed no obvious segregation from pre-weaning to post-weaning (Figures 2C,D, ANOSIM: R = 0.11, p = 0.06).

The anaerobic fungi sequences determined at the phylum level largely belonged to Neocallimastigomycota (>99.9%), and there was no significant difference among PreW, DurW, and PostW groups (Figure 3C, p > 0.05). At genus level, Caecomyces, unclassified_c__Neocallimastigomycetes, Piromyces, unclassified_o__Neocallimastigales and Orpinomyces were the predominant genera in all samples (Figure 3D). The relative abundance of unclassified_o__Neocallimastigales in PreW and DurW donkey foals were significantly higher than in PostW donkey foals (Figure 5B, p < 0.01). The relative abundance of Orpinomyces were the highest in DurW donkey foals among the three groups (Figure 5B, p < 0.01), but there was no significant difference between PreW and PostW donkey foals (p > 0.05).



3.4. Fecal archaea changes in donkey foals from pre- to post-weaning period

As shown in Table 2, the PreW group had lower Shannon index than that in the DurW and PostW group (p < 0.05). In addition, the Ace and Chao index in PreW group was also lower than that in the DurW and PostW group (p < 0.05).

There were 19, 61 and 143 archaeal community OTUs in the PreW, DurW, and PostW groups (Figure 1C). A total of 27 OTUs could be observed in all three groups and there were 6, 11, and 63 unique OTUs in the PreW, DurW, and PostW donkey foals, respectively.

In terms of beta diversity of archaea community at the OTU level in donkey foals, unweighted UniFrac PCoA and NMDS showed that the separation of PreW group from DurW and PostW occurred (Figures 2E,F, ANOSIM: R = 0.34, p = 0.001), but no obvious separation of the samples between DurW and PostW.

The sequences detected at archaeal phylum level mainly belonged to Euryarchaeota and Halobacterota (Figure 3E). The predominant genera detected in the present study were Methanobrevibacter, Methanocorpusculum, Methanimicrococcus and Halococcus (Figure 3F). As shown in Figure 5C, the relative abundance of Methanobrevibacter were significantly higher in PreW donkey foals than in DurW and PostW donkey foals (p < 0.01), however, the relative abundance of Methanocorpusculum in PreW group was remarkably lower than in DurW and PostW groups (p < 0.01).



3.5. Microbial biomarkers of different groups

To identify the differences in fecal microbiota of donkey foals among PreW, DurW and PostW groups, linear discriminant analysis effect size (LEfSe) analysis was performed from phylum to genus level (Figure 6).
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FIGURE 6
 The LEfSe analysis showed the biomarkers of the microbial community in donkey foals during weaning period. The cladogram indicating the differences in relative abundance of taxa among PreW, DurW, and PostW groups; and the bar column shows the microbial taxa with significant differences among three groups (LDA score > 3). The length of the bar column represents the LDA score. (A) The cladogram of bacteria. (B) The LDA plot of bacteria. (C) The cladogram of anaerobic fungi. (D) The LDA plot of anaerobic fungi. (E) The cladogram of archaea. (F) The LDA plot of archaea; PreW, pre-weaning donkeys; DurW, during weaning donkeys; PostW, post-weaning donkeys.


The bacteria with significant differences in the PreW group were genus g_Bacteroides, g_Fusobacterium, g_Escherichia-Shigella and g_Odoribacter, the bacterial biomarkers for DurW group were genus g_Rikenellaceae_RC9_gut_group, g_Treponema, g_NK4A214_group, g_norank_f_p-251-o5, g_norank_f_Bacteroidales_UCG-001, g_norank_f_UCG-010 and g_Sarcina; the bacterial biomarkers for PostW group were genus g_Streptococcus, g_Lachnospiraceae_AC2044_group, g_Lachnospiraceae_XPB1014_group, g_norank_f_F082 and g_Fibrobacter (Figures 6A,B).

For anaerobic fungi, only 5 biomarkers with statistical differences between PreW and DurW were determined using LEfSe (2 in the PreW, 3 in the DurW), as shown in Figures 6C,D. Unclassified_o_Neocallimastigales and g_unclassified_o_Neocallimastigales was significantly enriched in the PreW group, and the DurW group was significantly enriched in genus g_Orpinomyces.

A total of 16 biomarkers of archaea with statistical differences between PreW and DurW were observed by LEfSe analysis (11 in the PreW, 5 in the DurW; Figures 5E,F). The dominant archae from the fecal samples in the PreW group were mainly from the genus g_Methanobrevibacter, g_Halalkalicoccus, g_Candidatus_Methanoplasma and g_Methanosarcina, while the archaeal biomarkers for DurW group were genus g_Methanocorpusculum and class c_Methanomicrobia.



3.6. The co-occurrence network analysis on microbiota

The co-occurrence network analysis highlighted the differences among different weaning periods. There were more strongly bacterial and archaeal networks of DurW-PostW than the network of PreW-DurW and PreW-PostW (Figures 7A,C). The anaerobic fungi networks of DurW-PostW were weaker, and there were similarly networks of PreW-DurW and PreW-PostW (Figure 7B).
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FIGURE 7
 Co-occurrence network analysis on microbiota among different groups. (A) The network analysis of bacteria. (B) The network analysis of anaerobic fungi. (C) The network analysis of archaea; PreW, pre-weaning donkeys; DurW, during weaning donkeys; PostW, post-weaning donkeys.




3.7. Correlation of differentially donkey fecal microbiota and body measurements

The possible correlations between the differentially donkey fecal microbiota and body measurements were determined based on Spearman’s correlation (Figure 8). At phylum level, the bacterial Firmicutes, Spirochaetota, and Fibrobacterota were positively correlated with donkey BH, BL, TG, TW, RH, RL, RW, and CB (Figure 8A, p < 0.05), but the bacterial Fusobacteriota and Proteobacteria was negatively related with donkey body measurements (p < 0.05). At genus level, the bacterial Rikenellaceae_RC9_gut_group, norank_f_F082, Treponema, NK4A214_group, Lachnospiraceae_AC2044_group and Streptococcus were positively correlated with donkey body measurements (Figure 8B, p < 0.05). Conversely, the donkey body measurements were negatively correlated with the bacterial Bacteroides, Fusobacterium and Escherichia-Shigella (p < 0.05). For fecal archaea, there was a significantly positive correlation between donkey body measurements and phylum Halobacterota (Figure 8C, p < 0.05), but donkey body measurements were negatively correlated with Euryarchaeota (p < 0.05). At genus level of archaea, the Methanocorpusculum were positively corelated with BH, BL, TG, TW, RH, RL, RW, and CB, however, the donkey body measurements were negatively corelated with Methanobrevibacter (Figure 8D, p < 0.05). For anaerobic fungi, no obvious correlation was observed between donkey body measurements and Neocallimastigomycota (p > 0.05). But at genus level, there was a positive correlation between Orpinomyces and TW, CB, BL, TG and RH (Figure 8E, p < 0.05). In addition, there was a negative correlation between unclassified_o__Neocallimastigales and donkey body measurements including BH, TG, RH, TD and RW (p < 0.05).
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FIGURE 8
 Correlation heatmap of differentially donkey fecal microbiota and body measurements. Each row in the graph represents a microbiota phylum/genus, each column represents a body measurement, the color in the graph indicates the Pearson coefficient between the microbial phylum/genus and donkey body measurements, and the brick yellow indicates positive correlation. The pale pink is representative negative correlation. The darker color indicate the greater the correlation. (A) Between donkey body measurements and bacteria at phylum level. (B) Between donkey body measurements and bacteria at genus level. (C) Between donkey body measurements and anaerobic fungi at phylum level. (D) Between donkey body measurements and anaerobic fungi at genus level. (E) Between donkey body measurements and archaea at genus level. *p < 0.05; **p<0.01; ***p<0.001. BH, body height; BL, body length; TG, thoracic girth; TD, thoracic depth; TW, thoracic width; RH, rump height; RL, rump length; RW, rump width; CB, circumference of cannon bone.




3.8. Differences of microbial function in donkey foals from pre- to post-weaning period

The potential functional capacity of fecal bacteria of donkey foals were inferred by PICRUSt using the16S rRNA data. A total of 178 differential KEGG metabolic pathways (level 3) were detected, and 9 differential KEGG metabolic pathways among PreW, DurW, and PostW groups are presented in Figure 9. The relative abundance of pathways including fatty acid biosynthesis (Figure 9A), biosynthesis of secondary metabolites (Figure 9B), Valine, leucine, and isoleucine biosynthesis (Figure 9C), phenylalanine tyrosine and tryptophan biosynthesis (Figure 9D), peptidoglycan biosynthesis (Figure 9E) and biosynthesis of amino acids (Figure 9F) in PreW donkey foals were significantly lower than that in DurW and PostW donkey foals (p < 0.05). Conversely, the relative abundance of pathways including steroid hormone biosynthesis (Figure 9G), metabolic pathways (Figure 9H) and microbial metabolism in diverse environments (Figure 9I) in PreW group were remarkably higher than in DurW and PostW groups (p < 0.05).
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FIGURE 9
 Variations in composition of bacterial KEGG metabolic pathways inferred by PICRUSt. KEGG, Kyoto Encyclopedia of Genes and Genomes; PICRUSt, the phylogenetic investigation of communities by reconstruction of unobserved states; PreW, pre-weaning donkeys; DurW, during weaning donkeys; PostW, post-weaning donkeys. *p < 0.05; **p<0.01; ***p<0.001.


The potential functional abundance of fecal anaerobic fungi of donkey foals were characterized by FUNGuild using the 28S rRNA data (Figure 10). There was no significant difference among PreW, DurW, and PostW groups for anaerobic fungi functional abundance (p > 0.05).
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FIGURE 10
 Variations in composition of anaerobic fungi functional groups inferred by FUNGuild. FUNGuild, fungi functional guild; PreW, pre-weaning donkeys; DurW, during weaning donkeys; PostW, post-weaning donkeys.





4. Discussion

Weaning is one of the most important events in the early life of donkey foals. The large-scale donkey farms in China often use gradual weaning, allowing donkey foals to suckle the colostrum and then slowly reducing the amount of the breastfeed. From pre-weaning to post-weaning period, the gut microbiota composition of donkey foals was not immutable, but rather a dynamic alteration process (Lindenberg et al., 2019). During the weaning period, the diet of donkey foals gradually changes from a high-fat, low-fiber milk to a plant-based solid feed. The diet alteration was usually considered to be one of the important driving forces in the development and changes of gut microbiota in animals (Guevarra et al., 2018). Moreover, the process of microbial establishment in the gastrointestinal tract of donkey foals plays an important role for host health and nutrition (Lindenberg et al., 2019). However, few studies have focused on the development of the gut microbiome in donkey foals during the weaning period. To our best of knowledge, the present study is novel in being the first study to investigate the fecal microbiota (including bacteria, anaerobic fungi, and archaea) of donkey foals over a whole weaning period.

Microbial diversity and richness are usually applied to evaluate the stability of gut ecosystem in animals. Konopka (2009) noted that the high microbial diversity and richness could help to maintain the stability and resistance of ecosystem under environmental pressure. The high microbial diversity and richness is regarded as a sign of matured gut microbiota and it is also believed beneficial for host health (Turnbaugh et al., 2009; Li et al., 2020). In terms of present diversity and richness of donkey foal feces, the microbial Shannon, Ace, Chao and Sobs index in donkey foals were all increased with the changes in donkey foals’ breast milk and starter intake from pre-to post-weaning period. This result indicated that the gut microbiota of donkey foals may be established more completely after weaning to better adapt to the digestion of plant-based feed. In addition, the bacterial, anaerobic fungi and archaeal complexity before weaning was lower than the post-weaning stage, which was consistent with previous studies using other animals like swine, horse, and lamb (Kim et al., 2012; Mach et al., 2017; Wang et al., 2022).

Regarding the beta diversity, the PcoA and NMDS analysis showed that there were obvious differences in donkey foal fecal microbiota composition from pre-weaning to post-weaning period. However, no significant difference occurred between dur-weaning and post-weaning donkey foals. The cessation of breastfeeding may result in the microbial community changes due to the decreasing influence of specific milk components on the bacteria, anaerobic fungi and archaea (Lindenberg et al., 2019). As donkey foals at weaning have had a subtle intake of plant-based feed for at least several months, a microbial composition associated with this diet is to be expected.


4.1. Fecal bacteria changes in donkey foals

Consistent with the previous reports on donkeys (Zhang et al., 2022a), Firmicutes and Bacteroidetes were the most predominant bacteria (represented >80% of all sequences). From pre-weaning to post weaning, the proportion of Firmicutes, Spirochaetota and Fibrobacterota increased, whereas the proportion of Fusobacteriota and Proteobacteri decreased. Both Proteobacteria and Fusobacteria have been found in the feces of newborn animals prior weaning, which act as stains to promote the development of the gut microbiome in the subsequent growth stages (Shao et al., 2021). In the present study, Fusobacteriota and Proteobacteri were higher bacterial phyla in the pre-weaning donkey foal feces than in post-weaning donkey foals, which is common in other animal species (Shao et al., 2021). Gharechahi et al. (2021) observed that the Firmicutes and Fibrobacterota were mainly enriched for genes related to the degradation of lignocellulosic polymers and the fermentation of degraded products into short chain volatile fatty acids (VFA). Firmicutes have the potential to degrade a wide range of carbohydrate polymers, which have also been reported in numerous ruminants such as moose (Svartström et al., 2017), camel (Gharechahi and Salekdeh, 2018), and cattle (Stewart et al., 2019). Fibrobacterota were particularly adapted to degrade glucan, cellulose, arabinan, xylan, and xyloglucan (Gharechahi et al., 2021). Spirochaetota also demonstrated a high ability for lignocellulose degradation (Svartström et al., 2017). Due to their ability to target cellulose-xyloglucan polysaccharide complexes through genes, Spirochaetota have been reported to play a significant role in the hemicellulose breakdown in termite hindgut microbiota (Tokuda et al., 2018; Liu N. et al., 2019). With respect to donkey foals in this study, the degradation of fibre probably enhanced the establishment of the Firmicutes, Spirochaetota and Fibrobacterota colonization, as donkey foals no longer consume breast milk after weaning, but mainly feed on plant-based feeds. In addition, the gut microbiota has been linked with donkey body measurements. With the donkey body measurements increasing, the bacterial Firmicutes, Spirochaetota and Fibrobacterota were also increased. This result may indicate that the Firmicutes, Spirochaetota and Fibrobacterota promoted energy acquisition and body fat accumulation in donkey foals as cellulose and hemicellulose decomposition capacity increased in donkey foals from pre-to post-weaning period.

At genus level, the abundance of Fusobacterium and Escherichia-Shigella in pre-weaning donkey foals were higher than in dur- and post-weaning groups. It has been reported that fecal microbiota of neonates is age and growth dependent and its composition is closely related to pre-weaned animal health (Song et al., 2019). The Fusobacterium and Escherichia-Shigella presumably contribute to immunity development in the gut due to their capability to consume colostral oligosaccharides (Liu Y. et al., 2019). Escherichia-Shigella have also formed symbiotic relationships with anaerobes that require mono- and disaccharides (Maltby et al., 2013). Furthermore, Escherichia-Shigella participate in oxygen scavenging to contribute to an anaerobic environment (Jones et al., 2011). These activities could explain why Escherichia-Shigella is so prevalent in the pre-weaning donkey foal gut. In addition, Escherichia-shigella genus are usually associated with animal diarrhea in other species, such as pig and calf (Chanter et al., 1986; Song et al., 2019). Therefore, the lower abundance of this genus in the dur- and post-weaning groups compared to pre-weaning donkey foals suggests that donkey foals after weaning may have less prevalence of diarrhea caused by these opportunistic pathogens.

Conversely, the proportion of Rikenellaceae_RC9_gut_group, norank_f_F082, Treponema, NK4A214_group, Lachnospiraceae_AC2044_group and Streptococcus in PreW donkey foals were higher in DurW and PostW than in PreW donkey foals. Cui et al. (2022) noted that the Rikenellaceae_RC9_gut_group may play an important role in the biosynthesis of VFAs and energy utilization due to it was positively correlated with VFA production. Yi et al. (2022) reported that the abundance of norank_f_F082 was positively corelated with the proportion of concentrate. Therefore, the enriched norank_f_F082 genera in dur- and post-weaning groups may play an important role in the digestion of plant-based solid feed containing a lot of non-structural carbohydrates. Treponema has been reported to be cellulolytic bacteria in previous study (Evans et al., 2011). The increasing abundance of Treponema in donkey foals from pre-weaning to post-weaning period may be attributed to their capability to degrade plant celluloses (Li et al., 2020). The NK4A214_group belongs to the Ruminococcus family (Yi et al., 2022), and the high abundance in dur- and post-weaning groups may be related to its ability to digest plant fiber, because diets after weaning feature more plant fiber. In addition, they also produce pili involved in the bacterium’s adhesion to cellulose (Yi et al., 2022). Lachnospiraceae_AC2044_group was usually correlated with the propionate, and they ferment glucose to produce lactic acid (Han et al., 2021). The introduction of plant-based diets in dur- and post-weaning donkey foals may provide a large amount of fermentable carbohydrates that favored the growth of Lachnospiraceae_AC2044_group. Moreover, the easy availability of glucans in the substrate after weaning in donkey foals presumably promoted the colonization of fast-growing Streptococcus. Recently, Gharechahi et al. (2021) demonstrated that a high proportion of Streptococcus is observed when animals are offered concentrate. In accordance with the changes in bacterial genus during weaning period, the bacterial Rikenellaceae_RC9_gut_group, norank_f_F082, Treponema, NK4A214_group, Lachnospiraceae_AC2044_group and Streptococcus were positively correlated with donkey body measurements. By observing the body size of donkey foals from pre-to post-weaning period, we speculated that the large body size of post-weaning donkey foals might be related to the high cellulolytic bacteria content in their intestinal microbiota. After weaning, a high input of plant material in donkey foal hindgut may be hydrolyzed by these bacteria to produce more energy for bodily processes, which increased the body size of donkey foals.

Until now, little studies explored the bacterial function of the fecal microbiome in donkey foals during weaning transition. In the current study, we used PICRUSt software to determine the potential functional capacity of fecal bacteria of donkey foals from pre-weaning to post-weaning period. From pre-weaning to post-weaning period in donkey foals, the amounts and types of carbohydrates in breast and plant-based solid feeds are different, as well as the fermentation capacity of microbiota. The bacterial functions related to microbial metabolism and steroid hormone biosynthesis were significantly enriched in the fecal microbiome in the pre-weaning donkey foals. While the microbial gene functions, including the fatty acid biosynthesis, biosynthesis of secondary metabolites, Valine, leucine, and isoleucine biosynthesis, phenylalanine tyrosine and tryptophan biosynthesis, peptidoglycan biosynthesis and biosynthesis of amino acids, were mainly enriched in the pre-weaning donkey foals, and were linked with the carbohydrate metabolism and amino acid biosynthesis. These results indicated that the potential functions of bacteria in donkey foal feces are synergistic with host functions. The microbiota resident in the pre-weaning donkey foals were more inclined to have functions in the microbial metabolism and breast milk utilization, while microbiota resident in the dur- and post-weaning donkeys were more inclined to have functions such as fatty acid biosynthesis, secondary metabolites biosynthesis and amino acid biosynthesis. However, further studies are still required to characterize the microbial functions of gut bacteria in donkey foals during weaning transition.



4.2. Fecal anaerobic fungi changes in donkey foals

Anaerobic fungi have been most extensively studied in ruminants, but they have been found in both domesticated and wild equine species (Hess et al., 2020). In the present study, Neocallimastigomycota was found to be the most predominant fungal phylum in donkey foal feces, which is consistent with previous studies in goats and heifers (Mao et al., 2016; Zhang et al., 2017). Neocallimastigomycota play an essential role in the degradation of fibrous plant materials in herbivores (Gruninger et al., 2014). At genus level, the Caecomyces, unclassified_c__Neocallimastigomycetes, Piromyces, unclassified_o__Neocallimastigales and Orpinomyces were the predominant fungi genera in donkey foal feces. The predominated Caecomyces genera has previously been reported to occur in the equine feces and pony caecum (Liggenstoffer et al., 2010; Hanafy et al., 2020), and they have also been cultured from equines (Edwards et al., 2020). Metabolic profiles have previously been investigated for equine and rumen strains of Piromyces, with equine Piromyces possessing higher fiber degradation capacity in comparison with rumen isolates (Julliand et al., 1998). The Orpinomyces are also powerful fiber degraders due to their highly effective plant degrading enzymes, which including cellulase and xylanase activities (Youssef et al., 2013). From pre-weaning to post weaning, the anaerobic fungi composition in donkey foal feces were unchanged dramatically. Only the relative abundance of unclassified_o__Neocallimastigales were gradually decreased, and the proportion of Orpinomyces were the highest in DurW groups. The anaerobic fungus Orpinomyces is capable of growth on a variety of lignocellulosic materials and has a large reservoir of carbohydrate active enzymes (Morrison et al., 2016). Weaning of donkey foals usually occur between 5 to 6 months of age, but the shifts from milk to plant-based feeds is gradual. In the DurW group, donkey foals will have started ingesting forage and concentrates before weaning, which will promote the maturation of the digestive tract in preparation for the eventual change to forage-based feeds. Therefore, the forage-based feed with large quantity of fiber and lignocellulose may increase the abundance of Orpinomyces in the DurW donkey foals. A positive correlation between fungus Orpinomyces and body measurements of donkey foals was observed in the present study. This result means that the Orpinomyces may be associated with body size in donkey foals. The anaerobic fungi have been reported to be the primary degraders of fiber in herbivores (Edwards et al., 2020). The higher abundance of Orpinomyces in post-weaning donkey foals may promoted the VFA production, which ultimately promoted the body measurements in donkey foals.

To data, rare study was performed on the potential functional abundance of anaerobic fungi within donkey foals. In this study, FUNGuild was applied to infer the metabolic functional variations in anaerobic fungi among pre-, dur-, and post-weaning donkey foal feces. FUNGuild is a tool for assigning fungi trait information based on matching to a taxonomic classification using the FUNGuild database (Xie et al., 2021). The results showed that there were no obvious differences for anaerobic fungi functional abundance in donkey foals from pre-weaning to post-weaning period. This result might indicate that the fungal colonization of the foal gut commences in pre-weaning period. However, the role of these anaerobic fungi in the pre-weaning donkey foal hindgut ecosystem is currently unclear. Further studies will be required to understand why there were anaerobic fungi in the donkey foal gut before weaning without plant materials.



4.3. Fecal archaea changes in donkey foals

Similarly to the rumen, the donkey hindgut also accommodates a number of archaea that work symbiotically with bacteria and anaerobic fungi to degrade and ferment the feeds ingested by the host (Edwards et al., 2020). Many studies have been focused on the bacterial and anaerobic fungi diversity in the hindgut of adult equine (Liu et al., 2020; Zhang et al., 2022a,c). However, only limited investigation is available on the archaeal composition in donkey foals. The sequences detected at archaeal phylum in our study clustered into the Euryarchaeota, which is in accordance with the previous study of Murrua et al. (2018) in horse. The current PCoA of the methanogen community structure showed that in donkey foal feces there was a significant gap between the communities before and post weaning, but no obvious differences were observed between DurW and PostW groups. This finding suggested that weaning stress had a significant influence on the composition of the donkey foal methanogenic archaeal community.

Until now, the initial colonization of methanogens in the donkey foals has not yet been studied. In ruminants, Skillman et al. (2004) reported that the Methanobrevibacter were detected in the rumen liquid of lambs at the age of 3 days. In the present study, the predominant archaeal genera in donkey foal feces before weaning were also Methanobrevibacter, thereby implying that the initial colonization and establishment of methanogens in donkey foals began prior to weaning. Before weaning, H2 could be produced during carbohydrate fermentation. Methanogens use H2 as a source of energy to convert CO2 or acetate to CH4 during methanogenesis (Wang et al., 2017). Guzman et al. (2015) noted that the Proteobacteria, Ruminococcus flavefaciens, or other species are thought to provide methanogens with the necessary H2 and electrons for methanogenesis during the early stages prior to forage ingestion. After weaning, the relative abundance of Methanocorpusculum in donkey foals increased remarkably. Besides the change of diet structure and components, weaning transition also involves both psychological and physiological stress as the donkey foals were no longer raised alongside the dams. Therefore, the weaning may be a major event responsible for reshaping of the gut archaea in donkey foals. In the feces of adult horses, Lwin and Matsui (2014) identified the Methanomicrobiales, represented by Methanocorpusculum, as the predominate order and the Methanobrevibacteria as the less common species. In addition, the Methanocorpusculum has also been reported in adult donkey feces (Liu et al., 2014). Both the Methanobrevibacter and the Methanocorpusculum are hydrogenotrophic methanogens, which can also use formate, but their preference of different ecological niches is evident. The Methanocorpusculum are demonstrated as endosymbionts of anaerobic ciliates (Murrua et al., 2018). The abundance of methanogens related to the Methanocorpusculum in the equus species may be associated with the symbiotic relationship with the hydrogen producing “equine” anaerobic fungi and ciliates (Liggenstoffer et al., 2010). After weaning, plant feed particles may provide anaerobic fungi and ciliates with an abundant ecological niche. As a result, the increase abundance of anaerobic fungi and ciliates might encourage the growth of Methanocorpusculum.

For the anaerobic fermentation processes, the CH4 is released by donkeys as a by-product of enteric food digestion to maintain hydrogen at low partial pressures (Murrua et al., 2018). However, information regarding the loss of feed energy for a host animal and the composition of methanogenic microbial community in donkeys is limited. In the present study, there was a negative correlation between donkey body measurements and Euryarchaeota, and the BH, BL, TG, TW, RH, RL, RW, and CB of donkey foals were negatively correlated with Methanobrevibacter. The lower abundance of archaea means less loss of feed energy, thus, the decrease of methanogens in post-weaning donkey foals may enhance the body measurements of donkey foals by the improvement of feed efficiency. But in this study, there was also a positive correlation between donkey body measurements and Methanocorpusculum abundance. The composition of the archaea in the hindgut of equine could depend on the hindgut capacity as a reflection of body size (Lwin and Matsui, 2014). More investigation is needed in the future to understand the diversity and abundance of methanogens in the donkey foals for reducing CH4 emission.

In summary, the present study provides integrative information on the global fecal microbiota of healthy donkey foals undergoing the weaning transition. From pre-weaning to post-weaning, the cessation of breastfeeding gradually and weaning onto plant-based feeds increased the microbial diversity and richness. The cellulolytic related bacteria including phylum Firmicutes, Spirochaetota, and Fibrobacterota and genus norank_f_F082, Treponema, NK4A214_group, Lachnospiraceae_AC2044_group and Streptococcus increased. Meanwhile, the functions related to the carbohydrate metabolism and amino acid biosynthesis were obviously enriched in the fecal microbiome in the dur- and post-weaning donkeys. In terms of anaerobic fungi and archaea, the present study provided the first direct evidence that the initial colonization and establishment of anaerobic fungi and archaea in donkey foals began prior to weaning. In addition, the changes in the composition of the anaerobic fungi and archaea occurred during the weaning period. Altogether, the current study contributes to a better understanding of the development of the microbiota community in donkey foals from the pre-weaning to the post-weaning period. Future research should focus on the interactions of the metabolome, microbiome, and the gut functional development, as well as the long-term impact of manipulation during the weaning period on donkey production.
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Introduction: Flavonoids have antiviral, antitumor, anti-inflammatory, and other biological activities. They have high market value and are widely used in food and medicine fields. They also can regulate gut microbiota and promote human health. However, only a few flavonoids have been reported for their regulatory effects on human gut microbiota.

Methods: The effects of hesperidin, hesperetin-7-O-glucoside, hesperetin, naringin, prunin, naringenin, rutin, isoquercitrin, and quercetin on gut microbiota structural and metabolic differences in healthy subjects were studied by means of in vitro simulated fermentation technology.

Results: Results showed that the nine kinds of flavonoids mentioned above, especially hesperetin-7-O-glucoside, prunin, and isoquercitrin, were found to have more effect on the structure of human gut microbiota, and they could significantly enhance Bifidobacterium (p < 0.05). After 24 h of in vitro simulated fermentation, the relative abundance of intestinal probiotics (e.g., Lactobacillus) was increased by the three flavonoids and rutin. Furthermore, the relative abundance of potential pathogenic bacteria was decreased by the addition of hesperetin-7-O-glucoside, naringin, prunin, rutin, and isoquercitrin (e.g., Lachnoclostridium and Bilophila). Notably, prunin could also markedly decrease the content of H2S, NH3, and short-chain fatty acids. This performance fully demonstrated its broad-spectrum antibacterial activity.

Discussion: This study demonstrates that flavonoids can regulate the imbalance of gut microbiota, and some differences in the regulatory effect are observed due to different structures. This work provides a theoretical basis for the wide application of flavonoids for food and medicine.

KEYWORDS
 flavonoids, gut microbiota, gas, short-chain fatty acids, in vitro simulated fermentation


1. Introduction

In recent years, the important impact of gut microbiota on human health and disease has attracted widespread attention (Sarkar et al., 2021; Ling et al., 2022). Increasing evidence shows that changes in the gut microbiota not only cause various gastrointestinal diseases (Guinane and Cotter, 2013), but also are associated with other chronic diseases, such as metabolic syndrome (Lim et al., 2017), Parkinson’s disease (Castelli et al., 2021), and certain cancers (Li and Chen, 2022). The structure and function of the gut microbiota are influenced by endogenous and exogenous factors. Among the many influential factors, dietary regulation is considered a critical factor (Tremaroli and Bäckhed, 2012; Nie et al., 2018). The gut microbiota fully utilizes its metabolic capacity to catabolize and employ dietary factors, and the metabolites it produces can affect the host directly or indirectly (Trakman et al., 2022). The gut microbiota produces a variety of metabolites, including gases and short-chain fatty acids (SCFAs). Gases are primarily produced by anaerobic bacteria in the gut microbiota (Triantafyllou et al., 2014). Beneficial bacteria in the gut microbiota produce SCFAs, and SCFAs can mediate the interaction between the gut microbiota and the body (Serino, 2019). The type and amount of SCFAs and gases produced by the gut microbiota play an important role in maintaining its homeostasis (Kalantar-Zadeh et al., 2019). Flavonoids, which are widely distributed in plants, are dietary polyphenols with anti-oxidation and anti-inflammation biological activities (Kumar and Pandey, 2013). Most natural flavonoids are in the form of glycosides, which cannot be absorbed by the body as effectively as aglycones. Except for a small portion of the flavonoid glycosides in the daily diet, which are hydrolyzed into aglycones by enzymes in the digestive tract, most of them are transformed into aglycones by the gut microbiota in the colon and combined with the body’s own function (Sandoval et al., 2020). They are further metabolized into various metabolites and small-molecule phenolic acids that can be absorbed by the intestinal cells (Liu et al., 2018). Consequently, this biotransformation process of flavonoids mediated by gut microbiota can effectively improve the bioavailability of flavonoid glycosides.

Flavonoids are a class of compounds with 2-phenyl chromogenic ketones as the parent nucleus and can be divided into the subclasses of flavones, flavonols, flavanones, flavan-3-ols, anthocyanins, dihydroflavonols, isoflavones, and chalconoids (Santos-Buelga and Feliciano, 2017). Flavanones mainly include hesperetin, naringenin, erodcyol, and etc., meanwhile quercetin is one of the most common flavonols (Jiang et al., 2020). Hesperetin-7-O-glucoside, prunin, and isoquercitrin are flavonoid monoglucoside forms of hesperetin, naringenin, and quercetin, respectively. Hesperidin, naringin, and rutin are their corresponding flavonoid diglycosides. The structural formulae and related information of the nine flavonoids are shown in Table 1. Naringenin and quercetin have inhibitory effects on some common bacteria in the gastrointestinal tract, including Lactobacillus rhamnosus (probiotics), Staphylococcus aureus and Salmonella typhimurium (enteropathogens), and Escherichia coli (commensal bacteria; Parkar et al., 2008). Duda-Jodak assessed the impacts of various polyphenols on the gut microbiota representatives (Lactobacillus, Bacteroides galacturonicus, and Ruminococcus gauvreauii), and then concluded that concentration more than 250 μg/mL of hesperetin, naringenin, and 4–50 μg/mL of quercetin inhibited their growth (Duda-Chodak, 2012). Gwiazdowska et al. (2015) found that Bifidobacterium adolescentis and Bifidobacterium bifidum were sustained inhibited by hesperidin and quercetin. In addition to broad-spectrum antibacterial activity, flavonoids have the effect of increasing the proportion of beneficial bacteria in the intestinal tract. In vivo studies found that hesperidin increased the Lactobacillus/Enterococcus ratio, and decreased the Clostridium coccoides/Eubacterium rectale ratio in the Lewis rat gut microbiota, which displayed prebiotic-like activity (Estruel-Amades et al., 2019). Quercetin affected the composition of the gut microbiota in high-fat fed rats, and decreased the ratio of Firmicutes/Bacteroidetes, which indicated that quercetin exerted a mitigating effect on obesity (Etxeberria et al., 2015). In summary, flavonoids can regulate and balance the disordered gut microbiota. Nowadays, various new food, nutraceuticals, and pharmaceuticals have been developed in the market to perform their functional activities. However, little is known about the impacts of most flavonoids on gut microbiota. Based on the antibacterial activity of flavonoids and the fact that hesperetin, naringenin, and quercetin are typical representatives of different subclasses of flavonoids, their effects on gut microbiota are worth exploring. In addition, the differences in the effects of flavonoid aglycones and their corresponding flavonoid monoglucosides and flavonoid diglycosides on the regulation of gut microbiota due to their different structures are also need to be investigated. In this work, the effects of hesperidin, hesperetin-7-O-glucoside, hesperetin, naringin, prunin, naringenin, rutin, isoquercitrin, and quercetin on healthy Chinese volunteers were studied by in vitro simulated fermentation technology. The theoretical basis of the differences caused by flavonoids on the structure and metabolism of gut microbiota enables the probable use of flavonoids as a functional food.



TABLE 1 Structural formulae and related information of the nine flavonoids.
[image: Table1]



2. Materials and methods


2.1. Materials and reagents

Hesperetin-7-O-glucoside, prunin, and isoquercitrin were prepared in our laboratory (Ye H. et al., 2022; Hangzhou, China). Hesperidin, hesperetin, naringin, naringenin, rutin, and quercetin were obtained from Aladdin Reagent Co., Ltd. (Shanghai, China). Yeast extract powder, tryptone, crotonic acid, KH2PO4, K2HPO4, heme, MgSO4, NaCl, CaCl2, and L-cysteine were purchased from Sigma (Missouri, United States).



2.2. Fecal sample collection

Ten volunteers, five men and five women, aged 20–30 years old (people without no gastrointestinal diseases and not taking antibiotics, prebiotics, probiotics, and other drugs in recent 1 month) were selected from the local healthy population in Hangzhou, Zhejiang Province. All 10 volunteers personally signed the consent form and knew that this was for experimental use. This study was approved by the Ethical Committee of the Hangzhou Center for Disease Control and Prevention (no. 202047). To ensure that the fecal samples collected had little food residue while minimizing contact with oxygen, these volunteers were required to use a sterile fecal sampling box, the stool located in the middle was quickly collected at the time of defecation, and the sample could not be <3 g. Then, the name, age, and date of sampling of the volunteer corresponding to each sample were marked. The fecal samples were kept at 4°C and used in this experiment within 4 h.



2.3. Fecal sample pretreatment

Fresh fecal samples of about 0.3 g each were weighed three times from the stool sampling box, and each was placed in a 1.5 mL sterilized centrifuge tubes. Then, these original fecal samples were stored in the refrigerator at −80°C. Thereafter, the fecal samples of 0.8 g were weighed and placed in a 10 mL sterile centrifuge tube and then added with 8 mL of sterile PBS buffer solution. An oscillator was utilized to mix the stool and buffer solution thoroughly, and a sterile filter was used to sieve away large particles. Ultimately, a 10% fecal suspension inoculum was prepared.



2.4. Configuration of relevant media

In vitro fermentation followed the method of Zhao et al. (2021). The composition of the control medium (Con) was as follows: 10 g tryptone, 2.5 g yeast extract, 2 mL heme solution (5 mg/mL), 1 g L-cysteine, 0.9 g NaCl, 0.45 g K2HPO4, 0.45 g KH2PO4, 0.09 g MgSO4, and 0.09 g CaCl2, which were dissolved in 1 L of deionized water. Immediately after boiling, nitrogen was added to keep the medium level anaerobic. The peristaltic pump dispensed 5 mL into vials, which were sealed up well and sterilized 30 min with high-pressure steam sterilizer at 115°C before use.

Flavonoid medium was prepared by adding hesperidin (S1), hesperetin-7-O-glucoside (S2), hesperetin (S3), naringin (S4), prunin (S5), naringenin (S6), rutin (S7), isoquercitrin (S8), and quercetin (S9) to the control medium. Their final concentration was 4 mg/mL.



2.5. In vitro fermentation and gas analysis after the fermentation

Each of the nine flavonoids was used as a substrate for in vitro fermentation. A blank medium without additional substrate was also added as a control. Fecal samples from 10 donors were added to each of the media mentioned above individually, and three replicate experiments were performed on each media for each donor’s fecal sample. 500 μL of treated 10% fecal suspension inoculum from 10 volunteers was separately inoculated into the above-mentioned medium supplemented with different flavonoids (S1–S9) and control medium (Con) using a disposable sterile syringe in an anaerobic workstation. Each medium was shaken gently, and incubated in an incubator at 37°C for 24 h. The gases produced by in vitro anaerobic fermentation of gut microbiota were accumulated in sample vials. According to the method of Ye X. et al. (2022), the total amount of gases and gas composition (CH4/NH3/H2/H2S/CO2) were measured with a gas analyzer after cooling to room temperature. The injection needle of the gas analyzer delivered the accumulated gases in sample vials to this instrument for analysis, and the highest value of each gas was recorded. And then the gases were re-delivered to vials by the outlet needle, so that the air pressure in sample vials was kept constant. After the gas measurement, the sample vials were opened and the fermentation broth was packed into 1.5 mL centrifuge tubes. Then, each sample was centrifuged at 10,000 rpm for 5 min. The supernatant and precipitate were separated, placed into 1.5 mL centrifuge tubes, and frozen at −80°C for storage.



2.6. Determination of short-chain fatty acids

Based on a previous method (Pi et al., 2022; Tian et al., 2022), metaphosphoric acid of 2.5 g was added to ddH2O at constant volume to 100 mL, and the mass-to-volume ratio (W/V) of the prepared metaphosphoric acid solution was 2.5%. Then, 0.6464 g of crotonic acid was weighed and added to the metaphosphate solution at constant volume to 100 mL, and the crotonic acid–metaphosphoric acid solution was obtained after even mixing. A total of 100 μL of crotonic acid–metaphosphoric acid solutions was added to 500 μL of fermentation supernatant, followed by fully mixing and acidification for 24 h at −80°C. After acidification, the mixture was centrifuged for 3 min at 10,000 rpm and 4°C. The supernatant was filtered with a 0.22 μm aqueous microporous membrane, and 150 μL of the filtrate was pipetted into the injection vial. It was shaken to expel air bubbles at the bottom of the internal tube for preventing empty aspiration during sample loading.

When the gas chromatograph was ready to sample, the aging process was conducted. The column temperature heating procedure was as follows: the column temperature was 80°C for 1 min, 10°C/min, rising to 190°C, and maintained for 0.50 min. Then, it reached 240°C at the rate of 40°C/min for 5 min. FID detector: 240°C; gasification chamber: 240°C; carrier gas: nitrogen flow rate of 20 mL/min, hydrogen flow rate of 40 mL/min, and air flow rate of 400 ml/min. The editing program started to test the content of different SCFAs.



2.7. 16S rRNA gene sequencing of gut microbiota and bioinformatic analysis

Genomic DNA extraction was completed from fecal fermentation broth sediment samples obtained by centrifugation as described above. Genomic DNA was extracted from 10 samples in each experimental group, and the total number of samples tested was 110 when including the control and raw fecal groups. With these extracted genomes verified by electrophoresis as a template, and 341F (5-CCTAYGGGRBGCASCAG-3)/806R (5-GGACTACNNGGGTATCTAAT-3) as upstream and downstream primers, the V3–V4 regions of bacterial 16S rRNA gene were obtained. Purified amplicons were commissioned to Shanghai Meiji Biomedical Technology Co., Ltd. for paired-end sequencing on the Illumina MiSeq PE250 platform. During the use of QIIME2, the optimized sequences were denoised by the sequence noise reduction plugin DADA2 (Callahan et al., 2016; Bolyen et al., 2019). The taxonomic assignment of ASVs was achieved with reference to the resources in the SILVA 16S rRNA gene database (v138). All consensus sequence data of raw fecal and fermentation samples were submitted to the National Center for Biotechnology Information Short Read Archive under accession no. PRJNA874892. The obtained data were further subjected to bioinformatic analysis, and modeling analysis was performed on the microflora and related metabolic data. Bioinformatic analysis was performed on the online platform of Shanghai Meiji Biomedical Technology Co., Ltd.1 α-diversity relied on the Ace, Chao, Shannon, and Simpson index assessed at the ASV level. β-diversity was assessed based on Bray-Curtis distance, and expressed using principal coordinate analysis (PCoA). The relative abundance of different groups at the phylum and genus levels was represented by Bar plots. At the genus level, the number of species common and unique to multiple groups was counted using Veen plots. The correlations of the different genera of bacteria contained in the samples with the gases and SCFAs were evaluated using Spearman correlation coefficients, and they were presented in the correlation heatmap.



2.8. Statistics and analysis

Results were presented as mean ± SEM (10 independent experiments × 3 parallel experiments). 16S rRNA gene sequencing of gut microbiota included 11 independent experiments. The experimental data were statistically analyzed and plotted by SPSS 26.0 and Origin 2021 software. The Shapiro–Wilk test was used to check whether the data obeyed a normal distribution. For data that obeyed a normal distribution, one-way ANOVA followed by Duncan’s multiple range test was conducted between multiple groups. For data that did not obey a normal distribution, the Kruskal-Wallis test was conducted between multiple groups. p < 0.05 indicated statistical significance.




3. Results


3.1. Effects of flavonoids in vitro simulated fermentation on gas production

The results of gas production after 24 h of in vitro fermentation with the addition of nine flavonoids are shown in Figure 1. The control and experimental media produced a large amount of CO2 and H2 and a small amount of H2S, CH4, and NH3 after fecal bacteria fermentation for 24 h. As illustrated in Figure 1A, the addition of hesperitin-7-O-glucoside, prunin, and isoquercitrin greatly reduced the total gas production compared with the control, and prunin had a statistically significant effect (p < 0.05). Meanwhile, the hesperetin and quercetin groups had no significant difference (p > 0.05). As shown in Figures 1B–F, the corresponding decreasing trends of CH4, NH3, H2, H2S, and CO2 after 24 h of simulated fermentation were also similar to the total, and the decrease in each gas was significant after the addition of pruning (p < 0.05).
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FIGURE 1
 Gas composition and content of external fermentation of fecal microbiota under different substrate conditions. (A) The total amount of the five gases, (B) CH4, (C) NH3, (D) H2, (E) H2S, and (F) CO2. Data are means ± SEM (10 independent experiments × 3 replication experiments). Different lowercase letters indicate significant differences (p < 0.05).




3.2. Effects of flavonoids in vitro simulated fermentation on short-chain fatty acid production

The variations in the content of the six SCFAs in the fermentation liquor in this study were measured, as shown in Figure 2. The highest content of acetic acid was found in the fermentation liquor of fecal samples, followed by those in propionic and butyric acids. The production of isobutyric, isovaleric, and pentanoic acids was the lowest. According to the data of total SCFA production in Figure 2A, the total SCFA content was decreased to 15 mmol/L or even lower by the addition of hesperitin-7-O-glucoside, prunin, rutin, and isoquercitrin compared with the total SCFA content of 23 mmol/L in the control group. The decrease degree of hesperitin-7-O-glucoside and prunin groups was statistically significant (p < 0.05). This decreasing trend corresponds to the effect on gas content described above. As displayed in Figures 2B–G, the impact of hesperitin-7-O-glucoside and prunin on the decrease in the content of acetic and propionic acids was significant (p < 0.05), and prunin also caused a notable decrease in the level of butyric acid (p < 0.05). The effects of the remaining six flavonoids on the production of the three SCFAs were insignificantly different from those of the control group.
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FIGURE 2
 SCFA output of external fermentation of fecal microbiota under different substrate conditions. (A) Total SCFA yield, (B) Acetic acid, (C) Propionic acid, (D) Isobutyric acid, (E) Butyric acid, (F) Isovaleric acid, and (G) Pentanoic acid. Data are means ± SEM (10 independent experiments × 3 replication experiments). Different lowercase letters indicate significant differences (p < 0.05).




3.3. Analysis of fecal microbiota composition before and after fermentation

The changes in fecal microbiota before and after fermentation were determined by 16S rRNA gene sequencing. The abundance of fecal microbiota at the phylum level is shown in Figure 3. The Firmicutes were the most abundant phylum in the raw fecal T-samples, but the abundance of Firmicutes decreased substantially after fermentation, and this abundance in the prunin group was obviously lower (p < 0.05). The abundance of Proteobacteria showed an increase in all groups after fermentation, and the abundance of Proteobacteria increased significantly in the prunin group compared to the control group (p < 0.05). After fermentation, the abundance of Actinobacteriota in each group except the quercetin group was higher than that in the control group, especially in the hesperetin-7-O-glucoside, prunin, and isoquercitrin groups (p < 0.05). The results in Figure 4 show that, compared with after in vitro fermentation, Subdoligranulum was the most abundant genus in the raw fecal T-samples, followed by Bifidobacterium, Faccalibacterium, and Blautia. At the genus level, we performed analysis focusing on microorganisms with an abundance of more than 1%. After 24 h of fermentation, the abundance of Bifidobacterium in the control group was lower than that of raw fecal. Compared with the control group, Figure 5 also shows that the abundance of the probiotics Bifidobacterium was improved after the addition of the abovementioned flavonoids, except the quercetin group. Among them, the improvement effect of hesperetin-7-O-glucoside, prunin, and isoquercitrin groups was very significant (p < 0.05). Meanwhile, hesperetin-7-O-glucoside, rutin, and isoquercitrin groups all increased the abundance of Lactobacillus. Prunin and isoquercitrin groups also enhanced the abundance of Prevotella to a greater extent. By contrast, the addition of all nine flavonoids decreased the abundance of Lachnoclostridium, and its abundance was significantly low in the hesperetin-7-O-glucoside, naringin, prunin, rutin, and isoquercitrin compared with that in the control group. Adding hesperetin-7-O-glucoside, naringin, and prunin also reduced the relative abundance of Bilophila. In addition, adding hesperetin-7-O-glucoside, prunin, and isoquercitrin caused the relative abundance of Bacteroides to reduce.
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FIGURE 3
 Composition of original fecal microbiota (T) and the abundance of fecal microbiota at the phylum level. Relative abundance of Firmicutes (A), Bacteroidota (B), Actinobacteriota (C), and Proteobacteria (D) in fecal microbiota after fermentation. Data are means ± SEM (10 independent experiments). Different lowercase letters indicate significant differences (p < 0.05).
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FIGURE 4
 Composition of original fecal microbiota (T) and the abundance of fecal microbiota at the genus level.
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FIGURE 5
 Comparison of fecal microbiota under different substrate conditions at the genus level. Relative abundance of Bifidobacterium (A), Bilophila (B), and Lachnoclostridium (C) in fecal microbiota after fermentation. Data are means ± SEM (10 independent experiments). Different lowercase letters indicate significant differences (p < 0.05). * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, *** p ≤ 0.001.


The α-diversity of fecal microbiota was analyzed, and the results are shown in Figure 6. After fermentation with the addition of flavonoids, the Ace index, Chao index, and Shannon index of each group were lower than those of the control group, but all were insignificant (p > 0.05). On the contrary, the Simpson index was increased slightly, but the increase was also insignificant (p > 0.05). The β-diversity of the gut microbiota and the species Venn diagram were analyzed at the genus level to compare the overall differences in fecal microbiota composition among groups after adding different substrates. As shown in Figure 7, a significant difference existed between the fecal microbiota before and after fermentation (p = 0.001). Compared with the group without additional substrate, a certain difference in fecal microbiota with flavonoids was observed after fermentation, but it was insignificant. A total of 79 species of the same bacteria before and after fermentation were found, and the microbiota after fermentation and the raw fecal microbiota differed in eight species.
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FIGURE 6
 α-Diversity analysis of fecal microbiota after fermentation. (A) Ace index of ASV level, (B) Chao index, (C) Shannon index, and (D) Simpson index. Data are means ± SEM (10 independent experiments). Different lowercase letters indicate significant differences (p < 0.05).
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FIGURE 7
 β-Diversity PCoA analysis and Venn diagram analysis of microbiota differences before and after fermentation. p < 0.05 indicates a significant difference between groups.




3.4. Correlation analysis between fecal microbiota and metabolites

In this experiment, the relationship of gut microbiota with gas and SCFAs was analyzed with heatmaps and Spearman correlation coefficients, and the results are displayed in Figure 8. The bacteria with the top 15 abundance at genus level were screened. All gases and SCFAs were collectively influenced by a large number of bacteria, and the bacteria significantly affected CO2 production, followed by CH4. In terms of individual bacteria, Bifidobacterium was the genus of bacteria that significantly affected production of all gases and SCFAs, and all were negatively correlated. Prevotella was strikingly negatively correlated with NH3, H2, H2S, acetic acid, and propionic acid. Flavonifractor then exhibited a significant positive correlation with NH3, H2S, acetic acid, propionic acid, and butyric acid. A remarkable positive correlation was observed between Bacteroidetes and NH3, H2, H2S, acetic acid, and propionic acid, and a negative correlation was found with CH4 and pentanoic acid. Escherichia-Shigella had the highest abundance, and it was significantly negatively correlated with CH4, CO2, and all six SCFAs. However, Faccalibacterium had no significant correlation with any gases or SCFAs.
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FIGURE 8
 Correlation analysis between gut microbiota and gas (A), short-chain fatty acids and (B) in fermentation samples. Data are means ± SEM (10 independent experiments). * 0.01 < p ≤ 0.05, ** 0.001 < p ≤ 0.01, *** p ≤ 0.001.





4. Discussion

The type and content of intestinal gases, as an important metabolite of intestinal bacteria, play a key part in the host, which are principally affected by flora and diet (Kalantar-Zadeh et al., 2019). Excessive amounts of gas produced in the intestine can cause discomfort such as bowel sounds and abdominal distension (Chang et al., 2020). Thus, in this experiment, the similarities and differences in the metabolic gas production of different flavonoids such as hesperidin (S1), hesperetin-7-O-glucoside (S2), hesperetin (S3), naringin (S4), prunin (S5), naringenin (S6), rutin (S7), isoquercitrin (S8), and quercetin (S9) at a same final concentration (4 mg/mL) were investigated by in vitro simulated fermentation technology. As observed, all the nine flavonoids above could reduce the total gas production, and the reduction effect of hesperitin-7-O-glucoside, prunin, and isoquercitrin was obvious; especially, the prunin group statistically reduced the total gas production (p < 0.05), and the reduction effect of CO2, NH3, H2S, and CH4 (p < 0.05) were also all significant (Figure 1). Relevant studies have shown that NH3 and H2S produced by fermentation of gut microbiota is related to gastrointestinal disorders, including Crohn’s disease and ulcerative colitis (Singh and Lin, 2015). Furthermore, a close correlation existed between the decrease in gas content and the changes in gut microbiota. The results demonstrate that the nine flavonoids above (particularly hesperitin-7-O-glucoside, prunin, and isoquercitrin) could regulate the gut microbiota, which could further adjust intestinal gas composition. In addition, the modulating effect of prunin should not be underestimated.

SCFAs are another vital metabolite of intestinal bacteria, and they are derived from carbohydrates that the body cannot digest on its own. The effect of flavonoids on SCFA production is mainly due to the direct effect of flavonoids on the gut microbiota which produces SCFAs. For example, baicalin treatment could increase the abundance of Bifidobacterium and Ruminococcaceae in the intestine of hypertensive rats, and both bacteria could produce different SCFAs (Wu et al., 2019). These SCFAs not only can be directly used by the body to play important physiological regulatory roles, such as influencing energy balance and glucose homeostasis directly through the central pathway or by the gut-brain axis, but also can be used as energy sources (Luo et al., 2022). Current studies have shown that SCFAs are critical for the metabolism of host and the activity of gut microbiota (Serino, 2019). Thus, in this research, the content of six common SCFAs was quantified, and the results of the assay focused on the three SCFAs with high contents above (Figure 2). The decrease in the content of SCFAs was also inextricably correlated with the changes in the gut microbiota structure. The addition of hesperetin-7-O-glucoside, prunin, and isoquercitrin resulted in a greater decrease in the total SCFA production. This finding implies that the number and abundance of intestinal flora had been regulated by these substrates, and the flavonoids hesperetin-7-O-glucoside, prunin, and isoquercitrin had various physiological activities such as bactericidal, antiviral, and anti-inflammatory. The production of acetic, propionic, and butyric acids was significantly decreased by the addition of prunin (p < 0.05). These results suggest that prunin had excellent antibacterial and anti-inflammatory effects. Many studies have proven that flavonoids have broad-spectrum antibacterial effects; for example, high-flavonoid apple would inhibit the growth of Lactobacillus (Espley et al., 2014), and ellagitannins had inhibitory effects on Bacillus cereus and Candida albicans (Nohynek et al., 2006). Smilax china L. flavonoid could reduce SCFAs in obese mice (Li et al., 2021), and this result is consistent with the fact that nine flavonoids reduced the total SCFAs to different degrees in this study. However, in many studies, flavonoids have been reported to increase the concentration of SCFAs due to the increase in the abundance of beneficial bacteria (Wu et al., 2019; Xuan et al., 2020). In contrast, the decrease in the content of SCFAs in the present study is attributed to the broad-spectrum inhibition of flavonoids. That means, flavonoids have certain inhibitory effects on all intestinal bacteria, including causing a decrease in the abundance of SCFA-producing bacteria (Espley et al., 2014; Gwiazdowska et al., 2015). This reason ultimately led to an overall decrease in the content of SCFAs.

Gut microbiota ferments human dietary intake of various nutrients to promote nutrient absorption and significantly influence the biotransformation and metabolic processes of the ingested active substances; thus, it regulates human health (Cotillard et al., 2013). In the digestive tract from stomach to colon, the colon contains the highest number and activity of gut microbiota (Rooks and Garrett, 2016). Meanwhile, flavonoids have a long residence time in the colon and can interact with a wide variety of intestinal flora therein; thus, they modulate the structure of the flora (Braune and Blaut, 2016). The regulatory action of flavonoids on the gut microbiota can be divided into two main aspects. On the one hand, flavonoids can be metabolized by the gut microbiota, and the flavonoids act as substrates in a series of catalytic reactions with various enzyme systems produced by the gut microbiota; as a result, the bacteria involved in these reactions will exhibit a tendency to grow (Lu et al., 2018). On the other hand, flavonoids can affect the cell membranes of some bacteria such as Escherichia coli and Staphylococcus aureus; for example, they directly disrupt the lipid bilayer of the cell membrane or alter the cell membrane permeability; ultimately, the reproduction of these bacteria is inhibited (Xie et al., 2015). We analyzed the differences in the taxonomic profiles of fecal microbiota before and after fermentation to clarify the modulation of gut microbiota structure by the nine flavonoids above. At the phylum level, this phenomenon was mainly reflected by the addition of the nine flavonoids that caused, to varying degrees, a reduction in the abundance of Firmicutes and an enhancement in the abundance of Actinobacteriota (Figure 3). This finding is consistent with that of previous studies in which the combined intervention of quercetin and resveratrol in rats markedly lowered the abundance of Firmicutes (Zhao et al., 2017). Among the bacteria involved in the metabolic transformation of flavonoids, Actinobacteriota accounted for a large proportion (Braune and Blaut, 2016). The remarkable rise in the abundance of Actinobacteriota in the hesperetin-7-O-glucoside and isoquercitrin groups may indicate that the two substrates have been more fully metabolized. Also, the addition of flavonoids increased the abundance of Proteobacteria. This phenomenon suggests that flavonoids promote the growth of Proteobacteria, which contains most of the harmful bacteria (Shin et al., 2015). This result supports the previous finding that supplementation with mulberry leaf flavonoids promoted an increase in the abundance of Proteobacteria in the gut microbiota of calves, and the specific promotion mechanism needs to be further investigated (Bi et al., 2017). However, the final conclusion of this study showed that mulberry leaf flavonoids could improve the gut health of calves. The main reason is that the researchers took into account the changes induced by mulberry leaf flavonoids at the genus level. Therefore, we also need further analysis at the genus level to determine more comprehensively whether the addition of flavonoids is beneficial to the gut microbiota.

An increasing number of studies have shown that diversity of intestinal flora tends to be positively associated with human health and high levels of beneficial bacteria are more conducive to health. Consequently, in this study, the analysis of fecal microbiota composition at the genus level focused on the abundance of beneficial bacteria. The abundance of Bifidobacterium, Lactobacillus, and Prevotella was relatively enhanced after fermentation with the addition of hesperetin-7-O-glucoside, prunin, and isoquercitrin (Figure 5). Bifidobacterium, Lactobacillus, and Prevotella are all probiotics in human intestinal tract, and they have the functions of promoting absorption and digestion in the gastrointestinal tract, biological barrier function, and regulation of immunity (Odamaki et al., 2016; Milani et al., 2017). Currently, many studies have demonstrated that flavonoids can contribute to the increase in the abundance of these beneficial bacteria. The reason is mainly the involvement of these beneficial bacteria in the metabolism of flavonoids, particularly flavonoid monoglucosides. Icariside I is also a flavonoid monoglucoside. Oral administration of icariside I to tumor-bearing mice has been reported to significantly enhance the abundance of Lactobacillus and Bifidobacterium in the cecal contents (Chen et al., 2021). Bifidobacterium and Lactobacillus have been reported to prove β-glycosidase activity, so they can perform hydrolysis reaction on flavonoid monoglucosides (Ávila et al., 2009). These studies fully explain the substantial increase in the abundance of Bifidobacterium and Lactobacillus in the three flavonoid monoglucoside groups, hesperetin-7-O-glucoside, prunin, and isoquercitrin. In addition to beneficial bacterial changes, we noted the effect of the nine flavonoids on some harmful bacteria. Bilophila, which can produce lipopolysaccharide, not only fails to promote host health but also aggravates inflammation and eventually leads to metabolic disorders (Lu et al., 2021). The results show that hesperetin-7-O-glucoside, naringin, and prunin significantly decreased the abundance of Bilophila, which indicates that the three flavonoids might possess better effects on anti-inflammation. Moreover, the addition of flavonoids resulted in a relative reduced abundance of Bacteroides and Lachnoclostridium. Certain strains of Bacteroides have been shown that they can produce harmful metabolites, such as Bacteroides fragilis and Bacteroides thetaiotaomicron (Onoue et al., 1997). The present study also supported previous related studies in vivo and in vitro that flavonoids inhibited the growth of Bacteroides (Zhang et al., 2013; Wang et al., 2020). Due to their ability to regulate the gut-liver axis, flavonoids have an antihyperlipidemic effect. For example, hyperlipemia in mice was alleviated by the intake of flavonoids, while Lachnoclostridium was also significantly reduced (Duan et al., 2021). The significant decrease in Lachnoclostridium abundance in the current study is also consistent with this result. In conclusion, on the one hand, the nine flavonoid compounds above, especially hesperetin-7-O-glucoside, prunin, and isoquercitrin, can induce beneficial intestinal bacteria to become abundant while decreasing the percentage of harmful intestinal bacteria. On the other hand, they possessed the function of improving the imbalance of intestinal flora and could reduce the influence of other factors on intestinal flora. It needed to be particularly emphasized that the effects of hesperetin-7-O-glucoside, prunin, and isoquercitrin on the gut microbiota were more pronounced than those of the remaining six flavonoids. It is still mainly because these three substrates belong to flavonoid monoglucosides, which are structurally characterized by containing only a single glucose group. In the studies by Makino et al., direct oral administration of quercetin and its various O-glycoside derivatives to rats showed that the bioavailability of isoquercitrin was higher than that of quercetin, whereas the bioavailability of rutin was lower than that of quercetin (Makino et al., 2009, 2013). Combined with the findings that flavonoid monoglucosides, such as puerarin-7-O-glucoside and calycosin-7-O-β-D-Glucoside, had a longer residence time in the blood plasma than their corresponding flavonoid aglycones (Jiang et al., 2008; Ruan et al., 2015), we presumed that the bioavailability of flavonoid monoglucosides might be generally higher. Many studies have confirmed that one of the factors affecting the bioavailability of flavonoids is the interaction between flavonoids and gut microbiota (Hanske et al., 2009; Zhang et al., 2021; Baky et al., 2022). We thus suggest that the single glucose group contained in the structures of hesperetin-7-O-glucoside, prunin, and isoquercitrin make their interaction with gut microbiota more pronounced than the corresponding flavonoid aglycones and flavonoid diglycosides. However, neither α-diversity nor β-diversity of the fecal microbiota composition showed significant differences in each group after fermentation. Therefore, the addition of the nine flavonoids did not result in significant differences in community distribution among the groups, and the richness and diversity of species in the community did not change significantly. In several previous in vivo studies, flavonoids were found to increase the α-diversity and β-diversity of gut microbiota in mice (Peng et al., 2020; Xuan et al., 2020). However, the results of this study showed no significant effect of the nine flavonoids on the diversity of gut microbiota. We speculate that the main reason for this is the effect of the broad-spectrum inhibition of flavonoids during the in vitro study, and their antibacterial effects depend on the concentration of flavonoids.

Different fecal bacteria produce different metabolites when fermenting different substrates, and the similarities and differences of metabolites can affect the differences in bacterial abundance. The fermentation substrate affects the composition of bacterial communities after fecal bacteria fermentation, which leads to the similarities and differences of metabolites such as gases and SCFAs. We made a correlation analysis between fecal flora and metabolites to account for the changes in the two major metabolite groups of intestinal flora. All six SCFAs were obviously negatively associated with Bifidobacterium. Acetic and propionic acids also showed a significant negative relationship with Prevotella and a significant positive relationship with Bacteroides and Flavonifractor. After fermentation with the addition of nine flavonoids, the abundance of Bifidobacterium and Prevotella were relatively rose, while the abundance of Bacteroides and Flavonifractor were reduced, especially in the hesperetin-7-O-glucoside, prunin, and isoquercitrin groups. Thus, the concentration of SCFAs was decreased in all the groups with the addition of nine flavonoids, and the decrease was higher in the three groups. All gases were also significantly and negatively correlated with Bifidobacterium. Meanwhile, NH3, H2, and H2S were significantly negatively correlated with Prevotella and with Bacteroides. This finding correlates with the decrease in gas content after the addition of flavonoids. In summary, the community structure analysis also explains the decrease in gas and SCFA content after fermentation with the addition of the nine flavonoids mentioned above.



5. Conclusion

In this study, we investigated the similarities and differences in metabolic gas and SCFA production of different flavonoids (hesperidin, hesperetin-7-O-glucoside, hesperetin, naringin, prunin, naringenin, rutin, isoquercitrin, and quercetin) at 4 mg/mL in the fecal microbiota of 10 healthy Chinese individuals using an in vitro simulated fermentation technology. The results reveal that hesperetin-7-O-glucoside, prunin, and isoquercitrin can noticeably increase the relative abundance of intestinal probiotics, among which the increase in Bifidobacterium is the most significant, and they can decrease the relative abundance of Lachnoclostridium and Bilophila. A certain amount of SCFAs and metabolic gases are produced, and these metabolites are intimately connected with the gut microbiota composition. This work provides a theoretical reference for the use of flavonoids to be a functional food.
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This study aimed to demonstrate the effects of glucose oxidase (GOD) on broilers as a potential antibiotic substitute. A total of four hundred twenty 1-day-old male Cobb500 broilers were randomly assigned into five dietary treatments, each with six replicates (12 chicks per replicate). The treatments included two control groups (a basal diet and a basal diet with 50 mg/kg aureomycin) and three GOD-additive groups involving three different concentrations of GOD. Analysis after the t-test showed that, on day 21, the feed:gain ratio significantly decreased in the 1,200 U/kg GOD-supplied group (GOD1200) compared to the antibiotic group (Ant). The same effect was also observed in GOD1200 during days 22–42 and in the 600 U/kg GOD-supplied group (GOD600) when compared to the control group (Ctr). The serum tests indicated that, on day 21, the TGF-β cytokine was significantly decreased in both GOD600 and GOD1200 when compared with Ctr. A decrease in malondialdehyde and an increase in superoxide dismutase in GOD1200 were observed, which is similar to the effects seen in Ant. On day 42, the D-lactate and glutathione peroxidase activity changed remarkably in GOD1200 and surpassed Ant. Furthermore, GOD upregulated the expression of the jejunal barrier genes (MUC-2 and ZO-1) in two phases relative to Ctr. In the aureomycin-supplied group, the secretory immunoglobulin A significantly decreased in the jejunum at 42 days. Changes in microbial genera were also discovered in the cecum by sequencing 16S rRNA genes at 42 days. The biomarkers for GOD supplementation were identified as Colidextribacter, Oscillibacter, Flavonifractor, Oscillospira, and Shuttleworthia. Except for Shuttleworthia, all the abovementioned genera were n-butyrate producers known for imparting their various benefits to broilers. The PICRUSt prediction of microbial communities revealed 11 pathways that were enriched in both the control and GOD-supplied groups. GOD1200 accounted for an increased number of metabolic pathways, demonstrating their potential in aiding nutrient absorption and digestion. In conclusion, a diet containing GOD can be beneficial to broiler health, particularly at a GOD concentration of 1,200 U/kg. The improved feed conversion ratio, immunity, antioxidative capacity, and intestinal condition demonstrated that GOD could be a valuable alternative to antibiotics in broiler breeding.

KEYWORDS
glucose oxidase, broiler, antibiotic, healthy condition, microbiota


Introduction

Antibiotics have been playing a vital role in commercial poultry production since their first use in the 1940s (Castanon, 2007). They greatly improve the production efficiency of the breeding industry and satisfy the increasing human demand for animal-derived foods. However, their continued use has had negative impacts. The issue of antibiotic resistance has attracted a great amount of attention because of the existing and potential threats antibiotics pose to public health (Laxminarayan et al., 2014). Many countries, such as those in the European Union and the USA, started to restrict or even forbid the use of antibiotics in industrial-scale animal production (Marshall and Levy, 2011). From 1 January 2020, the Ministry of Agriculture of China also issued regulations prohibiting the use of any growth-promoting antibiotics. Thus, it is essential to find effective in-feed antibiotic alternatives in animal production without compromising human health. Accordingly, novel products, including plant essential oils (Brenes and Roura, 2010), probiotics (Kabir et al., 2005), organic acids (Adil et al., 2010), antibacterial peptides (Wang et al., 2016), and feed enzymes (Askelson et al., 2018), were investigated.

Glucose oxidase (GOD), as one of the feed enzymes, could specifically catalyze the oxidation of β-D-glucose to gluconic acid and hydrogen peroxide (Bankar et al., 2009).

This enzyme has been gradually accepted by the feed industry due to several verified advantages, including growth promotion, feed quality improvement, intestinal health regulation, and toxic reaction reduction, with non-toxic, low-residue characteristics (Dang et al., 2021, 2022; Hoque et al., 2022; Sun et al., 2022). In animals, particularly poultry, intestinal barrier and microbiota compositions are critical, since they are closely related to the immune system and health (Robinson et al., 2015; Awad et al., 2017; Pandit et al., 2018). The gastrointestinal tract's microbiota flora is linked to “intestinal” or “non-intestinal” functions ranging from nutrient absorption to immune response and even the gut–brain axis (Gao et al., 2017; Borda-Molina et al., 2018). Therefore, animal nutrition research mainly focuses on the host gut which correlates with optimal health and productivity. GOD has been known to help animals avoid intestinal dysfunction or other gut problems based on its reaction mechanism (Qu and Liu, 2021). The GOD-catalyzed glucose products can act on the gut of broilers, gluconic acid can produce the short-chain fatty acids (SCFAs) and further create a weakly acidic intestinal tract environment (Mortensen et al., 1988; Biagi et al., 2006), and hydrogen peroxide can participate in the oxidative stress response and regulate gut microbiota through its bactericidal and antimicrobial properties (Vatansever et al., 2013; Belambri et al., 2018). Though some researchers recently elucidated the effects of GOD with a sequencing-based technique (Wu et al., 2020; Meng et al., 2021), it is still ambiguous how GOD improves gut health and immunity function and why antibiotics can be replaced by it in broiler production (Liang et al., 2022). Some voids, such as how the additive, defense function, and growth performance interact with each other, still remain.

Therefore, this study aimed to determine the impact of glucose oxidase on the growth performance, immunity, antioxidative stage, and intestinal function of white-feathered broilers and attempted to explain it from the perspective of intestinal microorganisms. These findings may contribute to expanding the knowledge concerning the application of glucose oxidase. Furthermore, the comparison between the GOD and aureomycin-supplemented groups can further illustrate the role of GOD in feed as a substitute for antibiotic growth promoters (AGPs).



Materials and methods


Birds, diet, and management

A total of four hundred twenty 1-day-old male Cobb500 white-feathered broiler chicks obtained from Beijing Poultry Breeding Co., Ltd. were randomly assigned into five dietary treatments, each in six replicates (12 chicks/replicate) by cage-rearing, and the original average weight of every replicate had no remarkable difference. The control group (Ctr) was fed with a basal diet formulated to meet the nutrient requirements of poultry as per the National Research Council 1994, and other treatment groups were based on the basal diet with the addition of various feed additives. The antibiotic group (Ant) was supplied with 50 mg/kg aureomycin (Chia Tai Co., Ltd., Henan, China). Different concentrations of GODs (300, 600, and 1,200 U per kilogram of diet) were determined from the doses recommended by the manufacturer (VTR Bio-tech Co., Ltd., Zhuhai, Guangdong, China) and from massive references for their effective applications in the poultry industry, and named as GOD300, GOD600, and GOD1200. Table 1 details the diet compositions and nutrient contents of the basal diet for the entire study's starting (day 0–21) and growing (day 21–42) phases. All the chickens were exposed to incandescent light for a 24-h photoperiod instead of daylight, and the birds were allowed ad libitum access to drinking water from nipple drinkers. The diets for the chickens were mash feed for the first 12 days and then gradually transited to pellet diets. For temperature, ventilation, and other types of ventilation management for the birds in this research, one is referred to the guidelines for raising meat-type broilers (National Technical Committee for Animal Agriculture Standardization, 2005). Feed consumption and body weight were recorded every week and the mortality of the birds was checked daily. These data were used to calculate the feed intake, body weight gain, and feed conversion ratio.


TABLE 1 Composition and nutrient levels of basal diet in the two phases of trial (% as fed basis).

[image: Table 1]



Sample collection

One chicken with an average weight from each replicate was chosen for sample collection after a 12-h fast at the end of the two phases (days 21 and 42). The blood samples were drawn from the wing vein and dropped into tubes without anticoagulants. The serum used in further research was received after the blood samples were centrifuged at 3,500 × g for 10 min (4°C) and stored at −80°C. Birds were killed and shortly dissected after collecting blood samples. Immune organs (the thymus, the spleen, and the bursa of Fabricius) were taken out from the dead body individually, following the rinsing, blotting, and weighting procedures. The segments (~2 cm) in the middle of the jejunum were collected, washed with physiological saline, and then dropped into 10% neutral-buffered formalin for immobilization. Meanwhile, the remaining segments of the jejunum were gently scraped to sample the mucous membrane, snap-frozen in liquid nitrogen, and stored at −80°C for gene expression analysis. Then, under the condition of being germ-free, the cecal part of the bird was gathered. Its contents were speedily squeezed into sterile cryopreservation tubes and then stored in liquid nitrogen as described previously.



Biochemical index and enzyme activity analysis

Biochemical index and enzyme activity were measured after the collected, frozen serum samples finished the two-step gradient thawing. Alanine aminotransferase (ALT), aspartate transaminase (AST), total protein (TP), alkaline phosphatase (ALP), and urea were all determined by a Cobas 6000 automatic biochemical analyzer (Roche Diagnostics Co., Ltd., Shanghai, China). The enzyme activities of glutathione peroxidase (GSH-Px), diamine oxidase (DAO), and also the malonaldehyde (MDA) concentration of serum were measured by colorimetric methods with a T9CS+ spectrophotometer (Purkinje General Instrument Co., Ltd., Beijing, China). A microplate reader detected the total antioxidant capacity (T-AOC) and superoxide dismutase (SOD). All the antioxidant indexes aforementioned were conducted according to the manufacturer's instructions.



ELISA

Transforming growth factor-β (TGF-β), D-lactate (D-Lac), diamine oxidase (DAO), and 8-hydroxy-2′-deoxyguanosine (8-OH-dG) in the serum were measured through enzyme-linked immunosorbent assay kits (Nanjing Jiancheng Institute of Bioengineering, Nanjing, China).



Immunohistochemical observations of jejunal secretory immunoglobulin A

Jejunum samples fixed in 10% neutral-buffered formalin for over 24 h were embedded in paraffin. The 4-μm tissue slices were prepared by Leica RM2255 (Leica Biosystems, Wetzlar, Germany). Afterward, dewaxing and dehydration of the samples were executed and 3% H2O2 was used to remove the endogenous peroxidase activity in slices. Next, the primary antibody (SouthernBiotech, Birmingham, AL, USA) and secondary antibody (Thermo Fisher Scientific, Fremont, CA, USA) were applied for incubation of the samples accordingly, the former left overnight at 4°C and the latter for 10 min at room temperature, along with the color reaction visualized by the DAB chromogen. The SIgA-positive cells were stained prominently brown in contrast to the surrounding tissue, which was counterstained for identifying host cells. Finally, the slides were observed under the microscope (Olympus Corporation, Tokyo, Japan).



Total RNA extraction and gene expression in the jejunum

The total RNA was extracted from collected jejunal mucosa using the RNA Easy Fast Tissue Kit (Tiangen Biotech Co., Ltd., Beijing, China) following the standard operating procedure. Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose–ethidium bromide electrophoresis were applied to determine the concentration, purity, and integrity of the RNA. The synthesis of complementary DNA (cDNA) and further real-time PCRs in duplicate were all performed with the One Step TB Green® PrimeScriptTM RT-PCR Kit II (TaKaRa, Dalian, China) and the ABI 7500 Fast Real-Time PCR system (Applied Biosystems, Waltham, MA, USA). The information on primer sequences of Claudin-1, Occludin, ZO-1, MUC-2, and β-actin is given in Table 2. The eukaryotic reference gene β-actin was used to normalize the relative gene quantification by the 2−ΔΔCt method (Livak and Schmittgen, 2001).


TABLE 2 Sequences of target and reference genes used for the evaluation of intestinal function.
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16srRNA amplification and illumina sequences

The cecal contents at the end of 42 day were extracted using the E.Z.N.A.® Stool DNA Kit (Omega Bio-tek, Norcross, GA, USA) for microbial DNA as per the manufacturer's instructions. The DNA extract's quality was checked similarly to that of RNA. Hypervariable region V3–V4 of the bacterial 16S rRNA gene was amplified by the primer pair 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) with an ABI GeneAmp® 9700 PCR thermocycler (Applied Biosystems, Waltham, MA, USA). The specific program for the PCR amplification of 16srRNA was conducted as follows: denaturation at 95°C for 3 min, then followed by 27 cycles at 95°C for 30 s, annealing at 55°C for 30 s, then extension at 72°C for 45 s, and a final extension at 72°C for 10 min, and the final temperature was 4°C. The PCR was conducted in triplicate with a 20-μL mixture for one. The mixture was composed of 4 μL of 5 × FastPfu buffer, 2 μL of 2.5 mM dNTPs, 0.8 μL each of forward and reverse primers (5 μM), 0.4 μL of FastPfu DNA Polymerase, 10 ng of template DNA, and the ddH2O. Two percent agarose gel and the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) were used to finish the extraction and purification of the PCR product, and they were then quantified by a Quantus™ Fluorometer (Promega, Madison, WI, USA).

Purified amplicons were pooled in equal amounts and paired-end sequenced (2 × 300 bp). All the analysis was finished by Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China) on the Illumina MiSeq platform (Illumina, San Diego, CA, USA) in accordance with the standard protocol. Finally, the raw reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: SRP392472).

The in-house Perl script was used to demultiplex the raw FASTQ files that were quality-filtered by fastp version 0.19.6 and merged by flash version 1.2.7 with the following criteria later:

(i) The bases whose quality value is below 20 bp at the end of the reads are filtered. A 50-bp window is set and the back-end bases under 20 of the average quality value are cut off, the reads containing N bases are filtered, and the quality control value should be below 50 bp; (ii) paired reads are merged into one sequence with the relationship of overlap between the PE reads. Furthermore, the length of the overlap should be longer than 10 bp; (iii) the overlap region of the spliced sequence with the allowable mismatch rate is screened out to be higher than 0.2; and (iv) the barcode and primers at both ends of the sequence are used to distinguish the samples and adjust their direction. The barcode should have no mismatched primers, and the maximum primer mismatch number is 2.



Statistical analysis

The data were analyzed by SPSS 25.0 (SPSS Inc., Chicago, IL, USA). The Shapiro–Wilk test was initially used to assess the normality of data. The differences between samples were evaluated using the one-way analysis of variance (ANOVA) and Duncan's multiple comparisons test. Each control group was pairwise compared with GOD300, GOD600, and GOD1200 using the t-tests to assess the growth performance indexes. A tendency toward significance was considered at 0.05 ≤ P < 0.1, and the statistical significance was stated based on the value of P of < 0.05 (Granato et al., 2014).

For microbiota profiling, the processed effective reads were clustered into operational taxonomic units (OTUs) using UPARSE 7.1 (http://drive5.com/uparse/) with 97% sequence similarity. Each 16S rRNA gene sequence was analyzed by the RDP Classifier algorithm (http://rdp.cme.msu.edu/) at different taxonomic levels and then against the Silva (SSU128) 16S rRNA database using a confidence threshold of 70%.

Rarefaction curves and α-diversity indices were calculated by Mothur v1.30.1 (Schloss et al., 2009). The similarity among the microbial communities in different samples was determined by the principal coordinate analysis (PCoA) based on Bray–Curtis dissimilarity using the Vegan v2.5-3 package. The species composition was obtained based on the taxonomic analysis. Analysis of similarities (ANOSIM) was applied to assess the significance of the microbial community differences among various treatments. The Kruskal–Wallis H test and the Wilcoxon rank-sum test were employed to explore the differences in the relative abundance of bacteria among multiple groups and then between every two groups, respectively.

Each OUT representative sequence's taxonomy level was analyzed by an RDP Classifier version 2.2 (Wang et al., 2007) using the confidence threshold of 0.7. The PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) software was used to predict the microbiome function, based on these OUT sequences. All the data aforementioned were analyzed on the platform of Majorbio I-Sanger Cloud Platform (www.i-sanger.com).




Results


Growth performance and the immune organ indexes

There were no significant differences in the growth performance indexes after multiple comparisons in five treatments. The specific indexes, including average daily feed intake (ADFI), average daily-weight gain (ADG), and feed:gain ratio (F:G), are shown in Table 3. Furthermore, the t-test result in Supplementary Figure S1 indicated that, during 0–21 days, the antibiotic supplement showed a significantly higher ADFI value (P < 0.05) and an F:G value (P < 0.05) than GOD1200. For days 22–42, the F:G showed a significant increase in the basal diet group when compared to GOD600 (P < 0.05) or GOD1200 (P < 0.05). Additionally, GOD and the antibiotic-supplemented groups have no significant effect (P > 0.05) on the immune organ indexes (organ weight:body weight) during the experimental periods (Table 4).


TABLE 3 Effect of GOD on the growth performance of broilers (mean ± SEM, n = 6).
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TABLE 4 Effect of GOD on relative weights of immune organs of broilers (mean ± SEM, n = 6).
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Biochemical, cytokine, and antioxidant parameters in serum

The relevant parameters tested in serum are shown in Table 5. For biochemical parameters, ALP was significantly higher in GOD300 than in Ctr (P < 0.05) on day 21. However, no effect was observed for ALT, AST, TP, and urea (P > 0.1). For cytokines, the GOD supplementation gave rise to significant differences in TGF-β in its moderate and higher dosage groups (P < 0.05) on day 21, and the effect was also exerted in the indicator of D-Lac in GOD1200 on day 42 (P < 0.05) (Table 6). There were no significant differences in the activity of DAO in both stages. For the antioxidant parameters (Table 7), GOD1200 significantly increased the SOD activity (P < 0.05) and showed a trend toward a lower level of MDA content (0.05 ≤ P < 0.1) compared with Ctr on day 21. Moreover, it was noted that the GSH-Px activity was extremely significant (P < 0.01) at the growth anaphase of broiler in GOD1200, and no differences were found among other GOD treatment groups and the two control groups (P > 0.05).


TABLE 5 Effect of GOD on the biochemical parameters of broilers in serum (mean ± SEM, n = 6).
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TABLE 6 Effect of GOD on cytokine parameters and serum markers of broilers in serum (mean ± SEM, n = 6).
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TABLE 7 Antioxidant parameters in the serum of broilers (mean ± SEM, n = 6).
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Jejunal secretory immunoglobulin A

The distribution of SIgA in the jejunum and the proportion of positive cell ratio on day 42 are given in Figure 1. The SIgA-positive cells were prominently stained brown compared with the surrounding tissues. Although no significant differences were observed in the basal diet and GOD-supplied groups, the positive cell ratio in aureomycin-supplied group was remarkably decreased among the whole treatments (P < 0.05).


[image: Figure 1]
FIGURE 1
 The effect of GOD-supplemented dietary on SIgA distribution in the jejunum of broilers on day 42 was examined by immunohistochemistry. SIgA-positive cells were stained prominently brown. The pictures were observed at 100× magnification (n = 6) (A). The ratio of positive cells was calculated and analyzed among the five treatment groups (B) (P < 0.05). Ctr, negative control fed with the basal diets; Ant, positive control fed with the basal diets added 50 mg/kg aureomycin; GOD300, GOD600, and GOD1200, the basal diets supplied with 300, 600, and 1,200 U/kg glucose oxidase, respectively. a,bMeans within a row with no common superscripts are significantly different (P < 0.05). Ctr, negative control group fed with the basal diets; Ant, positive control group fed with the basal diets added 50 mg/kg aureomycin.




Gene expressions in the jejunum related to intestinal tight junctions

Figure 2A shows that, compared with Ctr, GOD300, and GOD1200 showed a significant increase in the content of Mucin-2 (MUC-2) (P < 0.05) and the effect was the same as that of Ant during the first growth stage of broilers (0–21 days). There were no notable differences in the extra three jejunal junction protein genes (ZO-1, Claudin-1, and Occludin) during this period (P > 0.05). During the late growth stage (Figure 2B), we found that the relative mRNA expression of ZO-1 upregulated apparently in GOD600 and GOD1200 compared with Ctr or Ant (P < 0.05). However, no other significant differences were found in the expression of Claudin-1, MUC-2, and Occludin.


[image: Figure 2]
FIGURE 2
 The effect of GOD-supplemented dietary on the relative mRNA expression of jejunal junction protein genes and the mucin gene of broilers during both days 0–21 (A) and 22–42 (B) growth phases. a,bMeans within a row with no common superscripts are significantly different (n = 6, P < 0.05). Ctr, negative control fed with the basal diets; Ant, positive control fed with the basal diets added 50 mg/kg aureomycin; GOD300, GOD600, and GOD1200, the basal diets supplied with 300, 600, and 1,200 U/kg glucose oxidase, respectively. a,bMeans within a row with no common superscripts are significantly different (P < 0.05). Ctr, negative control group fed with the basal diets; Ant, positive control group fed with the basal diets added 50 mg/kg aureomycin.




Microbiota analysis by 16SrDNA

After filtering, an average of 50,736 reads per sample was obtained. The rarefaction curves are plotted in Supplementary Figure S2 to provide the complete evidence of adequate sequencing depth. As the result showed, every sample reached the plateau indicating an adequate sampling depth. The α-diversity of intestinal microbiota was analyzed using the indices of Shannon, Simpson, ACE, and Chao 1. The result in Table 8. The β-diversity analysis was performed to compare the overall microbial profiles and obtain the results shown in Supplementary Figure S3 without a notable difference (P > 0.05).


TABLE 8 Effects of GOD-supplemented feed on the cecal α-diversity of broilers.
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To assess the role of the GOD in feed, the taxonomic compositions of cecal microbes were compared at phyla and genus levels among the treatments (Figure 3). At the phylum level, it could be concluded from the relative abundance maps that Firmicutes, Bacteroidota, and Cyanobacteria are the main phyla in the cecal bacterial community of broilers. Firmicutes constituted nearly 63.32% of the whole sequences followed by ~35% Bacteroidota and ~0.68% Cyanobacteria. When compared to the positive control group, broiler-fed GOD had a higher relative abundance of Firmicutes and a lower relative abundance of Bacteroidetes. At the genus level, the distribution shown in Figure 3B was summarized to show that 28 dominant genera (Alistipes, g_norank_f_norank_o_Clostridia_UCG-014, Lacto bacillus, Ruminococus_torques_group, Barnesiella, norank_f_norank_o_Clostridia_vadinBB60_group, Lachnoclostridium, unclassified_f_Lachnospiraceae, Eisenbergiella, Faecalibacterium, Blautia, Bacteroides, Christensenellaceae_R-7_group, norank_f_Ruminococcaceae, Odoribacter, Subdoligranulum, Butyricicoccus, norank_f_Eubacterium_coprostanoligenes_group, norank_f_norank_o_RF39, norank_f_Barnesiellaceae, unclassified_f_Oscillospiraceae, unclassified_f_Ruminococcaceae, norank_f_Oscillospiraceae, Colidextribacter, Phascolarctobacterium, UCG-005, NK4A214_group, and norank_f_norank_o_Gastranaerophilales.) changed among these groups after various supplementations were added to the basal diet. Specifically, after performing the Kruskal–Wallis H test, five significantly differential bacteria (P < 0.05) were noticed at the genus level in the multiple-group comparisons test (Figure 4A). They were Colidextribacter, Oscillibacter, Shuttleworthia, Flavonifractor, and Oscillospira. Subsequently, the Wilcoxon rank-sum tests were employed for each of the five bacteria to implement a pairwise comparison, and the results can be seen in Figures 4B–F. Compared with the basal diet group, GOD600 and GOD1200 showed a significant increase in the relative abundance of Oscillospira (P < 0.05). The abundance of Colidextribacter was enriched significantly in GOD600 as well (P < 0.01). More and varying degrees of effects were noticed when GOD-supplied groups were compared with Ant. All three GOD-supplemented diets caused a significant increase in the relative abundance (P < 0.05) of Oscillibacter. GOD600 produced significant (P < 0.05) and even extreme differences (P < 0.01) in the genera of Flavonifractor and Colidextribacter, respectively. A noticeable increase in Colidextribacter also took place in GOD1200 in broilers' cecal microbiota (P < 0.05). However, in contrast to the aforementioned conclusions, we noticed that Shuttleworthia exhibited different trends in the other four genera. The control group (negative and positive types) brought about a significant increase (P < 0.05) in this genus regardless of whether it was compared with GOD600 or GOD1200. There was an extreme increase in Ant when compared with GOD600 (P < 0.01). Moreover, GOD300, which exerted a few impacts on the other four genera, significantly raised the content of this genus compared with GOD600 (P < 0.05). Additionally, except for the comparisons of control groups and the additive-supplied groups, we also noticed that the abundance of Flavonifractor and Oscillibacter genera in the basal diet group was significantly higher than that in the antibiotic control group.
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FIGURE 3
 Compositions of cecal microbiota identified under different concentrations of GOD and the antibiotic-supplied diet on day 42 of the broilers at phylum (A) and genus levels (B) (n = 6, P < 0.05). Ctr, negative control fed with the basal diets; Ant, positive control fed with the basal diets added 50 mg/kg aureomycin; GOD300, GOD600, and GOD1200, the basal diets supplied with 300, 600, and 1,200 U/kg glucose oxidase, respectively. Ctr, negative control group fed with the basal diets; Ant, positive control group fed with the basal diets added 50 mg/kg aureomycin.
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FIGURE 4
 Five significantly differential bacteria (P < 0.05) of the cecal microbiota under different concentrations of GOD and the antibiotic-supplied diet on day 42 of the broilers at the genus level. (n = 6, P < 0.05) among multiple comparisons (A) and pairwise comparisons for each one (B–F). (B) for Colidextribacter, (C) for Oscillibacter, (D) for Flavonifractor, (E) for Oscillospira, and (F) for Shuttleworthia. Ctr, negative control fed with the basal diets; Ant, positive control fed with the basal diets added 50 mg/kg aureomycin; GOD300, GOD600, and GOD1200, the basal diets supplied with 300, 600, and 1,200 U/kg glucose oxidase, respectively. Ctr, negative control group fed with the basal diets; Ant, positive control group fed with the basal diets added 50 mg/kg aureomycin.




Functional potential of cecal microbiota composition

All alterations in the presumptive function were evaluated using PICRUSt2 in the cecal microbiota at 42 days of the broilers. There were 43 pathways predicted at level 2 of the KEGG pathways. However, no significant differences were found among them, and specific information was not shown here. Furthermore, it was found that some pathways were differentially enriched at level 3 among groups, and 289 KEGG categories were identified in total. We conducted six pairwise comparisons between each of the control groups and each concentration of the GOD-supplied groups, that is, Ctr vs. GOD300, Ctr vs. GOD600, Ctr vs. GOD1200, and Ant vs. GOD300, Ant vs. GOD600, Ant vs. GOD1200, respectively. The results revealed in Figure 5 illustrated that, compared with the basal diet (i.e., negative control group), the GOD treatments significantly influenced the abundance of six functional pathways. Meanwhile, the abundance shifted remarkably in seven functional pathways when this comparison was made between the antibiotic-supplied group (i.e., positive control group) and the GOD treatments.
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FIGURE 5
 The mean proportion in predicted pathways grouped into level 3 functional categories of the cecal microbiota in various treatments on day 42 (n = 6, P < 0.05). Ctr, negative control fed with the basal diets; Ant, positive control fed with the basal diets added 50 mg/kg aureomycin; GOD300, GOD600, and GOD1200, the basal diets supplied with 300, 600, and 1,200 U/kg glucose oxidase, respectively. *Means there are significant differences in the enrichment of this pathway between the two groups. Ctr, negative control group fed with the basal diets; Ant, positive control group fed with the basal diets added 50 mg/kg aureomycin.


Specifically, the negative control group showed a significantly larger abundance of “Riboflavin metabolism” and “Proximal tubule bicarbonate reclamation” pathways against GOD600 (P < 0.05). As for the “ABC transporters” and “Insect hormone biosynthesis” pathways, GOD1200 exerted a significant influence on making them decrease (P < 0.05). In addition, the pathways of “Proximal tubule bicarbonate reclamation,” “Protein digestion and absorption,” and “Protein processing in endoplasmic reticulum” were all differentially enriched in GOD treatment groups (P < 0.05). After the comparison between positive control and GOD groups, we observed that the former had a significantly lower abundance of several functional pathways (P < 0.05), including “Carbon fixation pathways in prokaryotes,” “Glycine, serine and threonine metabolism,” “Lysine degradation,” “Benzoate degradation,” and “Protein processing in endoplasmic reticulum.” Whereas, a significantly lower abundance of “Secondary bile acid biosynthesis” and “Riboflavin metabolism” existed in GOD (P < 0.05). The details about how different concentrations of GOD interacted with both control groups are shown in Figure 5.




Discussion


Growth performance, immune organ indexes, and serum test results

Based on the aforementioned results, the antibiotic group showcased a relatively higher feed intake and a low weight gain against GOD1200 during the stage of starting phase (1–21 days). A few research types showed this tendency of the antibiotic (Khan et al., 2012; Elagib et al., 2013). However, it implied that the GOD1200 supplement could relatively improve the feed conversion efficiency. For the same index, GOD600 and GOD1200 exerted a better efficiency than the basal diet group during the growing phase (22–42 days). These could serve as evidence for GOD in the role of a growth promoter. The F:G ratio were significantly affected by the dietary GOD supplied, especially in GOD1200, indicating that the dietary GOD-supplied could help cut costs and increase farming efficiency. Nevertheless, no other differences in growth indexes were observed, and we inferred that there were specific conditions that caused the disparity. A better feeding environment, various dosages of additives as well as the broiler's breed could result in this disparity (Hashemipour et al., 2013; Ahiwe et al., 2021). The unchanged relative weights of immune organs implied that additives or antibiotics may act to cause no significant shift in the immune organs under certain circumstances. It can be further conjectured that the three levels of GOD have no adverse effect on the development of the immune organ of the white-feathered broilers during their growth status.

Except for the relative weights of organs, some serum tests, such as biochemical, cytokines, and antioxidant indexes, could reflect the condition of the immune cells and the health level of the host medically as well. Several indexes changed significantly in the present study. A significant reduction in ALP, whose activity in blood was considered an essential indicator for assessing the adequacy of phosphorus (Li et al., 2020), was found in GOD300 on day 21 compared with the control group. Some experiments showed that the lower activity of ALP stood for a healthy broiler status (Skalicka et al., 2000), whereas we cannot draw a conclusion from this index alone. The immunity indicator, TGF-β cytokine, significantly decreased when GOD (GOD600 or GOD1200) was compared with the basal diet group. Cytokines are mainly synthesized and secreted from various immune cells in the form of polypeptides or glycoproteins. Their existence can mediate the interaction between cells that perform various biological functions (Haddad, 2002). As a member of them, TGF-β is regarded as a considerable enforcer of immune homeostasis and tolerance, especially for regulating inflammatory processes (Batlle and Massagué, 2019; Fasina and Lillehoj, 2019) with a dual effect (Pickup et al., 2017; David and Massagué, 2018). The broiler growth stage of 1–21 days is typically associated with an immature immune system (Song et al., 2021). Based on the significant TGF-β difference on day 21, we inferred that GOD- and Ant-supplied diets gave broilers a better ability toward stress stimulation at a specifically tested concentration. It could be further verified by the remarkable MDA increase and the SOD decrease in the basal diet group at 21 days, which was consistent with the former reports (Wang et al., 2018).

With the characteristic of high lipid content, broilers are easily induced to produce ROS (Bai et al., 2017). As for the results of this study, a higher content of MDA in Ctr represented attenuated antioxidant protection when the ROS increased (Yang et al., 2008). Correspondingly, SOD and GSH-Px, the two enzymes, were used to remove excess ROS (Ko et al., 2004) and showed a significant positive advantage in GOD1200. Meanwhile, the high GOD supplement exerted a similar and even better effect in contrast to the aureomycin-added diet on days 21 and 42, respectively. The changes in antioxidant parameters illustrated that the addition of GOD could reduce lipid peroxidation for broilers to a certain extent. In animals, the endogenous antioxidant defense system and immune system rely on external sources (Pamplona and Costantini, 2011). Both systems can facilitate the development of a robust antioxidant capacity. Herein, our results initially identified that the GOD could improve broilers' immune and antioxidant capacity, thereby further improving their health status.



Immunohistochemical result and the gene expression of tight junctions in the jejunum

The gut is the most significant immune organ undertaking both the tolerance to dietary antigens and the immune defense for broilers. The organized gut-associated lymphoid tissues (GALT) in birds generate efficient responses with secretory IgA (Fagarasan et al., 2009), known as SIgA, to maintain mucosal homeostasis (Lammers et al., 2010; Curtis, 2017). For this experiment, the SIgA content showed a conspicuous decrease in the aureomycin-added group compared with all other groups. The reduction in SIgA could influence the pro-inflammatory downregulation ability of the host (Boullier et al., 2009), indicating that, after 42 days of feeding, the antibiotic did not give an advantage to the immunologic barrier. The results proved that GOD might be an advantageous alternative to antibiotics. Alongside the immunologic barrier, the mechanical barrier is the other primary component of intestinal mucosal immunity (Reynolds et al., 1996). Some studies reported that the intestinal mechanical barrier of chickens could be affected by the factor of dietary components' alteration (Fasina et al., 2006; Ma et al., 2021). In this study, the high-level GOD supplement increased the relative abundance of MUC-2 and ZO-1. These two are the major components of adherence junctions (AJs) and tight junctions (TJs), respectively, which act as the crucial parts of the physical gut barrier (Ballard et al., 1995; Anderson et al., 2012). It was reported that MUC-2 exerted a major role in protecting the intestinal epithelium in preventing infection and maintaining the integrity of the intestinal mucosal barrier (McGuckin et al., 2011). As a member of the tight junctions, the ZO-1 is negatively correlated with intestinal permeability (Alhotan et al., 2021). The results of this study indicated that the additive supplied could enhance the intestinal physical barrier of broilers. This inference can also be supported by the D-Lac's change in serum in this study, as the D-Lac is used to detect intestinal permeability and is an indirect indicator of the intestinal barrier (Fukudome et al., 2014; Wang J. et al., 2022). Taken together, GOD at a certain concentration can facilitate the integrity of the intestinal epithelium and enhance the mucosal immune capacity of broilers, thereby promoting their healthier living conditions.



Intestinal microbiota comparison in the cecal contents and the functional prediction result

As the chief functional part in the distal intestine, the cecum has received increasing attention for its importance in chicken metabolism since it contains a vast majority of gut bacteria and has a significant fermentation ability with a lower passage rate (Pourabedin and Zhao, 2015). The cecal microbiota of chickens can influence the host health and productivity by regulating nutrient absorption and metabolism, immune response, and pathogen invasion (Stanley et al., 2014; Huang et al., 2018). There are a few reports on the main site of GOD's action in the intestinal segments. To the best of our knowledge, these reports include its biochemical features of oxygen consumption, gluconic acid production, and negative effects on certain pathogenic bacteria in broilers' gut (Liang et al., 2022). Therefore, to better understand and complement the current mechanism of GOD supplement in broilers and to evaluate its application effects at different concentrations, shifts in the cecal microbiota among five groups were observed in this study.

First, we noticed that the results of the data analysis for α-diversity were not statistically significant after a 42-day feeding. These results are similar to the intestinal diversity results reported after certain additives were added to the feed (Ma et al., 2021; Liu C. et al., 2022). However, it is possible that rare numbers found in a small population could make a significant difference for the host (Shang et al., 2018). Therefore, the sequences were further analyzed at phylum and genus levels to identify the cecal differential bacteria. Similar to previous studies, Firmicutes, Bacteroidota, and Cyanobacteria are the dominant phyla in the broiler cecal bacterial community (Mohd Shaufi et al., 2015; Dai et al., 2021; Segura-Wang et al., 2021).

At the genus level, Colidextribacter, Oscillibacter, Flavonifractor, Oscillospira, and Shuttleworthia emerged after multiple comparisons and were identified as biomarkers to distinguish the groups for whether supplied with GOD. The former four genera showed a significant increase in GOD600 and GOD1200 compared with control groups. The first one, Colidextribacter, has been reported to promote the production of short-chain fatty acids (SCFAs) (Oakley et al., 2014; Wang Q. et al., 2022) and inosine (Lee et al., 2020; Guo et al., 2021). Studies on chickens illustrated that SCFAs can reduce inflammation in the intestines (Wu et al., 2016). For example, butyrate can repress cell invasion in pathogenicity island caused by Salmonella, a pathogen of concern to the global poultry industry (Gantois et al., 2006), and the microbiota-derived butyrate could also effectively ameliorate certain immune system diseases (He et al., 2020). Correspondingly, substantial evidence highlighted that inosine has broad anti-inflammatory and immunomodulatory properties (Haskó et al., 2000, 2004; da Rocha Lapa et al., 2012). The second noticed genus, Oscillibacter, whose clade was regarded as a potential n-butyrate producer (Gophna et al., 2017; Contreras-Dávila et al., 2021), was placed in the family Ruminococcaceae. In recent studies, this family showed a high correlation with the increase in bodyweight and tight junction protein expression for birds (Dai et al., 2021; Farkas et al., 2022). Oscillibacter is considered a potentially beneficial microbe as it plays a crucial role in sugar fermentation (Ze et al., 2012) and starch degradation (Kim et al., 2014) and is positively associated with feed efficiency for broilers (Liu J. et al., 2021). One of its species, Oscillibacter ruminantium, was found to be negatively correlated to Salmonellac (Pedroso et al., 2021) after the investigation of chickens' cecal content. Moreover, Oscillibacter was also demonstrated to reduce blood triglyceride concentration and the negative reaction to stress for research on humans (Jiang et al., 2015; Tong et al., 2020; Liu X. M. et al., 2022). Flavonifractor is also a butyrate-producing producer (Meng et al., 2019). It was positively correlated with ADG and could improve the growth performance of broilers (Zhang et al., 2021). Some of its clades were the key to catalyzing and initiating flavonoid metabolism. Currently, many studies on the flavonoid showed its marked effects on improving growth performance and the antioxidant capacity of broilers (Kamboh and Zhu, 2013). In light of the predominance of GOD in this study and the positive correlation between this genus and GOD in the cecum, we speculated that the combination of flavonoid and glucose oxidase might exert better anti-inflammatory, bacteriostatic, and immunity enhancement effects on animals as a novel feed additive (Wang et al., 2020; Yang G. et al., 2021). Along with Oscillibacter, the Oscillospira genus belongs to the family of Ruminococcaceae and is also regarded as a short-chain fatty acid butyrate producer. Accordingly, it could downregulate the expression of genes encoding pro-inflammatory cytokines and prevent inflammation in the host (Cushing et al., 2015; Gophna et al., 2017). Ruminococcaceae have been reported to be highly positively correlated with the gene expression of ZO-1 (Dai et al., 2021). This can be confirmed in this study as the Oscillibacter and Oscillospira genera in GOD (GOD600 and GOD1200) were significantly higher than those in control groups, and the trend in ZO-1 expression was the same between GOD and control groups. Moreover, based on human research, the significant Oscillospira decrease was associated with obesity-related chronic inflammatory and metabolic diseases (Yang J. et al., 2021). Hence, it may become a next-generation probiotic candidate for symptom relief in broilers. The genus of Shuttleworthia showed a noticeable increase in control groups, especially for GOD at the concentration of 600 or 1,200 U/kg. Compared with the former four genera, the tendency was the opposite. Combined with other parameters tested in the present study, although there were some benefits found in this genus for animals, we conjectured that its negative effects played a leading role in the control groups (Liu Y. et al., 2021). These negative effects might be attenuated with the addition of glucose oxidase. The genera above all belong to the anaerobic genus, which could confirm that the GOD additive is conducive to creating a better anaerobic condition for the proliferation of beneficial bacteria into the gut. In addition, gluconic acid was rarely absorbed in the small intestine and primarily fermented by specific bacteria to produce SCFAs in the cecum (Biagi et al., 2006; Huyghebaert et al., 2011), which can be further verified. Furthermore, analysis of characteristic genera also provided a profound interpretation of the phenomenon of a higher F:G index in GOD.

According to the predicted functional profiles analyzed by PICRUSt, the microorganisms of broilers' cecum were mainly enriched in functions of metabolism, organismal systems, environmental information processing, and genetic information processing, of which the pathways associated with metabolism occupied the majority. Clearer differences were observed in level 3 KEGG pathways.

The metabolic pathways, such as riboflavin metabolism, insect hormone biosynthesis, and secondary bile acid biosynthesis, displayed varying degrees of benefits for broilers. The riboflavin metabolism was reported to be related to mitochondria-mediated apoptosis, and the flavoprotein participating in this metabolism may contribute to superoxide production along with mitochondrial energy metabolism (Balasubramaniam and Yaplito-Lee, 2020; Liao et al., 2021). It implied that this metabolism might play a part in oxidative stress. In our study, GOD supplementation of 600 U/kg significantly decreased this metabolic pathway in both control groups, indicating that the broilers were found to thrive in better living conditions after the GOD supply. The enrichment in the basal diet group of “insect hormone biosynthesis” may demonstrate that GOD1200 played a role in parasite removal, which contributed to a better intestinal condition and immune capacity for broilers. Moreover, the secondary bile acid biosynthesis enriched in Ant could provide a reasonable explanation for the phenomenon that the kind of biosynthesis always occurs in specific microbiota after antibiotic therapy to fight against pathogenic bacteria (Buffie et al., 2015; Koenigsknecht et al., 2015), similar to Clostridium difficile (Rupnik et al., 2009; Buffie et al., 2012). Notably, there were more differences in metabolic function pathways when comparing Ant and GOD. Among them, the amino acid, the energy, and the xenobiotic biodegradation and metabolism pathways were more abundant in the cecal flora in the medium and high concentration GOD. Combined with other indexes of the advantages displayed in this study, it was speculated that the aforementioned pathways mainly took effect in promoting nutrient absorption, digestion, and resistance to external disturbances. This could also be supported by significant enrichment of “protein digestion and absorption” in GOD compared with the basal diet group.

Meanwhile, the pathway of “proximal tubule bicarbonate reclamation” was reported to play an important role in maintaining the acid–base balance in host organisms (Guo et al., 2014). Since the acid–base balance can be easily disturbed by internal and external factors, such as diet, environmental conditions, and metabolism (Anrewaju et al., 2007), we inferred that the enrichment of certain genes in response to GOD (GOD600 and GOD1200) treatment may provide broilers with increased resistance to various stresses. This is supported by our findings from the antioxidant analysis in this study.

Furthermore, two pathways involved in information processing drew our attention: “protein processing in endoplasmic reticulum” and “ABC transporters.” Previous research showed that the pathway of “protein processing in endoplasmic reticulum” can have different effects on chickens depending on the conditions they are exposed to. For example, the pathway might be enriched and participate in the apoptotic process in response to toxic substances (Sun et al., 2021) or environmental changes (Srikanth et al., 2019), however, it can also be downregulated in response to the infection by parasites (Li et al., 2019). A complicated process must exist in a broiler's body in response to various conditions. The results of our study suggest that this pathway may have a positive effect on broilers treated with GOD1200, even though further research is needed for validation. Similarly, the “ABC transporters” accounting for a high abundance in the negative control group have been shown to play a role in both multidrug resistance and nutrition uptake (Rice et al., 2014; Hofmann et al., 2019). Based on the results aforementioned, we inferred that the 1,200 U/kg GOD-supplied group may help to reduce the microbial resistance in contrast to the control group.

Overall, evidence for all the pathways illustrated that specific GOD supplementations may have a beneficial effect on the health of birds, particularly in GOD1200, whereas the antibiotic additive may not. Even though the predictive tool of PICRUSt is well-used, it cannot confirm the functional capabilities of the metagenome with absolute certainty. Herein, further research is needed to validate our findings.




Conclusion

In conclusion, our research showed that a diet supplemented with GOD resulted in a higher feed conversion efficiency and enhanced the internal body environment of broilers, and the concentration of 1,200 U/kg could be the recommended dosage based on the overall results. Unlike AGPs, which can disrupt the integrity of small intestinal epithelium and microbiota, GOD provides a non-pharmacological manner for strengthening the immunologic barrier and maintaining a healthy intestinal microecology. These findings deepen our understanding of the potential benefits of GOD as a feed additive and highlight its potential as a safe and effective substitute for AGPs as a growth promoter in poultry production.
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The human gastrointestinal tract consists of different regions, each characterized by a distinct physiology, anatomy, and microbial community. While the colonic microbiota has received a lot of attention in recent research projects, little is known about the small intestinal microbiota and its interactions with ingested compounds, primarily due to the inaccessibility of this region in vivo. This study therefore aimed to develop and validate a dynamic, long-term simulation of the ileal microbiota using the SHIME®-technology. Essential parameters were identified and optimized from a screening experiment testing different inoculation strategies, nutritional media, and environmental parameters over an 18-day period. Subjecting a synthetic bacterial consortium to the selected conditions resulted in a stable microbiota that was representative in terms of abundance [8.81 ± 0.12 log (cells/ml)], composition and function. Indeed, the observed community mainly consisted of the genera Streptococcus, Veillonella, Enterococcus, Lactobacillus, and Clostridium (qPCR and 16S rRNA gene targeted Illumina sequencing), while nutrient administration boosted lactate production followed by cross-feeding interactions towards acetate and propionate. Furthermore, similarly as in vivo, bile salts were only partially deconjugated and only marginally converted into secondary bile salts. After confirming reproducibility of the small intestinal microbiota model, it was integrated into the established M-SHIME® where it further increased the compositional relevance of the colonic community. This long-term in vitro model provides a representative simulation of the ileal bacterial community, facilitating research of the ileum microbiota dynamics and activity when, for example, supplemented with microbial or diet components. Furthermore, integration of this present in vitro simulation increases the biological relevance of the current M-SHIME® technology.

KEYWORDS
 ileum, microbiota, in vitro model, short-chain fatty acid, small intestine, simulator of the human intestinal microbial ecosystem


1. Introduction

The human gastrointestinal tract (GIT) consists of distinct regions each comprising a unique physiology, anatomy, and microenvironment (Booijink et al., 2007; Donaldson et al., 2016; Ruan et al., 2020). The ecosystems of the stomach, small intestine and large intestine (or colon) together comprise hundreds of billions of bacteria, which are referred to as the gut microbiota (Bäckhed et al., 2005; Ley et al., 2006). This gut microbiota impacts human health through metabolizing undigested nutrients, producing health beneficial molecules, preventing pathogen colonization, and training the human immune system (Macfarlane and Macfarlane, 2011; Zoetendal et al., 2012; Arpaia et al., 2013; El Aidy et al., 2015; Marchesi et al., 2016). A key limitation for many studies that aim to investigate such interactions is the inaccessibility of the gastrointestinal tract, often resulting in the use of faecal samples which are only an approximation of what happens at the site of activity (Kastl et al., 2020). Therefore, a rather unexplored microbiota is the one that colonizes the small intestine. This microbiota is, nonetheless, of high interest since it is the first to encounter ingested food compounds and together with host physiology could have an important impact on stability and efficacy of ingested therapeutics (Zhang et al., 2018; van Kessel et al., 2019; van Kessel and El Aidy, 2019; Li et al., 2020).

The small intestine consists of the duodenum, jejunum, and ileum. Within these regions, microbial communities are shaped through distinct physiological parameters such as pH (Moore and Holdeman, 1974; Evans et al., 1988), transit time (Silvester et al., 1995), secretory products (Kitahara et al., 2004; Begley et al., 2005; O’May et al., 2005; Whitcomb and Lowe, 2007; Ridlon et al., 2014), and nutrient availability (Hao and Lee, 2004; reviewed in Booijink et al., 2007; Donaldson et al., 2016; Thursby and Juge, 2017). Furthermore, compared to the colon region, the small intestine comprises a higher surface area, thereby allowing intense interactions with host epithelial cells and the immune system through, e.g., Peyer’s patches (Stagg et al., 2004; Rakoff-Nahoum and Medzhitov, 2006). The intraluminal pH in the small intestine gradually increases from approximately 6 in the duodenum up to 7.4 in the terminal ileum (Evans et al., 1988; Booijink et al., 2007). Bile salts are typically present between 4 and 10 mM throughout the small intestine and can be toxic for bacteria through emulsification of their cell membranes (Islam et al., 2011; Kakiyama et al., 2013; Ridlon et al., 2014; Staley et al., 2017). Secretory products might comprise pancreatic enzymes among which trypsin, chymotrypsin, amylase and lipase are the most abundant ones (Whitcomb and Lowe, 2007). Furthermore, the small intestinal transit time is between 3 ± 1 h (Davis et al., 1986), which is an order of magnitude shorter as compared to the colonic residence time (39 ± 5 h; Arhan et al., 1981). Unlike the colon – where complex fibers are the main carbon source for bacteria – small intestinal microbes rather ferment simple sugars that are unabsorbed leftovers from digestion along the upper GIT (Borgström et al., 1957; Booijink et al., 2007, 2010; Zoetendal et al., 2012).

Bacterial densities along the small intestine are largely affected by region-specific physiological conditions. While abundances in the duodenum (103–105 cells per gram) and jejunum (104–105 cells per gram) are rather low due to the initial acidity coming from the stomach and high concentrations of bile salts and pancreatic enzymes, the more alkaline environment of the ileum comprises substantial numbers of bacteria (107–108 cells per gram; Booijink et al., 2007). However, microbial loads and diversity are relatively small compared to that of the colon (Booijink et al., 2007; Zoetendal et al., 2012; Thursby and Juge, 2017; Kastl et al., 2020). In terms of microbial composition, there are considerable inter-study variations (Thadepalli et al., 1979; Bouhnik et al., 1999; Riordan et al., 2001; Hayashi et al., 2005; Wang et al., 2005; Ivanov et al., 2008; Hartman et al., 2009; Booijink et al., 2010; Zoetendal et al., 2012; van den Bogert et al., 2013; El Aidy et al., 2015; Seekatz et al., 2019; Kastl et al., 2020), which are likely due to differences in test population (healthy adults vs. ileostomy patients vs. sudden death victims), sampling procedures (ileostomy effluent vs. autopsy vs. biopsy), sampling regions (lumen vs. mucus and proximal ileum vs. terminal ileum), and methodology to analyze the microbiota. This further adds to noise generated by strong inter-individual and temporal variation inherent to the ileal microbiota (Booijink et al., 2010; Zoetendal et al., 2012). While the ileal microbiota is often dominated by Firmicutes members, mainly from the genera Streptococcus, Veillonella, Lactobacillus, Enterococcus, and Clostridium, the small intestine from some individuals is distinct with high relative abundances of Proteobacteria and Actinobacteria, and specific genera such as Fusobacterium, Faecalibacterium, Bacteroides, Ruminococcus, Blautia, and Prevotella (Booijink et al., 2010; Zoetendal et al., 2012; van den Bogert et al., 2013; El Aidy et al., 2015; Cieplak et al., 2018; Seekatz et al., 2019). Furthermore, there seems to be consistency in metabolic functionality. Each elucidated ileal community comprises primary fermenters (e.g., Streptococcus, Enterococcus, and Lactobacillus) which metabolize simple carbohydrates into, e.g., lactate that supports growth of secondary fermenters (e.g., Veillonella). The latter consume lactate to produce short-chain fatty acids (SCFA; mainly acetate and propionate in the case of Veillonella) in a process termed cross-feeding (Foubert and Douglas, 1948; Egland et al., 2004; Hosseini et al., 2011; Scott et al., 2013; Kastl et al., 2020).

Due to interindividual variations, longitudinal dynamics, and inaccessibility of the ileal microbiota in vivo, development of robust in vitro models of the ileal microbiota could be useful to better understand the processes that drive the small intestinal microbiota (Booijink et al., 2010). Most of the currently available in vitro models of the small intestine focus on host physiology and lack representation of its colonizing microbiota (Guerra et al., 2012). In contrast, models that incorporate the ileal microbiota are rather short-term and include, e.g., dosing a mixture of ileum-specific bacterial strains which are then immediately investigated, thus being unsure whether they thrive well in the applied environment (Cieplak et al., 2018). Other models have also tried to simulate the ileal microbiota over longer periods of time, but the emerged communities appeared to resemble more colon-like communities with high abundances of either Bacteroidetes (Stolaki et al., 2019) or Enterobacteriaceae (Roussel et al., 2020), or showed strong temporal fluctuations (Roussel et al., 2020). Finally, miniaturized in vitro models such as gut-on-a-chip have been designed that can even recreate the anoxic–oxic interface defining the mucosal-bacteria microenvironment (Bein et al., 2018). However, establishing a stable gut microbiota in such a system for long-term studies is nearly impossible due to the very small handling volumes. Although these models present their own advantages, a dynamic, long-term in vitro model of the ileal microbial community would enable more mechanistic research, such as studying changes in microbial interactions or metabolic shifts upon administration of a compound of interest. To the best of our knowledge, there is no such model available yet.

Therefore, the aim of the current study was to develop a novel in vitro model which – with properly optimized environmental conditions – supports a microbiota that is representative in function and composition to the in vivo ileal microbiota during a period of multiple weeks. A second goal was to integrate this small intestinal microbiota model in the established Mucosal Simulator of the Human Intestinal Microbial Ecosystem (M-SHIME®) which already allows biorelevant simulation of the colon microbiota (Molly et al., 1993; Van den Abbeele et al., 2012).



2. Materials and methods


2.1. Chemicals

Chemicals were obtained from Alfa Aesar (Kandel, Germany), Carl Roth (Karlsruhe, Germany), Chem-Lab (Zedelgem, Belgium), Keyser & Mackay (Brussels, Belgium), Merck (Overijse, Belgium), Oxoid (Merelbeke, Belgium), Sigma-Aldrich (Overijse, Belgium), and VWR (Leuven, Belgium), as elaborated below.



2.2. Microbial inocula

During the present study, several inoculation strategies were compared. This involved the use of faecal inocula from healthy human adults collected and prepared as a 20% (w/v) solution of the fecal sample in anaerobic phosphate buffer as previously described (Molly et al., 1993), ileostomy effluents and a synthetic consortium comprising 12 bacterial species (Table 1). Samples derived from human donors were collected according to the ethical approval of the University Hospital Ghent with reference number B670201836585.



TABLE 1 Bacterial strains, their source and applied growth conditions.
[image: Table1]



2.3. Preparation of glycerol stocks of strains selected for a small intestinal consortium

Glycerol stocks were prepared for each strain separately. Grown cultures were harvested during exponential growth and 0.5 ml culture was mixed with 0.5 ml glycerol-based cryoprotectant (50% v/v glycerol (86%) [Merck], 0.5 g L−1 l-cysteine-HCl [Merck], 10 g L−1 trehalose [Sigma-Aldrich], 3 g L−1 tryptic soy broth (TSB) [Oxoid], 18 g L−1 NaCl [Chem-Lab], 1 ml L−1 resazurin [Alfa Aesar] stock solution (2% w/v) and 50% (v/v) dH2O). For strict anaerobic strains, the glycerol-based cryoprotectant was boiled for 1′ to reduce oxygen content prior to autoclaving. Glycerol stocks were stored at −80°C until usage.



2.4. In vitro M-SHIME® technology

All experiments were performed through modification of the M-SHIME® technology previously described by Van den Abbeele et al. (2012). Setups were autoclaved prior to inoculation to assure sterility of the vessels. Furthermore, reactors were continuously homogenized through stirring, maintained at 37°C, and kept anaerobically by flushing with N2 for 15 min, three times per day.


2.4.1. Nutritional media

Ileal nutritional medium (100%) was prepared by sterile addition (5% v/v) of a filter-sterilized stock solution containing (L−1) NaHCO3 (50 g; Chem-Lab), NaH2PO4 (10 g; VWR), K2HPO4 (10 g; Chem-Lab), MgSO4.7H2O (0.9 g; Chem-Lab), MnCl2.4H2O (0.5 g; VWR International Europe BVBA), CaCl2.2H2O (0.9 g; VWR), FeSO4.7H2O (0.05 g; Sigma-Aldrich), ZnSO4.7H2O (0.05 g; Sigma-Aldrich), hemin (0.05 g; Sigma-Aldrich), glucose (12 g; Merck), fructose (12 g; Sigma-Aldrich), sucrose (12 g; Sigma-Aldrich), maltose (12 g; Carl Roth), lactose (12 g; Oxoid), mannose (7.5 g; Carl Roth), and galactose (7.5 g; Sigma-Aldrich) to an autoclaved medium comprising (L−1) bile salts (1.9 g; BD Bioscience, Erembodegem, Belgium), special peptone (0.7 g; Oxoid), yeast extract (2.2 g; Oxoid), mucin (2.2 g; Carl Roth), l-cysteine-HCl (0.4 g; AXO Industry SA, Wavre, Belgium) and Tween®80 (1.1 ml; Sigma-Aldrich). Ileal nutritional medium (30%) was equal to ileal nutritional medium (100%) apart from a 70% reduction in simple sugars, special peptone, yeast extract, mucin and cysteine-HCl. Autoclaved colonic nutritional medium (set at pH 2 with 37% HCl) was added to proximal colon (PC) reactors and comprised (in g L−1) arabinogalactan (1.2; Keyser & Mackay), pectin (2.0; Keyser & Mackay), xylan (0.5; Carl Roth), starch (4.0; Carl Roth), glucose (0.4; Merck), yeast extract (3.0; Oxoid), peptone (1.0; Oxoid), mucin (2.0; Carl Roth), and l-cysteine-HCl (0.5; Merck). When preceded by an ileum reactor, PC reactors received 50 ml of fiber solution instead of nutritional colon medium. Fiber solution contained (in g L−1) arabinogalactan (3.4; Keyser & Mackay), pectin (5.6; Keyser & Mackay), xylan (1.4; Carl Roth), starch (11.2; Carl Roth), glucose (1.12; Merck), peptone (2.1; Oxoid), yeast extract (6.3; Oxoid), mucin (4.2; Carl Roth) and l-cysteine-HCl (1.0; Merck). This resulted in the same influx of nutrients in the proximal colon, independent from the incorporation of an ileum reactor.



2.4.2. Simulation of mucosal microbiota

Mucin-alginate beads were used for small intestinal simulations and prepared by dripping a 5×-boiled mucin-alginate solution [50 g L−1 mucin (Carl Roth), 12 g L−1 agar (VWR), 12 g L−1 alginate (Carl Roth) and 2.22 ml L−1 10 M NaOH (Chem-Lab)] into crosslinking solution containing 7.6 g L−1 CaCl2.2H2O (VWR). This approach was implemented as the small alginate beads allowed for sterile sampling of colonized beads and addition of fresh beads via a 50 ml-syringe with catheter tip (Novolab) connected to an inlet port. Sterility of such handlings was a prerequisite as one worked with a synthetic consortium in multiple ileal simulations. In contrast, for the colonic microbiota, the conventional approach using mucin-covered microcosms was used as previously described by Van den Abbeele et al. (2012). A buffer comprising (g L−1) K2HPO4 (8.8; Chem-Lab) and KH2PO4 (6.8; Chem-Lab) was used to rinse luminal content from mucosal samples. Half of the mucus-alginate beads and mucin-covered microcosms were replaced every 2 days.



2.4.3. Experimental designs


2.4.3.1. Screening experiment

In a first experiment, different conditions were compared for their potential to maintain an ileal-representative microbiota (Figure 1A). For this purpose, the SHIME® (ProDigest, Ghent, Belgium and Ghent University, Ghent, Belgium) was configured for comparison of four parallel ileal and one colon simulation. The ileal simulations differed in inoculation strategy, i.e., synthetic consortium (vessel 1 and 2; mixture containing equal volumes of glycerol stocks of 12 strains – Table 1), ileostomy effluent (vessel 3; 5 ml of a 1:5 dilution) and faecal slurry (vessel 4; 5 ml of a 1:5 dilution). Moreover, while the standard retention time of ileal simulations was 4 h, an additional condition with increased retention time of 8 h was evaluated (reactor 2). At the start, ileal reactors were filled with 100 ml ileal nutritional medium (100%) and 5 g sterile mucin-alginate beads, while the colon vessel was filled with 500 ml of colon nutritional medium and 32 mucin-covered microcosms (Van den Abbeele et al., 2012). The pH of ileal vessels was controlled at 7.05–7.35, while the pH of the colon vessel was set at 6.15–6.40 (and a colonic retention time of 20 h was mimicked). Fresh nutritional medium was administered three times per day. Samples were collected on days 14, 16, 17 and 18 for analysis of SCFA, lactate, branched chain fatty acids (BCFA), bile salts and microbial composition via qPCR. Additionally, on day 14, sampling was performed at 0, 0.5, 1, 2, 4, and 8 h after entrance of fresh nutritional medium to elucidate the kinetic metabolic profile in terms of SCFA and lactate production.

[image: Figure 1]

FIGURE 1
 Experimental design for (A) screening experiment to compare different inoculation strategies (synthetic consortium, ileostomy effluent, or faecal slurry) under reference conditions (RT = 4 h) or upon doubled retention time (RT = 8 h) and a control colon simulation; (B) reproducibility experiment to confirm reproducibility of the synthetic consortium inoculation under reference conditions as selected from screening experiment; (C) reduction of bacterial load experiment to evaluate effect on bacterial levels upon feeding the simulation with a nutritional medium comprising reduced sugar levels; and (D) the validation experiment for integrating the ileum simulation in the M-SHIME® model. Numbers indicate the number of days after inoculation of the model. REF = reference conditions; RT = retention time; IE = ileostomy effluent; FS = faecal slurry.




2.4.3.2. Reproducibility experiment

During a second experiment, observations from the screening experiment were validated by repeating test conditions of vessel 1 in triplicate (Figure 1B). Samples were collected on days 15, 18, and 21 for analysis of SCFA, lactate, BCFA and 16S rRNA gene targeted Illumina sequencing.



2.4.3.3. Reduction of bacterial load

A third experiment aimed to reduce bacterial densities in the ileum simulation (Figure 1C). Therefore, two ileum simulations were performed in parallel. Parameters for both vessels were identical to the test conditions of vessel 1 from the screening experiment and vessels 1–3 from the reproducibility experiment, with the exception that the second vessel was fed with 30% ileal nutritional medium. Samples were collected on days 12, 13, 14, and 15 for analysis of SCFA, lactate and BCFA. On the final day, microbial composition was analyzed via 16S rRNA gene targeted Illumina sequencing coupled with flow cytometry.



2.4.3.4. Integration of ileum simulation in M-SHIME® model

The final experiment evaluated integration of the ileum simulation in the M-SHIME® model as described by Šuligoj et al. (2020; Figure 1D). The configuration was adapted to evaluate the impact of a preceding ileum onto the proximal colon (PC) and distal colon (DC) simulations. For this, the setup comprised of a first arm where the PC and DC were preceded by an ileum simulation (i.e., ILE-M-SHIME®), while a second arm comprised of a PC and DC without preceding ileum (i.e., M-SHIME®), and this for two donors. The ileum reactors were simulated under conditions identical to the reactor with decreased bacterial load, thus receiving ileal nutritional medium 30%. Regarding the colonic simulations, the pH was controlled between 5.70–5.90 for PC vessels, and between 6.60–6.90 for DC vessels. Pumping times were set so that retention times in the PC and DC vessels were 20 and 32 h, respectively. For ILE-M-SHIME® units, the proximal colons received both excess volume from the ileum vessels (approximately 150 ml) and 50 ml fiber solution. Instead, in M-SHIME® units, the proximal colon vessels received a mixture of colon nutritional medium, and pancreatic and bile liquid from the stomach vessel as described previously (Molly et al., 1993; Possemiers et al., 2004; Van den Abbeele et al., 2012, 2013; Ghyselinck et al., 2020; Šuligoj et al., 2020). Samples were collected on days 11, 13, and 14 for analysis of SCFA, lactate, BCFA and 16S rRNA gene targeted Illumina sequencing coupled with flow cytometry.





2.5. Metabolic activity analysis

Quantification of SCFAs, including acetate, propionate, butyrate, and branched SCFAs (BSCFA; i.e., isobutyrate, isovalerate, and isocaproate) was performed as previously reported by Ghyselinck et al. (2020). Lactate concentrations were determined on supernatant aliquots (centrifuged for 5 min at 7,690 × g) using a commercially available enzymatic assay kit according to the manufacturer’s instructions. For the screening experiment and reproducibility experiment, the enzymatic assay kit of Roche was used (Roche Diagnostics, Machelen, Belgium) while the R-Biopharm kit was used for lactate quantification of the optimization experiment and incorporation experiment (R-Biopharm, Darmstadt, Germany). Concentrations of the bile salts taurocholic acid (TCA), glycocholic acid (GCA), taurodeoxycholic acid (TDCA), and glycodeoxycholic acid (GDCA) were determined through reversed-phase high pressure liquid chromatography (RP-HPLC; Hitachi Chromaster, Hitachi, Brussels, Belgium) with a diode array detector (DAD; VWR), using a reversed-phase C18 column (Hydro-RP, 4 μm, 80 Å, 250 × 4.6 mm, Synergi, Phenomenex BV, Utrecht, The Netherlands). The mobile phase at a flow rate of 0.7 ml/min consisted of acetonitrile (eluent A; VWR), and ultrapure HPLC-grade H2O at a pH of 2 (eluent B; VWR), with the following gradient: 0.0 min, 30% A and 70% B; 70 min, 90% A and 10% B; 71 min, 30% A and 70% B; and 75 min, 30% A and 70% B. The bile salts were detected through DAD at a wavelength of 210 nm. Sample preparation involved centrifugation of samples at 7,690 × g for 5 min before storage at −20°C. Afterwards, 500 μl of supernatant was added to 500 μl of methanol following centrifugation at 7,690 × g for 5 min. Finally, the supernatant was filtered through a PTFE filter (0.2 μm; VWR) prior to injection (50 μl) onto the column. Quantification of samples was performed by using external standards.



2.6. Microbial community analysis

For bacterial community analysis, DNA was extracted as previously described by Boon et al. with some minor modifications (Boon et al., 2003). Homogenization was performed using a Beadblaster device (Benchmark Scientific, Edison, NJ, United States), which was conducted twice for 40 s at 6.00 m/s with a cooling period of 5 min between shakings. As an exception, DNA from samples of the final experiment was extracted via the ZymoBIOMICS 96 MagBead DNA Kit (Zymo Research, Irvine, CA, United States) at the KingFisher Flex Purification System (Thermo Fischer Scientific, Waltham, MA, United States) according to the manufacturer’s instructions. Luminal DNA originated from pellets obtained from 1 ml sample, while mucosal DNA was extracted from 0.25 g mucin alginate agar (ileum) or mucin agar (colon).

Targeted microbial quantification was determined through quantitative polymerase chain reaction (qPCR) on a QuantStudio 5 Real-Time PCR system (Applied Biosystems, Forster City, CA, United States). Standard curves were generated from a 10-fold dilution series ranging from 106 gene copies/μl to 10 gene copies/μl. Except for qPCRs targeting Streptococcaceae and Veillonellaceae – which used PCR product –, plasmid DNA was used to generate standard curves. Each sample was run in technical triplicate and outliers were removed when standard deviation between replicates exceeded 0.5. qPCRs for following groups were performed as previously described: Lactobacillus spp. (Furet et al., 2009), Bifidobacterium spp. and Eubacterium rectale/Clostridium coccoides (Rinttilä et al., 2004), Bacteroidetes (Guo et al., 2008), Faecalibacterium prausnitzii (Sokol et al., 2009), Veillonellaceae (Rinttilä et al., 2004), Enterobacteriaceae (Nakano et al., 2003), Streptococcaceae (van den Bogert et al., 2011), Enterococcaceae (Rinttilä et al., 2004), and Akkermansia muciniphila (Collado et al., 2007). Illumina 16S rRNA gene amplicon libraries were generated and sequenced at BaseClear BV. In short, barcoded amplicons from the V3-V4 region of 16S rRNA genes were generated using a 2-step PCR. 10 ng genomic (g)DNA was used as template for the first PCR with a total volume of 50 μl using the 341F (5′-CCTACGGGNGGCWGCAG-3′) and the 785R (5′-GACTACHVGGGTATCTAATCC-3′) primers appended with Illumina adaptor sequences. PCR products were purified, and the sizes of the PCR products were checked on Fragment analyzer (Agilent, Santa Clara, CA, United States) and quantified by fluorometric analysis. Purified PCR products were used for the second PCR in combination with sample-specific barcoded primers (Nextera XT index kit; Illumina, San Diego, CA, United States). Subsequently, PCR products were purified, checked on a Fragment analyzer (Agilent) and quantified, followed by multiplexing, clustering, and sequencing on an Illumina MiSeq with the paired-end (2×) 300 bp protocol and indexing. The sequencing run was analyzed with the Illumina CASAVA pipeline (v1.8.3) with demultiplexing based on sample-specific barcodes. The raw sequencing data was processed by removal of sequence reads of too low quality (only “passing filter” reads were selected) and discard of reads containing adaptor sequences or PhiX control with an in-house filtering protocol. A quality assessment on remaining reads was performed using the FASTQC quality control tool version 0.10.0. For data processing, Illumina-paired reads were merged into single reads (pseudoreads) through sequence overlap, after removal of the forward and reverse primers. Chimeric pseudoreads were removed and remaining reads were aligned to the RDP 16S gene databases. Based on the alignment scores of the pseudoreads, the taxonomic depth of the lineage is based on the identity threshold of the rank; Species 99%, Genus 97%, Family 95%, Order 90%, Class 85%, Phylum 80%.

Total bacterial cells were quantified via flow cytometry to convert proportional data obtained via 16S rRNA gene targeted Illumina sequencing to quantitative data (multiplication). Samples were 1:1-diluted in cryoprotectant and stored at −80°C until analysis according to Hoefman et al. (2012). Upon staining with 0.01 mM SYTO24 (Life Technologies Europe NV, Merelbeke, Belgium) at room temperature for 15 min in the dark, samples were analyzed on a BD Facsverse (BDBiosciences, Merelbeke, Belgium) using the high flowrate setting and bacteria were separated from medium debris and signal noise by applying a threshold level of 200 on the SYTO channel. Flow cytometry data were analyzed using FlowJo, version 10.5.0.



2.7. Statistics

Statistically significant differences between acetate, propionate, butyrate, lactate, and bile salt concentrations were determined for each experiment separately. Significant differences on bacterial abundances were determined on absolute levels for luminal samples and relative levels for mucosal samples for the respective experiments. Statistical analysis was performed in Excel 2011 (Microsoft, Redmond, WA, United States). Two-sided t-tests were applied for comparisons between different vessels during statistical analysis of all experiments. Benjamini-Hochberg false discovery rate (FDR) was applied (with FDR = 0.05) to correct for multiplicity issues as described previously (Lee and Lee, 2018). Principal component analysis (PCA) was performed with CLUSTVIS (biit.cs.ut.ee/clustvis/) using the proportional 16S rRNA gene targeted Illumina sequencing data of the 15 most abundant families in the lumen across all simulated communities supplemented with taxonomic families representing consortium genera but not being part of the top 15 most abundant families.




3. Results


3.1. Distinct environmental conditions strongly impacted bacterial composition and activity

During an initial screening experiment, four test conditions were evaluated in parallel and compared to a control colon simulation. Reactors 1 and 2 were inoculated with a synthetic consortium, while reactors 3 and 4 were inoculated with ileostomy effluent and faecal sample, respectively. Reactor 2 was distinguished from reactor 1 in that it was subjected to a longer retention time (8 h instead of 4 h). Both the inoculation strategies and retention time affected microbial colonization during the ileum simulations in terms of microbial composition and activity.

First, the validity of a qPCR panel in which 10 taxonomic groups were targeted was evaluated using an ileostomy effluent and faecal sample (Supplementary Table S1). This confirmed the presence of distinct microbial community compositions in both samples, in correspondence with literature, i.e., enrichment of Veillonellaceae, Streptococcaceae, and Enterococcaceae (and Lactobacillaceae depending on the intake of probiotics) in ileostomy samples in contrast to higher levels of Enterobacteriaceae, Akkermansiaceae, Bifidobacteriaceae, Bacteroidetes, Lachnospiraceae, and F. prausnitzii in the faecal sample (Supplementary Table S1), thus confirming that the qPCR panel allowed to make representative statements on whether a microbial community is more ileum or colon-like.

This allowed to conclude that the steady-state communities of the screening experiments upon 2 weeks of colonization were largely affected by the inoculation strategy, with more ileum-like communities being obtained upon inoculation with the synthetic consortium. Indeed, the latter (upon applying a transit time of 4 h) resulted in a community dominated by Veillonellaceae [8.73 ± log(copies/ml)], Streptococcaceae [8.94 log(copies/ml)], Enterococcaceae [9.16 log(copies/ml)] and to a lesser extent, Lactobacillaceae [6.81 log(copies/ml)] (Table 2). Strikingly, incubating the same consortium at increased retention time (8 h) induced dominance by Enterococcaceae [9.52 log(copies/ml)] and Lactobacillaceae [7.53 log(copies/ml)] at the expense of Veillonellaceae [3.50 log(copies/ml)] and Streptococcaceae [3.46 log(copies/ml)]. Further, inoculation with ileostomy effluent or faecal slurry increased abundances of colon-associated taxonomy groups such as Enterobacteriaceae [6.79 and 7.15 log(copies/ml), respectively], Akkermansiaceae [4.45 and 4.38 log(copies/ml), respectively], Bifidobacteriaceae [8.38 and 8.40 log(copies/ml), respectively], Bacteroidetes [7.83 and 7.96 log(copies/ml), respectively], C. coccoides/E. rectale [8.64 and 8.90 log(copies/ml)], and F. prausnitzii [5.91 and 7.41 log(copies/ml)]. The latter more closely resembled the stable community composition in the control colon vessel.



TABLE 2 Average absolute levels [10log(16S rRNA copies/ml)] of 10 different taxonomic groups (as determined with group-specific qPCR protocols) that, according to literature, colonize the small intestine and/or colon, when incubated in reactors under ileal or colonic conditions.
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These drastic differences in microbiota composition significantly affected microbial activity. In a first aspect, inoculation with the synthetic consortium significantly lowered total SCFA levels in the reference condition (38.6 ± 1.1 mM) and even further upon increased retention time (6.5 ± 0.2 mM) as compared to the reference conditions inoculated with ileostomy effluent and faecal slurry (64.5 ± 1.1 mM and 61.7 ± 2.3 mM, respectively), while total SCFA levels were the highest in the control colon (69.4 ± 1.9 mM; Figure 2A). In a second aspect, steady-state lactate levels were similarly low among all reference conditions and control colon, which might indicate efficient cross-feeding of lactate to, e.g., propionate and/or butyrate. In contrast, the prolonged retention time significantly increased lactate, thereby suggesting impaired cross-feeding (Figure 2B). In addition, kinetic sampling during 8 h upon receiving fresh nutritional medium on day 14 of the experiment revealed an initial boost in lactate production followed by lactate consumption and a concomitant production of acetate and propionate for the reference consortium condition (Figure 3). Although to a lesser extent, this kinetic profile was also observed for the reference conditions inoculated with ileostomy effluent and faecal slurry. In contrast, entrance of nutritional medium into the condition with extended retention time increased lactate production but lacked the consequential consumption of lactate and concomitant acetate and propionate production (corresponding with the low Veillonellaceae levels upon increased retention time). The control colon showed a modest increase in acetate, propionate, and butyrate concentrations over time while no increase in lactate level was observed.
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FIGURE 2
 (A) Average short-chain fatty acids (SCFA) concentrations (mM) from days 14, 16, 17, and 18 in different ileum simulation test conditions. Values that significantly differ from each other are indicated with different letters (a, b, c, d for acetate; A, B, C, D for propionate, and α, β for butyrate). (B) Average lactate concentrations (mM) in different test conditions. Values that significantly differ from each other are indicated with different letters (a, b, c). (C–F) Average bile salt concentrations in different test conditions. Red bars indicate the initial concentration of the respective bile salt in the simulation upon administration of fresh nutritional medium. For ileum test conditions, either reference conditions (REF) or increased retention time (+RT) was tested with different inoculation strategies (SC, IE, and FS). For the colon, parameters from M-SHIME® technology were applied. SC = synthetic consortium; IE = ileostomy effluent; FS = faecal slurry; TCA = taurocholic acid; GCA = glycocholic acid; TDCA = taurodeoxycholic acid; GDCA = glycodeoxycholic acid.
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FIGURE 3
 Temporal profile of SCFA and lactate concentrations (mM) upon administration of fresh nutritional medium to different test conditions comprising a steady-state community: (A) reference conditions inoculated with synthetic consortium; (B) doubled retention time inoculated with synthetic consortium; (C) reference conditions inoculated with ileostomy effluent; (D) reference conditions inoculated with faecal slurry; (E) M-SHIME® proximal colon simulation.


Furthermore, different conditions affected bile salt metabolism both between the test conditions and as compared to the control colon (Figures 2C–F). The latter showed complete deconjugation of TCA, GCA, TDCA, and GDCA, while said bile salts were only partially deconjugated in the ileal vessels. Lowest bile salt conversions were observed upon inoculation with the synthetic consortium, and more specific, in combination with an increased retention time.

Overall, from all tested conditions, the synthetic consortium inoculation under reference conditions was selected as most closely representing the in vivo ileal community (Booijink et al., 2010; Zoetendal et al., 2012; El Aidy et al., 2015; Cieplak et al., 2018; Seekatz et al., 2019).



3.2. The selected condition allows establishment of a stable and reproducible community

Next, the selected reference condition from the screening experiment was performed in triplicate to validate reproducibility of the simulation.

Luminal SCFA profiles were stable over time (87, 86, and 88% for replicates 1, 2, and 3, respectively) and highly reproducible (95%) across the multiple replicate vessels of the selected condition (Figure 4A). Lactic acid levels were 1.40 ± 0.69 mM on average and did not differ significantly between replicate simulations (data not shown). 16S rRNA gene targeted Illumina sequencing demonstrated a nearly identical community composition within the replicate vessels at different timepoints, thereby confirming both stability and reproducibility of the bacterial community (Figure 4B). Luminal communities were dominated by the genera Streptococcus (41.2 ± 2.5%), Veillonella (30.7 ± 2.0%), Enterococcus (11.2 ± 2.7%), and Clostridium (8.4 ± 1.3%). The genera Lactobacillus (2.6 ± 0.8%), Blautia (1.6 ± 0.4%), Faecalibacterium (0.7 ± 0.2%), and Prevotella (0.1 ± 0.1%) were present at lower abundances.
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FIGURE 4
 (A) Short-chain fatty acids (SCFA) concentrations (mM) in three replicate ileum simulations at three different timepoints (days 15, 18, and 21 after inoculation). All replicates represented the reference conditions inoculated with synthetic consortium. (B) Average genus level relative microbial community composition of three ileum simulation replicates incubated under reference conditions after inoculation with synthetic consortium at three different timepoints (days 15, 18, and 21 after inoculation). Genera included in the consortium account for nearly 100% of the steady-state community. The reference Lactobacillus is considered to include both the genera Limosilactobacillus and Ligolactobacillus.




3.3. Reduction of bacterial concentration by adapting ileal nutritional medium

Total cell concentrations were estimated from qPCR measurements based on a post-hoc comparison between flow cytometry and qPCR analyses. Based on this correlation, qPCR analysis during the screening experiment pointed out that levels above 109 cells/ml in the ileum simulations were obtained, which was considered too high versus the in vivo situation where levels in the range of 108 cells/ml have been reported (Booijink et al., 2007). Therefore, with the aim of reducing the bacterial load in the ileum simulation, adapted ileal nutritional medium (30%) was compared to the initial ileal nutritional medium (100%) in two identically configured vessels. Importantly, bacterial cell quantification through flow cytometry demonstrated an approximately 3-fold reduction in total bacterial density upon administration of the adapted ileal nutritional medium (2.53 and 7.58 * 108 cells/ml at the beginning and end of the feeding cycle, respectively) as compared to the initial ileal nutritional medium (6.65 and 19.95 * 108 cells/ml at beginning and end of the feeding cycle, respectively; Figure 5D).
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FIGURE 5
 (A) Average SCFA concentrations (mM) in steady-state ileum simulations being fed with two types of ileum nutritional medium (100% vs. 30% content) after inoculation of a synthetic consortium under reference conditions. (B) Proportional and (D) quantitative luminal genus level microbial composition of steady-state ileum simulations being fed with two different ileal nutritional media (100% vs. 30%) as determined via 16S rRNA gene targeted Illumina sequencing. The quantitative composition was obtained through of 16S rRNA gene targeted Illumina sequencing and flow cytometry data. of steady-state ileum simulations being fed with two different ileum nutritional media (100% vs. 30% sugar content). (C) Proportional mucosal microbial composition in two ileum simulations receiving different types of nutritional medium (100% vs. 30%) as determined by 16S rRNA gene targeted Illumina sequencing. The reference Lactobacillus is considered to include both the genera Limosilactobacillus and Ligolactobacillus.


This decreased cell density did not alter microbial activity or community composition. Indeed, while the adapted medium (30%) significantly (p = 2 * 10−8) reduced total SCFA concentration, it did not alter the acetate/propionate/butyrate ratio (approximately 55/45/0; Figure 5A). Lactate was significantly (p < 10−5) higher – but still minimal – in the adapted medium (0.025 ± 0.003 mM) than the initial medium (0.007 ± 0.002 mM). 16S rRNA gene targeted Illumina sequencing revealed a similar microbial composition in both the luminal and mucosal regions between both nutritional media (Figures 5B,C). Lowered nutrient levels resulted in a mild proportional increase of Clostridium (12.5% vs. 6.8%) and Enterococcus (16.7% vs. 8.7%) at the expense of Streptococcus (46.7% vs. 55.6%) and Veillonella (21.8% vs. 26.7%). Hence, where streptococci and Veillonellae accounted for more than 80% of the total community in the vessel receiving the 100% nutritional medium, these taxonomic groups represented approximately 65% of the community in the vessel receiving the adapted ileal nutritional medium (30%). Furthermore, Lactobacillus (0.2% vs. 0.2%), Blautia (0.1% vs. 0.1%), Faecalibacterium (<0.1% vs. <0.1%) and Prevotella (<0.1% vs. <0.1%) were not impacted. Together, genera comprised in the synthetic consortium accounted for more than 98% of the simulated community (98.0 and 98.2% for adjusted and initial nutritional medium, respectively). The missing approximately 2% relative abundance is represented by Lactococcus (1.2% vs. 1.3% for adjusted and initial nutritional medium, respectively), Hungatella (0.20% vs. 0.15%, for adjusted and initial nutritional medium, respectively) and a myriad of low-abundant genera (<0.1%; data not shown).



3.4. Integration of ileum simulation in M-SHIME® model

During the final experiment, the ileal simulation was integrated into the established M-SHIME® model which simulates colonic microbiota. For this, two arms for each of two donors were run in parallel. Per donor, one arm comprised of an ileum, proximal colon, and distal colon, whereas the second arm consisted of a proximal and distal colon only.

As illustrated by a PCA, based on the 15 most abundant families across the lumen of all reactors combined with families to which the genera of the ileal consortium belong but are not within the top 15 most abundant families, colon-region specific communities colonize the M-SHIME® model (Figure 6). Integration of an ileum simulation in the M-SHIME® maintained this colon-region specificity, thereby indicating that a preceding ileum does not disturb subsequent simulated colonic communities. Moreover, inclusion of the ileum microbiota contributed to an increased diversity (Figure 7) as well as an increased species richness (data not shown) in the in vitro gut model for both donors, reflecting more what has been reported happing in vivo. Furthermore, it was observed that distal colons more closely resembled the faecal inocula when preceded by an ileum as compared to distal colons without preceding ileum (Figure 6).
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FIGURE 6
 Principal component analysis (PCA) of microbiota based on proportional 16S rRNA gene targeted Illumina sequencing data. A total of 16 taxonomic families was considered, i.e., the 15 most abundant families supplemented with taxonomic families representing consortium genera not being part of the top 15 most abundant families. Percentage values at the axes indicate contribution of the principal components to the explanation of total variance in the data set. The impact of integrating an ileum before the PC and DC (ILE-M-SHIME®) was compared to the standard M-SHIME® for two donors.
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FIGURE 7
 Shannon diversity indices based on (OUT’s) in ileum simulation, and colon vessels whether or not preceded by an ileum simulation (ILE-M-SHIME® vs. M-SHIME®) as calculated from 16S rRNA gene targeted Illumina sequencing data. Diversity estimates were determined for separate vessels and total reactor units for two donors at three different timepoints (days 11, 13, and 14 after inoculation). Total diversity indices that were significantly different from each other, are indicated with an asterisk (*). Only OTU’s with >25 reads were considered.


Although integration of an ileum reactor increased initial lactate levels in the proximal (0.84 ± 0.14 mM to 2.20 ± 0.06 mM) and distal (0.22 ± 0.04 mM to 0.32 ± 0.01 mM) colons, lactate was more rapidly consumed in ileum-preceded colon reactors. SCFA analysis confirmed both ileum simulations to show nearly identical SCFA profiles (Figure 8). The total SCFA concentrations were 13.5 ± 0.7 mM and 13.9 ± 0.5 mM, and the acetate/propionate/butyrate ratios were 50/49/1 and 54/45/2 in the ileum vessels of reactor units 1 and 2, respectively. Incorporation of an ileum vessel did not impact the total SCFA concentration in proximal (54.8 ± 3.8 mM vs. 53.1 ± 6.3 mM with or without preceding ileum, respectively) or distal colon vessels (73.0 ± 4.2 mM vs. 72.5 ± 2.1 mM with and without preceding ileum, respectively). However, preceding ileum simulations impacted the proportional SCFA profiles in the subsequent colon compartments. For donor 1, the preceding ileum increased butyrate concentration in both colon vessels at the expense of acetate and propionate (SCFA ratios changed from 58/22/21 to 51/17/32 for the PC, and from 67/21/12 to 62/18/19 for the DC). Nonetheless, for donor 2, SCFA ratios remained constant (from 52/14/34 to 54/11/35 for the PC, and from 63/17/20 to 64/16/20 for the DC).
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FIGURE 8
 Average SCFA concentrations (mM) in steady-state colon vessels whether or not preceded by an ileum simulation (ILE-M-SHIME® vs. M-SHIME®, respectively). Symbols indicate significant differences in acetate (*), propionate ($) or butyrate (#) between corresponding region simulations of the same donor. ILE = ileum; PC = proximal colon; DC = distal colon.


Regarding microbial composition, steady-state communities in the lumen and mucus of both ileum simulations consisted nearly entirely of genera included in the synthetic consortium (98.8 ± 0.4% and 99.3 ± 0.2%, and 97.3 ± 0.3% and 98.8 ± 0.2% for the lumen and mucus of ileum vessel of unit 1 and 2, respectively), indicating absence of colonization by contaminating strains (Figures 9A–C). In the ileum vessels of reactor units 1 and 2, stable luminal communities were dominated by the genera Veillonella (30.6 ± 4.6% and 24.3 ± 6.8%, respectively), Streptococcus (13.0 ± 5.0% and 27.8 ± 7.0%, respectively), and Enterococcus (55.1 ± 1.6% and 38.5 ± 1.1%, respectively).
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FIGURE 9
 (A) Proportional and (B) quantitative composition of the luminal and mucosal (C) community in steady-state colon simulations whether or not preceded by an ileum simulation (ILE-M-SHIME® vs. M-SHIME®, respectively) as determined by 16S rRNA gene targeted Illumina sequencing. Ileum vessels were inoculated with a synthetic consortium under reference conditions. Quantitative compositions were obtained through combination of 16S rRNA gene targeted Illumina with flow cytometry data. Only genera included in the synthetic consortium are presented. The reference Lactobacillus is considered to include both the genera Limosilactobacillus and Ligolactobacillus.


Integration of an ileum simulation into the M-SHIME® technology did not affect bacterial densities in subsequent proximal and distal colon reactors. Moreover, incorporation of the ileum simulation did not majorly affect the luminal bacterial community composition in neither the proximal nor distal colon (Supplementary Table S1). Minor changes included, for donor 1, a reduction in Bacteroidaceae (PC), Selenomonadaceae (PC), Synergistaceae (DC), and Akkermansiaceae (DC), while the levels of Enterococcaceae (PC and DC) and Streptococcaceae (PC and DC) were increased. Although not significantly, Ruminococcaceae levels were increased in the PC upon incorporation of an ileum simulation. For donor 2, Streptococcaceae and Enterococcaceae were increased in both the PC and DC, while the Ruminococcaceae were significantly increased in the PC and significantly decreased in the DC. Changes in mucosal community compositions were less pronounced.




4. Discussion

The present study focused on the development of a stable and reproducible long-term in vitro model of the ileal microbiota that is representative for the in vivo situation. After its successful development as a stand-alone model, the simulation was integrated in the M-SHIME® model that simulated up till now only the colonic microbiota, thereby further increasing the relevance of the latter model.

First, the established simulated ileal bacterial community after 2 weeks of incubation under reference conditions, involving amongst other factors inoculation with a synthetic consortium, application of a short retention time (4 h) and a nutritional medium rich in simple sugars, was relevant for the in vivo situation with the genera Streptococcus, Veillonella, and Enterococcus prevailing in the model. Enrichment of these genera is in line with literature regarding microbial composition of ileostomy effluent which has often been used as a proxy for investigating the ileal community (Collado et al., 2007; Booijink et al., 2010; van den Bogert et al., 2011, 2013; Zoetendal et al., 2012; Dlugosz et al., 2015; El Aidy et al., 2015; Chung et al., 2016). Abundances of selected consortium members well-above detection limit after 2 weeks of incubation confirmed the relevance of the applied environmental conditions. The observation that increasing the retention time to 8 h impaired colonization of Veillonella and Streptococcus members, shows the complexity of identifying the correct environmental conditions. It is hypothesized that this community shift can be attributed to prolonged metabolism of less favorable sugars when retention time is increased to 8 h, thereby promoting colonization of specific consortium members and potentially stimulating build-up of inhibitory metabolites and associated product inhibition. This would be in contrast with the reference conditions where a retention time of 4 h is potentially too short for fermentation of less favorable sugars, thereby stimulating consortium members that thrive on the most-favored carbon source (e.g., glucose). On the other hand, the reference condition did not prevent colonization of colon-like microbial groups upon inoculation with a faecal sample or ileostomy effluent, suggesting further potential for finetuning the environmental conditions by, e.g., inclusion of a fill-and-draw mechanism or incorporating colon-to-ileum reflux simulations as attempted recently (Roussel et al., 2020). Nonetheless, the current model enabled the establishment and maintenance of a representative bacterial community in terms of composition and, importantly, quantity.

The microbial composition showed an ileum-relevant microbial activity. More specific, upon entrance of fresh nutritional medium, lactate levels rapidly increased during the first 30 min, after which acetate and propionate levels increased while lactate was consumed, thus suggesting bacterial cross-feeding interactions. The initial boost in lactate production was likely attributed to the Streptococcus, Enterococcus, and Lactobacillus species which are known to produce lactate upon consumption of simple sugars (Hoefman et al., 2012; Lee and Lee, 2018). In turn, successive cross-feeding of lactate into acetate and propionate was likely ascribed to high abundances of Veillonella species (Distler and Kröncke, 1981; Arif et al., 2008). The relatively short retention time (4 h) is thought to prevent substantial butyrate production in the ileum, as is supported by low abundances of slow-growing Faecalibacterium and Clostridium. Increased retention time strongly increased lactate production and prevented cross-feeding interactions. The latter might be explained by a prolonged utilization of less-favorable carbohydrates upon glucose depletion. Genera such as Enterococcus and Lactobacillus are known to be more flexible in carbohydrate fermentation, thereby being favored by an increased retention time. Higher abundances of these genera could result in a boosted production of inhibiting metabolites such as lactate and ethanol, which might hamper the proliferation of, e.g., Streptococcus and Veillonella. Nonetheless, further investigation of this hypothesis is crucial for unraveling the mechanisms through which the increased retention time impacts the simulated community. In turn, inoculation with ileostomy effluent or faecal slurry prevented substantial buildup of lactate concentrations, which is likely explained by higher cross-feeding efficiency and lower lactate-producing capacity of the colon-like communities in these vessels. Furthermore, the established community under selected reference conditions and the condition with increased retention time only partially deconjugated the bile salts TCA, TDCA, GCA, and GDCA in the model. In vivo, most of the bile salts are reabsorbed in the ileum (enterohepatic circulation) but some are biotransformed by the gut microbiota. This biotransformation involves a first step of deconjugation (ileum), after which the deconjugated bile acid can be dehydroxylated and/or reconjugated in the colon. These bioconversions facilitate transport and improve functionalities and signaling properties of the bile salts. Hence, what observed corresponds to what happens in vivo, where unabsorbed bile salts are converted and/or deconjugated only partially in the ileum region (Hofmann, 1999; Martinez-Augustin and Sanchez de Medina, 2008). Opposed thereto, conditions inoculated with ileostomy effluent or faecal slurry more closely resembled the bile salt metabolism as observed in the control colon, i.e., nearly complete deconjugation and conversion of primary bile salts. Although not confirmed in the present study, these observations are likely to be linked to a limited presence of genes encoding for bile salt hydrolase and 7-α-dehydroxylase in the gene pool of the established ileum community as compared to the colon community. Overall, the optimized ileum simulation allowed mimicking of metabolic cross-feeding interactions between key members of the consortium while revealing a representative bile salt metabolism, thus suggesting that the model might be a useful tool in future research to study the microbial metabolite fluxes in the highly dynamic small intestinal environment (Seekatz et al., 2019).

The selected simulation strategy allowed the recreation of a highly reproducible microbial composition and activity within independent experiments. Nevertheless, between different experiments, minor shifts in relative bacterial profiles were detected although these did not appear to impact metabolic functionality. For instance, the genera Streptococcus, Enterococcus, and Veillonella accounted for approximately 85% of the ileal community (41, 11, and 31%, respectively) during the reproducibility experiment, while during the final experiment, combined relative abundances of the Streptococcus, Enterococcus, and Veillonella genera accounted for roughly 95% with Streptococcus being less abundant than Enterococcus (on average, 19, 47, and 28%, respectively). It is hypothesized that these compositional differences could follow from the reduced sugar concentration in the nutritional medium which was only 30% of the sugar content from the reproducibility experiment. In particular, reduced glucose administration might have expedited the diauxic shift towards less favorable sugars, thereby relatively stimulating consortium members that more efficiently metabolize such less-favorable sugars (e.g., Enterococcus). Nonetheless, further research is necessary in order to confirm these hypotheses.

Reducing bacterial densities in the ileum simulation increased biological relevance of the simulation and enabled integration of the ileum into the M-SHIME® technology. Feeding the ileum vessel with adapted ileal nutritional medium (30%) reduced the total bacterial load 3-fold as compared to the model fed with the initial ileal nutritional medium (100%). On average, the bacterial load comprised 2.53 and 7.58 * 108 cells/ml (at beginning and end of the feeding cycle, respectively) which is slightly higher than the in vivo levels of 107–108 cells/ml being reported (Kastl et al., 2020). However, it was already hypothesized that actual in vivo levels are substantially higher than what is being reported due to the bias of the fasted state of patients upon sampling (Zoetendal et al., 2012; El Aidy et al., 2015; Villmones et al., 2018, 2020). This is illustrated by the observation of higher bacterial densities in samples from ileostomists after intake of carbohydrate-rich food. As such, it was hypothesized that ileal bacterial levels might fluctuate locally upon passage of nutrients, with bacterial loads increasing upon prolonged interaction between nutrient rich chyme and bacteria. Nonetheless, the optimized bacterial load in the current model allows studying metabolic shifts and community dynamics, whereas lower bacterial levels would likely result in shifts that are too close to the limit of quantification to allow proper investigation of induced changes. Overall, after optimization of the bacterial load, the latter more closely mimicked in vivo levels of 107–108 cells/g and facilitated integration of the ileum simulation into the M-SHIME® technology.

Although the M-SHIME® model has been thoroughly validated and is known to reliably represent in vivo communities of both proximal and distal colon communities (Van den Abbeele et al., 2010), incorporation of the ileum model into the M-SHIME® seemed to further increase its biological relevance. First, inclusion of a bacterial community resembling the ileal microbiota according to criteria elaborated above, as such already mimics the in vivo situation more closely. Second, a preceding ileum tended to increase the observed number of species and diversity. Presumably, the preceding ileum incubation provides metabolites and substrates to the colon regions that support growth of otherwise washed-out species. Despite high recovery rates of bacterial strains between faecal samples and stabilized communities using the M-SHIME®, some taxonomic groups appear to be less effective at colonizing the conventional SHIME® model. For instance, Ruminococcaceae are often targeted as a health marker since they encompass health-promoting species like F. prausnitzii. However, Ruminococcaceae are typically underrepresented in especially the proximal (or ascending) colon of the M-SHIME® as compared to the faecal sample used as inoculum (Van den Abbeele et al., 2010). Inclusion of the ileum model increased the abundance of Ruminococcaceae in the proximal colon of both donor 1 and 2 as compared to the respective simulations without preceding ileum microbiota. This could be attributed to the influx of specific metabolic products (e.g., acetate) originating from the ileum, thereby creating a stimulating niche for Ruminococcaceae. Such metabolic interactions might have contributed to the observation that samples derived from the distal colon of the SHIME® with preceding ileum clustered more closely to the faecal inocula than samples from the distal colon from the SHIME® without preceding ileum. Development of the ILE-M-SHIME® model can therefore further increase the relevance of long-term in vitro simulations of the colonic microbiota using the SHIME® technology.



5. Conclusion

In conclusion, the present study describes the development of a stable, reproducible, and representative long-term in vitro simulation of a human ileal microbial community that can be incorporated in the established M-SHIME® technology for the human colonic microbiota. Further studies will be needed to elucidate the role of this specific microbial community in influencing digestibility, drug stability and nutrient absorption. Although not replacing in vivo experimental studies, it is suggested that this model can serve as a primary screening method to reveal insights into the ileal microbiota, its interaction with therapeutics, and stimulate development of more efficient treatment methods.
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Gallstone disease (GSD) is associated with changes in the gut and gallbladder bacterial composition, but there is limited information on the role of the fungal community (mycobiome) in disease development. This study aimed to characterize the gallbladder mycobiome profiles and their interactions with bacteriome in GSD. A total of 136 bile and gallstone samples (34 paired for bacteriome, and 33 paired and extra 2 bile samples for mycobiome) were obtained from calculi patients with chronic cholecystitis. Bile and gallstone bacteriome and mycobiome were profiled by 16S and internal transcribed spacer (ITS) rRNA gene sequencing, respectively. Gallbladder bacteriome, mycobiome, and interkingdom and intrakingdom interactions were compared between bile and gallstone. In general, microbial diversity was higher in bile than in gallstone, and distinct microbial community structures were observed among them. Deep Sea Euryarchaeotic Group, Rhodobacteraceae, and Rhodobacterales were microbial biomarkers of bile, while Clostridiales and Eubacterium coprostanoligenes were biomarkers of gallstone. Five fungal taxa, including Colletotrichum, Colletotrichum sublineola, and Epicoccum, were enriched in gallstone. Further ecologic analyses revealed that intensive transkingdom correlations between fungi and bacteria and intrakingdom correlations within them observed in gallstone were significantly decreased in bile. Large and complex fungal communities inhabit the gallbladder of patients with GSD. Gallstone, compared with bile, is characterized by significantly altered bacterial taxonomic composition and strengthened bacterial–bacterial, fungal–fungal, and bacterial–fungal correlations in the gallbladder of patients with GSD.
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 gallstone disease, marker gene sequencing, microbiota, bile and gallstone, bacteria, fungi


Introduction

Gallstone disease (GSD) has been prevalent worldwide, especially in Western countries and China in the last decades (Fan et al., 2017; Scherber et al., 2017). Most of the gallstones in the gallbladder are the cholesterol type (approximately two-thirds), and the remaining are mainly pigment stones (Portincasa and Wang, 2012). It was previously suggested that a healthy human biliary system is sterile; however, several years ago, it was recognized that the gallbladder has a complex microbiota in non-pathological conditions (Verdier et al., 2015; Warburton et al., 2017). Despite the high worldwide prevalence of GSD, the role of the biliary microbiota in gallstone pathogenesis remains unclear. To date, knowledge about the composition of the biliary microbiota and its influence on the development of biliary disease is limited. Previous studies have linked biliary infection with gallstone development and indicated that bacteria may act as the nucleating factor initiating the formation of both pigment and cholesterol gallstones (Maki, 1966; Swidsinski and Lee, 2001; Stewart et al., 2002; Begley et al., 2005; Stewart et al., 2006). The presence of living bacteria in gallstones has been demonstrated using multiple methods (Swidsinski et al., 1995; Lee et al., 1999; Hazrah et al., 2004; Ramana Ramya et al., 2017). Moreover, several studies have shown that the alterations of bacteria in bile were linked to biliary diseases, such as cholelithiasis (Petrov et al., 2020), cholangiocarcinoma (Chen B. et al., 2019), common bile duct stones (Choe et al., 2021; Kim et al., 2021), biliary injury (Ying Liu et al., 2018), and primary sclerosing cholangitis (Pereira et al., 2017; Timur Liwinski et al., 2019). While works have reported that bacteria could be detected in gallstones, the bacterial spectrum remains unclear in cholelithiasis.

Fungi, as eukaryotes, are ancestrally and ecologically intrinsic to terrestrial life with multiple roles, extending to the regulobiotic. Notably, fungal species have been reported to colonize as commensals in many niches in healthy humans (Cui et al., 2013). Alterations within the fungi are associated with different diseases. The association between fungi and gastrointestinal disease has been well documented, with a special focus on candidiasis (Mukherjee et al., 2015). Studies performed in the past decade have demonstrated that fungi have a complex, multifaceted role in the gastrointestinal tract and actively and directly influence health and disease. A recent retrospective study found that Candida presented in bile at a low level (1.3%) by culture (Serra et al., 2021). However, the fungal organisms in bile and gallstone remain largely unclear. Fungi may have the potential to manipulate neighboring bacterial communities or vice versa. Therefore, interactions between the mycobiome and the bacteriome may also play a role in GSD.

In light of the above, we investigated both the fungal and bacterial profiles in paired bile and gallstone samples from patients with cholelithiasis using ITS and 16S rRNA gene high-throughput sequencing. To the best of our knowledge, this is the first study to uncover the fungal spectrum and its interaction with bacteria in both bile and gallstone. Thus, the current study provides insights into mycobiome in GSD. Importantly, the bile origin of the gallstone microbiota and fungal–bacterial interactions might contribute to the stone formation of cholelithiasis.



Materials and methods


Sample collection and processing

The stone and bile samples from gallbladder-stone patients were obtained during laparoscopic cholecystectomy. In total, 136 samples, 68 (34 paired bile and gallstone samples) for bacterial analysis and 68 (33 paired bile and gallstone samples, and 2 bile samples only) for fungal analysis, were acquired from 35 patients (Table 1, Supplementary Table S1). The gallstones were classified as cholesterol gallstones based on their physical characteristics (smooth, round to ovoid and yellow-white and laminated or crystalline cut surface).



TABLE 1 Demographic and Clinical Details of GSD Subjects.
[image: Table1]



Extraction of microbial DNA from bile and gallstone

The total microbial genomic DNA extraction from bile samples (200 μL) was performed by QIAamp DNA Mini Kit (QIAGEN, Germany) following the manufacturer’s instructions. Similarly, microbial DNA from gallstone (approximately 200 mg) was collected using QIAamp Fast DNA Stool Mini Kit (QIAGEN, Germany) according to the handbook. DNA concentrations were detected using a NanoDrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). DNA samples were stored at −80°C until required for experiments.



Determination of bacterial and fungal profiles by amplicon sequencing

The V3–V4 region of the bacterial 16S rRNA gene was amplified from extracted DNA using the 341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT) primer sets. For fungal analysis, ITS1 variable region was amplified with universal primers ITS1F (CTTGGTCATTTAGAGGAAGTAA) and ITS2 (GCTGCGTTCTTCATCGATGC). 16S amplicon sequencing was performed on the Illumina MiSeq platform (Applied Protein Technology Co., Ltd., Shanghai, China). ITS amplicon sequencing was conducted by OE Biotech Co., Ltd. (Shanghai, China).



Data processing

The sequencing data of bacteria and fungi were imported into QIIME 2 (v2022.2) for preprocessing, denoising, diversity analyses and taxonomy classification (Bolyen et al., 2019). The amplicon sequence variants (ASVs) < 0.005% were finally removed from the analysis of both bacterial and fungal data. For the taxonomic assignment, the SILVA 138 and UNITE v8.3 datasets were used for bacteria and fungi, respectively. The QIIME artifacts were inputted into R by the file2meco package1, followed by the analysis and plotting using the microeco package (v0.9.0) in R 4.1.0 (Liu et al., 2021). FUNGuild database was used for fungal data to identify fungal guilds by microeco. The Tax4Fun2 (v1.1.5) workflow was applied for the prediction of metagenome functions of bacteria (Wemheuer et al., 2020).



Co-occurrence network analysis

The general networks of bacteria–bacteria and fungi–fungi in gallbladder were constructed using SparCC correlation through microeco in R. The global network of bacteria–fungi in the gallbladder was generated using SparCC correlation by integrated Network Analysis Pipeline [iNAP, (Feng et al., 2022)]. Networks were also constructed for bacteria–bacteria, fungi–fungi, and bacteria–fungi in bile and gallstone separately by using this platform. Correlated genus pairs were selected when the absolute values of sparse correlation were |r| > 0.1 and p < 0.05. Visualization and analysis of the network were conducted using Gephi (v0.9.2) (Bastian et al., 2009).



Statistical analysis

The nonparametric Kruskal Wallis and Permutational multivariate analysis of variance (PERMANOVA, 999 permutations) were used to test the difference among groups of microbial alpha and beta diversity separately. Differentially abundant taxa were identified by linear discriminant analysis (LDA) effect size (LEfSe). In network analysis, pseudo p-values were calculated via a bootstrap procedure. First, shuffled (w. replacement) datasets were created, and then the SparCC correlation for each dataset was computed. Finally, the two-sided p-values were computed based on the correlation results. A chi-square (χ2) test was used to compare the difference in the number of correlations between bile and gallstone. Two-sided t test was applied to compare the difference in the relative abundance of taxa between bile and gallstone. The differences in predicted function outcomes of bacteria among the groups were compared using the STAMP software v2.1.3.2




Results


Clinical characteristics of study subjects

The study included 35 subjects: 29 cholesterol subjects and 6 pigment subjects (Table 1, Supplementary Table S1). For bacteriological analysis, the median age was 43 years for subjects from both the bile and gallstone groups. For mycological analysis, the median age was 43 years for the bile group and 42 years for the gallstone group. Other clinical characteristics (sex and type of stone) were comparable between subjects of bile and gallstone groups. In total, 4,518 features were obtained using the bacterial 16S rRNA metagenomic sequencing and 2,431 features were obtained using fungal ITS1 metagenomic sequencing.



Largely different bacterial community in bile and gallstone of GSD

First, we compared the bacterial diversity and composition between bile and gallstone. Although bile and gallstone showed similar Shannon diversity and Observed features (ASVs) (Supplementary Figure S1), the Faith phylogenetic diversity (Faith PD, p = 0.028) of bile was markedly higher than that of gallstone (Figure 1A). Principal coordinates analysis (PCoA) of unweighted Unifrac distance showed distinct clustering of bile and gallstone samples (Figure 1B; Supplementary Figure S2). Furthermore, it is known that age and sex have an effect on the human microbiota. Thus, we explored the age, sex as well as the gallstone type whether affect the microbial diversity in this study. There was no significant correlation between age and alpha diversity indices (Supplementary Figures S3A,B). In addition, no significant difference in alpha diversity between men and women (Supplementary Figures S3C,D), cholesterol and pigment stones (Supplementary Figures S3E,F) in this study was observed. These results suggest that age, sex, and stone type have negligible effects on the gallbladder bacteriome profile. These results suggest that age, sex, and stone type have negligible effects on the gallbladder bacteriome profile.
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FIGURE 1
 Bacteriome signature of bile and gallstone from GSD patients with chronic cholecystitis. (A) Boxplot showed the bacterial phylogenetic diversity (Faith PD) between bile (n = 31) and gallstone (n = 28). Statistic was performed by a Kruskal-Wallis (pairwise) test. *P (= 0.028) < 0.05. (B) Principal coordinate analysis (PCoA) of the unweighted Unifrac distance between bile (n = 31) and gallstone (n = 28). Statistic was performed by a pairwise PERMANOVA test (999 permutations; p = 0.001, q = 0.001). (C,D) Bar plot depicted the bacterial mean relative abundance at the phylum (C) and genus (D) levels in both bile and gallstone samples. (E) LEfSe cladogram showed the different abundance of bacteria between bile and gallstone. The diameter of each circle was proportional to its abundance (LDA score > 3.0).


Based on 16S rRNA gene sequencing, the relative abundance of bacteria fluctuated largely in bile samples (27.55–98.50%), whereas it accounted for 66.53 to 100% in gallstone samples. Among the bacterial phyla, Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria were the four dominant bacterial phyla in the gallbladder bacteriome (Figure 1C; Supplementary Figure S4A). At the genus level, Muribaculum, Bacteroides, Prevotella, Faecalibacterium, and Bifidobacterium were the dominant bacterial genera in gallbladder bacteriome (Figure 1D; Supplementary Figure S4B). Furthermore, the archaea also accounted for a large proportion. An unknown archaea phylum and Aenigmarchaeota were the major dominant archaea.

We further accessed the bacterial signatures associated with gallstone by LEfSe and random forest (RF). After setting the LDA cutoff score at 3.0, we identified 10 and 6 taxa to be enriched in bile and gallstone, respectively. The Aenigmarchaeota presented a pronounced growth in bile samples (Figure 1E; Supplementary Figure S5). Deep Sea Euryarchaeotic Group (DSEG), Rhodobacteraceae, and Rhodobacterales were microbial biomarker in bile samples, whereas Eubacterium coprostanoligenes was a biomarker in gallstone samples, as indicated by both LEfSe and RF outcomes (Figure 1E; Supplementary Figure S5). Additionally, Clostridiales, Clostridiaceae, and Bacteroides plebeius was enriched in gallstone, whereas Prevotella heparinolytica was enriched in bile (Figures 1E, 2B; Supplementary Figure S5A).

[image: Figure 2]

FIGURE 2
 Comparation of the bacterial taxonomic composition between bile and gallstone from GSD patients with chronic cholecystitis. (A) Venn diagram of unique and shared ASVs among bile and gallstone samples. The percentage data is the sequence number/total sequence number. (B) Relative abundance of microbiota between bile (n = 31) and gallstone (n = 28) samples at multiple levels. Statistic was performed by a two-sided t test. Different lowercase letters indicated significant differences (p < 0.05).


As presented in Figure 2A, the detected bacterial sequences between bile and gallstone were almost completely different, only sharing 0.1%. Then, we explored the difference in bacterial composition in paired bile and gallstone samples (Figure 2B). The highest relative abundance of genus Muribaculum was increased from bile to gallstone. Prevotella was lower, and Bacteroides was higher in the gallstone than in bile. Faecalibacterium and Bifidobacterium were decreased in gallstone. The Clostridium sensu stricto 1, an unknown genus, Archaea, and unassigned bacteria also had a significant change from bile to gallstone. Taken together, these results suggest different bacterial phylogenetic diversity and taxonomic composition between bile and gallstone.



Similar fungal community in bile and gallstone of GSD

To study the difference in gallbladder mycobiome in bile and gallstone, we first explored fungal alpha diversity indices between them. We found decreased evenness (Pielou’s e) of the gallbladder mycobiome in gallstone samples compared with bile samples (p = 0.0018, Figure 3A). However, there were no changes in fungal diversity (Shannon) and richness (Observed ASVs) between the gallstone and bile samples (Supplementary Figure S6). PCoA based on the unweighted Unifrac distance between individual mycobiome revealed that the gallbladder mycobiome composition of bile and gallstone samples was separated into two distinct clusters, suggesting a different trend of gallbladder mycobiome profiles between bile and stone (p = 0.038; Figure 3B; Supplementary Figure S7). Similarly, there was no significant correlation/difference between age, sex, and stone type and alpha diversity indices (Supplementary Figure S8), suggesting that age, sex, and stone type have negligible effects on the gallbladder bacteriome profile.
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FIGURE 3
 Mycobiome profile of bile and gallstone from GSD patients with chronic cholecystitis. (A) Boxplot presented the fungal community evenness between bile (n = 35) and gallstone (n = 33). Statistic was performed by a Kruskal-Wallis (pairwise) test. *P (= 0.018) < 0.05. (B) Principal coordinate analysis (PCoA) of the unweighted Unifrac distance between bile (n = 35) and gallstone (n = 33). Statistic was performed by a pairwise PERMANOVA test (999 permutations; p = 0.038, q = 0.038). (C,D) Bar plot depicted the fungal mean relative abundance at the phylum (C) and genus (D) levels in both bile and gallstone samples. (E) LEfSe barplot showed the different abundance of fungi between bile and gallstone (LDA score > 2.0).


At the phylum level, Ascomycota, Basidiomycota and Mortierellomycota dominated the gallbladder mycobiome (Figure 3C; Supplementary Figure S9A). Among the genera, Aspergillus, Candida, Fusarium, Sebacina, Russula, Mortierella, Alternaria, Rhizopogon, Epicoccum, and Colletotrichum were the dominant fungal genera in the gallbladder mycobiome (Figure 3D; Supplementary Figure S9B). Furthermore, LEfSe (LDA = 2.0) identified five fungal signatures associated with gallstone (Figure 3E). Among the differential taxa, Colletotrichum and Epicoccum had very small relative abundance (Figure 4B). The species Colletotrichum sublineola was also enriched in gallstone.
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FIGURE 4
 Comparation of the fungal taxonomic composition between bile and gallstone from GSD patients with chronic cholecystitis. (A) Venn diagram of unique and shared ASVs among bile and gallstone samples. The percentage data is the sequence number/total sequence number. (B) Relative abundance of microbiota between bile (n = 35) and gallstone (n = 33) samples at multiple levels. Statistic was performed by a two-sided t test. Different lowercase letters indicated significant differences (p < 0.05).


We also further explored the similarity of fungal composition between bile and gallstone. More than 70% (72.4%) shared fungal ASVs between bile and gallstone were observed (Figure 4A). In addition, phylum Ascomycota, the largest relative abundance genera Candida, Sebacina, an unknown genus, Mortierella, Aspergillus, Fusarium, and Russula, and species Candida albicans had no difference between bile and gallstone (Figure 4B). These results imply a similar fungal diversity and taxonomic composition between bile and gallstone.



Co-occurrence of bacteria, fungi and bacteria–fungi in the gallbladder of GSD

To explore the microbial keystone taxa in the gallbladder, we constructed microbial co-occurrence networks using significant pairwise correlations between microbial taxa, bacteria-bacteria, fungi–fungi and bacteria–fungi. In general, we found 6 modules (M1–6) and four key communities (keystone taxa: Muribaculum, Clostridium sensu stricto 1, Prevotella, and DSEG) in bacteria of the gallbladder (Supplementary Figure S10A); six modules (M1–6) included four independent communities in fungi of the gallbladder (Supplementary Figure S10B). For the bacteria–fungi network (Supplementary Figure S10C; Supplementary Table S2), we obtained a network of four modules consisting of both bacteria (17 taxa) and fungi (23 taxa).

To understand the network complexity and keystone taxa in gallstone, we compared the bacteria–bacteria, fungi–fungi, and bacteria–fungi co-occurrence networks between bile and gallstone. Although there were four modules of bacterial network found in both bile and gallstone, the network in gallstone had more correlations than that in bile (37 vs. 28; χ2 test, p = 0.047; Figure 5A; Table 2; Supplementary Tables S3, S4). The keystone taxa were Muribaculum, Faecalibacterium, Bifidobacterium, Bacteroides, Rothia, and Cutibacterium in bile whereas Bacteroides, Muribaculum, Archaea, Rothia, Fusobacterium, Prevotella, and Lachnospiraceae in gallstone (Figure 5A). For fungi–fungi interactions, five modules (keystone taxa: Paecilomyces, Ascomycota, Epicoccum, Sebacina, and Archaeorhizomyces) were observed in bile, whereas only three modules (keystone taxa: Ascomycota, Fusarium, and Russula) were found in gallstone. However, the correlations of the network in gallstone were more than three times those in bile, primarily driven by an increased number of nodes (94 vs. 28; χ2 test, p = 1.50E-37; Figure 5B; Table 2; Supplementary Tables S5, S6).
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FIGURE 5
 Co-occurrence networks of the intrakingdom correlations of bacteriome and mycobiome in gallbladder of GSD patients with chronic cholecystitis. (A,B) Bacterial–bacterial (A) and fungal–fungal (B) co-occurrence networks of bile (left) and gallstone (right) at the genus level. Node size was presented by its degree (3–15). “M” represented the module of the network.




TABLE 2 Summary of bacterial-bacterial, fungal-fungal and bacterial-fungal co-occurrence networks in bile and gallstone.
[image: Table2]

Similarly, the network of bacteria–fungi interactions in gallstone was also greater than in bile, despite that they both had four modules (267 vs. 94; χ2 test, p = 3.88E-72; Figures 6A,B; Table 2; Supplementary Tables S7, S8). Bacteria Faecalibacterium, Prevotella, Bacteroides, Romboutsia, and Unassigned, and fungi Sebacina, Ascomycota, Archaeorhizomyces, Epicoccum, and others were key taxa in bile (Figure 6A). Bacteria Lachnospiraceae, Muribaculum, Bacteroides, Blautia, Cutibacterium, and Clostridium sensu stricto 1, and fungi Fusarium, Ruhlandiella, Lactarius, Inocybe, Mortierella, Fusicolla, Didymellaceae, and Cladosporium were keystone in gallstone (Figure 6B). Altogether, these results indicate more diverse and complex microbial interactions in gallstone than bile in the gallbladder, and the fungi and its interactions with bacteria might play a key role in the formation of gallstone.

[image: Figure 6]

FIGURE 6
 Co-occurrence networks of the interkingdom correlations between bacteriome and mycobiome in gallbladder of GSD patients with chronic cholecystitis. (A,B) Bacterial–fungal co-occurrence networks of bile (A) and gallstone (B) at the genus level. Node size was presented by its degree (3–15). “M” represented the module of the network.




Potential functions of bacteria and fungi in the gallbladder of GSD

To understand the potential functions of the gallbladder microbiome, we further compared the predicted outcomes of bacteria between bile and gallstone (Figure 7A) and analyzed the fungal trophic mode and guild in the gallbladder (Figure 7B). Vitamin B6 metabolism and carbapenem biosynthesis of bacteria were higher in bile than gallstone (Figure 7A). Conversely, bacterial sulfur metabolism, lipopolysaccharide biosynthesis, thyroid hormone synthesis, and amoebiasis were significantly enriched in gallstones (Figure 7A).

[image: Figure 7]

FIGURE 7
 Predicted potential functions of microbiota in gallbladder of GSD patients with chronic cholecystitis. (A) Extended error bar of differential bacterial pathways between bile and gallstone. Statistic was performed by a two-sided t test (equal variance) with Storey False Discovery Rate (FDR) in STAMP. (B) Heatmap of fungal traits (trophic modes and guilds) in gallbladder. “M” represented the module of constructed network performed by microeco package.


For fungi, we used the FUNGuild database to identify species guilds (Figure 7B). Saprotroph was the most abundant trophic mode, followed by modes symbiotroph and pathotroph. Endophyte and animal pathogen were the two dominant guilds. Additionally, fungal parasite, ectomycorrhizal, wood saprotroph, plant pathogen, lichen parasite, litter saprotroph, and soil saprotroph were also observed in the gallbladder mycobiome. Collectively, these results demonstrated that bacterial sulfur metabolism and fungal saprotroph and animal pathogen in the gallbladder might contribute to the formation of gallstones.




Discussion

Increasing evidence has demonstrated the importance of microbiota in the development of many diseases. GSD is a major type of gallbladder disease, which affects 10–20% of the global adult population (Grigor'eva and Romanova, 2020). Multikingdom gallbladder microbiome analysis by metagenomic sequencing provides a new opportunity to explore the gallbladder mycobiome landscape in GSD. Accordingly, we used metagenomic sequencing to show for the first time that the gallbladder gallstone mycobiome in GSD subjects is similar to paired bile mycobiome, characterized by the same diversity and richness and a few differential gallstone-related fungal species. However, the interkingdom correlations between the mycobiome and bacteriome and the intrakingdom correlations within them were marked as more gallstone-related correlations. In addition, we first found that archaea (such as DSEG) were significantly thriving in bile, indicating the association thereof with gallbladder microbiome dysbiosis in GSD. These data fill an important gap in our current understanding of the potential role of gallbladder microbiome profile in GSD.

Research on the bile and gallstone microbiota and their role in biliary disease is quite rare. To our knowledge, no previous studies have described changes in the diversity of the human gallbladder mycobiome in GSD, although the fungus Candida in bile was recently reported by Serra et al. based on the culture method (Serra et al., 2021). To identify consistent gallbladder fungal signatures for bile and gallstone, we first combined both sex and types of gallstones to generally observe the changes. Our data showed a significant difference in evenness between bile and gallstone but not in the Shannon diversity and richness. One explanation could be that the species distribution was more uniform in gallstone than in bile (Supplementary Figure S9), which may have led to a more significant difference in the evenness of the samples. In addition, our PCoA results also suggest different trends of mycobiome between bile and gallstone samples. However, the pseudo-F values obtained in the PCoA remained low (1.81), indicating that larger unknown factors may contribute to variations between the subjects.

In this exploratory study to identify more potential taxa that might be associated with bile and gallstone, we included fungal species with a relative abundance of >0.005%. As a result, we found markedly differential fungal species, including taxa with lower abundance in gallstone samples. To date, limited information is available about the role of these differential fungal species in GSD, especially for the taxa with very low abundance (such as C. sublineola). Further functional research on the fungal markers might help understand the role of the mycobiome in gallbladder diseases.

Ascomycota and Basidiomycota constitute the major phyla of the kingdom fungi in the gallbladder. It was previously revealed that the Ascomycota:Basidiomycota ratio in the gut could represent a fungal dysbiosis index to differentiate diseases (Sokol et al., 2017; Cao et al., 2021). We found that it was higher in gallstone than in bile, implying a dysbiosis in bile, thus leading to stone formation in the gallbladder. Genera Aspergillus and Candida are two of the predominant members in the gallbladder mycobiome, some of which are widely reported to be pathogenic to humans and animals. One reason for the phenomena might be that members of Aspergillus can survive in both highly acidic and mildly basic conditions and at a wide range of temperatures in addition to producing secondary metabolites mycotoxins that are capable of causing disease and death in humans (Bennett and Klich, 2003). Importantly, Candida spp. are commonly associated with humans. The genus Candida comprises over 10 species that are known to induce opportunistic infections in humans, especially C. albicans (Yapar, 2014; Kapitan et al., 2019). In line with that, C. albicans was the most abundant species in both bile and gallstone.

Numerous studies have identified bile bacterial alterations in biliary diseases, but there is limited evidence to compare gallbladder microbiome differences between bile and gallstone. Our results are consistent with those of previous studies, demonstrating that phyla, Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria, predominate in the bile bacteriome (Shen et al., 2015; Molinero et al., 2019). We found that GSD subjects were associated with significant alterations in bacterial composition between bile and gallstone samples. Notably, kingdom bacteria was significantly enriched in gallstone, demonstrating that bacteria could be a key factor contributing to stone formation. Proteobacteria which include many pathogenic species was enriched in gallstone, implying its potential role contributing to the formation of stone (Timur Liwinski et al., 2019). A recent study demonstrated that bile acid and cholesterol metabolism dysfunction contributed to cholesterol gallstone formation (Hu et al., 2022). We observed a significant increase in the cholesterol-reducing anaerobic genus E. coprostanoligenes in gallstone of patients with GSD (Ren et al., 1996; Le et al., 2022). One possible explanation could be that the gallstones obtained in this study were mostly cholesterol stones (85.3%). In addition, B. plebeius, which was found in the human gut and could become an opportunistic pathogen if it escapes the gut, was thriving in gallstone.3 Clostridium sensu stricto 1, referring to the Clostridium cluster I, which has a potential causative capacity, was associated with gallstone (Lopetuso et al., 2013). In addition, Clostridiales which can produce trimethylamine (TMA), the precursor of trimethylamine N-oxide (TMAO), was a biomarker in gallstone (Wang et al., 2015). Consistent with this, Chen Y. et al. (2019) found that high TMAO levels were positively associated with the presence of gallstone disease in humans. These results indicate that Clostridiales may contribute to GSD by a mechanism based on its metabolite TMA/TMAO signaling.

Archaea are widespread microorganisms that live in a variety of natural and host-associated ecosystems (Baker et al., 2020). Several aquatic microbiota types such as DSEG and Rhodobacteraceae were dominant in bile, which might be because of bile’s liquid environment, indicating that the archaea are a major group that thrives in extreme environments. However, it should be noted that we assigned the Archaea according to data of 16S rRNA genes for bacteria and not the archaea-specific genes in this study. Further research on the archaeal markers and functions might help uncover the role of the archaeome in gallbladder diseases.

It should be noted that understanding the microbial interactions are of particular significance in human health and disease. Indeed, both positive and negative connections between bacteria and fungi in the gut have been reported (Richard and Sokol, 2019). Thus, we analyzed the bacterial and fungal interkingdom and intrakingdom interactions in gallbladder. In general, our data indicate a complex microbial ecologic community in gallstones and further demonstrate that the unique environment of gallstones promotes microbial interactions; in turn, the complex interactions may boost the formation and growth of gallstones in the gallbladder.

In addition, we found a reconstruction of microbial co-occurrence network in gallstone. First, the number of nodes increased in the network of gallstones. Second, the key modules changed within a network of gallstones. Third, the relationships altered between the taxa, and even in the same two taxa, such as the Muribaculum and Rothia (positive in bile, but negative in gallstone; Figures 5A,B; Supplementary Tables S3, S4). Interestingly, the ratio of positive and negative correlations seems to maintain a “relative balance” (positive/negative = 1.3) in the bacteria–bacteria network in both bile and gallstone. The ratio is close to 2 (1.8) in the networks of fungi–fungi and bacteria–fungi in bile, whereas it is close to 1 in these networks in gallstone. This suggests that (1) microbial interactions tend to affect homeostasis in the gallbladder, and that (2) fungal disorder in bile might play a vital role in GSD.

Importantly, in this study, we found that the bacterial communities are largely different, while the fungal colonies are similar between bile and gallstone in GSD. This interesting phenomenon could be explained by three points. First, the bacteria were indeed the most major members of microorganisms in bile while fungi were a smaller group than bacteria. Moreover, we detected a group of archaea accounting for a large proportion in bile which hardly were detected in gallstone in bacterial analysis (such as DSEG, Figure 2). Second, the number of negative interactions (e.g., resource competition) of bacteria–bacteria network was more than those of fungi–fungi in bile and gallstone (Table 2). Therefore, this might cause a large change of bacteria not fungi. Last, there are distinct types of environments between bile and gallstone—liquid for bile whereas solid for gallstone, as well as disparate environmental factors, mainly water, bile acids/salts, and inorganic ions for bile but cholesterol, calcium salts, and bilirubin for gallstone. Thus, there are more room and resource of bile than gallstone to survive for microbes so that bacteria altered largely for surviving. Altogether, it is implied that most fungi and a small part bacteria detected in current study might contribute to the formation of gallstone.

Hu et al. identified the gut bacterial Desulfovibrionales as a key taxon contributing to cholesterol gallstone formation (Hu et al., 2022). Furthermore, Desulfovibrionales are responsible for metabolizing dietary and host-derived sulfur-containing compounds (Peck et al., 2019). In line with this, bacterial sulfur metabolism was significantly active in gallstone according to function prediction analysis in this study. Lipopolysaccharide (LPS) is an endotoxin derived from the outer membrane of Gram-negative bacteria. LPS can cause many health problems, particularly in people who have thyroid and autoimmune thyroid disorders. Indeed, we found high thyroid hormone synthesis activity of bacteria in gallstones. In addition, LPS can cause an acute inflammatory response by triggering the release of a great number of inflammatory cytokines (Lopes, 2016). One possible interpretation is that the subjects recruited in this study have chronic cholecystitis complications.

Notably, this study had some limitations. First, because of ethical and social issues, we could not obtain healthy bile samples as the control group. Accordingly, collecting bile samples from the gallbladders of subjects without hepatobiliary disease from liver transplant donors for the control or reference bile microbiota group may be an alternative method (Molinero et al., 2019).

Second, we used the marker gene (16S/ITS) amplicon sequencing technology for microbial analysis, which did not provide the functional information of microbiota in the gallbladder. Meanwhile, we used the reference database approach for bacterial and fungal reads classification, which may allow the loss of a considerable part of novel microbiota owing to the absence of a reference data. As such, shotgun metagenomic sequencing is an alternative solution. In addition, an archaea-specific analysis method is further required.

Third, the gut microbiome community is also likely to be linked with the formation of gallstones (Hu et al., 2022; Zhao et al., 2022). Our study did not excavate the spectrum of the gut microbiome. Thus, the location difference of gut not only the feces need to be further explored. Moreover, the microbial metabolites (such as secondary bile acids) are now suggested to be very important in health and disease (de Vos et al., 2022; Hu et al., 2022). Metabonomics may be a useful approach to uncover the GSD-related microbial metabolites in the future.

Fourth, because we did not include patients with longitudinal follow-up and prognosis, we were unable to study the possibility of preventing GSD by evaluating the risk of GSD before its progression. Future studies should recruit individuals with prognoses to validate the value of predicting full-blown GSD by gallbladder microbial profiles.

Lastly, other external factors, including diet and lifestyle changes—which are known to affect the microbiome (David et al., 2014; Strasser et al., 2021)—were not assessed in this study. Nonetheless, these findings provided new insights into our understanding of the role of bacteriome and mycobiome alterations in bile and gallstone. Further larger-scale studies are needed to explore the confounding factors and cause–effect between microbiome and GSD.



Conclusion

This study demonstrated that large and complex bacteria and fungi inhabited in the gallbladder of patients with GSD, and gallstone was characterized by significantly altered bacterial taxonomic composition. In addition, the bacterial–bacterial, fungal–fungal and bacterial–fungal correlations were strengthened compared to bile in the gallbladder of patients with GSD. As such, mycobiome, bacteriome, and even archaeome and their interactions might contribute to the formation of gallstone. We believe that our first paired bile–gallstone microbiome study has taken an important step in this field.
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Introduction: Renal transplantation is an effective treatment for the end stage renal disease (ESRD). However, how salivary microbiota changes during perioperative period of renal transplant recipients (RTRs) has not been elucidated.

Methods: Five healthy controls and 11 RTRs who had good recovery were enrolled. Saliva samples were collected before surgery and at 1, 3, 7, and 14 days after surgery. 16S rRNA gene sequencing was performed.

Results: There was no significant difference in the composition of salivary microbiota between ESRD patients and healthy controls. The salivary microbiota of RTRs showed higher operational taxonomic units (OTUs) amount and greater alpha and beta diversity than those of ESRD patients and healthy controls, but gradually stabilized over time. At the phylum level, the relative abundance of Actinobacteria, Tenericutes and Spirochaetes was about ten times different from ESRD patients or healthy controls for RTRs overall in time. The relative abundance of Bacteroidetes, Fusobacteria, Patescibacteria, Leptotrichiaceae and Streptococcaceae was correlated with serum creatinine (Scr) after renal transplantation.

Discussion: In short, salivary microbiota community altered in the perioperative period of renal transplantation and certain species of salivary microbiota had the potential to be a biomarker of postoperative recovery.

KEYWORDS
salivary microbiota, renal function, renal transplantation, perioperative period, 16S rRNA


1. Introduction

End-stage renal disease (ESRD) represents a serious public health problem fueled by aging populations and a pandemic of chronic non-communicable diseases, which is characterized by high mortality and economic burden. Renal transplantation is one of the effective treatments, with the hope of recovery for patients to normal life. However, there is still a lack of highly sensitive and specific biomarkers with minimal invasion and cost to assess recovery or rejection during the perioperative period.

The oral cavity consists of teeth, gingival groove, tongue, soft and hard palates, buccal mucosa, and tonsils. All the above areas are inhabited by microbiota and soaked in saliva all the time. Each salivary gland is highly permeable and surrounded by capillaries, a feature that allows for a freer exchange of substances between the salivary glands and blood (Wilson et al., 2014). Therefore, the salivary microbiota has the potential to be a bridge between oral (Belstrøm et al., 2018a) and systemic conditions.

Indeed, the relationship between chronic kidney disease (CKD) and gut microbiota has been widely investigated, both regarding changes in the floras of patients with CKD (Crespo-Salgado et al., 2016; Meijers et al., 2019; Ren et al., 2020) and regarding the mechanisms of gut microbiota in the development of CKD (Wang X. et al., 2020; Zhu et al., 2021; Wang et al., 2023). Saliva, one of the largest sources of gut microbiota, may play an important role in kidney disease that salivary microbiota ectopically colonizing the gut may be closely associated with the development of kidney disease and renal function. At the same time, several studies have discussed changes in salivary flora in patients with CKD (Hu et al., 2018; Duan et al., 2020; Guo et al., 2022; Liu et al., 2022). The overall composition of the salivary microbiota in CKD patients is significantly different from that of the healthy population, although the variation in individual flora or individual indicators is not entirely consistent across studies. Hence, the possibility of salivary microbiota functioning at CKD in situ cannot be ruled out. In summary, salivary microbiota has the potential as a diagnostic and therapeutic target for ESRDs or renal transplant recipients (RTRs).

Based on previous studies, we speculate that salivary microbiota in patients after renal transplantation will be significantly different from the preoperative flora and this change may be associated with renal function. Although the alteration of salivary floras in patients with ESRD has been studied, how salivary microbiota dynamic changes during the perioperative period of RTRs and the association between salivary microbiota and postoperative recovery have not been elucidated. Therefore, our study is the first to examine the variations of salivary microbiota during the perioperative period of renal transplantation and the relationship between salivary microbiota and renal function. We aimed to find some special floras associated with the return of renal function as clinical biomarkers.



2. Materials and methods


2.1. Subjects and sample collection

From 1 October 2022 to 18 October 2022, a total of 11 consecutive ESRD patients received renal transplantation in our center and were enrolled. Saliva samples were collected before surgery and at 1, 3, 7, and 14 days after surgery. Saliva samples from five healthy people were also collected as healthy controls. None of the above subjects had oral antibiotics, cortisol, smoking, or drinking history within 6 months.

Before collection, patients fasted for half an hour and rinsed their mouths. Patients spit the saliva into a sterile tube until it reaches 2 ml. Saliva was stored at −80°C immediately after collection.

The study protocol was approved (22207) by the Ethics Committee of the Third Xiangya Hospital of Central South University (Changsha, China). Written informed consent was obtained from all study participants. Experiments were carried out in accordance with the ethical guidelines set by the Declaration of Helsinki 1964 and its later amendments.



2.2. Sequencing
 
2.2.1. Sampling and DNA extraction

Total genome DNA from samples was extracted using the CTAB/SDS method. DNA concentration and purity were monitored on 1% agarose gel. According to the concentration, DNA was diluted to 1 ng/μl using sterile water.



2.2.2. Amplicon generation

16S rRNA genes were amplified using the specific primer 341F (CCTAYGG-GRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT) with the barcode. All PCR reactions were carried out in 30 μl of reactions with 15 μl of Phusion® High-Fidelity PCR Master Mix (New England Biolabs); 0.2 μM of forward and reverse primers, and about 10 ng of template DNA. Thermal cycling consisted of initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s and elongation at 72°C for 60 s. And final extension at 72°C for 5 min.



2.2.3. PCR products quantification and qualification

The same volume of 1X loading buffer (containing SYB green) with the PCR products and operate electrophoresis was mixed on a 2% agarose gel for detection. Samples with a bright main strip between 400 and 450 bp were chosen for further experiments.



2.2.4. PCR products mixing and purification

PCR products were mixed in equidensity ratios. Then, the mixture of PCR products was purified with AxyPrep DNA Gel Extraction Kit (AXYGEN).



2.2.5. Library preparation and sequencing

Sequencing libraries were generated using NEBNext® Ultra™ DNA Library Prep Kit for Illumina (NEB, USA) following the manufacturer's recommendations, and index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina NovaSeq 6000 platform, and 250 bp paired-end reads were generated. Sequences are deposited under SRA PRJNA904953.




2.3. Data analysis
 
2.3.1. OTU cluster and species annotation

Paired-end reads from the original DNA fragments were merged using FLASH. Sequences analysis was performed by the UPARSE software package using the UPARSE-OTU and UPARSE-OTUref algorithms. In-house Perl scripts were used to analyze alpha (within samples) and beta (among samples) diversity. Sequences with ≥97% similarity were assigned to the same OTU. We picked a representative sequence for each OTUs and used the RDP classifier to annotate taxonomic information for each representative sequence based on Silva 132 database.



2.3.2. Phylogenetic distance and community distribution

Graphical representation of the relative abundance of bacterial diversity from phylum to species can be visualized using the Krona chart. Cluster analysis was preceded by principal component analysis (PCA), which was applied to reduce the dimension of the original variables using the QIIME software package. We used weighted UniFrac distance for principal coordinate analysis (PCoA) and Unweighted Pair Group Method with Arithmetic mean for the abbreviation (UPGMA) Clustering.




2.4. Statistical analysis

Linear discriminant analysis Effect Size (LEfSe) was used for the quantitative analysis of biomarkers within different groups. To identify differences in microbial communities between the two groups, ANOSIM and ADONIS were performed based on the Bray–Curtis dissimilarity distance matrices. A Wilcoxon rank-sum test and unpaired t-test were performed to evaluate differences between the two groups in alpha diversity, principal coordinates, and community difference analysis. Pearson correlation analysis was used to assess the correlation between microbiota and creatinine. A p-value of < 0.05 was required for the results to be considered statistically significant.




3. Results


3.1. Study population

The clinical information of RTRs (age 44.8 ± 12.2 years; 63.6% males) is shown in Table 1. The mean body weight index (BMI) was 20.5 ± 3.8 kg/m2 for RTRs. All RTRs received antihuman thymocyte globulin (ATG) for induction, the same triple immunosuppressive therapy, FK506, mycophenolate mofetil (MMF) plus steroids, and meropenem as a primary antibiotic. The saliva samples were collected before surgery (ESRD, n = 11) and at 1 day (RTR1, n = 9), 3 days (RTR3, n = 11), 7 days (RTR7, n = 11), and 14 days (RTR14, n = 8) after surgery. Generally, the specimens were divided into two groups, namely the ESRD group and the RTR group.


TABLE 1 Characteristics of renal transplant patients and control subjects.

[image: Table 1]

Healthy controls (HCs, n = 5) ranged in age from 30 to 56 years and consisted of three men and two women. The mean BMI was 24.0 ± 3.1 kg/m2, and the mean serum creatinine (Scr) was 71.3 ± 16.7 umol/L for HCs. We collected saliva samples (n = 9) from each of them two times, 7 days apart, to form the HC group. They all reported no history of chronic diseases or medication.



3.2. Impact of renal transplantation on salivary microbiota in individuals

First, according to the rarefaction curve, Shannon curve, and rank-abundance curve (Supplementary Figure 1), we found that the number of reads of most samples is reasonable. The curves tended to be flat, which indicated that the number of reads was relatively large enough to reflect species richness.

The Venn graph demonstrated the shared and unique OTUs between the three groups (Figure 1A). Overall, the RTR group has more OTUs. However, there was no significant difference in the number of OTUs in a single sample between the three groups. Figures 1B, C show the species composition of each group and individual samples at the phylum level. The ESRD and HC groups had relatively similar species composition, whereas the RTR group was quite different, especially in the relative abundance of Actinobacteria, Tenericutes, and Spirochaetes.
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FIGURE 1
 Composition characteristics of salivary microbiota in RTR, ESRD, and HC groups: (A) Venn graph for the OTUs of RTR, ESRD, and HC groups; (B) Salivary species composition of RTR, ESRD, and HC groups in the phylum level; (C) Salivary species composition of each individual in the phylum level; (D) Shannon index of RTR, ESRD, and HC groups; (E) PCoA graph of RTR and ESRD groups; (F) PCoA graph of ESRD and HC groups.


Alpha diversity, including Shannon, Simpson, and so on, provided a measurement of species diversity within a sample. The larger the Shannon index, the greater the diversity. The ESRD group was close to the HC group in alpha diversity. Group RTR always had larger intra-group differences (Figure 1D, RTR vs. ESRD: p < 0.05).

Beta diversity was used to study the intrinsic composition of the microbial structure. The closer the samples were to each other, the more similar the species' composition was. The PCoA was analyzed based on weighted UniFrac distance. According to the PCoA, the microbial composition of the RTR group was significantly different from those of the ESRD (Figure 1E) and HC (Supplementary Figure 2) groups, which was proved by the ADONIS analysis (RTR vs. ESRD: p = 0.001, RTR vs. HC: p = 0.001). On the contrary, the beta diversity of the ESRD group was not significantly different from that of the HC group (Figure 1F).

LEfSe analysis was used to describe differential species between different groups. When the LDA value was >2, the species was a statistically significant biomarker between groups. The results showed that when compared with the ESRD (Figure 2A) and HC (Figure 2B) groups, the relative abundances of Burkholderiaceae, Lautropia, and Actinobacteria of the RTR group were significantly increased, and Neisseriaceae and Neisseria were significantly decreased. The composition of OTU sequences was further transformed into KEGG orthodontics to analyze the differences in predicted function. The pathways related to membrane transport, carbohydrate metabolism, and signal transduction were significantly enriched in the RTR group (Figures 2C, D).
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FIGURE 2
 Differential species and KEGG analysis for RTR, ESRD, and HC groups: (A) LEfSe analysis of the salivary microbiota composition between RTR and ESRD groups; (B) LEfSe analysis of the salivary microbiota composition between RTR and HC groups; (C) LEfSe analysis of the predicted function between RTR and ESRD groups; (D) LEfSe analysis of the predicted function between RTR and HC groups.




3.3. The dynamic change in salivary microbiota during the early stage post-renal transplantation

The unique community occupied most OTUs of the RTR1, RTR3, and RTR7 and differed between every two adjacent time points (Figure 3A, RTR1 vs. RTR14: p < 0.05). Over time, the OTUs of RTRs gradually decreased and the shared OTUs with ESRD or HC groups increased, and RTR1 or RTR7 was significantly different from ESRD or HC (Figure 3B, p < 0.05). Figures 3C, D show that the Ace index and intra-group differences of the RTR group descended and approached ESRD and HC groups over time (RTR1 vs. ESRD: p < 0.05, RTR1 vs. RTR14: p < 0.05). Other alpha diversity indexes also showed the same changes in the salivary microbiota of RTRs at different time points (Supplementary Figure 3). At the phylum level, the microbial composition of the RTR group was constantly changing (Figure 3E) but always differed from ESRD or HC groups (Figure 3F). From PCoA, the intrinsic microbial composition of RTR1 and RTR14 groups significantly differed (p = 0.001) from ESRD or HC groups (Figure 3H and Supplementary Figure 4) and the intrinsic microbial composition significantly changed between 3 and 7 days after surgery (Figure 3G and Supplementary Figure 4).
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FIGURE 3
 Composition characteristics of salivary microbiota at different time points and states: (A) the Venn graph for OTUs of the RTR group at different time points; (B) the Venn graph for OTUs of the RTR1, RTR14, ESRD, and HC; (C) the Ace index of the RTR group at different time points; (D) the Ace index of the RTR1, RTR14, ESRD, and HC; (E) salivary species composition of RTR group at different time points at the phylum level; (F) salivary species composition of RTR1, RTR14, ESRD, and HC at the phylum level; (G) PCoA graph of RTR3 and RTR7; (H) PCoA graph of RTR14 and ESRD.




3.4. Certain species of salivary microbiota were associated with the recovery of renal function

The correlation between the predominant species of salivary microbiota in RTRs and ESRD and the corresponding Scr on the day of saliva collection was analyzed (Table 2 and Figure 4). In the RTRs group, Bacteroidetes, Fusobacteria, Patescibacteria, and Leptotrichiaceae were positively correlated with Scr, whereas Streptococcaceae was negatively correlated with Scr after renal transplantation. However, these floras were not significantly associated with Scr in the ESRD group.


TABLE 2 Pearson correlation between the salivary microbiota and Scr after renal transplantation.
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FIGURE 4
 Correlation between Bacteroidetes, Fusobacteria, Patescibacteria, and Scr: (A) the scatter diagram of relative abundance of Bacteroidetes and Scr concentration; (B) the scatter diagram of relative abundance of Fusobacteria and Scr concentration; (C) the scatter diagram of relative abundance of Patescibacteria and Scr concentration.





4. Discussion

Salivary microbiota is more stable than gut microbiota, and factors that alter gut microbiota may not significantly alter salivary microbiota (David et al., 2014; Tuganbaev et al., 2022). ESRD patients have changes in the composition of their gut microbiota compared with healthy people (Rysz et al., 2021; Shivani et al., 2022). However, as shown in this research, the salivary microbiota of ESRD patients was similar to that of HCs in terms of the number of individual species, the relative abundance of dominant flora, alpha diversity, and beta diversity, and did not alter significantly due to chronic renal impairment, different long-term treatments, or accompanying changes in life habits. In contrast, the salivary microbiota of RTRs showed huge differences compared with ESRD and HC groups. RTRs contained nearly 10 times as many species of unique salivary microbiota. From both alpha diversity and beta diversity, the RTR group showed higher richness and intra-group differences than ESRD or HC groups. At the phylum level, the relative abundance of Actinobacteria, Tenericutes, and Spirochaetes was about 10 times higher than that of ESRD or HC groups. Actinobacteria is a ubiquitous gram-positive phylum, which has attracted much attention as a rich source of bioactive substances and a complex evolution and diversification process (Miao and Davies, 2010; Barka et al., 2016). As an oral bacterium, Actinobacteria may play a role in the etiology of diabetes (Long et al., 2017; Matsha et al., 2020). The Tenericutes were composed of bacteria that lack a peptidoglycan cell wall. The most well-studied branch of this phylum was Mollicutes, including Mycoplasma. To date, most studies had focused on pathogenic strains of the Mycoplasma order (Wang Y. et al., 2020). As reported, Mycoplasma was associated with oral leukoplakia (Mizuki et al., 2015, 2017), mucositis (Morand and Hatami, 2018), and Fanconi anemia-associated oral carcinoma (Henrich et al., 2014). Spirochaetes were important pathogenic bacteria in the clinic, but they were not well-understood. Some of these caused Lyme disease, leptospirosis, syphilis, and other human diseases. Moreover, Spirochaetes were closely related to periodontal disease and gingivitis (Reed et al., 2018; Yousefi et al., 2020; Zeng et al., 2021), and, in turn, periodontal disease impacted the risk of systemic diseases such as diabetes (Deng et al., 2018). Taken together, these changes occurring in the salivary microbiota of RTRs appeared to be associated with the new onset diabetes, periodontal disease, and gingivitis after renal transplant.

During the early stage (<14 days) after surgery, the salivary microbiota of RTRs was not static. From the Venn graph, we could see that the total number of species decreased over time and most of the salivary microbiota were species unique at each time point. At the phylum level, the relative abundance of Actinobacteria, Cyanobacteria, Epsilonbacteraeota, Tenericutes, and Spirochaetes changed incrementally with time. Among them, Actinobacteria, Tenericutes, and Spirochaetes in RTRs had changed the most. From the point of alpha diversity, including kinds of evaluation indexes such as Ace, Chao1, Shannon, and Simpson, the composition of the salivary microbiota generally moved toward less richness and less variation within groups for each index. As shown in the PCoA figure, RTR1, RTR3, RTR7, and RTR14 groups all had different flora structures. However, the microbiota structure had significant differences only between RTR3 and RTR7 but not RTR1 and RTR3 or RTR7 and RTR14 which may be limited by the insufficient sample size. Moreover, the Chao1 and Ace, two alpha diversity evaluation indexes, described the distribution of bacteria with low abundances and decreased as the number of OTUs decreased during the perioperative period. Hence, we speculated that these low-abundance floras, which occurred in huge changes at different time points after renal transplant, occupy the majority of OTUs. As discussed, RTR14 was closer to HC in terms of OTU number and alpha diversity of salivary microbiota than RTR1. Hence, we considered that changes in the composition of the salivary microbiota of RTRs were a process of stabilization during the early stage after renal transplant.

All renal transplant patients received ATG preoperatively, a drug that inhibited thymocyte activity and helped patients fight off rejection. ATG was also often used to treat severe aplastic anemia and altered patients' salivary microbiota but did not lead to a clear change in diversity over time (Ames et al., 2019). Similarly, RTRs were also all treated with FK506 and MMF which were related to oral cancer (Li et al., 2021) or oral ulcer (Asare and Gatzke, 2020), and these oral diseases were also related to salivary floras (Lin et al., 2021; Bai et al., 2022). Not only salivary microbiota but these immunosuppressants had been linked to the altered intestinal microbiota. Intaking a moderate dose of FK506 maintained immunosuppression, induced normal graft function of the liver, maintained gut barrier integrity, and low plasma endotoxin levels. In addition, it also led to increased species richness and rare species abundance which was consistent with our findings (Jiang et al., 2018). FK506 treatment significantly improved the relative abundance of Bacteroides (Zhang et al., 2018). In our study, the relative abundance of Bacteroides decreased than increased. As an ongoing drug, the effect of FK506 on the elevating relative abundance of Bacteroides may not manifest until the latter part of the early stage after kidney transplantation. MMF enhanced colonic integrity and decreased sympathetic drive in the gut which was associated with the improvement of gut dysbiosis, including the increased abundance of Proteobacteria and Bacteroidetes and decreased abundance of Firmicutes (Robles-Vera et al., 2021) such as the results of our study that the abundance of Firmicutes continuously reduced. MMF increased the alpha diversity of gut microbiota embodied in the first postoperative day of our research (Llorenç et al., 2022). Based on the induction therapy and immunosuppressive therapy, RTRs had immune dysfunction such as acquired immunodeficiency disease (AIDS) patients, according to which we speculated that salivary microbiota changes were similar to those in AIDS patients. In the research of Perez Rosero et al., the significant reduction in the frequency of oral neutrophils in the oral cavity of AIDS individuals was positively related to their CD4+ T cell count and observed OTUs indexes raised in AIDS individuals as alpha diversity of salivary microbiota (Perez Rosero et al., 2021). Interestingly, Alpha diversity altered as the disease progresses (Guo et al., 2021). Compared with healthy people, AIDS patients exhibited a lower abundance of salivary Fusobacteria resembles our study (Yang et al., 2020). For AIDS patients, antiretroviral therapy was an effective treatment. After the treatment, the patient's immune function would be restored to some extent, which was due to the changes in immune function during the perioperative period in RTRs as the gradual recovery of T cell abundance occurred (Bouteloup et al., 2017). These two statuses were all accompanied by decreased salivary alpha diversity (Imahashi et al., 2021). Although RTRs were essentially on constant antibiotics, previous studies had demonstrated that antibiotic use appears to have little effect on salivary flora composition (Tuganbaev et al., 2022). Coincidentally, some external factors which may affect salivary microbiota for patients, such as diet habits (Marsh et al., 2016), drinking water (Sinha et al., 2021), oral hygiene (Belstrøm et al., 2018b), and living environment (David et al., 2014), changed between these time points of saliva collection. In conclusion, we speculated that the factors mentioned earlier functioned together and led to the alternation of salivary microbiota in RTRs like increasing and then gradually decreasing the number of OTUs and alpha diversity index and changing the composition of species and relative abundance of dominant flora with various trends.

Finally, we analyzed the relationship between the dominant flora in saliva and Scr. We found that Bacteroidetes, Fusobacteria, Patescibacteria, and Leptotrichiaceae were positively correlated with Scr, and Streptococcaceae was negatively correlated with Scr after renal transplant. Therefore, these strains could be biomarkers of postoperative recovery of RTRs.

Although the presence of the floras Bacteroidetes, Fusobacteria, Patescibacteria, Leptotrichiaceae, and Streptococcaceae in saliva and their potential correlation with renal function have barely been researched, several studies have elucidated the relation of some of them in the gut and renal dysfunction. Studies have shown an increase in the relative abundance of gut Bacteroidetes in patients with stage 4–5 chronic kidney disease or patients with ESRD receiving hemodialysis (Crespo-Salgado et al., 2016; Wu et al., 2021). Although urinary stones are unlikely to cause kidney damage, urolithiasis patients had significantly lower microbial abundance and higher proportions of Bacteroidetes (Zhou et al., 2020). In a study by Li et al., uremic clearance granules enhanced renal function and decreased levels of Scr, blood urea nitrogen, inflammatory responses, and NF-κB and MAPK expressions in renal tissues of ESRD rats. At the same time, the relative abundances of gut Bacteroidetes descended in response to uremic clearance granules (Li et al., 2022). As a prescription of traditional Chinese medicine for treating chronic kidney disease, the Shenyan Kangfu tablet alleviated renal dysfunction, glomerular and tubular damage, and renal inflammation and reduced the relative abundances of gut Bacteroidetes in the mouse with diabetic kidney disease (Chen et al., 2021). Accompanied by the fecal microbiota transplant, a significant increase of gut Bacteroidetes had the closest correlation with worse response to high salt of salt-sensitive rats, evidenced by increased albuminuria, systolic arterial pressure, and renal T-cell infiltration (Abais-Battad et al., 2021). By contrast, SGL5213 and Daphnetin, two proven renoprotectants, saved kidney function in mice or rats with renal injury and elevated the relative abundances of gut Bacteroidetes (Ho et al., 2021; Zhou et al., 2022).

The relative abundance of Fusobacteria in patients with immunoglobulin A nephropathy or membranous nephropathy exhibited significant elevation when compared with healthy controls (Hu et al., 2020; Zhang et al., 2020; Sugurmar et al., 2021). The microbiota structure showed the same change in type 2 diabetes mellitus, chronic kidney disease, and renal uric acid stone patients (Salguero et al., 2019; Cao et al., 2022). Deltamethrin, as a widely used pyrethroid insecticide, had brought serious problems to the healthy breeding of aquatic animals. A high concentration of deltamethrin damaged the intestine and trunk kidney of goldfish or channel catfish in the early stage with a significant increase or decrease in the abundance of Fusobacteria (Zhou et al., 2021; Yang et al., 2022).

In summary, gastrointestinal Bacteroidetes and Fusobacteria in humans and mice were positively correlated with renal dysfunction which was consistent with our results. Hence, we speculated that these two floras and even more flora may have some connection with renal dysfunction. However, whether the changes in the digestive tract environment brought by renal dysfunction favored their colonization of the digestive tract or their colonization of the digestive tract promoted renal dysfunction remained to be proven.



5. Conclusion

This study has illustrated differences in salivary microbiota communities among RTRs, ESRD patients, and HCs, examining changes in the salivary microbiota community during the short period after renal transplantation. We speculated that changes in the salivary microbiota were a process of stabilization during the early stage after renal transplant, and certain species of salivary microbiota had the potential to be a biomarker of postoperative recovery. Our study first discussed the salivary microbiota variations associated with renal transplantation and the relationship between salivary microbiota and renal function.
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Introduction: Hybridization has been widely used among Chinese wild boars to improve their growth performance and maintain meat quality. Most studies have focused on the genetic basis for such variation. However, the differences in the gut environment between hybrid and purebred boars, which can have significant impacts on their health and productivity, have been poorly understood.

Methods: In the current study, metagenomics was used to detect the gut microbial diversity and composition in hybrid Batun (BT, Berkshire × Tunchang) pigs and purebred Tunchang (TC) pigs. Additionally, untargeted metabolomic analysis was used to detect differences in gut metabolic pathways. Furthermore, multiple molecular experiments were conducted to demonstrate differences in intestinal functions.

Results: As a result of hybridization in TC pigs, a microbial change was observed, especially in Prevotella and Lactobacillus. Significant differences were found in gut metabolites, including fatty acyls, steroids, and steroid derivatives. Furthermore, the function of the intestinal barrier was decreased by hybridization, while the function of nutrient metabolism was increased.

Discussion: Evidences were shown that hybridization changed the gut microbiome, gut metabolome, and intestinal functions of TC pigs. These findings supported our hypothesis that hybridization altered the gut microbial composition, thereby modifying the intestinal functions, even the host phenotypes. Overall, our study highlights the importance of considering the gut microbiome as a key factor in the evaluation of animal health and productivity, particularly in the context of genetic selection and breeding programs.
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1. Introduction

Mammals have complicated intestinal microorganisms, which play a critical role in a variety of physiological processes, including nutrient metabolism and absorption (Meng et al., 2020), immune response (Ivanov et al., 2009), and growth performance (Zhou et al., 2021). Furthermore, many studies had shown that intestinal microorganisms were altered by host genome, breed age, sex, maternal effect, and diets (Adhikari et al., 2019; Bergamaschi et al., 2020). From a genetic point of view, the approximate Bayesian computation analysis of 103 genomes of Asian and European wild boar and domestic pigs demonstrated the existence of gene flow during and after domestication (Frantz et al., 2015). Thus, it was feasible to suspect the hybridization would alter the intestinal environment of wild boar. The current study identified that BT pigs had greater growth performance than TC pigs, while the meat quality was maintained (Wang et al., 2011). However, the differential intestinal microbiome between TC pigs and BT pigs was still unknown, let alone the alteration of host–microbiota interaction by the hybridization.

Recent studies indicate that the intestinal microbiota plays a vital role in the adaptive evolution of mammal species (Moeller and Sanders, 2020). Furthermore, the mammalian intestinal metabolomes mirror microbiome composition and host phylogeny (Gregor et al., 2022). Therefore, a comprehensive analysis was needed in order to reflect the differences between purebred pigs and crossbred pigs. For instance, tracking the microbial and metabolic trends over time could clarify the colonization of bacteria and their effects (Wang et al., 2019). In addition, permutational multivariate analysis of variance was used to calculate whether interfering factors affect the microbiome and metabolome. Recent studies of correlation analysis also provided a perspective to understand the connection between microbiome and metabolome. Such analysis may explain how hybridization alters the intestinal microbiome. Finally, a variety of strategies were used to compare the intestinal functions between TC pigs and BT pigs. The expression of intestinal functional-related mRNAs was related to the intestinal state and reflected the main functions (Moran et al., 2010; Hartmann et al., 2016; Brooks II et al., 2021). On the other hand, intestinal histology indicated the capability of nutrient absorption (Wang et al., 2019), and serum LPS levels were used to reveal the intestinal barrier function (Ghosh et al., 2020) because serum LPS was now an accepted surrogate marker for assessing in vivo intestinal permeability.

To complement these blank studies, we designed an experimental approach that compares differential intestinal environments in certain aspects. First, a comparison with mRNA expression data, intestinal histology analysis, and serum lipopolysaccharide level revealed a significant difference in intestinal functions between TC pigs and BT pigs. In addition, collecting the intestinal content by rectum stimulus at the pre-weaning stage (PW, 30 days of age), weaned stage (WD, 60 days of age), and growth stage (90 days of age) to explore the colonization process of bacteria, and the changes of metabolic pathway. Moreover, the interfering factors, such as diet and pigpen, were strictly controlled, using a permutational multivariate analysis to calculate the influences of sex and maternal effect. Correlation analysis was also used to reflect the potential mechanism of host–microbiota interactions. In summary, the hybridization improved the nutrient metabolism and absorption functions but decreased the intestinal barrier function.



2. Materials and methods


2.1. Pigs and experimental design

A total of 18 healthy piglets (TC pigs, n = 9; BT pigs, n = 9) born from nine sows were selected and raised on a local commercial farm (Tunchang, China). Piglets lived with their mothers for 1 month of adaptation to solid feed and would imitate their mothers’ behavior to eat solid feed; nevertheless, it was still hard to collect their intestinal content before 30 days old because they ate very little. Subsequently, piglets (30 days old) started weaning and housed by species. All pigs were provided with a commercial diet with ad libitum access to clean water. The growth performance parameters (body weight and average daily gain) were measured monthly from birth.



2.2. Sample collection

At the pre-weaning stage (PW, 30 days of age, n = 18), weaned stage (WD, 60 days of age, n = 18), and growing stage (GT, 90 days of age, n = 18), fresh intestinal content samples were collected by rectal stimulation of TC pigs and BT pigs. Each sample was stored in a 50 ml sterile centrifuge tube and kept on ice during transportation. The body weight was measured to the nearest 0.1 kg monthly since birth, and average daily gain was monitored. At 90 days of age, three pigs were randomly selected from TC pigs and BT pigs, respectively, and were slaughtered. Blood was drawn from the anterior vena cava and centrifuged at 3,000 rpm for 15 min at 4°C. Plasma was collected and immediately stored at −80°C for further analysis. Tissue samples were collected from the midsection (4 cm) of the duodenum, jejunum, ileum, and colon. After that, all samples were stored in a − 80°C freezer for cryopreservation.



2.3. DNA extraction and whole-genome shotgun sequencing

DNA extraction and shotgun metagenomic sequencing were conducted at Personal Biotechnology Co., Ltd. (Shanghai, China). Total microbial genomic DNA in the intestinal content of 54 samples was extracted by a DNeasy PowerSoil Kit (QIAGEN, Hilden, Germany), following the manufacturer’s instructions. The quality and quantity of the extracted DNA were assessed by agarose gel electrophoresis and a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). The qualified DNA was processed to construct the shotgun metagenomic sequencing library by a TruSeq DNA Nano High-Throughput Library Preparation Kit (Illumina, San Diego, CA, United States). The sequencing strategy was paired-end 150 bp reads with an insert size of 400 bp. A dual-indexed barcode structure was applied for multiplexing, and 1% PhiX Control v3 was added to the library for quality monitoring. The prepared libraries were stored at – 20°C before sequencing. The sequencing platform was Illumina NovaSeq (Illumina, San Diego, CA, United States). The cluster density was in the range of 1,255–1,412 K clusters/mm2, and the error rate was <0.05% for the sequencing run.



2.4. Metagenomics data assembly and analyses

Raw sequenced reads were first processed to obtain high-quality clean reads. Adapter sequences were removed by Cutadapt (v1.2.1) (Martin, 2011), and raw reads were processed by a 5-bp sliding window to trim low-quality sequences (< Q20, read accuracy <99%). Trimmed reads with a length of >50 bp and no ambiguous bases were kept for further analyses. Human reads were removed by KneadData (v0.9.0) and BMTagger (v3.101). The clean reads were assembled by MEGAHIT (v1.0.5) with a succinct de Bruijn graph approach (Li et al., 2015). The coding sequences (CDS, > 300 bp) were predicted by MetaGeneMark (v3.25; Zhu et al., 2010). CDSs were clustered by CD-HIT (v4.8.1; Fu et al., 2012) at 90% amino acid sequence identity to obtain a non-redundant gene catalog. The abundance of genes was calculated as the number of aligned reads by SOAPdenovo2 (v1.0) (Luo et al., 2012). The taxonomy was annotated by searching against the NCBI-NT database by BLASTN (e-value <0.001) and annotated by MEGAN with the lowest common ancestor approach (Huson et al., 2007). The functional gene was annotated by searching the sequence of the non-redundant genes against the KEGG databases (release 90.0) by DIAMOND protein aligner (v2.0.4), with an e-value of <0.001 and coverage ratio of >40% (Buchfink et al., 2015). Microbial compositional variation (beta diversity) was calculated by Bray–Curtis distance metrics and visualized by principal coordinate analysis (PCoA) and non-metric multidimensional scaling (NMDS) hierarchical clustering (Bray and Curtis, 1957; Ramette, 2007). Permutation analysis (999 permutations) was conducted for microbial taxonomic composition between TC pig and BT pig samples by the Adonis function in R (v4.1.0). The bacterial co-correlation matrix was calculated by the R “igraph” package, and figures of the co-correlation network were plotted by Gephi. R (v4.1.0) was used throughout the study for data processing, analysis, and visualization (Caporaso et al., 2010).



2.5. Sample preparation for liquid chromatography–tandem mass spectrometry (LC–MS) analysis

The extraction of intestinal microbiota metabolites was performed with minor modifications, as described earlier (Turroni et al., 2016). In brief, approximately 1.0 g of intestinal content samples were mixed with 600 μL of MeOH [stored at −20°C, containing 2-Amino-3-(2-chloro-phenyl)-propionic acid (4 ppm)]. After vortex mixing for 30 s, samples were placed in a tissue grinder for 90 s at 60 Hz, with the addition of 100 mg of glass bead followed by ultrasound at room temperature for 10 min. Finally, the samples were centrifuged at 12,000 rpm for 10 min at 4°C, and the supernatant was collected for an LC–MS analysis after filtering through a 0.22 μm filter.



2.6. LC–MS analysis

Untargeted intestinal metabolomics was performed using an LC–MS platform at Personal Bio Inc. (Shanghai, China). The LC analysis was performed on a Vanquish UHPLC System (Thermo Fisher Scientific, United States). Chromatography was carried out with an ACQUITY UPLC ® HSS T3 (150 × 2.1 mm, 1.8 μm) (Waters, Milford, MA, United States). Mass spectrometric detection of metabolites was performed on Q Exactive HF-X (Thermo Fisher Scientific, United States) with an ESI ion source. Simultaneous MS1 and MS/MS (full MS-ddMS2 mode, data-dependent MS/MS) acquisition were used.



2.7. LC–MS data processing and multivariate analysis

The raw data were first converted to mzXML format by MSConvert in the ProteoWizard software package (v3.0.8789) and processed using XCMS (Sud et al., 2007) for feature detection, retention time correction, and alignment. The metabolites were identified by accuracy mass (< 30 ppm) and MS/MS data which were matched with HMDB (Abdelrazig et al., 2020),1 MassBank (Gagnebin et al., 2017),2 LIPID MAPS (Thévenot et al., 2015),3 mzCloud (Xia and Wishart, 2011),4 and KEGG (Dunn et al., 2011).5. QC robust LOESS signal correction (QC-RLSC; Want et al., 2013) was applied for data normalization to correct any systematic bias. After normalization, only ion peaks with relative standard deviations (RSDs) of less than 30% in QC were kept to ensure proper metabolite identification.

The ropls (Boulesteix and Strimmer, 2007) software was used for all multivariate data analyses and modelings. Data were mean-centered using scaling. Models were built on orthogonal partial least-square discriminant analysis (OPLS-DA) and partial least-square discriminant analysis (PLS-DA). The metabolic profiles could be visualized as a score plot, where each point represents a sample. The corresponding loading plot and S-plot were generated to provide information on the metabolites that influence the clustering of the samples. All the models evaluated were tested for overfitting with methods of permutation tests. The descriptive performance of the models was determined by R2X (cumulative) (perfect model: R2X (cum) = 1) and R2Y (cumulative) (perfect model: R2Y (cum) = 1) values, while their prediction performance was measured by Q2 (cumulative) (perfect model: Q2 (cum) = 1) and a permutation test. The permuted model should not be able to predict classes. The R2 and Q2 values at the Y-axis intercept should be lower than those obtained from the non-permuted model for Q2 and R2. OPLS-DA allowed the determination of discriminating metabolites using the variable importance in projection (VIP). The p-value, VIP produced by OPLS-DA, and fold change (FC) were applied to discover the contributable variable for classification. Finally, the p-value of <0.05 and the VIP values of >1 were considered to be statistically significant metabolites.

Differential metabolites were subjected to pathway analysis by MetaboAnalyst (Trygg and Wold, 2002), which combines results from powerful pathway enrichment analysis with the pathway topology analysis. The identified metabolites in metabolomics were then mapped to the KEGG pathway for biological interpretation of higher level systemic functions. The metabolites and corresponding pathways were visualized using the ggplot software.



2.8. Detection of mRNA expression

Total RNA Isolation Kit (SparkJade, China) was used to extract RNA from the jejunum, the ileum, and the colon tissues. A cDNA library was prepared by transcribing 2 μg of RNA with the SPARK script II 1st Strand cDNA Synthesis Kit (SparkJade, China) and qPCR performed with specific primer pairs (Supplementary Table S6) and the 2 × SYBR Green qPCR Mix (SparkJade, China) on the CFX96 system (Bio-Rad, United States). Relative expression levels were calculated using the 2-△△Ct method, and β-actin was utilized to normalize the relative mRNA expression levels of the target genes. Student’s t-test was used to evaluate the statistical difference of each target gene.



2.9. Intestinal histology analysis

Approximately 4 cm of each sample was taken from the middle sections of the duodenum, jejunum, and ileum. These tissue samples were washed with cold sterile saline and immediately fixed in 4% paraformaldehyde solution (Biosharp, China) for 24 h followed by dehydrating and embedding in paraffin wax before transverse sections were cut. The preserved samples were stained with hematoxylin and eosin according to the manufacturer’s guidelines of the Hematoxylin–Eosin (HE) Stain Kit (Solarbio, United States). A total of 12 well-orientated sections of villi and their adjoint crypts in each sample were performed using a Nikon A1 inverted laser scanning confocal microscope (Nikon, Japan). Images were analyzed using Image-Pro Plus software (version 6.0, Media Cybernetics, United States).



2.10. Serum lipopolysaccharide levels

Serum LPS levels were measured using ELISA Kit (JingMei Biotechnology, China), and the product was visualized at 450 nm in a microplate reader (BioTek Synergy HT microplate reader, United States). Student’s t-test was used to evaluate the statistical difference.



2.11. Correlation analysis between microbiome and metabolome

Correlation analysis between the microbiome and metabolome was calculated by Spearman’s correlation coefficient and p-value and plotted by the R “pheatmap” package. Bacteria were deduced from the top 20 genera which accounted for more than 80% of the microbial sequence reads, and metabolites were deduced from the differential KEGG metabolic pathways.




3. Results


3.1. Hybridization improves the nutrient metabolism of TC pigs

We confirmed that the hybridization significantly improved (p < 0.05) the body weight of TC pigs (Figure 1A), which were healthy throughout the feeding trial period. The average daily gain and feed intake were increased as well (Figures 1B,D). In addition, the feed conversion rate was decreased (Figure 1C). Intestinal histology is critical to maintaining ecosystem stability and performance. However, only the histology of the duodenum was changed (Figures 2A–D) by hybridization, indicating the histology was similar in TC pigs and BT pigs overall. As a result, the differential growth performance may be caused by the intestinal functions and intestinal microbiota.
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FIGURE 1
 Hybridization improved the growth performance of TC pigs, the values showed in the bar presented as means ± SEM, and differences in the figures were marked by “*” and “**” while p < 0.05 and p < 0.01, respectively. (A) Body weight. (B) Average daily gain. (C) Feed conversion rate. (D) Feed intake.
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FIGURE 2
 Histological analysis of the duodenum, jejunum, and ileum in TC pigs and BT pigs, the values showed in the bar presented as means ± SEM, and differences in the figures were marked by “*” and “**” while p < 0.05 and p < 0.01, respectively. (A) Crypt depth. (B) Villus length. (C) The ratio of villus length to crypt depth. (D) HE staining for histological examination.


Then, we assayed mRNA expression in different intestine segments of TC pigs and BT pigs, to compare the differences in intestinal functions. We examined mRNA expression of intestinal development and proliferation was downregulated (p < 0.05) in the colon after hybridization (Figure 3C), and it was related to the colonization of intestinal microbiota. In addition, the mRNA expression of nutrient metabolism and absorption was upregulated (p < 0.05) in the small intestine by hybridization (Figures 3A,B), including zinc transporter1 (ZNT1) and glucose transporter 2 (GLUT2). These transporters may contribute to the greater growth performance of BT pigs.

[image: Figure 3]

FIGURE 3
 mRNA expression of genes related to intestinal functions was assessed by real-time PCR and normalized to beta-actin. The values showed in the bar are presented as means ± SEM, and differences in the figures were marked by “*” and “**” while p < 0.05 and p < 0.01, respectively. (A) mRNA expression in the jejunum tissue. (B) mRNA expression in the ileum tissue. (C) mRNA expression in the colon tissue.




3.2. Hybridization decreases the intestinal barrier function of TC pigs

The intestinal barrier plays an important role in mammalian metabolism and immunity. Remarkably, mRNA expression of the intestinal barrier was downregulated in the colon after hybridization, including regenerating family member 3 gamma (REG3G) and occludin (Figure 3C). Specifically, REG3G had both bacteriostatic and bactericidal activities, and occludin was positively correlated with intestinal permeability. Furthermore, the serum LPS concentration was higher after hybridization (Figure 4). This evidence showed that the ability of anti-inflammation was impaired by the hybridization of TC pigs.

[image: Figure 4]

FIGURE 4
 LPS concentration of serum was assessed by the ELISA Kit. The values showed in the boxplot presented as means ± SEM, and differences in the figures were marked by “*” and “**” while p < 0.05 and p < 0.01, respectively.




3.3. Microbial community richness was similar, but the diversity was different between TC pigs and BT pigs

To achieve comprehensive comparisons, we detected the intestinal microbiota through microbial richness and diversity. The current metagenomic analysis included a total of 54 samples collected longitudinally from nine TC piglets and nine BT piglets, obtaining an average of 46,007,294.19 reads per sample. Herein, taxonomic alpha diversity was estimated using Simpson, Chao1, ACE, and Shannon indices (Figures 5A–D). These indices showed no difference (p > 0.05) between TC pigs and BT pigs, reflecting that the numbers of observed taxa were similar. Principal coordinate analysis (PCoA, Figures 5E–G) based on the Bray–Curtis distance was performed to assess the beta diversity. Unlike alpha diversity, beta diversity demonstrated compositional differences in bacterial communities between TC pigs and BT pigs. Notably, the microbial compositional difference was most significant (p = 0.001) at the weaned stage. These data indicated that the microbial abundance of different taxa would be different after hybridization.
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FIGURE 5
 Microbial community richness and diversity between TC pigs and BT pigs at different stages. (A) ACE index. (B) Chao1 index. (C) Shannon index. (D) Simpson index. (E–G) Principal coordinate analysis (PCoA) was calculated from metagenome sequence data from individual samples, which showed the differences in microbiota composition over time.




3.4. Microbial community dynamics and dominant microbiota were altered by age in TC pigs and BT pigs

As shown in Figure 6A, the majority of phyla in all samples were Firmicutes, Bacteroidetes, and Actinobacteria. The detailed data are presented in Supplementary Table S1. Nevertheless, the abundance of Bacteroides was increased (p < 0.05) after hybridization at weaned stage (Supplementary Table S2). At the genus level, consistent stepwise increases or decreases were seen for all samples in most of the taxa from the pre-weaning stage to the growth stage (Figure 6B). However, Lactobacillus, by far the most differential genus, showed obvious differences in TC pigs and BT pigs, not only in the tendency but also in the relative abundance. Existing species-level data revealed such difference was led by Lactobacillus reuteri, Lactobacillus johnsonii, and Lactobacillus amylovorus (Figure 6C). Furthermore, the microbial composition was significantly different at the species level in TC pigs and BT pigs by stage (Supplementary Table S2), which was consistent with the beta diversity analysis.

[image: Figure 6]

FIGURE 6
 Composition and differences of the highly abundant microbial community at different stages in TC pigs and BT pigs. (A) Phylum-level, (B) genus-level, and (C) species-level composition of intestinal microbial communities; each bar shows the average relative abundance of the top 10 microbiota among the samples.


The goal of network inference was to identify combinations of microorganisms that show significant co-correlation across species and to combine them into a network. Network analysis can also reveal why some microbial groups consistently occur together or whether certain microbial taxa are more important for maintaining network structure. Obviously, Prevotella, positively associated with many other bacteria, was the dominant and core genus at the pre-weaning stage (Figure 7A). Then, Prevotella and Lactobacillus showed numerous correlations at the weaned stage (Figure 7B), indicating their stability and importance under the weaning stress. Finally, the core genus of Prevotella was replaced by multiple genera at the growth stage as the network showed (Figure 7C), indicating the relative stability of intestinal microbiota. Above all, hybridization changed not only the microbial composition but also the microbial connections as well.
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FIGURE 7
 Co-correlation analysis of bacterial network by different stages. Each node represents a species, the size of each node is proportional to the relative abundance, and the color of the nodes indicates their taxonomic assignment. The red and green lines represent the positive and negative correlations, respectively. Only lines corresponding to correlations with a magnitude greater than 0.5 are shown. (A) Pre-weaning stage. (B) Weaned stage. (C) Growth stage.




3.5. Predicted functions through the intestinal metagenome of TC pigs and BT pigs

To compare the specific physiological properties between TC pigs and BT pigs, we next conducted KEGG analyses of the intestinal metagenome, which were identified from different stages. According to the KEGG analyses (Supplementary Table S3), hybridization improved the biosynthesis of many aromatic amino acids at the pre-weaning stage, such as phenylpropanoid, tyrosine, and tryptophan (Figure 8A). Intriguingly, these aromatic amino acids were involved in the biosynthesis of melanin. We suspected such aromatic amino acids affected the biosynthesis of melanin and coat color as the coat color of BT pigs with all-black while the coat color of TC pigs with piebald. Then, the enrichment of the ‘PPAR signaling pathway’ was detected to be decreased by hybridization (Figure 8B). The PPAR signaling was associated with lipid metabolism and adipocyte differentiation, but more evidence was needed to demonstrate its function. Finally, we detected that the ‘NOD-like receptor signaling pathway’ was enriched in BT pigs at the growth stage (Figure 8C), reflecting a bacterial infection caused by hybridization. At the same time, some pathways related to the construction of the intestinal barrier were decreased by hybridization. These data were consistent with the conclusion of intestinal functions.
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FIGURE 8
 Enrichment analysis of KEGG pathway through the intestinal metagenome. Pathways were grouped by stages: (A) pre-weaning stage, (B) weaned stage, and (C) growth stage. Each point represents a pathway, the size of each point is proportional to the counts, and the color of the point indicates their p-values. The length of the line represents the differential abundance score (DAS) calculated by the relative gene ratio.




3.6. Major metabolites of TC pigs and BT pigs at different stages

Metabolite composition, through untargeted metabolomics analysis (Supplementary Table S4), revealed significant pattern differences between TC pigs and BT pigs at various stages (Figures 9B–D), suggesting that the hybridization altered the metabolic processes of TC pigs. In addition, the class of carboxylic acids and derivatives presented the largest proportion of these primary metabolites (TCPW: 52.2%, BTPW: 51.4%, TCWD: 48.5%, BTWD: 40.2%, TCGT: 54.7%, and BTGT: 54.5%, Figure 9A). Moreover, the class of hydroxy acid and derivatives showed significant differences at the weaned stage and growth stage. However, the significantly different metabolites were fatty acids and steroids, including prostaglandins and short-chain fatty acid-related metabolites (Figures 10A–C). These data reflected that hybridization was associated with intestinal inflammation and development.

[image: Figure 9]

FIGURE 9
 Metabolic composition and pattern were altered by hybridization. (A) Intestinal metabolite class composition according to relative metabolite masses (sum of standardized abundances), metabolites were deduced from the top 10 primary metabolites which accounted for more than 80% of the total metabolites. The PLS-DA model of intestinal metabolome analysis was performed on TC pigs and BT pigs at (B) the pre-weaning stage, (C) the weaned stage, and (D) the growth stage.
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FIGURE 10
 Different metabolites and metabolic pathways between TC pigs and BT pigs. Volcano plot of the differential metabolites at (A) the pre-weaning stage, (B) the weaned stage, and (C) the growth stage. Each point represents a metabolite, the points highlighted in green are enriched metabolites of TC pigs while those in red are enriched metabolites of BT pigs, and the size of the point represents the variable importance in projection. Differential metabolic pathways are grouped by (D) pre-weaning stage, (E) weaned stage, and (F) growth stage, the color represents the p, and the size of the point represents the impact value.


An important indication of microbial fermentation activity is the relative amount of acetate, propionate, and butyrate. They play an important role in maintaining intestinal function and integrity as well. Here, the proportions of acetate to propionate to butyrate in all the samples were in general close, and acetate had taken the most (Figure 11D). However, hybridization decreased the proportion of acetate (Figure 11A) and increased the proportion of butyrate (Figure 11C). Despite their similar intestinal histology, this indicates that the elevated acetate levels are more likely a function of the composition of the microbial community than that of intestinal histology.

[image: Figure 11]

FIGURE 11
 The tendency of acetate, propionate, and butyrate by stages: (A) the pre-weaning stage, (B) the weaned stage, and (C) the growth stage. Each point represents a sample, and differences in the figures were marked by “ns,” “*,” and “**” while no significance, p < 0.05 and p < 0.01, respectively. (D) Ratios of acetate, propionate, and butyrate by stage.




3.7. Differences in the metabolic pathway between TC pigs and BT pigs over time

The functions of these changed metabolites were determined by the KEGG pathway analysis (Supplementary Table S5). The “arachidonic acid metabolism”, “intestinal immune network for IgA production”, “linoleic acid metabolism”, and “phenylalanine metabolism” were enriched after hybridization at the pre-weaning stage (Figure 10D). Similarly, the “PPAR signaling pathway” was also not enriched after hybridization at the weaned stage (Figure 10E), indicating that lipid metabolism and adipocyte differentiation may be downregulated by the hybridization. In addition, the pathway of “bile secretion” was impaired after hybridization at the weaned stage, which increased the risk of intestinal inflammation because bile acid was required for efficient lipid absorption and possessed powerful direct and indirect antimicrobial functions in the small intestine. Notably, many inflammation-related pathways were enriched after hybridization at the growth stage, including “eicosanoids”, “linoleic acid metabolism”, “arachidonic acid metabolism”, “cortisol biosynthesis and secretion”, and “steroid hormone biosynthesis” (Figure 10F). Nevertheless, “protein digestion and absorption” was still enriched in BT pigs of hybrid, reflecting its advantage on nutrient metabolism but potential inflammation.



TABLE 1 Andonis results of the microbiome.
[image: Table1]

The influences of maternal effect and gender on the microbiome and metabolome were tested using the permutational analysis of variance (PERMANOVA) implemented using the Adonis function in the R “vegan” package with the Bray–Curtis method to calculate pairwise distances and 9,999 permutations. As a result, microbiome was little influenced by gender and maternal effect in TC pigs and BT pigs (Table 1). But the maternal effect had influenced the metabolome at pre-weaning stage (Table 2). Overall, differences in microbiome and metabolome was mainly caused by the different species.



TABLE 2 Andonis results of the metabolome.
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3.8. Correlation analysis between microbiome and metabolism

We first verified that maternal effect and gender did not impact the selected metabolites through PERMANOVA (Table 3). The correlation analysis was performed by calculating Spearman’s correlation coefficient and p-value, reflecting the correlations between intestinal microbiota and metabolites. Furthermore, the metabolites were chosen from the different metabolic pathways. Here, the data suggested that Prevotella, the dominant bacteria at the pre-weaning stage, was positively correlated with the prostaglandin metabolites, including Prostaglandin E2, Prostaglandin D2, and 15-Deoxy-d-12,14-PGJ2 (Figure 12A). These metabolites were linked with chronic inflammation. We, then, found out that the majority of the differential metabolites were classified as fatty acyls and steroids and steroid derivatives at the weaned stage. Most of these metabolites were correlated with Ruminococcus and Lactobacillus (Figure 12B). Specifically, Lactobacillus was negatively correlated with the inflammation-related and steroid hormone biosynthesis-related metabolites, while Ruminococcus played the opposite role. Meanwhile, both Lactobacillus and Ruminococcus showed statistical differences in TC pigs and BT pigs at the weaned stage, indicating that they may regulate the differential metabolic pathways. Finally, the classification showed that most differential metabolites were involved in fatty acyls and steroids and steroid derivatives at the growth stage. These metabolites were also related to the inflammatory pathways, including “arachidonic acid metabolism”, “linoleic acid metabolism”, and “steroid hormone biosynthesis”. Similarly, Lactobacillus showed a negative correlation with the inflammation-related metabolites, but Oscillibacter played the opposite role this time (Figure 12C). These results confirmed our suspicion that the intestinal environment between TC pigs and BT pigs was altered by microbial communities and revealed the anti-inflammatory effect of Lactobacillus.



TABLE 3 Andonis results of the differential metabolites.
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FIGURE 12
 Spearman’s correlation analysis of microbiome and metabolism. The correlation analysis was performed by stages, including (A) the pre-weaning stage, (B) the weaned stage, and (C) the growth stage. Bacteria were deduced from the top 20 genera which accounted for more than 80% of the microbial sequence reads, and metabolites were deduced from the different metabolic pathways by stages. The color represents the correlation coefficient. Only correlation coefficient beyond 0.6 and p-value below 0.05 were considered significant and displayed in bold in Supplementary Tables; in figures, ** and * denote, respectively, p-values below 0.01 and 0.05.





4. Discussion

In the current study, we revealed several significant differences in intestinal functions and intestinal microbiome and metabolome between TC pigs and BT pigs. Furthermore, we verified that microbiota was significantly associated with many metabolites through correlation analysis. In conclusion, we identified that the hybridization increased the growth performance and the capability of nutrient absorption and metabolism of TC pigs but weakened the intestinal barrier function and development, especially in the colon.

Notably, significant differences were found in the intestinal microbiome and metabolome over time. We detected that the abundance of Prevotella was increased after hybridization, which may benefit nutrient metabolism (Chen et al., 2021; Ren et al., 2021). On the other hand, Lactobacillus, as the most dominant genus in TC pigs at the growth stage, contributed to intestinal health (Moeller and Sanders, 2020), but its abundance was decreased by hybridization. Meanwhile, the variation tendency of Lactobacillus was changed as well. As for the short-chain fatty acid, the proportion of acetate to propionate to butyrate in all the samples was in general close, but hybridization increased the average molar of butyrate and decreased the average molar of acetate. We also found that, through correlation analysis, Lactobacillus was negatively correlated with several steroid hormone-related and inflammation-related metabolites. These metabolites included cortisol and leukotriene and prostaglandin, which participated in the differential KEGG pathways, such as “steroid hormone biosynthesis” and “arachidonic acid metabolism” (Samuelsson, 1991; Shin et al., 2019a; Wang et al., 2021; Del Castillo-Izquierdo et al., 2022). These observations support the potential regulation by the hybridization and the anti-inflammatory effect of Lactobacillus. Histologically, it was similar before and after hybridization. In addition, the expression of several nutrient transporters, such as GLUT2 and ZNT1, was increased after hybridization, and the growth performance also confirmed that the capability of nutrient and absorption was better in BT pigs (Pluske et al., 2018; Quan et al., 2019; Yaqoob et al., 2021). As for the intestinal barrier, we detected the mRNA expression of occludin, REG3G, and IL10 was decreased after hybridization, while the LPS concentration of serum was increased. This evidence reflected that the hybridization impaired the intestinal barrier function of TC pigs (Tabung et al., 2017; Rohr et al., 2020; Engevik and Engevik, 2021). Furthermore, several intestinal development and proliferation-related mRNAs, such as CDX2 and IGF1 (Bonhomme et al., 2003; Van Landeghem et al., 2015; Sun et al., 2017), were decreased in colon tissues, which was unfavorable for bacterial colonization. In summary, our results reflected that hybridization reshaped the intestinal microbiome, metabolome, and functions.

Remarkably, Prevotella and Lactobacillus were the dominant genera during our studies. It was interesting that Lactobacillus was abundant in both pigs, although hybridization decreased its relative abundance. Moreover, the role of Lactobacillus has been reported as gut protection (Reid, 1999; Wang et al., 2018; Zhang et al., 2018; Dawood et al., 2019; Mao et al., 2019), since its production of SCFAs contributes to intestinal permeability (Chen et al., 2018; Mao et al., 2019) and regulation of the microbial composition (Xia et al., 2020). On the other hand, multiple phenotypes of TC pigs were altered by the hybridization. Most studies used to explain such changes through genome (Fu et al., 2021; Wu et al., 2022). However, the intestinal microbiome and metabolome participated in a variety of pathophysiological processes as well (Pei et al., 2021). Herein, we detected Prevotella, which played a role in the metabolism of proteins, peptides, and amino acids (Chen et al., 2021; Ren et al., 2021), was abundant after hybridization and may explain its better growth performance. According to the correlation analysis, inflammation-related metabolites were negatively correlated with Lactobacillus. Therefore, we predicted that Lactobacillus decreased intestinal inflammation. This agrees with the fact that Lactobacillus regulated intestinal homeostasis and immunity (Foysal et al., 2020; Xin et al., 2020). In addition, the relative amount of acetate was decreased by hybridization, which was negative for intestinal health. However, the intestinal function analysis also demonstrated a similar result that the intestinal barrier was impaired. This evidence displayed the advantages and disadvantages of hybridization in TC pigs. In addition, Lactobacillus still occupied a large proportion (TC pigs, 28.8%; BT pigs, 11.0%) in the total intestinal microbiota at the growth stage, compared to the other commercial pigs. These phenomena enticed us to investigate the possible regulations of Lactobacillus. Here, we gave several conjectures to learn more about the alteration of the colonization of Lactobacillus. KEGG pathway of the metagenome showed that ‘tetracycline biosynthesis’ was enriched in TC pigs, such antibiotics affected microbial colonization, including Prevotella and Lactobacillus (Takahashi et al., 2006; Campedelli et al., 2019; Li et al., 2019; Greppi et al., 2020). On the other hand, several steroid-related metabolites were negatively correlated with Lactobacillus. Some studies confirmed that serum steroid hormone could alter the diversity of the intestinal microbiome as well (Tetel et al., 2018; Shin et al., 2019b). This evidence indicated that Lactobacillus may be medicated by steroid hormones. These conjectures reflected the potential mechanism of host–microbiome interactions which may be changed by hybridization.

Several reports have shown that hybridization improved the growth performance and lean percentage in Chinese native pigs (Yen et al., 1991; Hyun et al., 2001; Luo et al., 2018; Chen et al., 2021). Meanwhile, intestinal microbiota could spread stably through mother–infant interactions (Desselberger, 2018; Ferretti et al., 2018), which made the microbial composition special among species. However, seldom studies associated the intestinal microbiota with the hybridization effect, while microbiota plays a vital role in the host physiological process. This prompted us to explore the differences in intestinal environment between crossbred pigs and purebred pigs. The noteworthy observation was the abundance of Lactobacillus that occupied a very high proportion in TC pigs (28.8%) and BT pigs (11.0%) at the growth stage, which was significantly different from the western commercial pigs (Han et al., 2018; Lim et al., 2019; Luo et al., 2022). In general, Lactobacillus was the dominant intestinal microbiota before weaning, and its abundance would decrease with age. We speculated that such a trait in TC pigs was caused by the coevolution between host and intestinal microbiota because evidence showed that Lactobacillus was positively correlated with the environmental temperature, but further evidence is still needed to confirm such host–microbiome interactions. In conclusion, our results shed light on the effect of hybridization on the intestinal environment in TC pigs and provide a novel perspective to the study of host–microbiome interaction between purebred pigs and crossbred pigs.



5. Conclusion

Given the findings that hybridization altered the gut microbiome, metabolome and intestinal functions, it is possible to explain how the intestinal microbiota may affect the traits of TC and BT pigs, including growth performance, nutrient digestion and absorption, and immune response. Furthermore, we explored the potential mechanisms of host–microbiome interactions. Taken together, these findings presented new insights into the role of hybridization in the intestinal microbiome–metabolome correlation, providing a theoretical basis for future microbiota transplantation and pig breeding programs.
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Introduction: Proteus mirabilis is a multi-host pathogen that causes diseases of varying severity in a wide range of mammals, including humans. Proteus mirabilis is resistant to multiple antibiotics and has acquired the ability to produce expanded spectrum of β-lactamases, leading to serious public health problems. However, the available information on P. mirabilis isolated from feces of dogs, is still poorly understood, as is the correlation between its virulence-associated genes (VAGs) and antibiotic resistance genes (ARGs).

Method: In this study, we isolated 75 strains of P. mirabilis from 241 samples, and investigated the swarming motility, biofilm formation, antimicrobial resistance (AMR), distribution of VAGs and ARGs, as well as the presence of class 1, 2, and 3 integrons in these isolates.

Results: Our findings suggest a high prevalence of intensive swarming motility and strong biofilm formation ability among P. mirabilis isolates. Isolates were primarily resistant to cefazolin (70.67%) and imipenem (70.67%). These isolates were found to carry ureC, FliL, ireA, zapA, ptA, hpmA, hpmB, pmfA, rsbA, mrpA, and ucaA with varying prevalence levels of 100.00, 100.00, 100.00, 98.67, 98.67, 90.67, 90.67, 90.67, 90.67, 89.33, and 70.67%, respectively. Additionally, the isolates were found to carry aac(6′)-Ib, qnrD, floR, blaCTX-M, blaCTX-M-2, blaOXA-1, blaTEM, tetA, tetB and tetM with varying prevalence levels of 38.67, 32.00, 25.33, 17.33, 16.00, 10.67, 5.33, 2.67, 1.33, and 1.33%, respectively. Among 40 MDR strains, 14 (35.00%) were found to carry class 1 integrons, 12 (30.00%) strains carried class 2 integrons, while no class 3 integrons was detected. There was a significant positive correlation between the class 1 integrons and three ARGs: blaTEM, blaCTX-M, and blaCTX-M-2. This study revealed that P. mirabilis strains isolated from domestic dogs exhibited a higher prevalence of MDR, and carried fewer VAGs but more ARGs compared to those isolated from stay dogs. Furthermore, a negative correlation was observed between VAGs and ARGs.

Discussion: Given the increasing antimicrobial resistance of P. mirabilis, veterinarians should adopt a prudent approach towards antibiotics administration in dogs to mitigate the emergence and dissemination of MDR strains that pose a potential threat to public health.

KEYWORDS
 Proteus mirabilis
, virulence-related factors, antimicrobial resistance, antibiotic resistance genes, virulence-associated genes, domestic and stray dogs


1. Introduction

Proteus mirabilis, a member of the Enterobacteriaceae family, as an opportunistic pathogen can cause skin infection, respiratory tract infection, urinary tract infection (UTI), and gastrointestinal tract infection, and it has been suggested that it may be related to Crohn’s disease (Zhang J. W. et al., 2021). As a zoonotic bacteria, P. mirabilis can infect a variety of animals, such as chicken (Wong et al., 2013), ducks (Algammal et al., 2021), turtles (Pathirana et al., 2018), cattle (Sun et al., 2020), companion animals (Marques et al., 2019).

The virulence factors of P. mirabilis include flagella, pili, urease, hemolysin, metalloproteinase, which can help P. mirabilis to colonize, destroy tissues, and escape immunity (Coker et al., 2000). Proteus mirabilis is a model organism for urease+ bacteria (Norsworthy and Pearson, 2017). The main functional subunit of urease, the alpha subunit, is encoded by ureC, which breaks down urea into one carbonic acid and two ammonia molecules (Armbruster et al., 2018). Ammonia produced by urease can increase the pH of urine above 7.2 and precipitates calcium and magnesium compounds into crystals of magnesium ammonium phosphate (struvite) and calcium phosphate (apatite) (Broomfield et al., 2009). Struvite and apatite crystals are deposited in biofilms to form crystalline biofilms (Armbruster et al., 2018). The presence of crystalline biofilms makes antibiotic treatment more difficult (Maszewska et al., 2021). Proteus mirabilis has peritrichous flagella, which can carry out the typical swarming motility, called the “bull-eye” (Aygül et al., 2019). The swarming motility of P. mirabilis is a process in which vegetative cells periodically differentiate into swarming cells on solid surfaces.

The swarming motility is important because it is coupled to the expression of virulence-associated genes (VAGs) and the ability to invade cells (Rather, 2005). It has been shown that there is a specific correlation between virulence factors and antimicrobial resistance (AMR) in P. mirabilis (Filipiak et al., 2020). The AMR of clinical P. mirabilis isolates is gradually increasing. Studies have shown that in addition to intrinsic resistance to tetracycline and polymyxin, P. mirabilis has acquired resistance to the β-lactams (Shelenkov et al., 2020). Proteus mirabilis is usually susceptible to fluoroquinolones (Girlich et al., 2020). Multidrug-resistant (MDR) was defined as acquired non-susceptibility to at least one agent in three or more antimicrobial categories (Magiorakos et al., 2012). MDR isolates of P. mirabilis have been identified in both human and veterinary medicine, emphasizing on the need for continuous surveillance (Decôme et al., 2020). MDR may be mediated by mutations in a resistance gene, or resistance genes may be acquired through horizontal transfer. These resistant genes are widely present on plasmids and integrons, leading to the problems of rapid transmission and treatment failure (Leverstein-van Hall et al., 2003). Recent studies have also shown that the prevalence of β-lactams resistance genes in P. mirabilis is gradually increasing (Wong et al., 2013; Algammal et al., 2021). The antibiotic resistance gene (ARG) is one of the many mechanisms by which bacteria can develop AMR (Hughes and Andersson, 2017). However, the presence of a specific ARG does not necessarily lead to the corresponding AMR, as other genetic and environmental factors can influence the expression and function of the gene (Hughes and Andersson, 2017). Previous studies in Escherichia coli have revealed both positive and negative associations between VAGs and ARGs, with predominance of positive correlations (Zhao et al., 2021; Zhang S. et al., 2021). But little is known about the AMR, VAGs, and ARGs of P. mirabilis isolated from feces of dogs and the correlations among them.

Previous studies have shown that UTI in companion animals and humans may be caused by closely related P. mirabilis strains and that such strains from both origins share common ARGs and VAGs (Marques et al., 2019), which suggest that companion animals may serve as potential reservoirs of antibiotic-resistant bacteria in humans. Proteus mirabilis also was considered to be the host of storing ARGs and VAGs (Hu et al., 2020). With 50.85 million dogs living in Chinese cities as of 2018, dogs are the most popular companion animals in China (Yin et al., 2020). There have been some studies of P. mirabilis isolated from the urinary tract of dogs (Gaastra et al., 1996; Harada et al., 2014). Therefore, there is great significance in monitoring AMR, ARGs and VAGs carried by P. mirabilis isolates from dog feces for public health security. Additionally, prior studies overlooked P. mirabilis isolates carried by stray dogs. Therefore, this study aimed to determine the prevalence of P. mirabilis in the feces of domestic dogs and stray dogs. Furthermore, the swarming motility, biofilm formation, AMR, VAGs, and ARGs of P. mirabilis isolates were detected and their correlations were analyzed.



2. Materials and methods


2.1. Sample collection

From April 2021 to April 2022, we collected a total of 241 dog fecal swabs, comprising of 147 fecal swabs from domestic dogs obtained from 8 pet hospitals situated in Chengdu city, Sichuan province in southwestern China, as well as 94 fecal swabs from stray dogs sourced from the Center of Protect Beastie located in Sichuan Province. All stray dog fecal swabs were collected by laboratory staff and domestic dog fecal swabs were collected by veterinarians. To minimize the risk of contamination between samples, disinfection of hands and changing of disposable gloves were mandatory for staff involved in sample collection. The fecal swabs of the dogs were collected with sterile cotton swabs into sterile Eppendorf (EP) tubes and placed in a foam box with an ice pack, then sent to the laboratory by express as soon as possible for bacteriological examination.



2.2. Proteus mirabilis screening

The obtained samples were enriched in 1 mL of Luria-Bertani (LB) broth at 37°C, 120 r/min for 24 h. The bacteria suspension was streaked onto LB solid medium using an inoculation loop, and observed for colony morphology on LB agar medium after 24 h of static cultivation at 37°C. Suspected P. mirabilis colonies were selected and streaked on Salmonella-Shigella (SS) agar medium for further purification. The colony color on SS agar medium was observed, and then the single colony with a black center was selected for Gram staining and observed under microscope.



2.3. Identification of isolates

Firstly, biochemical tests such as gelatin liquefaction test, fermentation test of maltose, glucose, sucrose, lactose and mannose, VP test, nitrate dynamic test, MR Test, indole test, iron triosaccharide test, hydrogen sulfide test and citrate utilization were carried out on all isolates using biochemical tubes and interpreted according to Berger’s manual. Then, the 16S rRNA gene was amplified by polymerase chain reaction (PCR) and combined with biochemical result to identify P. mirabilis isolates (Gao et al., 2018). The PCR products were then sent to Beijing Tsingke Biotechnology Co., LTD for sequencing. BLAST (Basic Local Alignment Search Tool) was used to detect sequence homology between the sequencing results and GenBank accessions.



2.4. Hemolysin and urease production

The hemolysis properties of P. mirabilis isolates were determined by observing clear zones around bacterial colonies on blood agar supplemented with 5% defibrinated sheep blood after 24 or 48 h of static cultivation in 37°C. The bacterial suspension of P. mirabilis isolates was streaked on SS agar medium and incubated at 37°C for 24 h. A single colony was selected and streaked into the urease biochemical tubes and incubated at 37°C for 8–10 h to observe the color change. A change in color from orange to red observed in the biochemical tubes indicates the production of ureses by isolates.



2.5. Swarming motility testing

The swarming motility rates of P. mirabilis isolates were assessed by measuring the coverage scale of LB solid medium after incubating under the same conditions. LB solid medium with an agar concentration of 1.5% was prepared. After the medium was solidified, the plates were dried in an oven at 42°C for 60 min before use. The optical density of the bacterial suspension propagated to the logarithmic growth stage was measured at 600 nm and diluted to an optical density (OD) 600 of 0.4. 5 μL of the diluted bacterial suspension was inoculated into the center of LB solid plates. The plates were inverted and incubated at 37°C after the bacterial suspension was absorbed into the agar matrix (~5 min). Swarming motility of P. mirabilis isolates was observed and the coverage scale was measured after 9 h. The ability of swarming motility is divided into three categories: category 1, weak swarming (coverage ≤5%); category 2 medium swarming (5% < coverage ≤25%); category 3, dense swarming (coverage >25%; Filipiak et al., 2020). The assay was repeated three times for each strain.



2.6. Estimation of the biofilm formation

Biofilm formation was determined by using the crystal violet staining method in 96-well cell plates. After the OD600 of the bacterial solution culture to the logarithmic growth stage was detected and adjusted to 0.1, 200 μL diluted bacterial suspension was added to a 96-well cell culture plate and incubated for 24 h at 37°C. The experiment was repeated with 3 wells for each strain. Wells containing only LB broth medium were used as negative controls. After 24 h, the biofilm formed in 96-well cell culture plates was stained by crystal violet staining according to the literature (Sun et al., 2020). After removing the medium and washing the cells with phosphate-buffered saline (PBS), the bacteria were stained with 200 μL crystal violet for 5 min. The crystal violet dye was solubilized by the addition of 200 μL of organic solvent (anhydrous ethanol: acetone = 70:30, v/v), and was quantified by measuring absorbance at 590 nm with a microplate reader. When OD value exceeds 1, dilute with 33% glacial acetic acid, and multiply the obtained value by dilution ratio.

The mean OD of the negative control plus three times its standard deviation (SD) was defined as the cut-off value (ODc). Based on the ODc, the biofilm-forming ability of isolates can be divided into the following four types: OD590 ≤ ODc is a non-biofilm-forming strain (−), ODc < OD590 ≤ 2ODc is a weak biofilm-forming strain (+), and 2ODc < OD590 ≤ 4ODc is medium biofilm-forming strains (++), OD590 > 4ODc is strong biofilm-forming strains (+++) (Khoramian et al., 2015).



2.7. Antimicrobial susceptibility testing

Kirby-Bauer disc diffusion method was used to evaluate the AR of 75 P. mirabilis isolates to 15 antibiotics in 7 categories. These antibiotics include ampicillin (AMP) (10 μg), amoxicillin/clavulanic acid (AUG) (20/10 μg), ampicillin/sulbactam (SAM) (10/10 μg), cefazolin (CZO) (30 μg), cefepime (FEP) (30 μg), cefotaxime (CTX) (30 μg), imipenem (IPM) (10 μg), meropenem (MEM) (10 μg), aztreonam (ATM) (30 μg), gentamicin (GEN) (10 μg), tetracycline (TET) (30 μg), ciprofloxacin (CIP) (5 μg), sulfamethoxazole/trimethoprim (SXT) (25 μg), fosfomycin (FOS) (200 μg) and chloramphenicol (C) (30 μg). In brief, bacterium suspension of 0.5 McFarland was uniformly spread onto Mueller-Hinton (MH) agar plates and incubated at 37°C for 18 h. Escherichia coli ATCC 25922 was used as the control microorganism. The inhibitory zone around each disc was measured, and the results were interpreted according to the guidelines provided by the manufacturer and the Clinical and Laboratory Standards Institute (CLSI; Clinical and Laboratory Standards Institute, 2020). Isolates were considered non-susceptible if they were intermediate or resistant to a certain antibiotic (Decôme et al., 2020). MDR was defined as acquired non-susceptibility to at least one agent in three or more antimicrobial categories (Magiorakos et al., 2012). Non-MDR was defined as resistance to none or up to two antimicrobial categories (Qi et al., 2016).



2.8. Detection of VAGs, ARGs, and integrons

The distribution of VAGs and ARGs in 75 P. mirabilis isolates was investigated through screening of 11 VAGs, 18 ARGs, and class 1, 2, and 3 integrons using conventional PCR. The details of VAGs, ARGs, and integrons (gene names, primer sequences, product lengths and annealing temperatures) are shown in Supplementary Tables 1, 2. The reaction system containing 12.5 μL of 2 × Taq Master Mix, 1 μL each of upstream/downstream primers, 2 μL of bacterial-DNA, and then sterile ddH2O was added up to 25 μL. The cycling conditions of VAGs were as follows: initial degeneration at 94°C for 2 min; followed by 30 cycles of denaturation at 94°C for 2 min, anneal for 1 min and extension at 72°C for 1 min; 72°C, 5 min. The cycling conditions of ARGs and integrons were as follows: initial degeneration at 93°C for 5 min; followed by 30 cycles of denaturation at 93°C for 30s, anneal for 30s and extension at 72°C for 1 min; 72°C 5 min. At the same time, negative controls without DNA were set. PCR products with positive bands after electrophoresis screening were sent to Beijing Tsingke Biotechnology Co., Ltd. for sequencing. BLAST (Basic Local Alignment Search Tool) was used to detect sequence homology between the sequencing results and GenBank accessions.



2.9. Statistical analyses

The obtained data were analyzed using the Chi-square test (SPSS software, version 9.4; Significance-level; p < 0.05). Comparisons between groups were conducted by Fisher’s Exact test, with an alpha value of 0.05. The statistical analysis took into account standard deviations, and they are based on data obtained from repeated experiments.




3. Results


3.1. Prevalence of Proteus mirabilis in the examined samples

A total of 75 non-duplicate strains of P. mirabilis were isolated from 241 samples of dog feces, and the isolation rate was 31.12% (75/241). Among them, 41 strains of P. mirabilis isolates were from domestic dog feces collected from pet hospitals, and 34 strains of P. mirabilis isolates were from stray dog feces collected from the Center of Protect Beastie (Table 1). The detection rate of P. mirabilis in the feces of stray dogs was significantly higher than that of domestic dogs (p < 0.01).



TABLE 1 Prevalence of Proteus mirabilis in dog fecal samples (N = 241).
[image: Table1]



3.2. Hemolysin and urease production

On defibrinated sheep blood agar plates, all P. mirabilis isolates produced color changes, but none exhibited typical β-hemolysis. After 8–10 h of incubation, the urease biochemical tubes inoculated with P. mirabilis isolates changed from orange yellow to rose red, indicating that all 75 strains of P. mirabilis isolates could produce urease to decompose urea.



3.3. Swarming motility testing

In this experiment, all P. mirabilis isolates showed the ability of “fog creep” migration. The isolate with the strongest ability of swarming motility was PM55 with a velocity of 5.43 mm/h, while the isolate with the weakest ability of swarming motility was PM13, whose speed was only 0.125 mm/h. Additionally, 7 (6.67%) isolates of P. mirabilis exhibited weak swarming motility; 32 (42%) isolates exhibited moderate swarming motility, and 38 (50.67%) isolates exhibited strong swarming motility. There was no significant difference in swarming motility between P. mirabilis isolated from domestic and stray dog feces (p > 0.05).



3.4. Estimation of the biofilm formation

The test of biofilm formation showed that all P. mirabilis isolates could form biofilm. Only 7 strains (9.33%) of P. mirabilis isolates were medium biofilm producers (0.7 < OD590 ≤ 1.4), and 68 strains (90.67%) are intensive biofilm producers (OD590 > 1.4; Supplementary Figure 3). There was no significant difference in biofilm formation between P. mirabilis isolated from domestic and stray dog feces (p > 0.05).



3.5. Antimicrobial susceptibility

The AMR of the P. mirabilis isolates was assessed and is presented in Table 2. The results indicate that the resistance rate of these P. mirabilis isolates to tetracycline (TE) was the highest (75, 100%), followed by cefazolin (KZ) (53, 70.67%) and imipenem (IPM) (53, 70.67%), ampicillin (AMP) (27, 36.00%), fosfomycin (FOS) (26, 34.67%), sulfamethoxazole/trimethoprim (SXT) (23, 30.67%), meropenem (MEM) (22, 29.33%), chloramphenicol (C) (21, 28.00%), cefepime (FEP) (17, 22.67%), ciprofloxacin (CIP) (15, 20.00%), cefotaxime (CTX) (13, 17.33%), amoxicillin/clavulanic acid (AMC) (11, 14.67%), ampicillin/sulbactam (SAM) (11, 14.67%), gentamicin (CN) (9, 12%), aztreonam (ATM) (1, 1.33%). Moreover, the AMR of P. mirabilis isolates from the two sources was significantly different to different antibiotics (p < 0.05; Supplementary Figure 4).



TABLE 2 Antimicrobial resistance in Proteus mirabilis isolates.
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Out of 75 P. mirabilis isolates, 40 strains (53.33%) with MDR were identified, comprising of 30 strains sourced from domestic dogs and 10 from stray dogs (Table 3). Proteus mirabilis strains isolated from domestic dogs exhibited a significantly higher prevalence of MDR than those isolated from stray dogs (p < 0.001).



TABLE 3 Percentage of MDR Proteus mirabilis isolates from two sources.
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3.6. Detection of VAGs, ARGs, and integrons

This study identified 11 VAGs in 75 P. mirabilis isolates. Figure 1 shows that ureC, FliL and ireA were the universally present VAGs with a detection rate of 100%, followed by zapA (98.67%), ptA (98.67%), hpmA (90.67%), hpmB (90.67%), pmfA (90.67%), rsbA (90.67%), mrpA (89.33%) and ucaA (70.67%). The prevalence rates of VAGs (hpmA, hpmB, pmfA, mrpA, and rsbA) of P. mirabilis strains isolated from stray dogs were significantly higher than those isolated from domestic dogs (p < 0.05). Furthermore, the prevalence rates of these VAGs in non-MDR strains were significantly higher than those in MDR strains (p < 0.05).
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FIGURE 1
 The prevalence of virulence-associated genes in Proteus mirabilis isolates. The radar map on the left shows the virulence-associated genes carried by P. mirabilis strains from domestic and stray dogs. The radar map on the right shows the virulence-associated genes carried by MDR and non-MDR strains.


In total, 10 out of 18 ARGs were identified in 75 P. mirabilis isolates. Among these, aac-(6′)-Ib was the universally present ARG with a prevalence rate of 38.67%, followed by qnrD (32.00%), floR (25.33%,), blaCTX-M (17.33%), blaCTX-M-2 (16.00%), blaOXA-1 (10.67%), blaTEM (5.33%), tetA (2.67%), tetB (1.33%) and tetM (1.33%; Figure 2). The detection rates of ARGs (blaOXA-1, blaCTX-M, blaCTX-M-2, floR and aac-(6′)-Ib) in P. mirabilis isolated from domestic dogs were significantly higher when compared to those isolated from stray dogs (p < 0.01). Furthermore, the detection rates of these ARGs in MDR strains were significantly higher when compared to non-MDR strains (p < 0.01). Out of 40 MDR strains, 14 (35.00%) were found to carry class 1 integrons, 12 (30.00%) strains carried class 2 integrons, while no class 3 integrons was detected. The abundance of the class 2 integrons was found to be significantly higher in P. mirabilis isolates from domestic dogs compared to that from stray dogs (p < 0.05), while no significant difference in class 1 integrons was observed between stray and domestic dogs.
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FIGURE 2
 The prevalence of antibiotic resistance genes of the Proteus mirabilis isolates. The radar map on the left shows the antibiotic resistance genes carried by P. mirabilis strains from domestic and stray dogs. The radar map on the right shows the antibiotic resistance genes carried by MDR and non-MDR strains.




3.7. Correlations analysis

In this study, the correlation coefficient was utilized to evaluate the relationships between these factors. Figure 3 illustrates the intra-group and inter-group correlations of AMR, VAGs, and ARGs for 75 P. mirabilis isolates (excluding non-statistically significant data). There were 51 pairs of the 15 antibiotics that exhibited positive correlations, with the most significant positive correlation found between CIP and C (r = 0.80, p < 0.001). Negative correlations were shown between IPM and AMP (r = −0.25, p < 0.05), and between IPM and CTX (r = −0.32, p < 0.01). However, no significant association was observed between MEM and any of the other antibiotics. Analysis of the correlation between AMR and VAGs revealed that only AMP had a negative correlation with VAGs (hpmA, hpmB, pmfA, mrpA and rsbA), and the most significant correlation was found between AMP and mrpA (r = −0.46, p < 0.001). Meanwhile, there were 67 pairs of antimicrobial and ARGs positively correlated, and 3 pairs were negatively correlated. There was the most significant correlation between CTX of β-lactam and blaCTX-M, and between ATM and tetM (r = 1.00, p < 0.001).
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FIGURE 3
 The correlations among AMR, VAGs and ARGs of Proteus mirabilis isolates. The numbers in the heat map represent the correlation coefficient (r). Positive numbers (blue) show a positive correlation and negative numbers (red) show a negative correlation.


Furthermore, 25 pairs of the 8 VAGs showed positive correlation with hmpA, hpmB, pmfA and rsbA exhibiting the strongest correlations (r = 1.00, p < 0.001). Similarly, 21 pairs of the 10 ARGs showed positive correlations, with the strongest correlation observed between blaCTX-M and blaCTX-M-2 (r = 0.95, p < 0.001). Additionally, the correlation analysis between VAGs and ARGs revealed that 11 pairs of VAGs and ARGs exhibited negative correlations. Among them, aac-(6′)-Ib had the strongest negative correlations with hpmA, hpmB, pmfA, and rsbA (r = −0.40, p < 0.01). Specific results of the correlation analysis can be found in Figure 3. In the present study, we examined the correlation between ARGs and the integrons of 40 MDR strains (Figure 4). Our results revealed a significant positive correlation between class 1 integrons and the β-lactam-resistant genes blaTEM (r = 0.31, p < 0.05), blaCTX-M (r = 0.35, p < 0.05), and blaCTX-M-2 (r = 0.35, p < 0.05). It is noteworthy that a significant negative correlation was observed between qnrD and the class 2 integrons.
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FIGURE 4
 Correlation between ARGs and integrons in 40 MDR Proteus mirabilis strains. The numbers in the heat map represent the correlation coefficient (r). Positive numbers (blue) show a positive correlation and negative numbers (red) show a negative correlation.





4. Discussion

Proteus mirabilis has been extensively researched as a urinary tract pathogen in humans over the past decades (Durgadevi et al., 2020; Kot et al., 2021; Wilks et al., 2021). However, there is limited research focusing on P. mirabilis isolated from dog feces. This study aims to investigate the prevalence and biological characteristics of P. mirabilis in the feces of domestic and stray dogs in Chengdu, southwestern China, to determine the potential threat it poses to public health.

Out of 241 samples of dog feces, a total of 75 non-duplicate P. mirabilis strains were isolated, with a prevalence of 31.12%. This prevalence is similar to that found in a study of dogs with diarrhea in Northeast China (Sun et al., 2020), where 76 out of 232 samples had P. mirabilis infection, accounting for 32.76%. In the same study, Sun et al. also investigated the presence of P. mirabilis in the feces of other animals (mink, cattle, and fowl) with diarrhea. Notably, dogs had the highest infection rate among the animals tested. In our findings, the prevalence of P. mirabilis in the feces of stray dogs was significantly higher than that of domestic dogs (p < 0.01). This may be attributed to the fact that P. mirabilis is commonly present in soil and sewage, and stray dogs are more susceptible to exposure to these contaminated sources, resulting in the infection of P. mirabilis. This agrees with previous studies conducted on non-human species, such as Namibian cheetahs and chimpanzees, suggesting that gut microbiota can be influenced by the living environment (Vilson et al., 2018; Reese et al., 2021).

The 75 P. mirabilis isolates from this study exhibited the abilities of swarming motility and biofilm formation. There was no significant difference in swarming motility and biofilm formation between MDR and non-MDR isolates. This finding contrasts with a study conducted by Filipiak et al., which reported that multi-drug sensitive (MDS) strains had weaker biofilm formation but stronger swarming motility compared to MDR strains (Filipiak et al., 2020). Currently, AMR and MDR of bacteria derived from animals are the focus of attention. In this study, a high resistant rate was observed for most P. mirabilis isolates to KZ (70.67%) and IPM (70.67%). This resistance rate was higher than that reported in other studies, such as P. mirabilis isolated from dogs in Japan (Harada et al., 2014) and P. mirabilis isolated from dogs with bacterial urine (Decôme et al., 2020). Although current research on the AMR of P. mirabilis isolated from dogs reports varying results, a consistent trend across these studies is the gradual increase in AMR of P. mirabilis over time (Decôme et al., 2020). Furthermore, differences in AMR were observed among P. mirabilis strains from domestic and stray dogs. Except for natural resistance to tetracycline, the highest resistance to KZ (87.80%) was found in the P. mirabilis isolated from domestic dogs, followed by AMP (58.54%), IPM (58.54%), SXT (51.22%) and C (51.22%). There was no significant difference in AMR to FEP, MEM, ATM, F, and FOS between P. mirabilis isolated from domestic and stray dogs (p > 0.05). For the resistance to IPM, the AMR of P. mirabilis isolated from stray dogs was higher than that of domestic dogs. For the rest of the antibiotics, the opposite is true. The emergence of MDR bacteria is reflected as a risk factor for public health. A total of 30 (75.00%, 30/40) MDR strains were isolated from domestic dogs, which was significantly higher than 10 (25.00%, 10/40) MDR strains isolated from stray dogs. This phenomenon may be related the widespread use (and frequent misuse) of antibiotics in clinical, and stray dogs rarely receive antibiotic treatment from veterinarians (Liu C. et al., 2021; Liu Y. et al., 2021).

Aside from antimicrobial resistance, virulence factors are also receiving considerable attention. The current investigation identified a total of 11 VAGs, with detection rates exceeding 90% for all except mrpA (89.33%) and ucaA (70.67%). Notably, the ureC gene was detected in 100% of isolates, which was consistent with the result that all isolates were capable of producing urease. The detection rates of VAGs in this study were found to be higher compared to a prior study conducted in Northeast China, which fecal swabs collected from diarrhea animals (dogs, mink, cattle and poultry) demonstrated ureC as the most prevalent VAG, observed in 90.91% of samples (Sun et al., 2020). Similar results were obtained in a study conducted on P. mirabilis isolated from ducks, where 100% detection rates of ureC, 94.3% for rsbA, and 91.4% for zapA were recorded, consistent with our findings (Algammal et al., 2021). Interestingly, a high detection rate of ucaA (76.47%) was observed in 34 P. mirabilis isolates from stray dogs was, with all other VAGs demonstrating 100% detection rates. Comparatively, P. mirabilis strains isolated from stray dogs exhibited a greater number of VAGs when compared to those isolated from domestic dogs. Previous research has shown that the microbiota of captive animals harbors more VAGs in comparison to that of wild animals (Guo et al., 2019; Liu C. et al., 2021). Due to increased interactions between captive animals and humans, horizontal gene transfer from other bacteria in the environment (such as air and water) leads to virulence factor accumulation (Liu C. et al., 2021). Indeed, the environmental factors surrounding stray dogs, such as exposure to rotten food, sewage and other pollutants, along with inadequate living conditions, are likely to be contributing factors to the higher incidence of VAGs detected in P. mirabilis isolated from these animals. In contrast, wild animals and domestic dogs may have a broader range of dietary options and cleaner lifestyles, which might result in the reduced chance of acquisition of VAGs.

In addition, the present study also involved the examination of ARGs carried by P. mirabilis isolates. Out of the 18 screened ARGs, 10 were detected in the 75 isolates, with aac-(6′)-Ib (38.67%), qnrD (32.00%), floR (25.33%), blaCTX-M (17.33%), and blaCTX-M-2 (16.00%) being the top five ARGs detected. A Japanese study demonstated that clinical isolates of P. mirabilis did not exhibit positivity for qnrA, qnrB, qnrS, and aac (6′)-Ib-cr; however, 1.9% (2/105) of isolates were found to be positive for qnrD (Harada et al., 2014). Our study revealed higher rates of ARGs detection compared to a study from Brazil which detected only 4 ARGs (blaTEM, blaSHV, blaCTX-M-1, and blaOXA-1) in P. mirabilis isolated from dogs (Sfaciotte et al., 2021). However, the detection rates of ARGs in our study were lower than a previous study that detected 7 out of 14 ARGs in clinical isolates of P. mirabilis obtained from humanin northern Taiwan (Lin et al., 2019). The integrons system possesses the capability to capture and express exogenous ARGs. Bacteria have the perceptive capacity to acquire and aggregate ARGs from their surrounding environment through the integrase mediated by intI within the system, allowing for the formation of extensive drug-resistant gene arrays. Consequently, integrons assume a crucial role in the evolution of MDR bacteria and horizontal diffusion of ARGs determinants. Class 1 integrons and Class 2 integrons were detected in the MDR strain in this study, which was higher than the detection rate in a previous study on cooked meat products in China, but lower than the detection rate in Chinese human isolates (Yu et al., 2017; Lu et al., 2022). Significantly, the P. mirabilis isolates from domestic dogs were found to carry a significantly more ARGs compared to those isolated from stray dogs (p < 0.05). This observation is consistent with the result that P. mirabilis isolated from domestic dogs exhibited a more severe antimicrobial resistance phenotype than that isolated from stray dogs. In 2019, a study suggested that UTIs in companion animals (dogs and cats) and humans may could be caused by closely related strains of P. mirabilis, sharing similar ARGs in both sources (Marques et al., 2019), indicating a potential public health risk. To mitigate this risk, veterinarians must use antibiotics judiciously and avoid overuse. Additionally, researchers can explore alternative therapies such as phages and lactobacillus to combat P. mirabilis infections (Melo Luís et al., 2016; Shaaban et al., 2020).

A previous study showed that the occurrence and the positive correlations of VAGs and ARGs can be used as a reference for the regulatory use of antibiotics to stop the direct or indirect transmission of these resistance and virulent microbes to the natural environment (Zhang S. et al., 2021). So, we further analyzed the correlation among AMR, VAGs, and ARGs of P. mirabilis isolates. In this study, there was a positive correlation between the resistance phenotypes of P. mirabilis isolates to various antibiotics. There was also a significant positive correlation between the ARGs they carried. In addition, there was a significant positive correlation between AMR and ARGs, which were consistent with the statement of Algammal et al. (2021). It is worth noting that there were only negative correlations between AMR and VAGs, which were also reflected in the correlations between ARGs and VAGs. A previous study showed that MDR strains of P. mirabilis isolated from ducks did not differ significantly from the VAGs carried by non-MDR strains (Algammal et al., 2021). Therefore, our results are different from previous studies. Moreover, class 1 integrons are positively correlated with β-lactam resistance genes (blaCTX-M, blaCTX-M-2, blaTEM), which means that these genes may be on class 1 integrons.



5. Conclusion

This study has shown that P. mirabilis strains isolated from domestic dogs carrying fewer VAGs but more ARGs compares to those isolated from stay dogs. In addition, we observed a negative correlation between VAGs and ARGs, which is different from previous studies and requires further study at a later stage. Increased antimicrobial resistance has been detected in MDR P. mirabilis isolates over the past 10 years, and therefore the need to control the use of antimicrobial agents in animals to minimize the emergence and eventual spread of resistant pathogens is necessary to protect human and animal health.
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Introduction: Pollutant gas emissions in the current production system of the livestock industry have negative influences on environment as well as the health of farm staffs and animals. Although ammonia (NH3) is considered as the primary and harmful gas pollutant in the rabbit farm, less investigation has performed to determine the toxic effects of house ammonia exposure on rabbit in the commercial confined barn.

Methods: In this study, we performed multi-omics analysis on rabbits exposed to high and low concentration of house ammonia under similar environmental conditions to unravel the alterations in nasal and colonic microbiota, pulmonary and colonic gene expression, and muscular metabolic profile.

Results and discussion: The results showed that house ammonia exposure notably affected microbial structure, composition, and functional capacity in both nasal and colon, which may impact on local immune responses and inflammatory processes. Transcriptome analysis indicated that genes related to cell death (MCL1, TMBIM6, HSPB1, and CD74) and immune response (CDC42, LAMTOR5, VAMP8, and CTSB) were differentially expressed in the lung, and colonic genes associated with redox state (CAT, SELENBP1, GLUD1, and ALDH1A1) were significantly up-regulated. Several key differentially abundant metabolites such as L-glutamic acid, L-glutamine, L-ornithine, oxoglutaric acid, and isocitric acid were identified in muscle metabolome, which could denote house ammonia exposure perturbed amino acids, nucleotides, and energy metabolism. In addition, the widespread and strong inter-system interplay were uncovered in the integrative correlation network, and central features were confirmed by in vitro experiments. Our findings disclose the comprehensive evidence for the deleterious effects of house ammonia exposure on rabbit and provide valuable information for understanding the underlying impairment mechanisms.
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Introduction

The current production system of the livestock industry is characterized by increasing numbers of animals raised in largely confined housing facilities (Alvarado and Predicala, 2019). Although this improves the industry's productivity and profitability, various environmental issues have been raised. Pollutant gas emissions from animal barns not only affect the surrounding environment but also threaten the health of farmers and the wellbeing of animals (Kilic et al., 2021). Among the main gases emitted from the livestock production industry, ammonia is produced during manure management, and its concentration is typically high in confined livestock houses with bad ventilation.

Microbiota colonized in the respiratory and intestinal tracts of farm animals establish a symbiotic relationship with the host and exert crucial modulatory roles in immune processes, neural functions, and endocrine pathways, which have important implications for the health and welfare of farm animals (Chen S. et al., 2021). Numerous studies have been conducted on farm animals raised in respiration chambers to evaluate the microbial and physiological alterations induced by ammonia exposure. For instance, sustained exposure to ambient ammonia causes pulmonary microbial perturbation in chickens, which promotes the release of inflammatory cytokines and suppresses the production of neurotransmitters via the lung–brain axis (Wang et al., 2022). Ammonia exposure disrupts chicken gut microbial homeostasis, activating the TLR4/TNF-α signaling pathway and inducing intestinal inflammation (Zhou et al., 2021). Ammonia stress resulted in the increased presence of harmful bacteria in the nasal microbiota and decreased respiratory immunity, which is harmful to porcine growth performance (Wang et al., 2019). Inhalation of excessive ammonia contributes to the dysbiosis of the porcine gut-brain axis by interfering with the oxidative stress-inflammation-apoptosis interaction network (Li et al., 2021a). Although rabbits are particularly sensitive to ambient ammonia, to date, research focusing on the deleterious effects of ammonia on rabbits is limited (Cui et al., 2021). More importantly, the artificially ammoniated environments in the respiration chambers may fail to reflect the complicated air conditions of confined barns (Pokharel et al., 2017).

Thus, we selected rabbits raised in a commercial, confined barn as research subjects exposed to high- and low-level house ammonia under similar environmental conditions. Alterations in the microbiota, transcriptome, and metabolome of different tissues were investigated using multi-omics analysis. Our observations could provide valuable insights into the adverse role of house ammonia exposure in rabbits and lay the foundation for illustrating the underlying toxicity mechanism of house ammonia exposure.



Materials and methods


Experimental animals and environmental parameter measurements

A total of 648 weaned Ira rabbits (330 males and 318 females) were randomly assigned to 324 double-deck cages (two rabbits per cage) in a commercial, confined rabbit house of Laidewang Animal Husbandry Co., Ltd., Sanming, China. The rabbit house building is 57.7 m long, 6.6 m wide, and 3.8 m high and is equipped with mechanical ventilation and a cooling system (Supplementary Figure S1). During a 45-day experimental period in the summertime, a multi-gas analyzer (MultiRAE IR Lite, RAE Systems, USA) with electrochemical and NDIR sensors was used for NH3, H2S, and CO2 concentration measurements. The device recorded concentrations for 12 h (6:00 a.m.−6:00 p.m.) on a daily basis. Indoor air temperature, relative humidity, and air velocity in the house were measured at 3-h intervals throughout the experiment using a portable air velocity meter (PCE-VA 20, PCE, Spain). At the end of the experiment, each of the six rabbits (three male and three female) exposed to high and low levels (16.49 ± 1.67 vs. 4.81 ± 0.92 ppm) of house ammonia, but with similar other environmental parameters, were selected for sampling (Supplementary Table S1). A commercial pellet diet (Supplementary Table S2) was provided to all rabbits two times a day. All rabbits were healthy and did not receive any antibiotic, anticoccidial drug, probiotic, or prebiotic treatment before sampling.



Sample collection

Nasal swabs were collected from the nares of the selected rabbits and placed into sterile tubes. The swabs were transported to the laboratory, where they were resuspended in 300 μl PBS and stored at −20°C for further analysis. The rabbits were anesthetized using electric shock and euthanized using exsanguination from the carotid artery. The lung, longissimus dorsi muscle, colon, and colonic digesta were immediately sampled after euthanization and frozen in liquid nitrogen for transportation. In the laboratory, the tissue and digested samples were stored at −80°C for further analysis. All animal experiments were conducted according to the guidelines for the care and use of experimental animals established by the Ministry of Agriculture and Rural Affairs of China. The project was specially approved by the Animal Care and Use Committee (ACUC) at Fujian Agriculture and Forestry University (NO. PZCASFAFU22020).



16S rRNA gene sequencing

According to the manufacturer's instructions, total microbial genomic DNA was extracted from nasal swabs and colonic digesta using a FastDNA SPIN Kit for Soil (MP Biomedicals, USA). DNA quantity and quality were detected using a Nanodrop ND-2000 spectrophotometer (Thermo Fisher Scientific, USA) and 1.5% agarose gel electrophoresis, respectively. The V3-V4 hypervariable regions of the 16S rRNA gene were amplified using the barcoded fusion primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 806R (5′- GGACTACHVGGGTATCTAAT-3′). The protocols for 16S rRNA gene sequencing and bioinformatics analysis were described in our previous research (Fang et al., 2020).



Transcriptome sequencing

The total RNA in lung and colon samples was isolated using TRIzol reagent (Invitrogen, USA). RNA concentration, purity, and integrity were measured using the Nanodrop ND-2000 spectrophotometer (Thermo Fisher Scientific, USA) and a Bioanalyzer 2100 system (Agilent Technologies, USA). Following the manufacturer's illustrations, the sequencing libraries were constructed using a NEBNext® UltraTM RNA Library Prep Kit for Illumina® (NEB, Beverly, MA, USA). The prepared libraries were sequenced on an Illumina HiSeq 2500 platform using a 150-bp paired-end read strategy. Raw data generated from Illumina sequencing were subjected to quality control using FASTX-Toolkit software. After removing adaptor sequences and low-quality reads, the remaining clean data were aligned with the rabbit reference genome (OryCun2.0.107) using TopHat v2.0.14 software. HTSeq v0.6.0 was used to count the number of mapped reads to each gene, and the gene expression was calculated in fragments per kilobase of exon per million mapped fragments (FPKM) using Cufflinks v0.14.0 software. DESeq2 v1.16.1 software was used to identify the differentially expressed genes (DEGs) according to the thresholds of |log2(fold change)| > 1 and FDR-adjusted P-value of < 0.01. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of DEGs was performed using the clusterProfiler R package.



Muscle metabolomics profiling

Hundred milligram of muscle sample was homogenized in 1 ml of precooled extraction mixture (methanol: water, 1:1) using a high-throughput tissue grinder and ultrasonicated at room temperature for 25 min. After centrifugation at 13,000 rpm for 20 min at 4°C, 500 μL of supernatant was dried in a vacuum, resolved in 200 μl of 15% methanol, and filtered through a 0.2 μm membrane (Millipore, USA). The filtrate was collected for subsequent UPLC-QTOFMS analysis, and an aliquot of equal volume (20 μl) for each sample was mixed to make a quality control (QC) sample. An Acquity UPLC system (Waters, USA) equipped with an HSS T3 column (150 × 2.1 mm, 1.8 μm) was used for chromatographic separation. After separation by UPLC, a Q-TOF Premier (Waters, USA) equipped with an electrospray ionization (ESI) source operating in positive and negative modes with spray voltages of 3.5 and −2.5 kV was used for mass spectrometry analysis. System control and data acquisition were performed using MassLynx (Waters, USA). The raw data were processed using Progenesis QI (Waters, USA) for peak alignment to obtain a peak list consisting of the retention time, m/z, and peak area. The peaks were normalized to the QC sample using the MetNormalizer R package. The metabolites were identified by aligning against the HMDB database. Principal component analysis (PCA) and partial least squares discriminate analysis (OPLS-DA) were performed using the ropls R package. Differentially expressed metabolites were identified by variable importance in the projection (VIP) > 1 and by an FDR-adjusted P-value of < 0.05. A KEGG pathway enrichment analysis of differentially expressed metabolites was performed using the MetaboAnalyst 4.0 web server.



Validation of key features

To confirm the key differentially enriched microbes and differentially expressed genes, quantitative PCR analysis was performed using microbial genomic DNA and tissue RNA, respectively. The PCR reactions were run in a 7500-Fast Real-Time PCR System (ABI, USA) using an SYBR® Premix Ex Taq™ II Kit (TaKaRa, Japan). The PCR conditions comprised an initial denaturation at 95°C for 10 s, followed by 40 cycles of denaturation at 95°C for 5 s and annealing at 60°C for 30 s. The expression levels of microbes and genes were determined based on normalization to the 16S rRNA gene and β-actin using the 2−ΔΔCt method. The primer sequences are listed in Supplementary Table S3. The centrally differentially abundant metabolites were verified using targeted quantitative metabolomics methodology on a GC-MS/MS platform (Agilent Technologies, USA), as previously described (Shin et al., 2019). In brief, proteins were precipitated using acetonitrile from each 100 mg muscle sample containing 3,4-dimethoxybenzoic acid (0.1 μg) as an internal standard for isocitric acid and norvaline (0.2 μg) as an internal standard for L-glutamic acid. After centrifugation, the supernatant was adjusted to a pH ≥ 12 with 5.0 M sodium hydroxide in dichloromethane (1.5 ml) containing ethyl chloroformate (30 μl), which was converted to the ethoxycarbonyl derivative and subsequently the methoxime derivative by reaction with methoxyamine hydrochloride at 60°C for 1 h. After washing with diethyl ether two times, the aqueous phase was acidified with 10% sulfuric acid (pH < 2.0), saturated with sodium chloride, and sequentially extracted with diethyl ether (3 mL) and ethyl acetate (2 mL). The extracts were evaporated to dryness by nitrogen. Prior to GC-MS/MS analysis, dry residues containing isocitric acid and L-glutamic acid were reacted with TEA (5 μl) and toluene (10 μl) at 60°C for 30 min to produce TBDMS derivatives. The derivatives were transferred to GC–MS/MS and quantified by multiple reaction monitoring (MRM) modes.



Statistical analysis

A Wilcoxon rank sum test with false discovery rate (FDR) correction was performed to detect differences in microbial diversity indices, relative abundances of microbes at the phylum and genus levels, and functional capacities. Nasal microbial principal coordinate analysis (PCoA) and colonic microbial hierarchical clustering analysis of the unweighted pair-group method with arithmetic means (UPGMA) were performed to reveal the structural variation using the ape and facto extra R packages, respectively. The nasal and colonic differentially enriched OTUs were visualized using linear discriminant analysis effect size (LEfSe) analysis and Interactive Tree of Life (iTOL), respectively. The nasal and colonic differentially enriched functional items were exhibited using ComplexHeatmap and the ggplot2 R package, respectively. A Spearman correlation network was first generated based on potential biomarkers identified in each omic dataset of high-level house ammonia-challenged rabbits, and the core community was defined by the Girvan-Newman algorithm (Lv et al., 2019). Subsequently, the features of the core community in each network were selected for constructing the integrated network, and key features were identified according to the maximal clique centrality (Ke et al., 2019).




Results


House ammonia affects the nasal microbial communities of rabbits

The microbial diversity of the nasal microbiota was first analyzed. Compared to low-level house ammonia-exposed rabbits, both the Shannon and ACE index values of rabbits exposed to a high concentration of house ammonia significantly declined (Supplementary Figures S2A, B). The PCoA analysis result based on unweighted and weighted UniFrac distances showed that the individuals were distinctively separated (Supplementary Figures S2C, D).

Alterations in nasal microbial composition were investigated at the phylum, genus, and OTU levels. As shown in Figure 1A, Proteobacteria, Firmicutes, Campilobacterota, Bacteroidetes, and Actinobacteriota were the top five phyla in all samples, and they constituted over 95% of the total sequences. Among these, the relative abundance of Proteobacteria significantly increased in rabbits exposed to high concentrations of house ammonia, and significant reductions in the relative abundances of both Firmicutes and Bacteroidetes were also observed. At the genus level, 20 dominant genera, including Moraxella, Pasteurella, Neisseria, Bordetella, Helicobacter, Staphylococcus, Akkermansia, Lactobacillus, Bifidobacterium, and Enterococcus, comprised more than 85% of the total sequences (Figure 1B). Of these, Moraxella, Escherichia-Shigella, and Mannheimia were more abundant in rabbits exposed to high concentrations of house ammonia, while Akkermansia, Lactobacillus, and Bifidobacterium exhibited lower abundances. As shown in Figure 1C, 12 OTUs were enriched in a high concentration of house ammonia-exposed rabbits, including one OTU annotated to the family Neisseriaceae, one OTU annotated to each of the genera Enterococcus, Streptococcus, Fusicatenibacter, Helicobacter, and Mycoplasma, and one OTU annotated to each of the species Escherichia coli, Anaerostipes hadrus, Klebsiella quasipneu, Dialister sp. Marseille-P5638, and Moraxella cuniculi. The other eight OTUs were augmented in low concentrations of house ammonia-exposed rabbits, including one OTU annotated to the family Lachnospiraceae, one OTU annotated to each of the genera Clostridium innocuum group, Ruminococcus gnavus group, Bifidobacterium, and Blautia, and one OTU annotated to each of the species Bifidobacterium longum, Bifidobacterium breve, and Faecalibaculum rodentium.


[image: Figure 1]
FIGURE 1
 Alterations in the relative abundances of nasal microbial phyla (A), genera (B), and OTUs (C). “*”, FDR-adjusted P < 0.05, “**”, FDR-adjusted P < 0.01, “***”, FDR-adjusted P < 0.005.


To evaluate how the nasal microbial functional capacities altered as house ammonia levels varied, the predicted KOs and KEGG pathways were compared between the two groups of rabbits (Figure 2; Supplementary Table S4). Sixty-four KOs were highly represented in rabbits exposed to high levels of house ammonia, of which most were assigned to ABC transporters, the phosphotransferase system (PTS), lipopolysaccharide biosynthesis, phenylpropanoid biosynthesis, and non-homologous end-joining. Moreover, 38 KOs were significantly enriched in rabbits exposed to low-level house ammonia, of which most were related to the lysosome, biosynthesis of siderophore group non-ribosomal peptides, inositol phosphate metabolism, mismatch repair, and nucleotide excision repair. KEGG pathway comparison analysis showed that seven functional categories, including ABC transporters, the phosphotransferase system (PTS), and lipopolysaccharide biosynthesis, were more prevalent in rabbits exposed to high levels of house ammonia. In addition, 11 functional categories, such as the lysosome, nucleotide excision repair, biosynthesis of siderophore group non-ribosomal peptides, mismatch repair, and inositol phosphate metabolism, were more active in rabbits exposed to low-level household ammonia.


[image: Figure 2]
FIGURE 2
 Differentially enriched nasal microbial KOs (A) and KEGG pathways (B) between high- and low-level house ammonia-exposed rabbits.




House ammonia impacts the colonic microbiota of rabbits

Regarding the alpha diversity, the Shannon and ACE indices significantly declined in rabbits exposed to an increasing level of house ammonia (Supplementary Figures S3A, B). Additionally, hierarchical clustering analysis of UPGMA indicated that the colonic microbiota of rabbits exposed to high- and low-level house ammonia exhibited a clear separation (Supplementary Figures S3C, D).

The relative abundances of microbial taxa were assessed to investigate the alterations in colonic microbial compositions. At the phylum level, Firmicutes, Bacteroidetes, Verrucomicrobiota, Actinobacteriota, and Proteobacteria were predominant in all samples, comprising more than 95% of the total reads (Figure 3A). Compared to the low-level house ammonia-challenged rabbits, the relative abundances of Firmicutes and Actinobacteriota in the high-level house ammonia-challenged rabbits were remarkably decreased, but the relative abundance of Bacteroidetes was significantly increased. At the genus level, the top 12 genera accounted for ~50% of total reads (Figure 3B). While comparing the rabbits exposed to low concentrations of house ammonia with those exposed to high concentrations, it was observed that the latter had increased abundances of the Christensenellaceae R-7 group, Akkermansia, Oscillospiraceae V9D2013 group, and Alistipes, and decreased abundances of the Oscillospiraceae NK4A214 group, Eubacterium siraeum group, Ruminococcus, Subdoligranulum, and Lachnospiraceae NK4A136 group. As shown in Figure 3C, 13 OTUs showed higher abundances in rabbits exposed to a high concentration of house ammonia, including four OTUs classified as Muribaculaceae, two classified as Christensenellaceae R-7 group, two as Eggerthellaceae, and one each classified as Escherichia coli, Bacteroides fragilis, Bacteroides vulgatus, Defluviitaleaceae UCG-011, and Oscillospiraceae V9D2013 group. Moreover, 12 OTUs possessed greater proportions in rabbits exposed to low-level house ammonia, including two OTUs classified as Oscillospirales_UCG-010 and one each classified as Enterococcus faecium, Eubacteriaceae, Lachnospiraceae NK4B4 group, Oscillospiraceae NK4A214 group, Clostridia vadinBB60 group, Eubacterium siraeum group, Rikenellaceae, Subdoligranulum, Ruminococcus, and Monoglobus.


[image: Figure 3]
FIGURE 3
 Changes in the relative abundances of colonic microbial phyla (A), genera (B), and OTUs (C). “*”, FDR-adjusted P < 0.05, “**”, FDR-adjusted P < 0.01.


To gain insights into functional alterations of the colonic microbiota, the predicted gene catalog was aligned with the KEGG database. A total of 113 KOs were significantly different in abundance between high- and low-level house ammonia-challenged rabbits (Figure 4A; Supplementary Table S5). The KOs were more abundant in rabbits exposed to a high concentration of house ammonia related to nitrogen metabolism, phenylalanine metabolism, valine, leucine and isoleucine biosynthesis, glycerophospholipid metabolism, and thiamine metabolism. The KOs showed higher abundance in rabbits exposed to low concentrations of house ammonia and were associated with peptidoglycan biosynthesis, cysteine and methionine metabolism, glyoxylate and dicarboxylate metabolism, base excision repair, and pentose and glucuronate interconversions. However, 18 KEGG pathways manifested significantly different abundances between the two groups of rabbits (Figure 4B). Similar to KO analysis results, valine, leucine and isoleucine biosynthesis, nitrogen metabolism, glycerophospholipid metabolism, thiamine metabolism, and phenylalanine metabolism were more abundant in rabbits exposed to high concentrations of house ammonia, while cysteine and methionine metabolism, peptidoglycan biosynthesis, pentose and glucuronate interconversions, glyoxylate and dicarboxylate metabolism, and base excision repair were enhanced in rabbits exposed to low concentrations of household ammonia.


[image: Figure 4]
FIGURE 4
 Significantly enriched colonic microbial KOs (A) and KEGG pathways (B) between the high and low concentrations of house ammonia-challenged rabbits. “**”, FDR-adjusted P < 0.01, “***”, FDR-adjusted P < 0.005, “****”, FDR-adjusted P < 0.001.




House ammonia influences the lung and colon transcriptomes of rabbits

A total of 100 pulmonary differentially expressed genes (DEGs) were identified between the two groups of rabbits (Figure 5A). GO enrichment analysis showed that DEGs were enriched in nine categories of biological processes, nine categories of cellular components, and 11 categories of molecular function (Figure 5B; Supplementary Table S6). Among these, DEGs showed greater expression levels in rabbits exposed to a high concentration of house ammonia and are mainly involved in the regulation of the intrinsic apoptotic signaling pathway, autophagy, lytic vacuole, viral life cycle, neutrophil activation involved in immune response, and cytochrome-c oxidase activity. Additionally, upregulated DEGs in rabbits exposed to low concentrations of ammonia mainly contributed to oxidative phosphorylation, oxidoreductase complex, and NADH dehydrogenase activity. Similar results were observed in the KEGG enrichment analysis (Figure 5B). The DEGs derived from rabbits exposed to a high concentration of house ammonia engaged in lysosome and autophagy functions, while the DEGs from the rabbits exposed to a low concentration of house ammonia participated in oxidative phosphorylation, ECM-receptor interaction, and the relaxin signaling pathway.


[image: Figure 5]
FIGURE 5
 Transcriptome sequencing analysis of lung samples under different levels house ammonia exposure. (A) Differentially expressed genes. (B) Functional enrichment analysis of differentially expressed genes.


In the colon, 89 genes were differentially expressed between the two groups of rabbits (Figure 6A). A total of 25 enriched GO functional terms were identified, including 11 terms of biological processes, seven terms of cellular components, and eight terms of molecular function (Figure 6B; Supplementary Table S7). Among them, the highly expressed DEGs of high-level house ammonia-challenged rabbits related to aerobic respiration, antibiotic metabolic process, oxidation-reduction process, cytosolic ribosome, and NAD binding. In addition, the enhanced DEGs of rabbits exposed to low-level house ammonia were associated with positive regulation of muscle structure development, adherens junctions, and ion channel binding. Furthermore, KEGG enrichment analysis indicated that DEGs were mainly enriched in carbon metabolism, proximal tubule bicarbonate reclamation, citrate cycle, and leukocyte transendothelial migration (Figure 6B).


[image: Figure 6]
FIGURE 6
 Transcriptome sequencing analysis of colon samples challenged by different concentrations of house ammonia. (A) Differentially expressed genes. (B) Functional enrichment analysis of differentially expressed genes.




House ammonia perturbs the muscle metabolome of rabbits

A total of 515 metabolites were identified using UPLC-QTOFMS. Multivariate statistical analyses, including PCA and OPLS-DA, were performed to evaluate the variations in metabolic patterns between the two groups of rabbits. The results showed that high- and low-level house ammonia-challenged rabbits were clustered separately, which implied distinctive metabolic patterns (Supplementary Figure S4).

To further confirm the metabolic disruption effect of house ammonia, univariate analysis was performed on each metabolite. As shown in Figure 7A, 70 metabolites were significantly affected by different levels of house ammonia exposure. Among them, 35 differentially abundant metabolites were enriched in rabbits exposed to high-level house ammonia exposure, with 10 amino acids and their derivatives (e.g., L-glutamic acid, beta-alanyl-L-lysine, L-phenylalanine, L-tyrosine, and L-ornithine), eight organic acids and their derivatives (e.g., o-toluate, methylselenopyruvate, isocitric acid, and oxoglutaric acid), three phenols (acetaminophen, dopamine, and phenol), three benzoyl derivatives (4-methylbenzaldehyde, phenylacetaldehyde, and benzaldehyde), three organic oxygen compounds (N-acetylmannosamine, N-acetyl-D-galactosamine, and 4-hydroxybenzaldehyde), and two fatty acids and derivatives (pimelate and 2-Isopropylmalic acid). The remaining 35 differentially abundant metabolites were concentrated in rabbits exposed to low concentrations of house ammonia, with seven fatty acids and their derivatives (e.g., prostaglandin F2a, prostaglandin H2, palmitic acid, and alcoholic acid), seven organic oxygen compounds (e.g., N-acetyl-D-glucosamine, D-glyceraldehyde 3-phosphate, quinate, and dihydroxyacetone phosphate), six amino acids and their derivatives (e.g., L-aspartic acid, L-glutamine, and L-lysine), five organic acids and their derivatives (e.g., 2-Keto-6-acetamidocaproate, folic acid, and gentisic acid), and three pyrimidines and their derivatives (e.g., pentobarbital, thymidine, and 5-hydroxymethyluracil). KEGG enrichment analysis indicated that differentially abundant metabolites are involved in 12 metabolic processes (Figure 7B). It is intriguing to note that tyrosine metabolism, glyoxylate, and dicarboxylate metabolism, arginine and proline metabolism, and the citrate cycle (TCA cycle) were significantly increased in high-level house ammonia-challenged rabbits, while pyrimidine metabolism, purine metabolism, glycolysis/gluconeogenesis, the pentose phosphate pathway, and glycerolipid metabolism were highly active in low-level house ammonia-challenged rabbits.
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FIGURE 7
 Muscle metabolic profiling analysis in rabbits exposed to different levels of house ammonia. (A) Differentially metabolites. (B) KEGG enrichment analysis of differential metabolites.




Integrated analysis of multi-omics data

To explore the systematically impairing action of house ammonia on rabbits, a correlation network was first generated based on potential biomarkers identified in each omic dataset of high-level house ammonia-challenged rabbits (Supplementary Figure S5), and then, the features in the core community in each network were selected for constructing the integrated network. Finally, three main communities containing 70 interrelated features were detected (Figure 8), which suggested statistically robust interactions within and between each omic dataset. Importantly, 11 key features were identified in the integrated network. Among these, six features were presented in the light green community, including four lung genes (LAMTOR5, VAMP8, CDC42, and HSPB1) and two colon genes (CAT and ALDH1A1). Three features, including two muscle metabolites (L-glutamic acid and isocitric acid) and one colonic microbe (OTU_232:Bacteroides fragilis), were exhibited in the coral-red community. The colon gene SELENBP1 and the nasal microbe OTU_242:Moraxella cuniculi were recognized in the violet community.


[image: Figure 8]
FIGURE 8
 Interaction network of features identified in a high concentration of house ammonia-challenged rabbits. Each node represents a feature, and each edge denotes a significant interaction. The highlighted clusters, nodes, and edges stand for communities, key features, and inter-community interactions, respectively.


To confirm the reliability of multi-omics data, key features were used for qPCR validation and quantitative metabolite assays. As shown in Figure 9A, the gene expression patterns of HSPB1, VAMP8, LAMTOR5, CDC42, SELENBP1, ALDH1A1, and CAT between RNA-Seq and qPCR were similar. Compared to rabbits exposed to low-level house ammonia, the OTU_242:Moraxella cuniculi and OTU_232:Bacteroides fragilis showed markedly increased abundances in rabbits exposed to high-level house ammonia, which is in line with the results of 16S rRNA gene sequencing analysis (Figure 9B). Additionally, the alterations in isocitric acid and L-glutamic acid between the two groups of rabbits were in accordance with muscle metabolic profile characterization (Figure 9C).
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FIGURE 9
 Verification of differentially expressed genes (A), significantly enriched microbes (B), and differential metabolites (C). “**”, FDR adjust P < 0.01, “***”, FDR adjust P < 0.005.





Discussion

Ammonia emissions are a major concern in intensive livestock production systems. It not only adversely affects the ecosystem and environment but is also harmful to the health of both animals and humans. Although previous studies revealed the detrimental effects of ammonia exposure on different farm animals, most conclusions were drawn based on environment control chambers, which may fail to reflect the complicated ambient conditions of barns. In the current study, multi-omics data composed of the microbiome, transcriptome, and metabolome were analyzed to systematically and comprehensively understand the deleterious effects of house ammonia on rabbits reared in a commercial, confined barn.


Ammonia exposure causes nasal microbiota alterations

The nose is the major interface between the internal body and the external environment, and tremendous changes in the porcine nasal microbial community have been observed following different concentrations of house ammonia exposure (Wang et al., 2019). Similarly, we found that the nasal microbiota of rabbits was notably affected by different levels of house ammonia treatment. A remarkable reduction in nasal microbial alpha diversity was observed when rabbits were exposed to high levels of house ammonia, and beta diversity also exhibited significant differences between high- and low-level house ammonia-exposed rabbits (Supplementary Figure S1). Nasal cavity pH is regarded as an important factor that affects microbiota colonization, while ammonia exposure disrupts acid-base equilibrium and may result in nasal microbial biodiversity alterations (Morawska-Kochman et al., 2019).

In accordance with previous studies on nasal microbial phylogenetic composition (Qin et al., 2019; Gomez et al., 2021), our results indicated that Proteobacteria, Firmicutes, and Bacteroidetes were the most prevalent phyla in the nasal microbial community. Moreover, rabbits exposed to high levels of house ammonia presented a noticeable augmentation of Proteobacteria and a depletion of Firmicutes and Bacteroidetes (Figure 1A). Proteobacteria comprises several well-known opportunistic pathogens (e.g., Pasteurella, Neisseria, and Campylobacter), which showed increased abundance in conjunction with losses in Firmicutes and Bacteroidetes, as reported in the nasal microbial communities of humans with chronic rhinosinusitis and pigs with Glässer's disease (Choi et al., 2014; Correa-Fiz et al., 2016). This suggests that house ammonia exposure leads to variations in these predominant phyla in the nasal microbiota and may increase rabbits' susceptibility to respiratory tract infections and diseases. We also identified 20 abundant genera that accounted for over 85% of the total sequences (Figure 1B). Among these, it is worth noting that the relative abundance of Moraxella, Escherichia-Shigella, and Mannheimia significantly increased in high-level house ammonia-challenged rabbits, while Akkermansia, Lactobacillus, and Bifidobacterium distinctly declined. Although previous studies demonstrated that Moraxella was commonly present in the nasal microbiota of animals and humans, its overgrowth was associated with an increased risk of respiratory illness due to its potential role in inducing epithelial damage and inflammatory cytokine expression (McCauley et al., 2019; Lopez-Serrano et al., 2020). This should be due to the synergistic effect of house ammonia exposure on nasal mucosal injuries, possibly promoting the proliferation of Moraxella and aggravating inflammatory responses (Urbain et al., 1996). In addition, nasal microbiota profiles dominated by both Escherichia-Shigella and Mannheimia were previously reported to have intimate relationships with respiratory disorders in broilers and steers (Cirone et al., 2019; Liu et al., 2020).

However, Akkermansia, Lactobacillus, and Bifidobacterium could regulate epithelial barrier function and immune response, and their absences were closely correlated with decreased respiratory tract immunity (Heintz-Buschart et al., 2018; Kim et al., 2019; Wang et al., 2019). Importantly, we found that several distinctly different OTUs annotated to the specific species belonged to the abovementioned genera, for example, OTU_21:Escherichia coli, OTU_242:Moraxella cuniculi, OTU_29:Bifidobacterium longum, and OTU_574:Bifidobacterium breve (Figure 1C). This implies that certain nasal microbial species should be regarded as potential indicators of house ammonia exposure detrimental to respiratory health in rabbits.

We also assessed the functional variations of the nasal microbiota under different levels of house ammonia exposure (Figure 2). As the level of exposure to house ammonia increased, functional processes, such as ABC transporters and lipopolysaccharide biosynthesis, which are capable of driving respiratory tract-cascaded inflammatory responses, were activated (Lee et al., 2019; Ma et al., 2021). Moreover, functional items that have regulatory roles in pathogens' invasion defense and epithelial cell injury repair, such as the lysosome and inositol phosphate metabolism, were inhibited (Cohen et al., 2016; Wu S. E. et al., 2020). These results suggested that a high concentration of house ammonia exposure may mediate the respiratory inflammatory processes by disturbing the nasal microbial functional homeostasis.



Ammonia exposure induces colonic microbial changes

The symbiotic relationship between the host and gut microbiota ensures the appropriate development of the metabolic and immune systems, which is crucial for host health (Jandhyala et al., 2015). However, a growing body of evidence suggests that the inhalation of excessive ammonia causes gut microbial dysbiosis, which consequently influences the health and growth of farm animals (Li et al., 2021b; Zhou et al., 2021). Our results also showed that the colonic microbial communities of rabbits were continuously changed following house ammonia exposure. Gut microbial alpha diversity was notably decreased with exposure to an increased level of house ammonia, and beta diversity was dramatically altered under different concentrations of house ammonia (Supplementary Figure S2), which confirmed that ammonia exposure caused gut microbial dysbiosis in animals (Tao et al., 2019; Han H. et al., 2021).

The colonic microbial composition also exhibited noticeable variations under high-level exposure to house ammonia (Figure 3). At the phylum level, ammonia exposure increased the relative abundance of Bacteroidetes and decreased the relative abundance of Firmicutes and Actinobacteriota. This could be due to ammonia exposure promoting the production of urea that flows into the colon, which facilitates the preferential proliferation of urea metabolism bacteria derived from Bacteroidetes (Tang et al., 2020; Yin et al., 2022). Consistently, we found that the growth of the genus Alistipes, which belongs to the phylum Bacteroidetes, was promoted following high-level house ammonia exposure, while the growth of genera in the phylum Firmicutes, such as the Eubacterium siraeum group, Ruminococcus, and Subdoligranulum, was inhibited. Although Alistipes are commonly present in a relatively low proportion, it is highly relevant to intestinal dysbiosis and inflammation in humans and animals. For instance, the augmentation of Alistipes and the elevation of lipopolysaccharide biosynthesis were intimately associated with intestinal inflammation and permeability in hypertension patients (Kim et al., 2018). A metagenomic study in a mouse model of ileitis suggested that Alistipes showed a strong correlation with ileitis incidence (Rodriguez-Palacios et al., 2018).

In contrast, the Eubacterium siraeum group, Ruminococcus, and Subdoligranulum are butyric acid-producing bacteria that have beneficial effects on maintaining intestinal epithelial integrity and immune functions, and their elimination in inflammatory conditions will aggravate intestinal impairment (Zhu et al., 2020; Correa et al., 2021). Additionally, we noticed that the potentially beneficial bacteria Akkermansia was enriched by a high concentration of house ammonia exposure, which was different from the observation in the nasal microbiota. Akkermansia in the colon may act as scavengers, which clean the mucin produced by ammonia exposure (Duan et al., 2018).

Nonetheless, Akkermansia thrives in the gut microbiota and may be capable of inducing the incidence of epizootic rabbit enteropathy (Jin et al., 2018). At the OTU level, we further identified several important microbial species related to house ammonia exposure, such as Bacteroides fragilis (OTU232), Bacteroides vulgatus (OTU354), and Enterococcus faecium (OTU18). As mentioned above, a high concentration of ammonia exposure led to an increase in colonic urea flux, and urea was eventually broken down into endogenous ammonia with the aid of bacterial urease. Coincidentally, Bacteroides vulgatus is an ureolytic bacterium, and Bacteroides fragilis can utilize endogenous ammonia as a primary nitrogen source to promote its growth and reproduction (Forsythe and Parker, 1985; Gibson and Macfarlane, 1988). However, a high proportion of Bacteroides fragilis is implicated in immune system dysfunction and colonic inflammatory conditions (Thiele Orberg et al., 2017; Chung et al., 2018). Moreover, the depletion of Enterococcus faecium caused by ammonia exposure has a negative impact on intestinal epithelial cell barrier function, increasing ammonia toxicity (Park et al., 2016).

In agreement with the results of recent studies on functional alterations of intestinal microbiota under ammonia exposure (Duan et al., 2021; Tang et al., 2021b), our functional capacity analysis demonstrated that colonic microbiota were more engaged in amino acid metabolism (e.g., valine, leucine, and isoleucine biosynthesis and phenylalanine metabolism) and lipid metabolism (e.g., glycerophospholipid metabolism) following high-level house ammonia exposure but less engaged in carbohydrate metabolism (e.g., peptidoglycan biosynthesis, pentose and glucuronate interconversions, and glyoxylate and dicarboxylate metabolism). A low intestinal pH and the presence of carbohydrates restrict amino acid metabolism (Louis and Flint, 2017), but increased pH caused by ammonia exposure could remove this inhibition. Furthermore, in vitro experiments indicated that microbes could modulate amino acid and lipid metabolic strategies to respond to environmental stress, which may help explain our observations (Stancik et al., 2002; Li et al., 2019).



Ammonia exposure modulates pulmonary and colonic gene expression

Several studies have reported that ammonia exposure could regulate gene expression patterns in different tissues of farm animals (Wang et al., 2020; Li et al., 2021a). In the lung, our transcriptome sequencing results showed that house ammonia exposure led to remarkable alterations in gene expressions related to cell death (e.g., regulation of intrinsic apoptotic signaling pathway, autophagy, and lytic vacuole) and immune response (e.g., viral life cycle and neutrophil activation involved in the immune response) (Figure 5).

Cell death is an important modulator in response to a variety of environmental and internal stressors (Martins et al., 2011). We have identified several DEGs, including MCL1, TMBIM6, HSPB1, and CD74, that are associated with cell death processes. Myeloid cell leukemia 1 (MCL1) is a unique Bcl-2 family member with a significantly short half-life but an important anti-apoptotic function (Wu X. et al., 2020). A recent broiler study indicated that ammonia exposure can cause lung injury, which may be due to the increased expression level of MCL1, causing a delay in neutrophil apoptosis and leading to a disrupted immune response (Blomgran et al., 2012; Liu et al., 2020). Ammonia exposure has been implicated in inducing endoplasmic reticulum stress, and the activation of cell autophagy and the apoptosis-related protein transmembrane BAX inhibitor motif containing 6 (TMBIM6) play a regulatory role in response to endoplasmic reticulum stress (Han Q. et al., 2021; Kim et al., 2021). Heat shock protein beta 1 (HSPB1) is another cell autophagy and apoptosis-associated protein that commonly participates in different types of stress resistance, and its expression was upregulated in this study, which may be related to the cellular response to stress caused by house ammonia exposure (Wu et al., 2016; D'Anna et al., 2017). CD74 binds to specific cytokines and exerts important roles in orchestrating a variety of pathological processes, such as cell necroptosis and the inflammatory response, and an elevated expression level of CD74 is positively associated with lung injury (Takahashi et al., 2009; Su et al., 2017).

The precise and targeted surveillance mechanisms at the lung-environment interface are essential for maintaining pulmonary homeostasis and functions; however, inhaled environmental irritants can stimulate and disrupt the immune response of the lung, leading to potentially pathological consequences (Guttenberg et al., 2021). Upon ammonia stimulation, the immune response associated DEGs such as CDC42, LAMTOR5, VAMP8, and CTSB were identified. Cell division cycle 42 (CDC42) is a Rho GTPase that affects T-cell differentiation and inflammatory cytokine production, and is capable of initiating airway inflammation responses (Chen L. et al., 2021). Although the late endosomal/lysosomal adaptor and MAPK and MTOR activator 5 (LAMTOR5) are characterized as indispensable components of the amino acid sensing machinery, their key role in modulating lung immunosuppression has recently been noted (Wang L. et al., 2021). Here, the upregulation of CDC42 and LAMTOR5 expression may be correlated with immune dysfunctions of the airways caused by ammonia exposure (Chen J. et al., 2021; Wang H. et al., 2021). Vesicle-associated membrane protein 8 (VAMP8) can be involved in antigen cross-presentation and activation of cytolytic T-cell immune responses (Dingjan et al., 2017). Cystatin B (CSTB) can modulate the immune response under pathological conditions by inhibiting cysteine proteases (Premachandra et al., 2013). Moreover, the increased expressions of both CTSB and VAMP8 are associated with inflammatory and bacterial infection processes (Xia et al., 2019), which may indirectly reflect the dysbiosis of pulmonary immunity and microbiota triggered by ammonia exposure.

However, house ammonia exposure resulted in changes in colonic gene expression that were related to the redox state (e.g., oxidation-reduction process, aerobic respiration, oxidoreductase activity, and NAD binding) (Figure 6). Most environmental pollutants could activate the antioxidant defense system, thereby affecting the redox state (Zheng et al., 2020). This study presented redox state-related DEGs such as CAT, SELENBP1, GLUD1, and ALDH1A1. Catalase (CAT) is an important member of the antioxidant defense system that plays a vital role in maintaining redox balance. In line with our findings, the expression level of CAT in aquatic animals also increases with excessive exposure to ammonia (Sun et al., 2014; Hongxing et al., 2021). This can likely be attributed to the surplus production of reactive oxygen species (ROS) that occurs at high concentrations of ammonia, leading to the upregulation of CAT expression (Zhang et al., 2008). Selenium binding protein 1 (SELENBP1) has been identified as a methanethiol oxidase in the colonic enterocytes, which catalyzes the conversion of methanethiol to redox signaling molecules hydrogen sulfide and hydrogen peroxide that engage in environmental stress responses (Sies and Jones, 2020; Philipp et al., 2021). In this study, the house ammonia challenge promotes the expression of SELENBP1, which may be linked to redox signaling molecule generation and transduction. Increased activity of glutamate dehydrogenase 1 (GLUD1) upon ammonia exposure has been observed in previous studies (Voss et al., 2021). It plays an important role in catalyzing the conversion of glutamate to alpha-ketoglutarate, which is known to maintain redox homeostasis and serve as a substrate for the detoxification of ammonia (Jin et al., 2015). Aldehyde dehydrogenase A1 (ALDHA1) catalyzes the detoxification of toxic unsaturated aldehydes generated by lipid peroxidation during redox imbalance (Calleja et al., 2021). It is well-recognized that ammonia exposure could trigger lipid peroxidation to produce malondialdehyde (Li and Qi, 2019), which may further induce the expression of ALDHA1.



Ammonia exposure interferes with the muscular metabolic profile

Previous studies have demonstrated that ammonia exposure results in perturbations of amino acids, nucleotides, energy, and lipid metabolism in animals (Dong et al., 2020; Tang et al., 2020; Qin et al., 2022). We have consistently found that tyrosine metabolism, arginine and proline metabolism, pyrimidine metabolism, purine metabolism, citrate cycle (TCA cycle), glycolysis/gluconeogenesis, pentose phosphate pathway, and glycerolipid metabolism were influenced by house ammonia exposure (Figure 7). More importantly, we identified a variety of differentially abundant metabolites that should be regarded as signals for metabolic alterations under ammonia exposure. Glutamate (L-glutamic acid) is a key player in ammonia removal in a muscle, capturing ammonia to form glutamine. Glutamine is the major inter-organ carrier of ammonia that can transport ammonia in the muscle to the liver for detoxification (Hakvoort et al., 2017). However, high-level ammonia exposure could cause the initial ammonia condensation reaction to be less efficient (Dong et al., 2020). In addition, glutamine also serves as an important precursor for purine and pyrimidine synthesis, and the enhanced detoxification of ammonia could reduce nitrogen donors for nucleotide synthesis (Cory and Cory, 2006). Hence, glutamate accumulation, glutamine consumption, and nucleotide anabolism depletion were observed in this study. Notably, glutamate, as a central junction for the interchange of amino nitrogen, could facilitate L-ornithine synthesis (Blachier et al., 2009). L-ornithine participates in the urea cycle, leading to the excretion of excess ammonia and the generation of L-arginine and L-proline (Hoche et al., 2004). In addition, ammonia is utilized as a nitrogen source by aminotransferases for the de novo synthesis of aromatic amino acids such as L-tyrosine and L-phenylalanine, which should be another effective way to reduce ammonia content in muscle (Wang S. et al., 2021). Therefore, the metabolic activities of tyrosine, arginine, and proline were also enhanced.

However, energy metabolism processes such as the TCA cycle and glycolysis were impaired by a high concentration of house ammonia exposure. This could be partially explained by ammonia being used as a substrate for catalyzing the α-ketoglutarate (oxoglutaric acid) to glutamate conversion by glutamate dehydrogenase in muscle mitochondria and high-level ammonia stimulation enhancing the drain of α-ketoglutarate from the TCA cycle adversely affects ATP generation (Davuluri et al., 2016). Additionally, isocitrate dehydrogenase has been reported to be inhibited by ammonia, resulting in the accumulation of isocitrate (isocitric acid), which could further interfere with the TCA cycle (Katunuma et al., 1966). The impairment of the TCA cycle will cause a reduction in glycolysis due to feedback inhibition (Drews et al., 2020).



Integrated analysis and validation experiment

To gain insights into the interactive relationships between different biological layers concerning distinct features linked to house ammonia exposure, an integrative correlation network was constructed based on multi-omics data (Figure 8). The network modeling yielded three communities composed of intertwined microbes, genes, and metabolites, indicating close intersystem interactions that may allow for proposing certain hypotheses to be tested in further studies focusing on house ammonia impairment mechanisms. For instance, there are close immune and metabolic interactions between the respiratory and gastrointestinal tracts, which are commonly referred to as the gut–lung axis, and the important roles of the gut–lung axis in pathophysiological processes caused by air pollution exposure have been generally recognized (Keulers et al., 2022; Mousavi et al., 2022). Moreover, the existence of a gut-muscle axis has been suggested more recently, and the gut–muscle axis is increasingly implicated in endogenous ammonia and urea nitrogen metabolism (Ticinesi et al., 2019; Yeh et al., 2022). Moreover, the specific roles of highlighted features such as OTU_242:Moraxella cuniculi, OTU_232:Bacteroides fragilis, HSPB1, LAMTOR5, CDC42, CAT, and L-glutamic acid present in the network communities had been discussed above, and their alterations under house ammonia exposure were confirmed by different experimental measurements (Figure 9). This implies that these features should not be underestimated in dissecting the underlying mechanisms linked to the deleterious effects of house ammonia on rabbits.




Limitations

Our study has several limitations. The first is that the small sample size within the single rabbit population limited our ability to detect more taxonomic and functional features related to house ammonia exposure. Investigations of larger and more diverse rabbit populations will probably help to identify additional biomarkers. Due to the relatively limited taxonomic resolution of 16S rRNA sequencing, high-resolution shotgun metagenomic sequencing should be performed to uncover the specific microbial species associated with house ammonia exposure in future studies. In addition, our study was also limited to an episode of house ammonia exposure outcomes, and therefore, it would be particularly interesting to perform time series multi-omics analyses to capture the dynamic changes. Finally, in vivo experiments should be performed to explore how the cross-talk between different biological entities may exacerbate the detrimental roles of house ammonia exposure.



Conclusions

In the present study, integrated analysis of the multi-omics data was performed to obtain overviews of changes in microbial communities, gene expressions, and metabolic profiles in rabbits exposed to house ammonia. The results indicated that house ammonia exposure caused dramatic variations in both nasal and intestinal microbial diversities, phylogenetic compositions, and functional capacities, which could potentially affect the immune responses and inflammatory processes of rabbits. Furthermore, house ammonia exposure led to genes being differentially expressed in the lung and colon and enriched functional terms related to cell death processes, immune responses, and redox state. A change in the muscular metabolic profile was also observed after house ammonia stimulation. Several crucial, differentially abundant metabolites, such as L-glutamic acid, L-glutamine, and L-ornithine, associated with amino acid and nucleotide metabolism, as well as oxoglutaric acid and isocitric acid, correlated with energy metabolism, were identified. Additionally, the widespread and strong inter-system cross-talk was outlined. Our findings provide valuable insights into the detrimental effects of house ammonia exposure on rabbits and pave the way for exploring the underlying impairment mechanisms.
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Introduction: Mn, which is an essential trace mineral for all animals, has functions in skeletal system development, carbohydrate and lipid metabolism. The aim of this study was to clarify the effects of different manganese (Mn) sources in basal diets on nutrient apparent digestibility, fecal microbes, and mineral elements excretion before and after weaning.

Methods: A total of 15 Holstein heifer calves (6-week-old, 82.71 ± 1.35, mean ± standard error) were randomly designed into three groups (five each): no extra Mn supplemented (CON), 20 mg Mn/kg (dry matter basis) in the form of chelates of lysine and glutamic acid in a mixture of 1:1 (LGM), and 20 mg Mn/kg (dry matter basis) in the form of MnSO4. All calves were weaned at 8 weeks of age. The experiment lasted for 28 days (14 days before weaning and 14 days after weaning). Dry matter intake (DMI) was recorded daily. The animals were weighed by electronic walk-over, and body size indices were collected using tape on days −14, −1, and 14 of weaning. The feces of calves was collected to measure the apparent digestibility of nutrients (acid insoluble ash was an internal marker) and bacterial community on days −1, 1, 3, 7, and 14 of weaning. Fecal mineral concentration was determined by inductively coupled plasma emission spectroscopy on days −1, 1, 7, and 14 of weaning.

Results: The results showed that, compared with the CON group, adding LGM to diets containing 158.82 mg/kg Mn increased the apparent digestibility (P < 0.05). The Chao 1 and Shannon index of fecal bacteria decreased at day 1 in the LGM and MnSO4 groups and increased after weaning. The PCoA results indicated that the LGM group was distinctly separate from the CON and MnSO4 groups during the whole experimental period. Significant differences (P < 0.05) were observed in the relative abundance of two phyla (Proteobacteria and Spirochaetota) and eight genera (Alloprevotella, Prevotellaceae_UCG-001, Clostridia UCG 014, RF39, UCG-010, Pseudomonas, Ralstonia, and Treponema) in three groups. Moreover, the LGM group showed less excretion of Fe, P, and Mn than the MnSO4 group.

Discussion: In summary, 20 mg Mn/kg diet supplementation improved nutrient digestibility, changed the fecal microbial community, and reduced mineral excretion. Organic Mn supplementation in the diet had more advantages over the sulfate forms in weaning calves.

KEYWORDS
Holstein heifers weaning, digestibility, bacteria, mineral element, feces


1. Introduction

Effective feeding and management of calves are linked to the future productive performance of the dairy herd on intensive farms. Therefore, the healthy development of calves, along with good growth performance, is strongly associated with the future development and economic efficiency of the farm. The rumen of a newborn calf is more similar to the stomach of monogastric animals and starts developing after receiving a solid diet (Baldwin et al., 2004). Therefore, before the rumen is fully developed, the feed digestion in calves is more dependent on enzymatic digestion in the hindgut (Guilloteau et al., 2009). Gut microbial colonization occurs from the day of birth and stimulates the development of animal defense mechanisms (Yáñez-Ruiz et al., 2015). The gut microbiota community in early life has long-term impacts on host health (Malmuthuge and Guan, 2017), and different positions of the GIT contain various communities (Malmuthuge et al., 2014), i.e., microbial diversity and richness increase from the proximal small intestine to the distal colon (Malmuthuge et al., 2015). The strong gut microbiota can form a barrier of bacterial membrane on the surface of intestinal epithelial cells, protect the host from harmful foreign bacteria, and inhibit the invasion and reproduction of gut pathogens by competing for nutrients (Bibiloni et al., 2005). Additionally, microbial diversity is also influenced by several factors, such as age, diet, and intake (Guilloteau et al., 2009), and trace mineral source (i.e., solubility) is one of the known influencing factors (Faulkner et al., 2017).

Spears (1996) believed that the mineral form is more important than the quantity. Chelating minerals can produce stable soluble molecules with high bioavailability and are better absorbed than inorganic forms, due to the fact that chelated minerals are metal ions bound to organic substances such as amino acids, peptides, or polysaccharides and are then absorbed through the pathway of ion-bound organic ligands, avoiding their interaction with other molecules (Kratzer and Vohra, 1996). Manganese (Mn), an essential trace mineral for all animals, is absorbed in the GIT after ingestion and then transported to mitochondria-containing organs such as the liver, pancreas, and pituitary, where it is rapidly enriched (Deng et al., 2013). Mn has functions in skeletal system development, carbohydrate and lipid metabolism, and the innate immune response (Santamaria, 2008; Haase, 2018). Organic sources (glycine amino acid-chelated zinc, manganese, and copper) presented higher bioavailability compared with inorganic sources (zinc sulfate monohydrate, manganese sulfate monohydrate, and copper sulfate pentahydrate) in Murrah buffalo (Mudgal et al., 2019). In addition, previous studies have reported the application of Mn in sheep, poultry, and swine production. Wong-Valle et al. (1989) reported that Mn concentration of the liver, the kidney, and the bones of sheep based on the multiple linear regression slopes, and the relative bioavailability of Mn from MnO, MnO2, and MnCO3 averaged 57.7%, 32.9%, and 27.8%, compared with 100% for MnSO4. Manganese methionine hydroxyl analog chelated (Mn-MHAC; 25, 50, 75, and 100 mg Mn/kg) had a positive effect on body weight and average daily gain compared with the control group (Meng et al., 2021). Mn requirements for reproduction in swine are substantially greater than requirements for growth, with a recommendation of 25 mg/kg for gestating (Hurley and Keen, 1987). However, there are few reports about the application of manganese in calf production. Weaning impacts the trace mineral status of calves and likely influences health and productivity outcomes (Caramalac et al., 2017). Thus, adding trace elements to calf diets before and after weaning is a strategy to guarantee animal performance. Bampidis et al. (2021) reported that supplementing with Mn in the form of chelates of lysine and glutamic acid in a mixture of 1:1 (LGM) was an effective manganese source for animals and friendly to the environment. It is worth investigating in depth how the effect of LGM on microbiota and mineral elements of calves' feces pre-weaning and post-weaning, as compared with sulfate forms. It was hypothesized that supplementation with organic sources of Mn would improve nutrient digestion, increase the relative abundance of beneficial bacteria, and reduce the excretion of mineral elements to the environment during the pre-weaning and post-weaning. Thus, the present study assessed the influence of feeding organic or inorganic manganese on the apparent digestibility of nutrients, fecal bacteria, and mineral elements in feces in pre-weaning and post-weaning calves.



2. Materials and methods


2.1. Animals and experimental design

All animals were cared for according to protocols approved by the Yangzhou University Laboratory Animal Care and Use Committee.

A total of 15 healthy Holstein calves (6 weeks old, 82.71 ± 1.35 kg BW) were randomly assigned to three groups and five calves each. Calves were housed individually and had free access to concentrate and water throughout the study period. The experimental diets were as follows: (1) a basal diet without Mn supplementation (CON), (2) 20 mg Mn/kg (dry matter basis) in the form of chelates (lysine Mn: glutamic acid Mn = 1:1, LGM), (3) 20 mg Mn/kg (dry matter basis) in the form of Mn sulfate (MnSO4; Figure 1). LGM was purchased from Zinpro Co. LTD (United States), and Mn content is 15%. Mn sulfate monohydrate (MnSO4·H2O) was purchased from Sichuan Combell Biotechnology Co. LTD (China), and Mn content is 31.8%. The study was conducted over a period of 28 days (28 November 2021 to 3 January 2022). Milk was provided (2 kg/ day), and concentrate plus oat hay was offered freely two times daily (08:00 h and 18:00 h). LGM and MnSO4 were mixed in milk pre-weaning and concentrate post-weaning. The chemical composition of the concentrate, oat hay, and milk fed to calves is shown in Supplementary Table 1.


[image: Figure 1]
FIGURE 1
 Diagram of the experimental design. LGM, in the form of chelates (lysine Mn: glutamic acid Mn = 1:1). MnSO4, in the form of sulfate Mn. days −14, −1, 1, 3, 7, and 14 represent calves at −14, −1, 1, 3, 7, and 14 days after weaning, respectively.




2.2. Sampling and measurements
 
2.2.1. Growth measurements

The amount of concentrate and oat hay offered and the residues were weighed daily for the average dry matter intake (DMI) calculation [average DMI/kg, (feed offered – residual feed)/ test days × DM%] of each calf. The calves were weighed at the beginning of the experiment (day −14), the last day before weaning (day −1), and the final day of the experiment (day 14) by electronic walk-over weighing scale at 2–3 h after the morning feeding. The body height (vertical distance between the highest point of the withers and the ground), body length (distance between the points of the shoulder and pin bone), chest girth (body circumference immediately behind the front shoulder at the fourth rib, posterior to the front legs), cannon circumference (horizontal circumference of the thinnest point on the cannon bone of the left forelimb), hip height (vertical distance between the highest point of the hook bone and the ground), and hip width (distance between the points of hook bones) were measured using a tape. The average daily gain [ADG/kg, (final body weight – initial body weight)/28], feed/gain (F/G/%, average DMI/ADG), and body size growth (final body size – initial body size) of calves overall (day −14 to day 14), pre-weaning (day −14 to day −1), and post-weaning [first day before weaning (day −1) to day 14] were calculated from the above data. The rectal temperature of a calf was measured on days −14, −1, 1, 3 after weaning (day 3), 7th day after weaning (day 7), and day 14. The results are shown in Supplementary Tables 2–4.



2.2.2. Collection and measurements of fecal samples

Fecal samples were collected aseptically from calves at days −1, 1, 3, 7, and 14. In total, 10% diluted sulfuric acid was mixed with a fecal sample (2 ml per 100 g sample) for nitrogen fixation. All feed and fecal samples were placed in a 65°C oven until dried and grounded through a 0.35 mm screen for later determination. The fecal dry matter (DM), ash, organic matter (OM), ether extract (EE), and crude protein (CP) were determined following the method described by Silva and Queiroz (2006). Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were analyzed following the method described by Soest (1994). In addition, acid insoluble ash (AIA) was used as an internal marker to determine the nutrient digestibility of nutrients which was calculated using the equation as follows:

[image: image]

where A1 and A2 are the nutrient contents in feces and diet (%), respectively, F1 and F2 are the AIA contents in feces and diet (%), respectively.

For analyzing bacterial community, the fresh fecal sample was collected and measured by high-throughput sequencing by Beijing Novogene Biotechnology Co., LTD. In brief, total bacterial DNA was extracted using a TIANαmp stool DNA kit (Tiangen Biotech Co., LTD). Then, the 16S rRNA V4 region gene was amplified by PCR using the primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). Alpha-diversity (observed OTUs and α diversity index) and principal coordinate analysis (PCoA, unweighted Unifrac) were calculated using QIIME2.

For analyzing fecal minerals concentration, fresh samples at days −1, 1, 7, and 14 were placed in an oven at 45°C until dried. Then, 0.5 g samples were weighed into a 50 ml conical flask, digested (270°C) in the mixture of nitric acid and perchloric acid (6:1), and then diluted with deionized water to make a 25 ml solution. The minerals (iron, copper, calcium, phosphorus, manganese, and magnesium) were assayed by inductively coupled plasma emission spectroscopy (Optima 7300 DV, PerkinElmer Co., United States) (Esaka, 2017).




2.3. Statistical analysis

Data of apparent nutrient digestibility, fecal bacterial diversity indices, relative abundance of bacterial phylum and genus, and fecal mineral element concentrations were analyzed by PROC MIXED of SAS (version 9.4). The model used is as follows:

[image: image]

where Yijkl = observation, μ = general mean, Ti = treatment effect, Rj = block effect, eij = experimental error (block × treatment), and eijkl = sampling error (cow × block × treatment × sample).

The statistical significance of the means of apparent nutrient digestibility, Chao1, Shannon and Simpson indexes, the analysis of PCoA results, the relative abundance of bacteria, and the concentration of fecal minerals were defined by P < 0.05. It is worth noting that correlation coefficients with absolute values >0.5 are considered relevant. Significant differences were declared at P < 0.05, and P < 0.01 was considered a highly significant difference.




3. Results


3.1. Effects of different manganese sources on apparent nutrient digestibility of weaning calves

Table 1 shows the apparent nutrient digestibility for days −1, 1, 3, 7, and 14. Mn supplementation and the interaction of day × treatment significantly affected the apparent digestibility of nutrients (P < 0.01). Except for CP, there was a significant effect of days on the apparent nutrient digestibility (P < 0.05). The nutrient digestibility was the highest on day −1 in the LGM group. The nutrient digestibility was the highest on day 1 in the CON group (P < 0.01), and then gradually decreased with time. Apparent nutrient digestibility was greater in the LGM and MnSO4 groups than in the CON group on days 3 and 7 (P < 0.05). The apparent digestibility of DM, OM, CP, NDF, and ADF in the CON group was 45.26%−69.92%, 50.19%−73.08%, 42.38%−67.55%, 33.22%−55.80%, and 22.26%−34.90%, respectively. The values in the LGM group were 54.91%−64.89%, 60.14%−69.34%, 53.64%−63.05%, 44.38%−52.54%, and 25.19%−36.89%, and in the MnSO4 group, 51.17%−68.05%, 52.40%−72.54%, 40.05%−54.62%, 34.43–42.39%, and 23.74%−31.09%, respectively.


TABLE 1 Effects of different manganese sources on apparent digestibility of weaning calves.

[image: Table 1]



3.2. Effects of different manganese sources on fecal microbiota diversity of weaning calves

In this study, 16S rRNA was amplified, and its sequence was analyzed to study the effects of supplementation on the fecal microbiota of calves pre-weaning and post-weaning at five time points (days −1, 1, 3, 7, and 14), with an average of 61,544 sequences per fecal sample. These results reflect the interaction between treatment and day in three alpha diversity indices (Table 2, P < 0.05). The Chao 1 index of CON is significantly higher than that of LGM and MnSO4 on day −1 (P < 0.05), and then gradually decreases. However, in the LGM and MnSO4 groups, it was stabilized from days −1 to 14. The Shannon and Simpson index was significantly higher in the CON and LGM groups than the MnSO4 group on day 1 (P < 0.05).


TABLE 2 Effects of different manganese sources on fecal bacterial Chao1, Shannon, and Simpson indexes of weaning calves.

[image: Table 2]

The principal coordinates analysis plot results showed that the fecal microbial community on day −1 was significantly different among the three groups (Figure 2A). On day 1, the community of LGM and MnSO4 was close (Figure 2B). By contrast, the community of MnSO4 closed to CON on days 3, 7, and 14 after weaning, and that of LGM was kept more distance from the CON group (Figures 2C–E).


[image: Figure 2]
FIGURE 2
 Based on UniFrac principal coordinates analysis plots (PCoA). Panels (A–E) indicate days −1, 1, 3, 7, and 14 bacteria PCoA pictures. Data are shown as the percentages of the total identified sequences per group. days −1, 1, 3, 7, and 14 represent calves at −1, 1, 3, 7, and 14 days after weaning, respectively. PCoA 1 and PCoA represent principal components 1 and 2, respectively. LGM, in the form of chelates (lysine Mn: glutamic acid Mn = 1:1). MnSO4, in the form of sulfate Mn.




3.3. Effects of different manganese sources on the relative abundance of fecal microbiota in weaning calves

The top six relative abundances of fecal bacteria at the phylum level were analyzed (Figure 3 and Supplementary Table 5). The predominant bacteria were Bacteroidota and Firmicutes. There was no significant difference in the relative abundance of Bacteroidota and Actinobacteriota according to Mn source or days. No day effect was observed in the relative abundance of Firmicutes and Verrucomicrobiota. Compared with CON, the relative abundance of Firmicutes in MnSO4 was lower on days −1, 7, and 14 (P < 0.01), and that in LGM was lower on day 7 (P < 0.01). The relative abundance of Proteobacteria was higher on day −1 in the MnSO4 group and day 14 in the LGM group (P < 0.01). It decreased in the MnSO4 group on days 7 and 14 compared with days −1, 1, and 3 (P = 0.02). The relative abundance of Spirochaetota in the LGM group was significantly higher than that of the CON and MnSO4 groups at days −1 and 3 (P < 0.05).


[image: Figure 3]
FIGURE 3
 Relative abundances of the major phylum fecal bacterial. Data are shown as the percentages of the total identified sequences per group. days −1, 1, 3, 7, and 14 represent calves at −1, 1, 3, 7, and 14 days after weaning, respectively. LGM, in the form of chelates (lysine Mn: glutamic acid Mn = 1:1). MnSO4, in the form of sulfate Mn.


The interaction of day × treatment was significant (P < 0.05) for the relative abundance of Alloprevotella, Prevotellaceae_UCG-001, Clostridia UCG 014, RF39, UCG-010, Pseudomonas, Ralstonia, and Treponema (P < 0.05; Table 3). Day effect was observed in the relative abundance of seven genera (Prevotella, Alloprevotella, Alistipes, UCG-005, Clostridia UCG 014, Pseudomonas, and Ralstonia; P < 0.05). The treatment effect was observed in the relative abundance of all genera (P < 0.05). The genus Bacteroides, which belongs to Bacteroidota, was the most abundant in the three groups.


TABLE 3 Effects of different manganese sources on fecal bacteria of weaning calves at the genus level.

[image: Table 3]



3.4. Effects of different manganese sources on fecal minerals excretion of weaning calves

There was a significant difference in the concentration of minerals according to days (Table 4, P < 0.01). No treatment effect was observed in the Fe concentration. Moreover, the interaction of day × treatment was shown in the concentrations of Cu, P, Mn, and Mg (P < 0.01). The decrease in Fe, Ca, and P concentrations with days was observed in the two groups (P < 0.01). The concentration of Cu and Mg was higher on day 1 in the LGM group and day −1 in the MnSO4 group (P < 0.01). The Mn concentration was significantly lower on day −1 in the LGM and MnSO4 groups than at other time points (P = 0.01).


TABLE 4 Effects of different manganese sources on fecal minerals excretion of weaning calves.

[image: Table 4]



3.5. Correlation analysis of fecal minerals and fecal major bacteria

Spearman's correlation analysis was performed to assess the relationship between fecal minerals and fecal microbiota structure in the presence of manganese sources. At the genus level, the relative abundance of Bacteroides was negatively correlated with the concentration of Cu (r = −0.40, P < 0.01) and Mg (r = −0.32, P < 0.05). The relative abundance of UCG-005 was negatively correlated with the concentrations of Fe (r = −0.38, P < 0.01), Cu (r = −0.40, P < 0.01), Mn (r = −0.44, P < 0.01), and Mg (r = −0.45, P < 0.01). The relative abundance of Olsenella was negatively correlated with the concentration of Mn (r = −0.40, P < 0.01) and Mg (r = −0.35, P < 0.01). The concentration of Fe was positively correlated with the relative abundance of the Bacteroidales_RF16_group (r = 0.28, P < 0.05). The concentration of Cu was positively correlated with the relative abundance of Bacteroidales_RF16_group (r = 0.55, P < 0.001), Rikenellaceae_RC9_gut_group (r = 0.47, P < 0.001), Prevotellaceae_UCG-001 (r = 0.46, P < 0.001), Sharpea (r = 0.26, P < 0.05), Treponema (r = 0.61, P < 0.001), and Akkermansia (r =0.51, P < 0.001). The concentration of Mn was positively correlated with the relative abundance of Bacteroidales_RF16_group (r = 0.55, P < 0.001), Rikenellaceae_RC9_gut_group (r = 0.47, P < 0.001), Clostridia_UCG-014 (r = 0.46, P < 0.001), Sharpea (r = 0.56, P < 0.001), and Treponema (r = 0.55, P < 0.001). The concentration of Mg was positively correlated with the relative abundance of Bacteroidales_RF16_group (r = 0.57, P < 0.001), Rikenellaceae_RC9_gut_group (r = 0.36, P < 0.01), Prevotellaceae_UCG-001 (r = 0.29, P < 0.05), Clostridia_UCG-014 (r = 0.31, P < 0.05), Sharpea (r = 0.40, P < 0.01), and Treponema (r = 0.51, P < 0.001; Figure 4).


[image: Figure 4]
FIGURE 4
 Spearman's correlation between fecal minerals and bacterial population. The area of the circle indicates the magnitude of the correlation, and the different colors indicate a positive correlation (red) or negative correlation (blue). * indicates 0.01 < P ≤ 0.05, ** indicates P ≤ 0.01, and *** indicates P ≤ 0.001.





4. Discussion

This study was based on the laboratory's previous dietary addition of 40 mg Mn/kg to Holstein cows (milk yield: 39.64 ± 5.55 kg, body weight: ~668.0 kg), which promoted both feed intake and milk production of dairy cows. In addition, the manganese absorption rate of calves is higher than that of adult animals. Therefore, 20 mg Mn/kg was selected to be added into calf diets to study the effects of this concentration on the apparent digestibility of nutrients, fecal microorganisms, and excretion of fecal mineral elements of calves.


4.1. Effects of different manganese sources on apparent digestibility of weaning calves

The digestibility of nutrients reflects the utilization of nutrients by animals, which is important for animal growth. Insufficient solid feed intake results in reduced apparent digestibility of nutrients, especially NDF and ADF, thus it is assumed that low solid feed intake may reduce the growth rate of calves post-weaning (Hill et al., 2010). In this study, the DMI of overall and post-weaning was significantly higher in the LGM and MnSO4 groups than in the CON group. Due to the low feed intake in the CON group, the apparent digestibility of DM in this group was lower than that of the LGM group except for day 1, indicating that the addition of LGM improved the nutrient utilization of calves. The diets supplemented with Mn, Zn, and Cu as methionine, glycine, and sulfate salts, respectively, had positive effects on DMI in dry cows (Roshanzamir et al., 2020). In the other study, sulfate sources reduced the total digestibility of NDF in cows compared with hydroxy sources in Cu, Mn, and Zn (Faulkner and Weiss, 2017). The results of this study are consistent with the study by Faulkner and Weiss (2017), and this may indicate stronger digestion and absorption of calves in the organic mineral-supplemented group. In addition, we observed a decrease in digestibility in calves post-weaning. Weaning stress was ruled out as it was not observed throughout the trial period. We speculated that the calves have an increased feed intake after weaning, and only solid feed was available.



4.2. Effects of different manganese sources on the microbiota diversity and relative abundance of feces of weaning calves

The unique OTU number of the CON group in this study was higher than that of the LGM and MnSO4 groups at −1, 1, 3, and 7 days of weaning and decreased on day 14. The specific OTU number of the LGM and MnSO4 groups had been steadily increasing and exceeded the CON group on day 14. The analysis within-group revealed that the specific OTU number of the LGM and MnSO4 groups was proportional to the increase in age, but this was not found in the CON group. The Chao 1 index was numerically increased in the LGM and MnSO4 groups on days 3 and 7, which hinted that the bacterial richness of calves was disordered by weaning, but it could be quickly repaired by supplementation with Mn. The Shannon index was also not affected by time factors, but a lower Shannon index was observed in the LGM and MnSO4 groups. The Shannon index represented bacterial diversity and evenness (Shabat et al., 2016). Combining the digestibility and growth performance of calves, the lower the microbiota diversity in the rumen is accomplished by the higher metabolic efficiency (Tuomisto, 2010). However, calves fed with extra manganese may provide more digestible fermentation products for animals in this study. According to previous reports, the stable equilibrium of microbial community lies in the ability as a whole to restore such changes to the original status when individual bacteria are disturbed or temporally damaged (Lozupone et al., 2012). A characteristic of the establishment of a healthy human gut microbiota is the increase in early diversity and stability of the microbiota (Palmer et al., 2007; Yatsunenko et al., 2012). In this study, the bacterial community of LGM did not coincide with that of CON and over the entire study, which indicated that organic Mn resulted in a more aggregated and stable bacterial community. The addition of LGM to the calf diet may have the function of maintaining the fecal microbiota during the weaning period.

Calves were fed solid feed pre-weaning, and there was no effect of time on the bacterial community at the phylum level, suggesting that the microbial community developed more maturely with the aging of calves (Li et al., 2012). Meale et al. (2016) also found that different weaning strategies (gradual vs. abrupt) did not affect the fecal microbiota of pre-weaning and post-weaning calves if they were fed solid feed before weaning. Research showed that the developing gut (1-day-old−2-month-old) and the more mature gut (2-year-old) contain the same dominant bacteria (Bacteroidota, Firmicutes, and Proteobacteria), but the relative abundance changes depending on the stage of development (Jami et al., 2013). Jami et al. (2013) reported that Bacteroidota was the predominant phylum of bacteria in 2-month-old calves, and the results obtained in this study are consistent with the study by Jami. According to published reports, Prevotellaceae_UCG-001 has the ability to degrade non-cellulosic polysaccharides, pectins, and proteins (Flint et al., 2008; Kabel et al., 2011). The results of this study showed that the relative abundance of UCG-005 and UCG-010 was higher in the CON group. This may be the reason for the higher relative abundance of Firmicutes in the CON group than in the MnSO4 group on days 1, 7, and 14. It was found that Ruminococcaceae genera (UCG-005 and UCG-010) can convert complex polysaccharides into a variety of nutrients for the host (La Reau and Suen, 2018). Sharpea act as an important factor of lactate production and utilization (Kamke et al., 2016). In the present study, we observed an increase in the relative abundance of Sharpea in the MnSO4 group on day 7, although the relative abundance is not influenced by the time factor. Myer et al. (2015) detected that many genera in Firmicutes were associated with high ADG, consistent with the results of the present study.

The relative abundance of Pseudomonas and Ralstonia in the LGM group was higher than the other two groups. Proteobacteria is the dominant phylum in many environmental ecological niches (Lauber et al., 2009; Redford and Fierer, 2009) and play an important role in the colonization of the intestinal anaerobes of newborn calves. In this study, the relative abundance of Proteobacteria in the CON and MnSO4 groups was significantly higher than that of the LGM group on day −1 and then gradually decreased. However, in the LGM group, it was stabilized from days −1 to 14 and significantly higher on day 14 than the other two groups. In addition, the organic mineral-supplemented group had a significantly higher relative abundance of Spirochaetota than the CON and MnSO4 groups on days −1, 1, and 3. The richness of Treponema, a member of Spirochaetota, was significantly higher in the LGM group than that of the CON and MnSO4 groups at −1, 1, and 3 days too. Gharechahi and Salekdeh (2018) performed metagenomic sequencing of rumen microorganisms of grazing camels and showed that Spirochaetota has significant potential to contribute to cellulose and hemicellulose degrading enzymes. Members of Spirochaetota, especially Treponema, are associated with the degradation of pectin in the rumen (Liu et al., 2015). The role played by Verrucomicrobiota in the rumen has been underappreciated due to its uncultured in vitro nature. It was found that Verrucomicrobiota is an organism known to code a variety of carbohydrate-degrading enzymes, peptidases, and sulfatase and is therefore considered well suited for degrading lignocellulose in the rumen (Martinez-Garcia et al., 2012). As observed in this study, the organic mineral group showed a more relative abundance of Verrucomicrobiota on day −1. In addition, the relative abundance of Akkermansia, which belonged to the Verrucomicrobiota phylum, was significantly higher in the LGM group on days −1 and 7. These results indicated that calves in the organic manganese group may have a stronger ability to degrade lignocellulose than those in the CON and MnSO4 groups. In addition, this also echoes the fact that calves in the LGM group had higher apparent digestibility of NDF and ADF.



4.3. Effects of different manganese sources on fecal trace minerals of weaning calves

In nature, trace minerals generally exist in the ionic state or in combination with certain molecular ligands (Weller et al., 2014), and this property is essential for animals, making them highly necessary components in animal diets. They excrete the excess supply through the circulation of animal organisms, and feces is one of the routes of excretion (Windisch, 2002). The concentrations of Fe, Cu, Ca, P, Mn, and Mg in the feces of lactating cows were 879 mg/kg, 75.7 mg/kg, 2.65%, 0.76%, 311 mg/kg, and 0.99%, respectively (Sheppard and Sanipelli, 2012). The results of this experiment were slightly lower than those of the Sheppard study except for Mn, which may be due to the lower intake of calves compared with lactating cows. Moreover, the concentration of trace minerals in feces was three times in the feed, which is consistent with the results of the present study (Sheppard et al., 2010). The absorption of Mn in cows is low (0.75% reported by NRC), and therefore, Mn is excreted in excess through the bile and small intestine (Ho et al., 1984). In the current study, the content of Mn in feces increased with the intake of calves, and as the Mn content in feces increased, the Fe content gradually decreased. Fe is the most important cofactor for oxygen transport and transfer in living organisms. Non-heme iron in the diet mainly exists as Fe3+, which needs to be reduced to Fe2+ by ferroreductase, and then transported across the intestinal epithelium by divalent metal ion transporter 1 (DMT1) (Gómez et al., 2005). DMT1 can also transport other metal ions such as Cu and Mn through a proton coupling mechanism (Gómez et al., 2005). However, sharing a common pathway in intestinal absorption through DMT1 results in the concentration of Mn affecting Fe and Cu absorption and utilization (Arredondo et al., 2003; Garrick et al., 2003). Data from this experiment suggest that the amount of Cu in feces, which is similar to Fe, showed a pattern of increasing with the amount of fecal Mn in the mineral-supplemented groups. Ca is absorbed in the GIT by metabolism-driven intercellular transport and paracellular pathway (Liu et al., 2022). Fe can reduce the bioavailability of Ca (Zhang and Liu, 2022), and in this study, the fecal calcium and iron in the LGM and MnSO4 groups showed a consistent pattern, with the highest concentration on day −1 and the lowest concentration on day 14. Overall, fecal calcium concentrations were not affected by the interaction. The P contents in the feces of 4-month-old heifers were lower (0.54%) than that in the present study (Bjelland et al., 2011), probably due to different basal diets for calves. The net absorption of Mg in the small intestine and large intestine is relatively low (Care and Vantklooster, 1965), which may be the fact that Mg excretion in the feces is higher than the other trace elements.



4.4. Correlation analysis of fecal minerals and fecal major bacteria

Carrothers et al. (2015) analyzed the relationship between the fecal microbiota of lactating women and their diet and found that the intake of manganese was positively correlated with the relative abundance of Firmicutes (r = 0.44), and the relative abundance of Bacteroides was negatively correlated (r = −0.48). Clostridia_UCG-014 and Sharpea belonged to Firmicutes, and their relative abundance was positively correlated with the concentration of Mn in this study. Sharpea is a lactic acid-producing bacterium, and it has been reported that high concentrations of Mn2+ are required for the growth of lactic acid bacteria (Archibald and Fridovich, 1981; Kamke et al., 2016). In addition, this study differs from that of Carrothers et al. (2015). First, UCG-005 in Firmicutes was negatively correlated with the concentration of Mn, which may be because the relative abundance of this genus was higher in the group without an Mn source. Second, the relative abundance of Bacteroidales_RF16_group and Rikenellaceae_RC9_gut_group in the Bacteroides phylum was positively correlated with the concentration of Mn. This may be due to the fact that the experimental animals in this study are different from the study by Carrothers et al. (2015). The experimental animals in this study were 2-month-old calves, and the dominant bacterial genus of calves during this period was Bacteroidetes (Jami et al., 2013).




5. Conclusion

The addition of LGM pre-weaning and post-weaning increased the DMI, ADG, and chest circumference compared with the control group and the inorganic Mn group as the sulfate salt. The digestibility of pre-weaning and post-weaning calves in the LGM group was not greatly affected. In addition, LGM altered the fecal microbiota, and the relative abundance of the fiber-degrading bacteria Treponema and Akkermansia increased and a more stable fecal microbiota of pre-weaning and post-weaning calves in the LGM group. LGM increased the deposition of Mn in the body, which was beneficial to environmental protection in terms of fecal mineral element excretion. Based on the factors of fecal bacterial community and environmental protection, adding 20 mg/kg LGM to the diet containing 158.82 mg/kg Mn is the best.
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Background: Salidroside (Sal), the main component of a famous herb Rhodiola rosea L, enhances memory performance and reduces fatigue. Therefore, this study assessed the effect of Sal on memory impairment induced by a long-term intake of ethanol (EtOH) in rats and investigated its relevant mechanisms using gut microbiota metagenomic analysis and hippocampal transcriptomic analysis.

Methods: Eighteen male SD rats were divided into the normal control group (CON group), EtOH model group (Model group), and Sal treatment group (Sal group). The rats in the Model and Sal groups intragastrically (i.g.) received 2 g/kg EtOH for 30 consecutive days, whereas the CON group was given an equal volume of distilled water. Meanwhile, the rats in the Sal group were administered i.g. 30 mg/kg Sal 60 min after EtOH intake. All rats were tested in the eight-arm maze for their memory function every 3 days. On the 30th day, metagenomic analyses of gut microbiota and transcriptomic analyses of the hippocampus were performed.

Results: Compared with the Model group, Sal treatment reduced the total time to complete the eight-arm maze task, decreased the number of arm entries, and abated the working memory error that was significant from the 9th day. Additionally, Sal intervention improved the gut microbiota composition, such as the increased abundance of Actinobacteria and Bifidobacterium, which was related to the metabolism of amino acids and terpenoid carbohydrate, endocrine function, and signal transduction by neurotransmitters. In the hippocampus, the EtOH intake differentially expressed 68 genes (54 genes increased, whereas 14 genes decreased), compared with the CON group, whereas Sal intervention affected these changes: 15 genes increased whereas 11 genes decreased. And, enrichment analyses revealed these genes were related to the structural components of the ribosome, mRNA splicing process, protein translation, mitochondria function, and immunological reaction. Finally, a correlation analysis found the memory impairment was positively correlated with the abnormal upregulation of Tomm7 but negatively correlated with decreased abundance of gut Alistipes_indistinctus, Lactobacillus_taiwanensis, Lactobacillus_paragasseri, and Lactobacillus johnsonii.

Conclusion: Sal improved memory impairment caused by long-term EtOH intake in rats, which may be related to its regulation of gut dysbiosis and hippocampal dysfunction.

KEYWORDS
 Salidroside, ethanol, memory impairment, gut microbiota, hippocampus, metagenomics


Introduction

In recent times, long-term alcohol use has imposed a tremendous disease burden on human health worldwide. Long-term alcohol use is associated with more than 200 diseases (Dumont et al., 2020; Ke et al., 2022). The long-term alcohol syndrome has a broad spectrum of symptoms, including severe memory dysfunction that seriously affects the quality of life of alcohol abusers. Being a small organic molecule, ethanol (EtOH) readily passes through different biomembranes, including the blood–brain barrier. More than 99% of the about 100 billion resident neurons in the brain are either glutamatergic (excitatory) or GABAergic (inhibitory) neurons, and they are linked together to construct complex networks and structures to implement appropriate functions of the brain, including learning and memory. EtOH is both an allosteric agonist of GABAa receptors and allosteric antagonist of the ionotropic glutamatergic receptors, indicating that most alcohol abusers suffer from certain kinds of memory impairment (Parsons, 1986). However, the mechanisms by which alcohol consumption causes impaired memory function have not been fully elucidated.

Long-term alcohol use leads to neurological dysfunction in different brain regions, such as prefrontal cortex, hippocampus, and amygdala, which are involved in memory processes (Topiwala et al., 2017; Caleb et al., 2022; Collin and Eric, 2022). The hippocampus is the most significant structure among the aforementioned brain regions, because it is the primary structure for encoding information and memory formation. Additionally, it is involved in almost every aspect and process of memory, such as the consolidation of information from short-term memory to long-term memory, formation of spatial and working memory, and memory extinction and reconsolidation. Moreover, a growing number of studies have shown that the hippocampus is susceptible to damage by long-term EtOH use. Memory impairment in alcohol abusers seems to greatly depend on the hippocampus (Contreras et al., 2019).

Long-term alcohol intake leads to disturbed gastrointestinal function, which can cause diverse symptoms in the body, including high cognitive dysfunction (Choi, 2021; Zhao et al., 2021). The gut microbiota and the central nervous system (CNS) have bidirectional connections with respect to the anatomy, physiology, and biochemical interactions. The gut–brain axis is involved in almost every facet of the physiologic processes of the body, such as neural, endocrine, and immune responses (Xia et al., 2021). For instance, the microbiota induce and produce neurotransmitters, hormones, and other physiological factors either by themselves or by stimulating gastrointestinal cells, which together with their neuroactive metabolites enter the circulatory system, regulating CNS functions, including learning and memory (Marcondes Ávila et al., 2020; Pradhananga et al., 2020). In turn, the CNS controls the gut microbiota through various biological signaling molecules, such as hormones, cytokines, and neurotransmitters, affecting the composition and diversity of gut microbiota, which complete the cyclic regulation of the CNS-gut-CNS circle (Cox and Weiner, 2018). Therefore, the effect of long-term consumption of EtOH on gut microbiota and its critical role in regulating learning and memory have been the focus of research (Qamar et al., 2019).

Currently, the main drugs that are widely prescribed in clinical practice for treating cognitive impairment—including memory dysfunction—are pyranacetam (Uniyal et al., 2019), anisacetam, and other brain function improvement agents. These drugs not only improve cognitive dysfunction but also possess therapeutic effects on cerebrovascular disease, brain trauma, vascular dementia, and Alzheimer’s disease. However, their effects on alcoholic memory impairment are limited. They have severe side effects, such as dry mouth, nausea, vomiting, abdominal discomfort, and insomnia, which greatly compromise their clinical use. Therefore, the development of safe herbal or alternative drugs with fewer side effects has become increasingly urgent. Rhodiola rosea L is a perennial herb, which has therapeutic effects on mental disorders, such as anxiety and depression (van Diermen et al., 2009). Salidroside (Sal) is the main component of Rhodiola rosea L, and like its parent herb, it can enhance mental strength and reduce fatigue (Shevtsov et al., 2003). For example, Sal increases the CNS levels of some neurotransmitters, such as norepinephrine (NE), dopamine (DA), serotonin (5-HT), and acetylcholine (Ach), to stimulate CNS activity, especially enhance learning and memory (Panossian et al., 2008; Li et al., 2017). However, no study on the effect of Sal on memory impairment induced by long-term alcohol use has yet been reported.

Taken together, the above evidence points to a possible therapeutic role of Sal on memory impairment caused by a long-term EtOH consumption. Therefore, in the present study, we established a long-term EtOH intake rat model and evaluated Sal effects on memory impairment using the eight-arm maze (EAM) test. After the confirmation of Sal therapeutic effects, the relevant mechanisms were explored by metagenomic analyses of gut microbiota and the hippocampus. Additionally, a triple correlation analysis was performed between behavior and gut microbiota changes and hippocampal gene expression changes. This work not only provides a basic research evidence for the development of Sal as a promising candidate and potential strategy to treat memory deficit in alcoholic conditions, but also address the correlation between the gut microbiota and the hippocampus functionally interact to mediate memory impairment caused by a long-term ethanol consumption.



Materials and methods


Establishment of alcohol-induced memory impairment model in rats and intervention with Sal

Eighteen SD rats (male, 180–220 g) were purchased from the Animal Laboratory Center of Qiqihar Medical University. All rats were individually housed with controlled diet and free access to water on a 12-h dark/light cycle at a constant humidity of 55 ± 5% and temperature of 22 ± 2°C. All experimental protocols were approved by the Animal Ethics Committee of Qiqihar Medical University (QMU-AECC-2023-87). The alcoholism modeling method was slightly modified based on the experiment of Jiao Yu et al. (2021). All experimental protocols were approved by the Animal Ethics Committee of Qiqihar Medical University. The alcoholism modeling method was slightly modified based on the experiment of Sase et al. (2016). Rats (six rats in each group) were randomly divided into the control group (CON group), chronic alcoholism model group (Model group), and Sal group. Briefly, in the subsequent 30 days, the Model and Sal groups were continuously administered with EtOH (2 g/kg/day, dissolved in distilled water) by the intragastric (i.g.) route. The Sal group was administered with Sal (30 mg/kg/day, i.g., dissolved in distilled water) 60 min after alcohol intake, whereas the CON and Model groups were given the same volume of distilled water. Memory was assessed by the EAM behavior experiment on days 3, 6, 9, 12, 15, 18, 21, 24, 27, and 30 of the experiment. Sal (purity ≥98%) was purchased from Shaanxi Wanyuan Biotechnology Co (Xi an, Shan Xi, China).



Cognitive status measurement

Cognitive Status Measurement was slightly modified based on the experiment of Sase et al. (2016). The EAM test consisted of eight radiation arms and a central platform. Eight arms radiate from an octagonal platform in the middle, each 50 cm long. The angle between the arms was 45°. A 30-cm-high baffle was placed at the beginning of each arm, and eight baffles blocked the central platform. A thermal imager was placed 180 cm above the platform and was responsible for recording data, such as the movement trajectory of the rat and number of entries into each radiation arm throughout the experiment. The entire maze was made of black organic plastic. Throughout the experiment, the maze was placed in the center of the lab at a fixed position, and the position of other objects in the lab remained unchanged.

Rats were trained once a day for 7 days prior to testing, while maintaining 80% of their normal feeding throughout the experiment. At the beginning of training, rats were placed on the central platform of the maze for 15 s, followed by removal of the eight radiating arm baffles. Rats freely chose to enter the end of the radiated arm for foraging for 10 min or completed foraging for all arms prematurely, indicating the end of training. Following each training session, the maze was wiped with acetic acid to eliminate the influence of odors on subsequent testing. Food was placed only at the end of arms 1, 2, 5, and 7 (working arm), and no food was placed in arms 3, 4, 6, and 8 (reference arm) throughout the test. The order of placement of the entire food arm remained unchanged in this experiment. Repeated entries into the working arm were recorded as working memory errors (WMEs).

Test indicators were as follows:

(1) Total time for rats to complete all working arms of the eight-arm maze: time to pass arms 1, 2, 5, and 7. If not completed within 10 min, time was recorded as 10 min. (2) Total number of working memory errors: the total number of errors within 10 min; error was defined as repeated entry into the same working arm. (3) Total number of arm entries: total number of arm entries of rats in a test.

Changes were detected and analyzed on experimental days 3, 6, 9, 12, 15, 18, 21, 24, 27, and 30. The specific experimental flow is shown in Figure 1.
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FIGURE 1
 Experimental time flow diagram. EAM test, eight-arm maze detection.




Hippocampal and intestinal content collection

At the end of the behavioral testing on day 30, the rats were decapitated immediately to collect blood samples. Rat skull was dissected, and the hippocampus was rapidly collected. Additionally, 2 g of intestinal contents were collected from all rats and rapidly frozen in liquid nitrogen and transferred to a −80°C freezer. All operations were performed on a sterile ice bath.



Metagenomic detection of intestinal contents

The metagenomic sequencing of intestinal contents was performed according to this order: sample DNA extraction, library sequencing, data quality control, species annotation and analysis, gene set construction and analysis, functional annotation analysis, and other processes. In this project, metagenomic analysis was performed using the Wekemo Bioincloud (Shenzhen, China).1 Specific steps were as follows:

① Sample extraction testing and sequencing of intestinal flora

Genomic DNA was extracted from intestinal content samples using the CTAB method. Libraries were constructed using the NEB Next ® Ultra ™ DNA Library Prep Kit for Illumina (NEB, Ipswich, United States). Qualified DNA samples were randomly interrupted into fragments of approximately 350 bp in length using a Covaris ultrasonic disruptor (Covaris S2 System, Massachusetts, United States), and the entire library preparation was completed by end repair, deployment A tail, sequencing adaptor, purification, and PCR amplification of the DNA fragments. Finally, the AMPure XP system purified the PCR products, detected insert size of the library using Agilent2100 (Agilent Technologies Co., Ltd., United States), and quantified library concentration using real-time PCR (Bio-Rad, United States). Indexed coding samples were clustered on the cBot Cluster Generation System using the Illumina PE Cluster Kit (Illumina, United States). Following cluster generation, DNA libraries were sequenced on the Illumina Novaseq 6000 (Illumina, San Diego, CA, United States) platform, and 150 bp double-ended reads were generated.

② Data analysis

Data quality control and de-host sequence: Metagenomic sequencing was performed using the Illumina NovaSeq high-throughput sequencing platform to obtain metagenomic raw data for bacteria, fungi, and archaea in intestinal content samples. Raw sequencing data were pre-processed using the Knead data software.

③ Species and functional annotations

Kraken2 and self-built microbial nucleic acid databases (screened NCBI NT nucleic acid database and RefSeq whole genome database for sequences belonging to bacteria, fungi, ancient fine bacteria, and viruses) were aligned to calculate the number of sequences containing species in each group of samples, and then Bracken was used to predict the actual relative abundance of species in the samples. Sequences after quality control and de-hosting were aligned (DIAMOND based) to the Protein Data Bank (UniRef90) using the HUMAnN2 software. PCoA analysis was based on specie abundance tables and functional abundance tables. Lefse analysis and mining were performed to detect differences in species composition and functional composition between samples (Villar et al., 2015).

④ Resistance gene annotation

The DIAMOND software (Buchfink et al., 2015) was used to align quality control and de-hosted sequences of each sample to the CARD database, and the sequences that failed the alignment were filtered out [parameters: -e 0.001 (e-value <1e-3) -i80 (identity percent >80%)]. The relative abundance of antibiotic resistance genes in each group of samples was obtained from the alignment (Detailed results are shown in the Supplementary Figure S1).



Hippocampal transcriptome sequencing analysis

Using the Illumina sequencing platform, all RNAs of the samples were sequenced, and the high-quality data were compared with the reference genome for further analysis of expression quantification, differential genes, and functional annotation. In this study, transcriptome biochemistry analysis was performed using the Wekemo Bioincloud (see text footnote 1) (Shenzhen, China).

① Sample collection and preparation

RNA was extracted using standard extraction methods, and RNA samples were tested for RNA integrity using the Agilent 2100 bioanalyzer (Agilent Technologies Co. Ltd., United States) for quality control. The mRNA with polyA tails was enriched by Oligo(dT) magnetic beads using the NEBNext® UltraTM RNA Library Prep Kit (Illumina), and the resulting mRNA was subsequently randomly interrupted with divalent cations in the NEB Fragmentation Buffer. The fragmented mRNA was used as a template and random oligonucleotides as primers to synthesize the first strand of cDNA in the M-MuLV reverse transcriptase system, followed by degradation of the RNA strand with RNaseH and synthesis of the second strand of cDNA with dNTPs under the DNA polymerase I system. The purified double-stranded cDNA was end-repaired, A-tailed, and connected to the sequencing junction. The cDNA of 250–300 bp was screened by AMPure XP beads and amplified by PCR, and the PCR products were purified by AMPure XP beads again to obtain the library. After library construction, initial quantification was performed using a Qubit 2.0 Fluorometer (Thermo Scientific, United States), and the insert size of the library was subsequently checked using an Agilent 2100 bioanalyzer. After the libraries passed the test, Illumina sequencing was performed to generate 150 bp paired-end reads.

② Data quality control and differential expression analysis

To ensure the quality and reliability of data analysis, filtration of raw data is necessary. It mainly includes removal of reads with adapter, removal of reads containing N (N indicates that base information cannot be determined), and removal of low-quality reads (reads with Qphred ≤20 bases accounting for more than 50% of the entire read length). Additionally, clean data were subjected to Q20, Q30, and GC content calculation. All subsequent analyses were based on clean data for high quality analysis. Indexing of the reference genome was constructed using HISAT2v2.0.5, and paired-end clean reads were aligned to the reference genome using HISAT2 v2.0.5. StringTie (1.3.3b) for novel gene prediction. Differential expression analysis between the two compared combinations was performed using the DESeq2 software (1.16.1).

③ Enrichment and pathway analysis

GO enrichment analysis of differentially expressed genes (Gene Ontology, GO) was performed using the clusterProfiler (3.4.4) software. Statistical enrichment of differentially expressed genes in KEGG pathways was analyzed using the clusterProfiler (3.4.4) software.



Data processing and statistical analysis

All experiments were repeated three times. Data are presented as the mean ± standard error of the mean (SEM). One- or two-way ANOVA followed by Tukey’s post-hoc test was used for multiple comparisons. Data were analyzed using GraphPad Prism 8.0 software (GraphPad Software, Inc.). Correlation analyses were performed using R software (V4.2.2).




Results


Improving the effect of Sal on memory dysfunction in chronic EtOH intake rats

In successive experiments over 30 days, no apparent difference in body weight was observed among the groups (Figure 2A). Cognitive function was measured using the EAM test, and the total time to complete the EAM was generally higher in the Model group than in the other two groups. Rats in the Sal group were more effective during the EAM task (p < 0.001, Figure 2B). Compared with the CON group, the Model group had WMEs that began to rise on day 9 (p < 0.01), whereas the Sal group had a decreased number of WMEs (p < 0.01, Figure 2C). Additionally, the total number of arm entries in the Model group was significantly more than that of the CON group (p < 0.001), whereas Sal intervention reduced the number of arm entries (p < 0.001, Figure 2D). Taking these results together, we concluded that chronic administration of alcohol caused working memory impairment, whereas administration of Sal improved memory function against alcoholic consumption.
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FIGURE 2
 Sal improves the memory function during alcoholism in rats. (A) There was no significant difference in body weight among CON, Model, and Sal groups. (B–D) The total maze time, the number of working memory errors, and the total number of arm entries were significantly increased in the Model group compared with the other two groups. Two-way ANOVA and Tukey analyses were used for multiple group comparison. Data are shown as mean ± SEM, n = 6 in each group. **p < 0.01, ***p < 0.001, ****p < 0.0001 (CON vs. Model); #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 (Model vs. Sal).




Sal treatment affects intestinal diversity of microbes by metagenomic analysis of gut contents


Sequence control and de-host sequences

Double-end sequencing was performed using the Illumina sequencing platform. Raw data were obtained by sequencing. The pre-processed protocol was as follows: ① the linker sequence was removed (parameter ILLUMINACLIP: adapters_path: 2:30:10); ② the scanned sequence (4-bp sliding window size). The removal condition of subsequent sequence was set as average mass score < 20 (99% accuracy, parameter SLIDINGWINDOW: 4:20); and ③ the sequence with a final length of <50 bp was removed (parameter MINLEN: 50) (see Supplementary Table S1 for detailed results).




Analysis of sample composition

The diversity among samples was analyzed by principal component analysis (PCoA). If the samples were similar in species composition, the closer they were in the PCoA plot. The results showed (Figure 3A) that Axis 0.1 indicated 24.57% differentiation and Axis 0.2 indicated 20.88% differentiation (F = 3.557, p = 0.001). Compared to the relatively scattered distribution in the Model group, the distributions in the CON and Sal groups were more concentrated, indicating that Sal intervention had an effect on the composition of the intestinal flora of rats in the model of alcohol-induced memory damage and brought the composition of the intestinal flora close to that of the control group. All valid sequences of the samples were annotated and classified by Kraken2 (Wood and Salzberg, 2014) (parameter –confidence 0.2), and the proportion of the number of sequences in the samples at the Kingdom level to the total number of sequences were performed. The species detected were Archaea (1.56%, 1,276,538), Bacteria (95.21%, 77,692,265), Fungi (0.13%, 105,304), Heunggongvirae (2.86%, 2,333,896), and Viruses (0.23%, 187,864).

[image: Figure 3]

FIGURE 3
 Composition of the gut microbiota in the CON, Model and Sal groups. (A) Bray-Curtis-based PCoA plots that can relatively effectively separate the Model group from the remaining two groups, indicating that the gut flora composition of the Model group is significantly different from the remaining two groups. Distribution characteristics of the gut microbiota in the CON, Model and Sal groups (n = 6 for each group). Histograms of relative abundance of the top 20 species at the (B) phylum level, (C) family level, (D) genus level, and (E) species level among the three groups with Wilcoxon rank-sum test. (F) Petal plots of the three groups.


Bacteria accounted for the largest number of sequences. At the phylum level, the Sal group was richer in the Actinobacteria phylum than the other two groups, and the Model group had a higher relative abundance of the thick-walled phylum and a lower relative abundance of the Actinobacteria phylum. At the family level, the Lactobacillus family was more abundant in the CON group than the other two groups. At the genus level, the genus Bifidobacterium was significantly more abundant in the Sal group than in the Model group. At the species level, Romboutsia ilealis was more abundant in the Model group than the CON and Sal groups. A total of 757 OTUs were detected in the three groups; 226, 445, and 193 OTUs were specific to the control, Model, and Sal groups, respectively (Figures 3B–F). The taxonomic levels of archaebacteria and fungi are shown in Supplementary Figure S2.



Differential microbial screening

The characteristic microorganisms of each group were determined using the LEfSe analysis (linear discriminant analysis effect size method), and the relationships between different microbial groups, from phylum to species level (LDA = 4), are shown in the branching diagram (Figures 4A,B). The results showed that the 30 OTUs at the phylum (3 OTUs), order (4 OTUs), order (4 OTUs), family (5 OTUs), genus (6 OTUs), and species levels (8 OTUs) differed significantly among the three groups. The relative abundance of Proteobacteria, Enterobacteriaceae, Enterobacterales, Escherichia, Escherichia_coli, and Gammaproteobacteria was higher in the Model group. In the control group, Verrucomicrobiales, Akkermansia_muciniphila, Verrucomicrobia, Akkermansiaceae, Verrucomicrobiae, Akkermansia, Lactobacillus Lactobacillus_johnsonii, Limosilactobacillus, and Limosilactobacillus_reuteri were more abundant. In the Sal group, Actinobacteria, Bifidobacterium Bifidobacteriaceae, Bifidobacteriales, Actinomycetia, Bifidobacterium_pseudolongum, Muribaculaceae, Bifidobacterium_animalis Faecalibaculum, Faecalibaculum_rodentium, Erysipelotrichia, Erysipelotrichales, Erysipelotrichaceae, and Lactobacillus_acidophilus had higher relative abundance.
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FIGURE 4
 Linear discriminant analysis (LEfSe) among the CON, Model, and Sal groups, LDA = 4.




Functional analysis prediction

Based on the search of the KEGG (Kyoto Encyclopedia of Genes and Genomes) database for comparative annotations, a KEGG secondary pathway map was obtained (Figure 5A). No significant difference in the secondary pathway was observed among the three groups of samples. The LDA bar graph was obtained by LEfSe analysis of the basic metabolic pathways of KEGG (set LDA = 2), and the results are shown in Figure 5B. In the CON group, the metabolic pathways involved were the metabolism of other amino acids and metabolism of terpenoids and polyketides. Additionally, Excretorysystem and Cancer_overview were relatively high. The Model group mainly involved seven highly expressed metabolic pathways, including Folding_sorting and degradation, Cellular community_prokaryotes, Signal transduction Endocrine and metabolic disease, Cellular community_eukaryotes, Infectious disease_viral, and Neuro degenerative disease. In the Sal group, three highly expressed metabolic pathways were involved: Endocrine system, Environmental adaptation, and Infectious disease_parasitic.
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FIGURE 5
 KEGG pathway analysis among the CON, Model, and Sal groups. (A) Secondary metabolic pathway map. (B) Results of LEfSe analysis (LDA = 2).




Sal treatment affects hippocampal transcriptomics in alcohol consumption rats and data quality control and variance expression analysis

Quality control processing was performed on the raw data of each sample using the fastp software (Chen et al., 2018) to obtain clean data. A total of 273,318,968, 274,582,288, and 284,832,284 clean reads were generated from the control, Model, and Sal groups, respectively. Where the Q20 values were all higher than 97%, the Q30 values were all higher than 92%, the error rate was 0.03, and the GC content distribution was about 48% (Supplementary Table S2 for detailed results). The clean data reads after QC were compared to the reference genome using HISAT2 (Kim et al., 2015), and the comparison was evaluated using Qualimap RNA-seq (Konstantin et al., 2016). A total of 210,235,503, 211,159,294, and 220,176,485 reads were generated from the control, Model, and Sal groups mapped to the rat genome, respectively. Differentially expressed genes were screened by screening out detection rates (proportion of count not 0) <0.25, |log 2 (Fold Change)| > 1 & padj<0.05. The results revealed 68 differentially expressed genes in the Model group, compared with the CON group. Among them, 54 genes had elevated relative expression and 14 genes had decreased relative expression.

The top five relatively highly expressed genes were Cnmd (log2Fold Change = 4.00, padj = 2.33E-03), S100a9 (log2Fold Change = 3.03, padj = 2.55E-08), Tomm7 (log2Fold Change = 1.63, padj = 4.40E-11), Klhl40 (log2Fold Change = 1.57, padj = 1.08E-03), and Lilrb3a (log2Fold Change = 1.45, padj = 4.77E-02). The first five relatively low-expressing genes were AY172581.16 (log2 Fold Change = −2.37, padj = 2.35E-06), AY172581.17 (log2Fold Change = −2.04, padj = 3.51E-05), Npsr1 (log2Fold Change = −1.98, padj = 2.74E-02), AY172581.5 (log2Fold Change = −1.43, padj = 2.88E-02), and Rxfp1 (log2Fold Change = −1.21, padj = 1.22E-03). Twenty-six differentially expressed genes were identified in the Sal group, compared to the Model group. Among these genes, 15 genes were elevated and 11 genes were decreased. The top five relatively highly expressed genes were Olr1694 (log2Fold Change = 2.84, padj = 4.67E-03), Ca3 (log2Fold Change = 2.17, padj = 1.26E-02), Synpo2 (log2Fold Change = 1.54, padj = 1.47E-03), AY172581.17 (log2Fold Change = 1.53, padj = 7.37E-03), and Spp1 (log2Fold Change = 1.49, padj = 3.29E-02). The top five relatively lowly expressed genes were Ch25h (log2Fold Change = −1.56, padj = 2.80E-02), Tubb2b (log2Fold Change = −1.29, padj = 2.63E-07), Tomm7 (log2Fold Change = − 1.13, padj = 9.61E-04), Naa38 (log2Fold Change = −1.09, padj = 3.15E-04), and Mei1 (log2Fold Change = −1.08, padj = 9.21E-03). The results are shown in Figures 6A–D.

[image: Figure 6]

FIGURE 6
 Analysis of differentially expressed genes among the CON, Model, and Sal groups. (A) Venn diagram of groups. (B) Histogram of differentially expressed genes among groups. (C) Volcano diagram of differentially expressed genes between the Model and CON groups. (D) Volcano diagram of differentially expressed genes between the Sal and Model groups. Red and green dots indicate up- and down-regulation, and gray dots indicate no differential gene expression.




GO pathway analysis

Based on the GO database, the gene set enrichment analysis (GSEA) of the function of genes among the three groups revealed 314 GO terms with significant differences between the Model and CON groups. They included biological processes (197 subclasses), cell components (57 subclasses), and molecular functions (60 subclasses). Among them, the top five terms included mitochondrial inner membrane, translation, structural constituent of ribosome, immune response and cellular response to tumor necrosis factor (Figure 7A). The core genes related to each term are shown in Figure 7B. A total of 652 significant GO terms were found between the Sal and Model groups; they included biological processes (416 subclasses), cell components (122 subclasses), and molecular functions (114 subclasses). Among them, the top five terms were mitochondrial inner member, translation, immediate response, structural constitution of ribosomes, and mRNA splicing, via spliceosome (Figure 7C). The core genes related to each term are shown in Figure 7D.
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FIGURE 7
 Dot plots of the main GO term enrichment analysis and core_enrichment gene plots (n = 6 per group). Comparison of the 20 most important terms between (A) the Model and CON groups and (C) the Sal and Model groups. (B) Plots of core genes enriched to key terms between the Model and CON groups and (D) Sal and Model groups, with each dot representing a core gene.




Combined multi-omics correlation analysis

Correlation analyses among data of behavioral, microbial genome, and hippocampal transcriptome were performed using the R package(R 4.2.2) (Figure 8). Compared with CON group, the Model group had a total time to complete the EAM, total number of arm entries, and WMEs on the 30th day to be positively correlated with the upregulation of Tomm7 and Klhl40 mRNA in rat hippocampus. The upregulation of Tomm7 and Klhl40 mRNA was positively correlated with the abundance of Eubacteriumlimosum and negatively correlated with the abundance of Alistipesindistinctus, Lactobacustaiwanensis, Lactobacusparagi, and Lactobacusjohnsonii in the intestine of the Model group. Compared with the Model group, the Sal group had a significantly decreased mRNA expression of Tomm7 in the hippocampus upon administration of Sal. This decreased expression was positively correlated with the abundance of Alistipesindistinctus, Lactobacustaiwanensis, Lactobacusparagi, and Lactobacusparagillusjohnsonii in the intestine of the Sal group.
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FIGURE 8
 Spearman’s correlation analysis was performed for behavioral, enterobacterial genome and hippocampal transcriptome difference data. (A) Circle plot of behavioral, genomic and transcriptome difference data (blue represents differential microorganisms, yellow represents differential genes, gray represents behavioral; red line represents positive correlation, green line represents negative correlation). (B) Relative expression level of differential gene Tomm7 in hippocampus [****p < 0.0001 (CON vs. Model); ###p < 0.001 (Model vs. Sal)]. (C) Relative expression of the differential gene Klhl40 in the hippocampus [**p < 0.01 (CON vs. Model)]. (D–F) Total time of eight-arm maze test, total number of arm entries, and WME [**p < 0.01, ***p < 0.001, ****p < 0.0001 (CON vs. Model); ##p < 0.01, ###p < 0.001, ####p < 0.0001 (Model vs. Sal)]. (G–K) Relative abundance of differential microorganisms Eubacteriumlimosum, Alistipesindistinctus, Lactobacillustaiwanensis, Lactobacillusasseri, and Lactobacillusjohnsonii [*p < 0.05, **p < 0.01 (CON vs. Model); ###p < 0.001 (Model vs. Sal); &p < 0.05, &&p < 0.01 (CON vs. Sal)].





Discussion

In this study, we observed the ameliorative effect of Sal on memory impairment caused by long-term administration of EtOH in rats, which was manifested as the reduction in total time to complete the EAM task, decreased number of arm entries, and abated working memory errors in the EAM tests. Additionally, the metagenomic analysis revealed that the composition and diversity of intestinal flora were significantly altered in rats with memory improvement after Sal intervention, which are mainly associated with metabolism of amino acids, terpenoids, and polyketides. For instance, EtOH caused a decrease in the relative abundance of Actinobacteria, Bifidobacteriaceae, Akkermansiaceae, and Lactobacillus and an increase in the relative abundance of Romboutsia ilealis in the intestinal tract of rats. The relative abundance of microorganisms in their intestinal contents improved with Sal intervention, especially the relative abundance of Bifidobacterium, Ligilactobacillus, Adlercreutzia, and Lactobacillus was increased. These findings confirmed the effect of Sal on intestinal microbes.

To verify whether Sal acts on the gut-brain axis, a transcriptomic analysis of hippocampal tissue was then performed. The overall results showed that 26 genes were differentially expressed after Sal intervention, compared with the Model group. Furthermore, enrichment analyses revealed that these differential genes were mainly involved in the mitochondrial inner membrane, translation, immune response, structural constituent of ribosome, and mRNA splicing. Finally, the multiple correlation analyses uncovered the correlation among the behaviors, gut microbiota, and changed expression of hippocampal genes. Altogether, these findings provide evidence that Sal can attenuate alcoholic memory impairment, which may be associated with an improvement in gut-brain axis function.

Memory is the physiological process of the CNS by which information or data about intra- or extra-environments are encoded, stored, and retrieved when needed. Memory is usually evaluated using the EAM test. In this study, either spatial memory or working memory performance was greatly improved by Sal treatment in rats administered with long-term EtOH. Additionally, according to the most popular theory in recent times, memory improvement by Sal treatment is likely linked to alteration in gut-brain function.

Gut microbiota are an integral part of the human body and affect human health and disease (Cockburn and Koropatkin, 2016). Studies have shown that alcohol consumption can lead to changes in the composition of gut microbes and affect immune factors, immune system tolerance (Wang et al., 2022; Ye et al., 2022), and immune system function, which can lead to learning and memory impairment (Bishnoi et al., 2022). Sal plays a beneficial immunomodulatory role by regulating immune cell differentiation, inflammatory signaling pathway activation, and inflammatory factor secretion to reduce inflammatory damage in various diseases (Drayton et al., 2006; Wang et al., 2013). For example, Saldiogenin, a major component of Rhodiola rosea L, can reduce excessive inflammatory responses caused by asthma or cerebral ischemia by regulating the balance of helper T cells (Th1/Th2) [8] or macrophage polarization (Liu et al., 2018; Wang et al., 2018). These studies reflect the modulatory effects of Saldiogenin on various immune cells.

At this stage, the use of rats to model diseases of alcohol has been increasingly refined, and the various diseases caused by alcohol have been increasingly clearly studied (García-García et al., 2021; Crofton et al., 2022; Maccioni et al., 2022). However, changes in alcohol-induced intestinal flora and studies on brain-related brain regions are relatively rare. In the present study, the intestinal contents of rats were collected by continuous administration of Sal intervention. The flora of rat intestinal contents could be analyzed more accurately. By macrogenome sequencing analysis, we found significant differences in the abundance and diversity of the flora among the Model, Sal, and CON groups. This finding is consistent with the findings of Wang et al. (2023). The PCoA results showed that the composition of the flora was similar between the Sal and Model groups, but the relative abundance was differed. At the phylum level, the Model group had a higher relative abundance of the thick-walled phylum and a lower relative abundance of the Actinobacteria phylum, whereas the relative abundance of Bifidobacterium was lower. Sal intervention significantly increased the relative abundance of Bifidobacterium.

Bifidobacterium can pre-prevent alcoholic liver disease by modulating the intestinal microbiota in mice with chronic alcohol intake (Aldridge et al., 2022). To find the differential microorganisms between the Sal and Model groups using linear discriminant analysis, this study found that the significantly different families in the Model and Sal groups were E. coli and Bifidobacterium families, respectively. Numerous studies have found that E. coli can cause diarrhea and other symptoms in various organisms, including humans and mice (Shahbazi et al., 2021; Yu et al., 2023). Similarly, in this study, diarrheal symptoms were observed in the Model group. Additionally, Bifidobacterium, as one of the important probiotics, can regulate the balance of intestinal flora, inhibit tumor growth, and regulate immune function in the intestines (Li et al., 2022; Ren et al., 2022). In this study, we found that Sal significantly increased the relative abundance of Bifidobacteria and decreased the relative abundance of E. coli in rat intestine, thus acting as a regulator of the intestinal flora. This finding is consistent with the results of a previous study (Miyazaki et al., 2010). Therefore, Sal may play an important role in regulating intestinal flora imbalance. This finding is consistent with previous findings on the effects of other herbal medicines on intestinal flora (Mei et al., 2022; Xu et al., 2022; Chen et al., 2023). Functional enrichment analysis of the macrogenome showed that Sal affects the endocrine system and environmental adaptations by regulating intestinal flora.

A growing number of studies have shown that alterations in gut microbiota are closely associated with the development of neurological diseases (Hang et al., 2022), and alcohol consumption can lead to pathophysiological changes in several brain regions (Hansen et al., 2020; Varodayan et al., 2022). To further investigate whether Sal regulates the gut–brain axis through gut microbiota, we performed transcriptional sequencing analysis of hippocampal tissues. Transcriptional sequencing revealed 26 differentially expressed genes in the Sal group compared to the model group. They included 15 genes with elevated expression (Olr1694, Ca3, Synpo2, etc.) and 11 genes with decreased expression (Ch25h, Tubb2b, Tomm7, etc.). One study found that by rapidly increasing carbonic anhydrase (CA) concentrations in the cortex and hippocampus (two brain regions involved in memory processing), the extracellular signal-regulated kinase (ERK) pathway in the cortex and hippocampus—a key step in memory formation—could be rapidly increased (Canto de Souza et al., 2017).

Growing evidence indicate that brain carbonic anhydrase (CA) is a key regulator of cognition, especially in recognition and aversive memory. A study has found that injecting inhibitors of carbonic anhydrase in the hippocampal CA1 region or mPFC impairs short-term social recognition memory (Schmidt et al., 2022). The aforementioned study is consistent with the present study, in which the Ca3 gene expression in the hippocampus was increased by Sal intervention, which in turn had the effect of improving memory. Abnormalities in β-microtubulin (Tubb2b) have been suggested to be probably associated with the pathophysiology of schizophrenia and have a unique role in neuronal differentiation and cell viability. In patients with schizophrenia, Tubb2b protein expression is reduced in the anterior cingulate cortex and increased in the dorsolateral prefrontal cortex; however, it remains unchanged in the superior temporal gyrus or hippocampus. In contrast, alcohol consumption can lead to cytoskeletal changes (Moehle et al., 2012). In the present study, we found that Sal intervention reduced hippocampal Tubb2b gene expression, which provides an idea to study memory impairment from a genetic perspective.

A GSEA of gene function based on the GO database for the Sal and Model groups revealed 652 significant GO terms between the two groups. The top five terms included mitochondrial inner membrane, translation, immune response, structural constituents of ribosome, and mRNA splicing, via spliceosome. The immune system is an important system that performs immune response and immune function, and alcohol abuse can lead to impairment of the immune system, which can be inherited by offspring through the maternal generation, resulting in severe immune deficiency (Bake et al., 2021). In the present study, we found that Sal is likely to improve alcohol-induced memory impairment by regulating hippocampal immune response, which provides a scientific basis for investigating the association between immune response and alcohol exquisite memory impairment.

Notably, we observed that the upregulation of Tomm7 and Klhl40 mRNA in rat hippocampus exhibited a positive regulatory role on behavioristics. Tomm7 is a gene that encodes a subunit of mitochondrial outer membrane translocase and is involved in the transport and stability of mitochondrial proteins, and klhl40 is a gene that encodes a protein containing Kelch repeat domains and is involved in muscle development and function. Although none direct evidence, there still several hints that changes in the expression of tomm7 and klhl40 genes in the hippocampus of the alcohol-dependent rat model are associated with gut microbiota. One study found that acute ethanol treatment can induce neurodegeneration in cultured hippocampal neurons, leading to mitochondrial dysfunction, calcium processing defects, and synaptic damage in hippocampal neurons. This means that mitochondrial-related genes (such as tomm7) also play a role in this process (Pérez et al., 2020). Another study found that during the withdrawal period after alcohol exposure, the expression of miRNAs (microRNAs) and mRNAs (messenger RNAs) in the rat hippocampus area changed significantly, including some genes related to muscle development. This may mean that muscle-related genes (such as klhl40) also play a role in this process (Engen et al., 2015). Of course, these are only speculations and are not enough to prove a direct or indirect association between tomm7, klhl40 genes and gut microbiota. More experimental data and analysis are needed to determine. Therefore, we further verified the variation of tomm7 and klhl40 in hippocampus by real-time PCR to ensure the viability of these hints.

Further, the administration of Sal leading to a downregulation of tomm7, as well as the positive correlation with the abundance of Alistipesindistinctus, Lactobacustaiwanensis, Lactobacusparagi, and Lactobacusparagillusjohnsonii in the intestine of the Sal group. Some studies suggest that Alistipes indistinctus can interact with other gut microbiota to influence gut barrier, immune system, and metabolism (Wang et al., 2021). None clear research on the physiological functions of Lactobacustaiwanensis. However, Lactobacillus crispatus is a common probiotic that mainly inhabits the vagina and intestine. It can produce hydrogen peroxide and has antibacterial, anti-inflammatory, and immune-regulatory effects (Lopez-Vicchi et al., 2020). Lactobacusparagi and Lactobacusparagillusjohnsonii are the type of lactic acid bacteria, belonging to the Lactobacillus genus. Their physiological functions have not been clearly studied. However, lactic acid bacteria generally have functions such as fermentation, lowering pH, inhibiting harmful bacteria, producing vitamins, and promoting digestion (Zhu et al., 2019). In our study, we first initiated the physiological functions of Lactobacustaiwanensis, Lactobacusparagillusjohnsonii and Lactobacusparagi, the type of Lactobacillus during tomm7-related Sal treatment in alcoholic memory impairment. There is a certain association between gut Lactobacillus and alcohol-induced memory impairment. Some studies suggest that supplementing with Lactobacillus can improve the composition and function of gut microbiota, thereby alleviating alcohol-induced damage to hippocampal neurons and cognitive function (Bloemendaal et al., 2021; Sun et al., 2022). Although none direct evidence reporting the association between tomm7 and Lactobacillus. However, some studies identified that Lactobacillus could regulate the functions of the immune and nervous systems by producing outer membrane vesicles and soluble factors. These factors may affect the transport and stability of mitochondrial proteins, indirectly affecting the function of tomm7 (Sun et al., 2015; Di Cerbo et al., 2016; Mata Forsberg et al., 2019). Our research suggests that Sal can affect the expression of tomm7 in the hippocampus, and therefore tomm7 can be used as a therapeutic target to improve alcohol-induced memory impairment, with Sal being a potential drug under this pathological condition. Additionally, the Alistipesindistinctus, and three Lactobacillus of Lactobacustaiwanensis, Lactobacusparagi, and Lactobacusparagillusjohnsonii Lactobacillus represented can be used as dominant probiotics to affect hippocampal function and may serve as potential target microbiota for disease regulation and functional improvement, providing a compelling evidence for the translation of future drugs and the application of microbiota.



Conclusion

Sustained intervention with Sal improves alcoholic memory dysfunction. Furthermore, this study revealed that Sal can alter the diversity and composition of gut microbiota and affect the expression of a large number of genes in the hippocampus of rats with alcohol-induced memory impairment. To our knowledge, this study is the first to report the effects of Sal intervention on gut microbiota and hippocampal transcriptome in rats with alcohol memory impairment. This study provides an important scientific basis for the role of the gut–brain axis in inducing alcohol memory impairment and elucidates the therapeutic role of Sal in the treatment of alcoholic memory impairment.
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Inflammatory Bowel Disease (IBD) is characterized by prolonged inflammation of the gastrointestinal tract, which is thought to occur due to dysregulation of the immune system allowing the host’s cells to attack the GI tract and cause chronic inflammation. IBD can be caused by numerous factors such as genetics, gut microbiota, and environmental influences. In recent years, emphasis on commensal bacteria as a critical player in IBD has been at the forefront of new research. Each individual harbors a unique bacterial community that is influenced by diet, environment, and sanitary conditions. Importantly, it has been shown that there is a complex relationship among the microbiome, activation of the immune system, and autoimmune disorders. Studies have shown that not only does the microbiome possess pathogenic roles in the progression of IBD, but it can also play a protective role in mediating tissue damage. Therefore, to improve current IBD treatments, understanding not only the role of harmful bacteria but also the beneficial bacteria could lead to attractive new drug targets. Due to the considerable diversity of the microbiome, it has been challenging to characterize how particular microorganisms interact with the host and other microbiota. Fortunately, with the emergence of next-generation sequencing and the increased prevalence of germ-free animal models there has been significant advancement in microbiome studies. By utilizing human IBD studies and IBD mouse models focused on intraepithelial lymphocytes and innate lymphoid cells, this review will explore the multifaceted roles the microbiota plays in influencing the immune system in IBD.
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Introduction

Inflammatory bowel disease (IBD) is characterized as a chronic immune-mediated inflammatory disease affecting the gastrointestinal tract. IBD can be divided into two subgroups: Crohn’s Disease (CD), and Ulcerative Colitis (UC) (Crohn’s and Colitis Foundation, 2014). CD can occur anywhere along the gastrointestinal tract and involve patches of healthy tissue mixed between inflamed areas, on the other hand, UC is limited to the colon and has continuous inflammation of large areas of the colon (Fakhoury et al., 2014). The National Institute of Allergy and Infectious Diseases (NIAID) is focusing on IBD as one of the specific autoimmune diseases for intense study.1 The prevalence of IBD is increasing worldwide, recent reports have recorded that an estimated 2 million people in North America, 3.2 million people in Europe, and millions more in east and southern Asia, have been diagnosed with IBD as of 2020 (Ananthakrishnan et al., 2020; Olfatifar et al., 2021; Zhao et al., 2021). With rates of IBD rising all over the world, development of new strategies to combat IBD are critically needed. Although the underlying causes of IBD are ill-defined, IBD is thought to develop due to microbial, environmental, genetic, and immune-mediated factors (Khan et al., 2019; Glassner et al., 2020; Mentella et al., 2020). Recently, the importance of the microbiome in the development of IBD has been at the forefront of study (Khan et al., 2019; Somineni and Kugathasan, 2019).

Our microbiomes contain more than 100 trillion different microorganisms, including bacteria, viruses, fungi, and protozoa. The gastrointestinal (GI) tract is one niche that harbors significant populations of these microorganisms (Figure 1). The predominant bacterial populations in a healthy microbiome are Firmicutes, Actinobacteria, Bacteroidetes, and Verrucomicrobia (Pickard et al., 2017; Kho and Lal, 2018). Importantly, the distribution of bacterial species throughout the GI tract varies (Table 1). The colon harbors the greatest number and diversity of bacteria with the highest proportion of colon colonizing bacteria being Bacteroides, Bifidobacterium, and Clostridiales (Vuik et al., 2019). These bacteria can survive in this location because they might be adept at using enzymes to break down and digest complex polysaccharides which are indigestible by the host (Flint et al., 2012). The stomach on the other hand contains comparatively few microorganisms due to its high-stress conditions, with its main populations being Streptococcus, Prevotella, Rothia, and Veillonella (Nardone and Compare, 2015). Moreover, the small intestine also contains lower bacterial populations compared to colon, most likely due to its proximity to the stomach, and is rich in mono- and di-saccharides which promote Proteobacteria and Firmicutes (Vuik et al., 2019; Leite et al., 2020). This description of the “healthy” microbiome is not complete however, as it is noted that during dysbiosis there is the possibility that these normally commensal bacteria can emerge as pathobionts due to the altered environment of the gut. Therefore, a comprehensive analysis of potential pathobionts and opportunistic microbes is required before we can define a truly “healthy” microbiome (Chervy et al., 2020; Mancini et al., 2021). The gut microbiome can play a critical role in gut homeostasis, metabolism, immune activation, and defending against intestinal pathogens. Thus, the study of how the gut microbiome influences the immune system to either combat or promote IBD will provide valuable insights for new drug targets or therapeutics.
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FIGURE 1
 Location and functions of T cells, IELs, and ILCs in the Gut. Intestinal epithelial barrier with gut mucosa and Lamina Propria on either side. Commensal microbiota in the gut lumen will stimulate innate immune cells, DCs and Macrophages, as well as IELs. Depending on nature of stimulation and by which commensal will influence IEL cytokine production, along with IL-23 and IL-1b from DCs/Macs to trigger ILC1/ILC3 conversion. CD4+ CCR6+ ILC3s located in the crypt patch will produce IL-22 to stimulate repair and regeneration mechanisms.




TABLE 1 Distinct microbiota associations.
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The microbiome and inflammatory bowel disease

The gut microbiome contains high concentrations of commensals, such that immunomodulatory bacteria will constantly be providing stimuli to the host’s immune cells, especially dendritic cells and macrophages which extend their dendrites to capture such bacteria. During non-perturbed circumstances, this stimulation will lead to immunologic tolerance which prevents unwanted intestinal inflammation. It is believed that genetic susceptibility, environmental factors, and certain microbes can cause this controlled tolerance to become dysregulated and lead to the development of colitis. Although the mechanisms underlying how and why this occurs are not completely understood, many studies have indicated that the mere presence of bacteria significantly influences these processes. Studies have shown that genetically susceptible rodents that have been housed under germ-free (GF) conditions, show little to no intestinal inflammation. Whereas mice breed under specific pathogen free (SPF) conditions show symptoms of colitis (Sartor, 1997; Sellon et al., 1998; Keubler et al., 2015). Accordingly, mice that have been genetically targeted to delete the gene responsible for IL-10, a potent anti-inflammatory cytokine, will develop inflammation in the cecum and colon spontaneously, and had increased highly activated CD4+ T cells when housed in SPF conditions (Sellon et al., 1998; Keubler et al., 2015). Interestingly, IL-10 KO GF mice on the other hand had a lack of colitis and immune activation (Sellon et al., 1998). This induction of colitis in genetically susceptible mice has long been attributed to the human enterohepatic Helicobacter Helicobacter hepaticus (H. hepaticus) (Danne et al., 2017; Zhu et al., 2021). However, there is conflicting evidence to suggest that H. hepatoicus itself is not sufficient to induce colitis unless it is co-colonized with Lactobacillis reuteri (Dieleman et al., 2000; Whary et al., 2011). Additionally, fecal transplants from IBD human donors are sufficient to induce IBD symptoms in GF mice and that fecal transplantation from healthy donors does not induce these symptoms (Erben et al., 2014; Weingarden and Vaughn, 2017; Jang et al., 2021). This is thought to occur by the IBD donor microbiota preferentially stimulating Th17 and Th2 T cells over Tregs, while healthy microbiota induce more Tregs (Longman et al., 2013; Britton et al., 2019). Fittingly, it has been observed that when naïve CD4+ T cells were transferred from healthy mice into immunocompromised mice, colitis was induced (Powrie et al., 1994; Kullberg et al., 2006; Ostanin et al., 2009). The degree to which these mice were susceptible to colitis was directly associated with the composition of the mouse’s unique gut microbiome (Reinoso Webb et al., 2018), and this naive T cell transfer colitis model is widely used to study the effects of the microbiome on IBD pathogenesis (Ostanin et al., 2009).

Interestingly, it has been found that there are distinct actions that the hosts immune system with partake in response to colonization of the gut microbiota. For example, in 2014, it was observed that specific intestinal microbiota are preferentially coated with high levels of immunoglobulin A (IgA) and that the specific microbes that have this high IgA coating are found to dramatically increase susceptibility to colitis (Gaboriau-Routhiau et al., 2009; Palm et al., 2014). Utilizing this differential coating of IgA could be a powerful tool in distinguishing between potentially pathogenic bacteria and healthy commensals (Pabst and Slack, 2020). In humans, it has been demonstrated that IBD severity is closely associated with disruptions in the normal microbiota, known as dysbiosis (Schaubeck et al., 2016). Not only is the diversity of bacteria in healthy intestinal tissue much greater than that of inflamed intestinal tissue, but there is a marked change in the predominant bacteria colonized. It has been observed that patients with IBD are observed to have a reduction in Firmicutes and an increase in Proteobacteria, and a few members of Bacteroidetes (Sepehri et al., 2007; Alam et al., 2020; Lee and Chang, 2021). This change in composition and diversity is thought to lead to an impairment of several key immunomodulatory functions and reduction in intestinal barrier integrity thus allowing inflammation to occur and stimulate unnecessary immune responses (Lee and Chang, 2021). Importantly, in addition to diversity and composition of the microbiome being reduced an/or altered it has also been observed that the metagenomic, metatransciptomic, and metabolomic profiles of the microbiomes in IBD patients are altered (Lloyd-Price et al., 2019). For example, the measured metabolites produced by the microbiota in IBD patients are significantly less diverse than those without IBD. Additionally, they observe that Short Chain Fatty Acids (SCFAs) produced by the microbiota are reduced in patients with dysbiosis; specifically, the SCFA butyrate is consistently noted as being less abundant in dysbiosis. Lloyd-Price et al., 2019, hypothesize that this loss of butyrate is due to the depletion of important metabolite producers like F. prausnitzii and R. hominis (Lloyd-Price et al., 2019). Along these lines, this same group also observed that the primary bile acid cholate and its conjugates are consistently measured higher in dysbiosis from patients with CD, and conversely that the secondary bile acids deoxycholate and lithocholate are reduced in this condition (Duboc et al., 2013; Lloyd-Price et al., 2019). They conclude that the microbiota change in IBD-associated dysbiosis causes alterations in intestinal bile acid production which may lead to the inhibition of anti-inflammatory effects seen in some of the secreted bile acids resulting in chronic inflammation that is a hallmark of IBD (Duboc et al., 2013). Lastly, it was noted that IBD specific signals are significantly detectable at the RNA level in dysbiosis, this includes pathways known to be upregulated in IBD and known bacterial species that are observed to have different expression profiles in IBD patients (Schirmer et al., 2018). Adding to this complexity, recent studies showed that dysbiosis of oral microbiome in patients with periodontitis can also directly influence the development of gut inflammation by promoting harmful pathobiont colonization and supplying pathogenic T cells to the gut (Atarashi et al., 2017; Kitamoto et al., 2020; Kitamoto and Kamada, 2022). Microbiomes from other niches can influence microbiome-mediated gut tissue inflammation. However, treatment of IBD with antibiotics has shown conflicting outcomes; with some studies showing mild benefits and others with little to no effect (Nitzan et al., 2016; Abraham and Quigley, 2020). This may be explained by the variable locations of disease occurrence and the different mechanisms of action for the varying antibiotics tested. For example, if the treated antibiotics depleted more beneficial bacteria than pathogenic bacteria, the output of the treatment for IBD will be detrimental. So far, our knowledge cannot predict such outcomes because of the diversity of bacteria and their unknow immunomodulatory functions. Finally, the genetic indicators that are known to be associated with IBD are generally related to how the immune system interacts with the gut microbiota (Imhann et al., 2017; Aschard et al., 2019; Cohen et al., 2019). Thus, characterizing how commensal bacteria interact with the host’s tissues and immune system will be critical for combatting IBD. Taken together microbiome-dependent T cell activation and dysregulation can cause gut inflammation, while innate lymphoid cells (ILCs) and intra-epithelial lymphocytes (IELs), which are also abundant in the intestine and function similarly as T cells, likewise contribute to IBD. In this review, we will examine the contribution of T cells, ILCs and IELs in IBD pathogenesis.



Microbiota influence on intra-epithelial lymphocytes

The microbiome has a significant impact on maturation and education of the immune system. To keep immune responses in check, commensal microbes induce immune tolerance to prevent unwanted immune activation and inflammation while still allowing for robust immune responses toward pathogens. This is a delicate process and any perturbations, such as dysbiosis or genetic susceptibility, may lead to improper immune responses and potentially IBD. One critical player are the intraepithelial lymphocytes (IELs). IELs are interspaced between epithelial cells in the intestinal barrier located underneath the mucosal layer. IELs are considered the first line of defense in the gastrointestinal tract as they are the first immune cell to encounter microbes colonizing the mucosa (Figure 1). Once IELs arrive at the intestinal barrier and position themselves between the epithelial cells, they do not return to circulation (Masopust et al., 2010; Van Kaer and Olivares-Villagómez, 2018). The distribution of IELs is not consistent along the entire gastrointestinal tract and differs between mice and humans (Camerini et al., 1993; Beagley et al., 1995; Tamura et al., 2003). The microbiome is seen as a potent modulator of IEL phenotypic composition and clonal expansion (Helgeland et al., 2004). It was observed that in GF rats there was a significant reduction in CD4+ IELs compared to conventionalized rats that showed notable populations of both CD4+ IELs as well as CD4/CD8α + double positive IELs (Helgeland et al., 2004; Harada et al., 2022). Interestingly, the GF rats displayed similar numbers of CD8+ IELs compared to conventionalized rats, indicating that while CD4 single and double positive IELs are highly influenced by the microbiota, CD8+ IELs seem to be relatively independent of microbiota (Bousso et al., 2000; Helgeland et al., 2004). Although it has been difficult to identify the different bacterial species in the microbiome that influence IEL composition, it has been noted that segmented filamentous bacteria (SFB) has the ability to significantly modulate IELs (Umesaki et al., 1999; Helgeland et al., 2004).

The majority of IELs express a CD8αα homodimer with around 90% of these expressing T cell receptors (TCRs) (Van Kaer and Olivares-Villagómez, 2018). These IELs can be divided into two groups, natural or induced IELs. Induced IELs form from naïve T cells that encounter antigens in the gut-associated lymphoid tissue (GALT) and then migrate to the intestine. Induced IELs can be further classified into CD4 or CD8αβ expressing. Induced IELs are typically thought to possess an effector-memory phenotype that aids in the defense against pathogens. Contrary to traditional thought there is some evidence to suggest that induced TCRαβ+ CD4+ IELs do not lose their CD8 chains such that they express both CD4 and CD8αα (Morrissey et al., 1995; Yap and Mariño, 2018). Studies have revealed that some commensals can modulate the generation and function of TCRαβ+ CD4+ CD8αα+ IELs (Zhou C. et al., 2019). They show that TCRαβ+ CD4+ IELs are absent in GF mice and that the addition of the commensal Lactobacillus reuteri can induce expansion of TCRαβ+ CD4+ IELs by downregulating ThPOK, a key transcriptional regulator of T cells (Cervantes-Barragan et al., 2017). Importantly, this specialized IEL subset has been associated with IBD and has been found to, upon stimulation by microbiota, induce alteration of Foxp3+ Treg into TCRαβ+ CD4+ CD8αα+ IELs during intestinal inflammation (Das et al., 2003; Cervantes-Barragan et al., 2017; Zhou C. et al., 2019). Moreover, a very recent report from the Kasper lab showed that dietary Fatty Acids (FAs) can be bio-transformed into Conjugated Linoleic Acids (CLAs) predominantly by the microbiota in the small intestine. They demonstrate that the CLAs then act as important modulators to maintain a healthy CD4+ CD8αα+ IEL pool, highlighting gut commensal’s role in preserving mucosal defenses (Song et al., 2023). The other subclass of induced IELs is TCRαβ+ CD8αβ+ IELs. These cells are derived from activated CD8+ T cells from the periphery and account for up to 15% of total IELs in mice and 80% in humans (Sujino et al., 2016). While physiological roles of these cells in intestine during homeostasis and pathogenesis are not fully understood yet, several studies have uncovered links between TCRαβ+ CD8αβ+ IELs and the microbiome. One study demonstrated a significant increase in TCRαβ+ CD8αβ+ IELs when GF mice were microbially colonized in SPF conditions (Jarry et al., 1990). Others have shown that reducing specific bacterial species with antibiotics can increase the number of TCRαβ+ CD8αβ+ IELs (Imaoka et al., 1996). Natural IELs on the other hand, will home directly to the intestinal epithelium after thymic development. Natural IELs include TCRγδ+, which are known to have high mobility throughout the intestinal epithelium (Chen B. et al., 2018). Interestingly, there is conflicting evidence for the role of TCRγδ+ IELs in colitis models. Some suggest that these cells act protectively against inflammatory damage to the epithelium; while others indicate that TCRγδ+ IELs act in a pathogenic fashion (Simpson et al., 1997; Canesso et al., 2017; Mariño et al., 2017; Nielsen et al., 2017). Some studies suggest that TCRγδ+ IELs help protect the intestinal epithelium from inflammatory damage by secreting TGF-β and KGF (Yang et al., 2004; Hu et al., 2018; Michaudel and Sokol, 2020). Although various papers indicated the relationships between microbiota and IELs up-regulation and activation, the repertoire of TCR on the IELs had been not investigated. Recently Bousbaine et al., reported that β-hexosaminidase, a conserved enzyme across commensals of the Bacteroidetes phylum, as a driver of CD4+ IEL differentiation. In addition, the paper nicely showed that the β-hexosaminidase-specific CD4+ IELs can play a protective role in a mouse model of colitis (Bousbaine et al., 2022). Utilizing and enhancing the protective mechanisms of our immune cells is a promising path for IBD therapeutics.



Microbiota influence on innate lymphoid cells

Innate lymphoid cells (ILCs) are a class of immune cells that form from a common lymphoid progenitor (CLP) (Liu et al., 2011; Artis and Spits, 2015). ILCs are also associated with IBD pathogenesis by interacting directly and indirectly with the microbiota, regulating intestinal barrier integrity, and secreting cytokines. Dysfunction of ILCs will perturb gut homeostasis and can lead to gut inflammation and IBD. There are several subclasses of ILCs based on their phenotype: ILC1, ILC2, ILC3, NK/ LTi cells are usually included in descriptions of ILCs as they share many similarities in development and function (Liu et al., 2011; Panda and Colonna, 2019; Figure 2). ILCs are known to be primarily located at the mucosal surfaces. With the most well-known reservoir being the intestinal epithelial barrier, which allows extensive communication with the gut microbiota (Liu et al., 2011; Panda and Colonna, 2019). Although ILCs have been shown to modulate both innate and adaptive immunity through secretion of cytokines, they are considered a part of the innate immune system (Liu et al., 2011; Abt et al, 2015; Mortha and Burrows, 2018; Vivier et al., 2018). ILCs are seen as the innate immune systems counterpart to T cells because they produce similar effector cytokines but require no education by antigen presenting cells via TCR is required (Vivier et al., 2018; Panda and Colonna, 2019). ILCs are tissue-resident cells that are found in high numbers within the mucosa and have been associated with maintaining homeostasis, intestinal repair, and regeneration (Liu et al., 2011; Vivier et al., 2018). Importantly ILCs will constantly produce their effector cytokines at steady-state conditions and are not rapidly replenished by the circulation (Giuffrida et al., 2018; Luo et al., 2021). ILC1 cells are known to produce the key cytokines IFN-γ and TNF-α, as well as provide resistance to intracellular pathogens; with their adaptive counterparty being Th1 cells which is also regulated by the same master transcription factor T-bet (Fuchs, 2016; Vivier et al., 2018). ILC2 cells, whose T cell counterpart is Th2 and master transcription factor being GATA3, secrete several interleukins: IL-4, IL-5, IL-9, and IL-13. ILC2s are involved in fighting parasitic infections and in type two mediated inflammation (Vivier et al., 2018). Next, the ILC3s are regulated by the transcription factor RORγt and produce the effector cytokines IL-17, IL-22, and GM-CSF similarly to Th17 cells (Qiu et al., 2012; Vivier et al., 2018). They are involved in extracellular pathogen defense, epithelial repair, and homeostasis, along with stimulating AMP synthesis. LTi cells are important to the development of the secondary lymphoid organs, for example Peyer’s Patches on the small intestine (Sonnenberg et al., 2011; Van De Pavert, 2021). Although NK cells are also regulated by the transcription factor T-bet and produce IFNγ they are not directly differentiated into NK cells, instead arising from a separate, but related, NK progenitor that is reportedly governed by the expression of TOX, NFIL3, ID2, and ETS1 (Zhang and Huang, 2017; Vivier et al., 2018). Importantly, although the other ILCs are closely related to CD4 T cells NK cells on the other hand resemble CD8 cytotoxic T cells (Zhang and Huang, 2017).
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FIGURE 2
 ILC vs T cell Differentiation. ILC and T cell differentiation. The Innate lymphoid progenitor (ILP) and the double positive T cell progenitor (DP TLP) arise from a common lymphoid progenitor (CLP). The ILP can then, depending on other signals, differentiate into ILC1/ILC2/ILC3/LTi cells which are part of the innate immunity. Similarly, the DP TLP can differentiate into a Th1/Th2/Th17/Treg identity and is part of the adaptive immunity.


In an IBD context, the balance between ILCs, particularly ILC1 and ILC3 is currently a major area of study, as this balance has been linked to intestinal inflammation (Chen L. et al., 2018; Castleman et al., 2020; Saez et al., 2021). However, ILC2s have recently been implicated in gut microbiome dependent inflammatory responses in the lung, indicating that ILC2s may also play a role in the development of inflammatory diseases but this is still unclear (Pu et al., 2021). ILC3s have been reported to perform several functions related to maintaining homeostasis in the gut. They can sense and communicate with the microbiota to influence intestinal epithelial cells to produce anti-microbial peptides, promote epithelial tissue repair and regeneration, and modulate the adaptive immune system (Buela et al., 2015; Diefenbach et al., 2020; Romera-Hernández et al., 2020; Zhou and Sonnenberg, 2020; Sepahi et al., 2021). The hallmark of ILC3 is the production of IL-17 and IL-22 and, in certain conditions, GM-CSF. One way the microbiome communicates with ILCs is through Short Chain Fatty Acids (SCFAs). For example, dietary fiber can be metabolized by the gut microbiome to produce SCFAs that in turn act as regulators for immune cells including ILC3s (Gasaly et al., 2021; Sepahi et al., 2021). Accordingly, the metabolites produced by commensals from dietary fibers regulate G-protein coupled receptors to promote optimal expansion of ILCs in the gut (Chun et al., 2019; Sonnenberg and Hepworth, 2019). It has been shown that metabolites produced by commensals will stimulate the AKT-STAT3 and ERK-STAT3 pathways to increase IL-22 production and ILC3 generation (Sarrabayrouse et al., 2014).

IL-22 is known to promote epithelial barrier integrity and encourage epithelial regeneration (Chun et al., 2019; Poholek et al., 2019). Its clinical relevance in IBD has been extensively documented. In short, IL-22 can induce mucosal repair and regeneration which is critical for treatment of IBD, and IL-23R, which is known to stimulate production of IL-22, is associated with the development of IBD (Geremia et al., 2011). Additionally, IL-22 is also demonstrated to stimulate the production of anti-microbial peptides (AMPs); specifically, the REGIII family (Chun et al., 2019; Willinger, 2019). ILC3s also communicate with the commensals by utilizing the ILC’s TLRs. TLR stimulation by commensal PAMPS can induce secretion of IL-22, IL-13, and IL-5 (Takatsu, 2011; Reece et al., 2014; Xuan et al., 2021). In conjunction with directly regulating ILCs, commensals can also indirectly influence ILCs by modulating myeloid and epithelial cells in the intestine. In mice, commensal microbes will stimulate intestinal resident myeloid cells to secrete IL-1β and IL-23. These two key cytokines in turn will stimulate ILC3s to produce the GM-CSF; GM-CSF can induce Treg generation and expansion via dendritic cells, enhancing tolerance (Pickert et al., 2009; Mortha et al., 2014; Mizoguchi et al., 2018; Miljković et al., 2021). Concurrently, IL-1β will also influence ILC3s to secrete IL-2 which also drives Treg generation and tolerance (Mizoguchi et al., 2018; Zhou L. et al., 2019). This occurs as Tregs will inhibit ILC3-associated colitis by preventing the secretion of IL-23 and IL-1β from tissue-resident macrophages that block the production of IL-22 (Saez et al., 2021).

Additionally, ILC3s are associated with the IBD susceptibility gene TNFSF15 as well as the adaptive immune response. The TNFSF15 gene encodes the protein TL1A which is the ligand for Death Receptor 3 (DR3) (Jostins et al., 2012; Castellanos et al., 2018). This ligand TL1A will act in concert with IL-23 and IL-1β to enhance IL-22 secretion and promote ILC3 expansion ex vivo (Longman et al., 2014; Ahn et al., 2015). Moreover, in mice colonized with Segmented Filamentous Bacteria (SFB) or IBD-associated microbiota such as Adherent-Invasive E. coli (AIEC), there is an increase in ILC3-produced IL-22 (Sano et al., 2015; Castellanos et al., 2018). It was revealed that this occurs by inducing TL1A expression on mononuclear phagocytes such that the increased expression of TL1A will lead to IL-22 secretion from ILC3s in a DR3 dependent manner. To confirm this association, ILC3 specific DR3 deletion in mice showed decreased IL-22 secretion from ILC3s and a higher susceptibility to chemical-induced colitis (Castellanos et al., 2018). Not only has it been observed that the microbiota can influence ILCs, but they also impact T cells in response to certain bacterial stimuli. For example, E. coli has been shown to induce Th17 mucosal immunity exacerbating colitis or arthritis severity (Viladomiu et al., 2017). In addition to commensals influencing ILCs, it has been demonstrated that cytokines produced by ILCs can regulate commensal bacteria; this is seen by T-bet+ type 1 ILCs (ILC1) that produce IFNγ and TNFα that can increase the permeability of the colonic epithelial cell line and thus influence the movement of commensals across the intestinal epithelium (Clark et al., 2005). This crosstalk between ILCs and commensals via myeloid cells is critical in maintaining homeostasis in colitis models. Expression of IFNγ in ILC1 was dependent on proper T-bet expression and that mice deficient in T-bet developed ILC-associated colitis due to an increase in IL-17 production (Powell et al., 2012). Furthermore, ILCs are directly associated with IBD. It has been noted that in IBD tissue samples there is a reduced number of NKp44+ ILC3s compared to healthy control. This loss of ILC3s in IBD is accompanied by an increase of ILC1s and ILC2s in inflamed samples (Geremia and Arancibia-Cárcamo, 2017; Forkel et al., 2019). They also display a notable increase in secreted IFNγ, which is associated with inflammation. Additionally, in inflamed intestinal tissue, there is an inverse relationship between the numbers of NKp44+ ILC3s and the accumulation of IL-17A and IFNγ+ T cells in human (Forkel et al., 2019). Metabolites secreted by the microbiota can influence immune responses via ILCs, the modulation of ILCs by commensals can produce helpful cytokines, and the imbalance between ILC subtypes may alter the pathogenesis of IBD (Mazmanian et al., 2005; Bernink et al., 2015).

Recently, another important role of ILC3s, its ability to perform MHC dependent functions, has been reported by various laboratories but originally from the Sonnenberg lab (Hepworth et al., 2015; Akagbosu et al., 2022; Eshleman et al., 2023). They clearly showed that ILC3s express major histocompatibility complex class II (MHCII) and such MHCII+ ILC3 play important roles to control dysregulated CD4 T cells during colitis. Recently, two groups showed that mice with specific deletions of MHCII on RORγt-expressing/expressed cells failed to develop microbiota-specific Tregs (considered as inducible Tregs or peripheral Tregs), thus, mice develop severe colitis (Hepworth et al., 2015; Lyu et al., 2022). Therefore, they concluded that MHCII-expressing RORγt+ ILC3 generate microbiota-specific regulatory T cells to establish tolerance in the gut. Although Akagbosu et al., 2022, saw similar gut inflammation phenotype using a related model (Cre-ERT2 mediated inducible deletion), they claimed that non-ILC3 RORγt+ antigen presenting cells as “Thetis” cells which carry combined features of mTECs and Dendritic cells. They also concluded that ILC3s were dispensable for the regulation of early-life peripheral tolerance using RORα-specific MHCII conditional deletion mice (Akagbosu et al., 2022). Two mini reviews and spotlight papers explain more detailed points (Olyha and Stephanie, 2022; Stephen-Victor and Chatila, 2022), while most ILC3s express MHCII, understanding the role of MHCII-expressing ILC3 will uncover novel features of ILC3s in terms of IBD in both mice and humans.


What are the differences among IELs, ILCs, and T cells?

Although these three cell types share similar features, they each have their own unique markers and characteristics that we are only now starting to uncover. Firstly. IELs are closely locating in-between intestinal epithelial cells to act as a first line of defense against pathogens. IELs, unlike T cells in the lamina propria, do not need to be primed, upon encountering a pathogen. IELs will immediately begin to secrete cytokines (Zhou C. et al., 2019; Ma et al., 2021). Although until recently IELs had been underappreciated as key players in intestinal homeostasis and IBD pathogenesis, recent studies have highlighted their contributions in those contexts (Hu and Edelblum, 2017). For example, during dysbiosis, IELs have increased cytolytic potential which leads to damage to the intestinal epithelium which can exacerbate inflammatory responses (Setty et al., 2015). Similarly, it was observed that the cytokine IL-23 along with endoplasmic reticulum stress can lead to enhanced IEL lytic activity (Liu et al., 2011). Lastly, gut dysbiosis can also lead to a loss of critical regulatory IELs, which in turn then allows unwanted immune activation and inflammation (Hu and Edelblum, 2017). ILCs on the other hand, are normally located directly underneath the intestinal epithelium, a perfect position to receive signals from the epithelium, but some specialized subsets of ILCs, namely the CCR6+ ILC3 has been shown to home to the crypt patches to aid in crypt integrity and regeneration (Ohradanova-Repic et al., 2020). ILCs as the innate counterpart of T cells share many of the same features but importantly ILCs lack the rearranged antigen receptors that are the hallmark of conventional T cells. Since it is known that ILCs can act directly on the intestinal epithelial barrier, and can influence innate and adaptative immune responses, a comprehensive understanding on how microbiota influence ILCs is critical for future therapeutics (Ganal-Vonarburg and Duerr, 2020). It has been demonstrated that ILC3s play a critical role in IL-22 production, which leads to stimulation of repair and regenerative effects in the gut, and resistance against Citrobacter Rodentium infection (Guo et al., 2015). However robust study on ILC deficient mice and how specific microbiota affect them has been lacking. Finally, T cells are lymphocytes that originate as hematopoietic cells in the bone marrow and travel to the thymus to mature. For the intestines, once T cells leave the gut draining mesenteric lymph nodes (mLNs) following the antigen presentation by antigen presenting cells, they generally will reside in the underlying Lamina Propria where they partake in many different functions (Zhou C. et al., 2019; Ma et al., 2021). Many studies have focused on the role that CD4+ T helper cells (Th) play in the development of autoimmune diseases. Specifically, it was discovered that Th17 cells are strongly associated with IBD pathogenesis (Yasuda et al., 2019). During healthy intestinal conditions Th17 cells work to ensure the integrity of the intestinal epithelial barrier and communicate with other cells to produce important antimicrobial peptides (Blaschitz and Raffatellu, 2010). However, during disturbed conditions Th17 can secrete potent proinflammatory cytokines which will further enhance inflammation and IBD progression (Blaschitz and Raffatellu, 2010; Yasuda et al., 2019). Another important T cell subset is the regulatory T cell (Treg) which normally secretes immunosuppressive cytokines like IL-10 which is a key cytokine in maintaining homeostasis in the gut (Atarashi et al., 2011). It is noted that IBD patients have a distinct reduction in Tregs which might explain the increase in unwanted inflammatory responses normally seen in IBD (Mayne and Williams, 2013; Clough et al., 2020). Additionally, there is evidence that altering the precarious balance between Tregs, and T helper subsets can contribute to the pathogenesis of IBD (Mayne and Williams, 2013). A very recent paper in 2022 details how specific microbiota can influence the generation of Tregs and Th17, cells highlighting the immense influence that the microbiome has over T cell differentiation and thus what immune responses will occur (Kedmi et al., 2022). Revealing how these different cells are stimulated and the specific roles they play in IBD will enable deep analysis of the interactions between the microbiota, the intestinal epithelium, and immune cells to allow us to more precisely modulate the microbiome to enhance health of the host.




Controlling gut inflammation with microbiota

To attenuate the inflammation in the gut during tissue damage and/or IBD, we must not only inhibit microbiome-dependent T cell dysregulation but also promote commensal-derived protective function of ILC3 and IELs. To this end, identification and characterization of specific commensal bacteria is critical to enable us to manipulate these functions. Current efforts are interested in identifying protective commensals, whether this be through their interactions with the immune cells, production of beneficial SCFAs, or inducing intestinal cell regeneration. Along these lines, it was recently revealed that there are several strains of Clostridium and a strain of Faecalibacterium that can suppress the pro inflammatory activity of NF-kB (Bajer et al., 2017; Giri et al., 2022). Moreover, Butyrivibrio can induce Treg derived IL-10 to maintain gut homeostasis via butyrate secretion. There are many other ways that the microbiome can modulate gut inflammation, including the stimulation of several different SCFAs such as butyrate, acetate, and propionate (Silva et al., 2020). Moreover, the gut microbiota’s ability to stimulate IL-10, TGF-B, IL-4, IL-27, and IL-35 is also associated with anti-inflammatory effects (Al Bander et al., 2020; Silva et al., 2020). Taking advantage of these beneficial commensals could be used as a treatment for IBD or other inflammatory gut diseases. Conversely identification of pathogenic commensals could be used to predict if someone may develop gut inflammation or could be used to selectively eliminated with antibiotic treatment.

Importantly, IL-23 plays a key role in the pathogenesis of autoimmune and chronic inflammatory diseases, due to IL-23R susceptibility alleles being associated with IBD. Blockade of IL-23R in human IBD animal models can often decrease gut inflammation (Buonocore et al., 2010; Parigi et al., 2022), while protective IL-22 production from ILC3s requires the stimulation of IL-23R on ILC3 (Geremia et al., 2011). On the other hand, it was reported that ILC drive innate intestinal pathology via IL-23 (Eken et al., 2014). This complexity might be due to the diverse causes of IBD development. However, to control and treat IBD, we must overcome this gap in knowledge to leverage the protective commensal-driven immune responses to improve patient outcomes. There are still many questions to fully understand the relationships among gut bacteria, gut inflammation, and immune cells in the gut (Sefik et al., 2015), but current emphasis is focusing on: (1) Will TCR specificities against gut commensals on the CD4 T cell be important factors to developing gut inflammation under disease conditions such as IL-10 KO and transfer colitis model? (2) Can commensal-inducing protective responses overcome autoimmune inflammatory signals to maintain homeostasis in the gut?



Discussion

The microbiome in IBD patients is distinctly different than that in a healthy individual. There is overwhelming evidence that suggests that the microbiome plays a critical role in maintaining homeostatic balance to prevent dysbiosis. Studies have revealed that commensal bacteria in coordination with the innate and adaptive immune systems, IELs, and ILCs all play critical roles in these processes. Current strategies, such as the use the Fecal Microbiota Transplantation (FMT) suggests that utilizing commensals to influence the microbiome interactions with the host’s immune system to promote homeostasis and prevent dysbiosis and inflammation is a promising area of research (Lopez and Grinspan, 2016). This may include colonizing known helpful or protective bacteria to IBD patients to try and resolve dysbiosis or even supplementing known beneficial commensal-produced metabolites to a certain part of the intestine to promote intestinal barrier integrity in IBD patients. Although much of the specifics concerning which bacterial populations are helpful or harmful in these processes are still unknown. Elucidating the extensive communication between commensal bacteria with IELs and ILCs will be key in uncovering the precise mechanisms that govern intestinal homeostasis and development of IBD. Taken together the microbiome is a uniquely evolving target for diagnosis and treatment of IBD and that future studies will need to focus deeply on how particular microbes interact with the host’s tissue to promote intestinal epithelium barrier integrity, prevent inflammation, and maintain intestinal homeostasis.



Future studies: distinguishing distinct features of IELs, ILCs, and T cells

Despite the similarity among these three cell types, many different functions have been reported. Since transcriptomic analysis became more reasonable to perform, researchers are re-considering not only these similarities but also their distinct and unique features in their expressing receptors and transcription factors. Moreover, their unique location has been considered more and more in these days. Zindl et al. nicely showed that a nonredundant function in IL-22 producing CD4 T cells and ILC3s against Citrobacter rodentium infection in the crypt and villi in the intestine (Zindl et al., 2022). In the near future, we will be able to analyze the host-pathogen interaction at the single cell/bacterium resolution.
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Fe LGM 801.47 504.15> 586.69 380.27° 178.16 <0.01 0.12 0.12
(mg/kg) MnSO,4 849.46" 591.63> 508.63" 552.70°

Cu LGM 75.36" 8241° 75.96 61.39° 826 <0.01 <0.01 <0.01
(mg/kg) MnSOy4 73.90* 66.17° 67.46° 59.09¢

Ca LGM 192 165 1.59 145 0.10 0.02 <0.01 022
(%) MnSOy4 1.92% 1712 0.68" 0.76"

P LGM 080 073 071 074 047 <0.01 <0.01 <001
(%) MnSO,4 1.02° 0.87° 0.81° 0.77°

Mn LGM 435.24° 591.94 586.99° 484.01° 7533 <0.01 001 <0.01
(mg/kg) MnSO;4 1469.44° 540.95 663.31° 526.16°

Mg LGM 465146 5218.06° 4658.62° 4196.49° 368.52 <0.01 <0.01 <001
(mg/kg) MnSO;4 5322.88° 5115.52° 4998.34% 4848.35°

Values in the same row (a-c) with different letters are significantly different (P < 0.05). LGM, in the form of chelates (lysine Mn: glutamic acid Mn = 1:1). MnSOy, in the form of sulfate Mn.

SEM, standard error of means. D, effect of day. T, effect of group. D x T, interaction between day and group.
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Bacteroidota Bacteroides CON 18.50% 23414 23.07 16444 17.68 689 | 080 | <001 015
LGM 11.65° 12.39% 1137 10.42° 1238
MnSO, 10.998b¢ 9.578¢ 12.58%¢ | 16,4740 18.58*
Prevotella CON 1.40% 2225 3a1b 3130 5.925 228 | <001 | <001 077
LGM 1.98% 1.49%0 2.68 2.50° 4.73%
MnSO4 4.13% 3314 479 6.60 7.59%
Alloprevotella CON 22440 256" | 2.19% 27840 5034 132 | <001 | <001 <001
LGM 0.40% 0.39% 0.39° 0558 0.81¢
MnSO, 0.575 0.3280 1.604B2 230 2.4882
Alistipes CON 4.80% 2,974 2.68° 213 1.84° 127 | <001 | <001 022
LGM 433 3834 275 3.10 258
MnSO4 2918 1.50% 1.81 1.76 218
Bacteroidales RF16 CON 026" 027% 0.15 035 015" 141 090 | <001 053
group
LGM 1.74% 1374 1.68 1.58 2.60%
MnSO; 1.56% 2754 135 226 12848
Rikenellaceae RC9 gut | CON 1.00% 1.02¢ 1.00® 1318 1.99 1.92 022 | <001 025
group
LGM 3.48% 4054 1614 5.054 3.76
MnSO, 27748 2428 2.86'% 238% 4.98
Prevotellaceae_UCG- | CON 0.28% 053 0438 059 0.45 056 | 017 | <001 0.04
001
LGM 1.93% 088 0784 0.89 071
MnSO,4 0.67° 0.65 0.5748 0.58 0.53
Firmicutes UCG-005 CON 8534 9.09% 835 12.93 7.55 361 005 | <001 0.17
LGM 7.18% 6.30° 740 5.65 4.87
MnSO4 4355 3410 3.83° 8.63 550
Clostridia UCG 014 CON 3.05% 3.348¢ 4.208¢ 4.80° 6.40° 160 | <001 | <001 0.02
LGM 4368 53340 | 3.9280 450" 6.09°
MnSO;4 6.67% 4.86% 6.44% 6.04 737
RF39 CON 2.81 28048 284 257 281 114 | 058 079 001
LGM 360" 4178 1.96° 2.32% 2.45%
MnSO,4 2.46% 1.6280 2.99% 2.61% 3.82°
UCG-010 CON 122 1444 1374 2.68% 2304 0.88 007 | <001 0.05
LGM 118 1644 L1174 1414 056"
MnSO, 057 037% 0.42° 0.90° 1.00%
Sharpea CON 0.03 0.05 0.12 0.04% 0.08 052 021 001 0.62
LGM 0.07 0.08 0.06 0.14% 027
MnSO; 029 0.07 0.40 0.49% 107
Proteobacteria Pseudomonas CON 0.13¢ 0.24¢ 0.11 0.16° 0.30° 1.85 0.03 <0.01 <0.01
LGM 1.63% 236" 238 2,654 2.50%
MnSO, 4,158 4.78% 295 0.058¢ 0.14%¢
Ralstonia CON 028 0,03 020 0.02° 0.01° 066 | <001 | <001 <001
LGM 031 0.884% 052 0.63% 0.46%
MnSO, 0.88° 1.854 0.62b 0.06% 0.03%
Spirochaetota Treponema CON 0.02° 0.094 0.07% 0.07 0.06 2.50 011 | <001 <0.01
LGM 6.344 1,944 6.397 236" 2.17°
MnSO; 1.04% 1.328 0.90% 2.08 3.15
Actinobacteriota Bifidobacterium CON 074 024 0728 0.16 024 143 0.49 0.07 091
LGM 0.19 0.07 0218 0.18 0.95
MnSO; 077 096 1.76* 0.44 213
Olsenlla CON 0318 0.89 053 0.62 079 066 | 022 | <001 015
LGM 1.53% 1.48 0.52 054 0.63
MnSO, 0.49° 027 035 0.21 0.42
Verrucomicrobiota | Akkermansia CON 0,018 0.01 0.00 0.00% 0.00 007 | 020 | <001 0.65
LGM 011t 013 0.05 0.024 0.06
MnSO, 0.048 001 0.00 0.008 0.00

Values in the same row (a-c) or in the same column (A-C) with different letters are significantly different (P < 0.05). LGM, in the form of chelates (Iysine Mn: glutamic acid Mn = 1:1). Mn$SOj,
in the form of sulfate Mn. SEM, standard error of means. D, effect of day. T, effect of group. D x T, interaction between day and group.
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Chaol CON 887.36" 889.12 759.12 73027 617.50 12353 028 0.04 0.04
LGM 696.57% 681.35 737.62 717.54 707.20
MnSO4 704.88" 65397 714.67 735.71 699.50

Shannon CON 7.80 7.714 733 737 7.01 065 047 001 0.03
LGM 7.55 7.544 7.49 7.12 744
MnSO4 720 6.19% 691 7.49 7.15

Simpson CON 0.99 0.99% 098 098 098 0.04 021 <0.01 001
LGM 0.99 0.99% 098 097 098
MnSO;4 095 0.88% 095 098 098

Values in the same column (A, B) with different letters are significantly different (P < 0.05). LGM, in the form of chelates (Iysine Mn: glutamic acid Mn = 1:1). MnSO4, in the form of sulfate
Mn. SEM, standard error of means. D, effect of day. T, effect of group. D x T, interaction between day and group.
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DM CON 57.310 69.924% 45.26%¢ 47.13%¢ 54.13%¢ 7.19 <0.01 <001 <0.01
LGM 64.89% 64.60 56.615 57.614° 54,9140
MnSO4 68.054% 531778 57.328%¢ 57.954° 51178

oM CON 63.89%0 73.08% 51425 50.198¢ 59320 692 <001 <001 <001
LGM 69.344% 67.25% 62.48%¢ 62.754¢ 60.14%
MnSOy 72.5442 52.40%4 62.5040 63.5840 56.89¢

cp CON 49.57% 67.55% 51.788b¢ 42.38° 54314 829 0.18 <0.01 <0.01
LGM 63.05% 53,655 53,644 56.51° 56.26"
MnSO, 54.62 40.05¢ 52.50% 50.87 45928

NDF CON 437480 55.804 33.226¢ 33.25¢¢ 38.69% 672 <0.01 <0.01 <0.01
LGM 52,5470 44,95 45,101 443880 44.64"
MnSO4 4239 42.08° 39.348 40.50% 3443

ADF CON 25355 34.90° 24.20" 2226 276" 571 <0.01 <001 0.01
LGM 36,89 32.00° 34.86° 264740 25.19
MnSO; 28.778 2547 3109 30414 2374

Values in the same row (a-¢) or in the same column (A-C) with different letters are significantly different (P < 0.05). LGM, in the form of chelates (lysine Mn: glutamic acid Mn = 1:1). Mn$SOj,
in the form of sulfate Mn. SEM, standard error of means. D, effect of day. T, effect of group. D x T, interaction between day and group.
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RTR ESRD
Pearson r Pearson r B
p__Bacteroidetes 0.3329 0.0384 0.4095 0.2111
p__Fusobacteria 0.3436 0.0322 —0.3558 0.2829
p__Patescibacteria 0.704 <0.0001 0.2271 0.5019
c__Bacteroidia 0.3321 0.0389 0.4095 0.2111
c__Fusobacteriia 0.3436 0.0322 —0.3558 0.2829
o__Fusobacteriales 0.3436 0.0322 —0.3558 0.2829
f__Streptococcaceae —0.3166 0.0496 —0.0437 0.8984
f__Leptotrichiaceae 0.3409 0.0337 0.4137 0.2059
g__Streptococcus —0.3166 0.0496 —0.0437 0.8984
g__Leptotrichia 0.3411 0.0336 0.4475 0.1675
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Patient Gender Age Height Weig Body Induction Immunosuppressive Antibiotics Dialysis Dialysis Cause Neld eGFR Scr7 Scr 14
(years) (m) (kg) mass  therapy therapy type  duration of before  before CEVS days
ex (months) end KT . after
stage (umol (mL/min
renal /L) /1
disease
i Female 5 158 515 2063 ATG FKS506 -+ MME +Steroids Meropenem + HD 12 IgA 897 414 233 97
Cefminox Nephropathy
2 Male 53 L62 67 2553 ATG FK506 -+ MME +Steroids Meropenem + HD s Unknown 1,058 426 300
Tikaolin
3 Male 54 165 555 2039 ATG FK506 -+ MME +Steroids Meropenem + HD a7 Unknown 753 637 204 136
Carbofengin +
Cefminol
4 Male 27 178 574 18.12 ATG FK506 + MMF +Steroids Meropenem + HD 13 Unknown 601 10.12 238 103
Colistin sulfate +
Carbofengin+
Cephalosporin
5 Male 64 L5 65 28.89 ATG FKS506 -+ MME +Steroids Meropenem + HD 6 Unknown 623 747 135 114
Peracillin
6 Female 51 167 487 17.46 ATG FKS506 -+ MME +Steroids Meropenem PD 0 Unknown 1016 342 87 95
7 Male 31 176 666 2150 ATG FKS506 -+ MME +Steroids Meropenem-+ PD 19 Unknown 1,104 4n 132 104
Peracillin
8 Female 2 163 W7 17.70 ATG FKS506 -+ MME +Steroids Meropenem PD 13 IgA 974 a1 73 78
Nephropath,
2 Male 51 L7 48.1 16.45 ATG FK506 + MMF +Steroids Meropenem + HD 3 Unknown 1,231 3.59 109 132
Tikaolin +
Peracillin
10 Female 53 145 44 20.93 ATG FK506 + MMF +Steroids Meropenem + HD 12 Unknown 999 344 65 87
Cefminox
11 Male 32 1.75 55 17.96 ATG FK506 + MMF +Steroids Meropenem HD 29 Unknown 1,556 3.09 124 98
Control Gender Scr eGFR "
(umol/L)  (mL/min/1.73 m?)
| Female 50 1.57 48.5 19.68 73 21254
2 Female 41 1.52 63 2727
3 Male 56 15 493 2191 493 31391
4 Male 30 165 © 2534 % 9839
5 Male 32 1.87 90 2574 73 3162
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The sources non-MDR p-value

of samples (N=35)
Domestic dogs 75.00% (30/40)  31.43% (11/35)
<0.001%*
Stray dogs 25.00% (10/40)  68.57% (24/35)
Total 5333% (40/75)  46.67% (35/75)

5% denotes an extremely significant difference.
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Variables  Casegroup  Treatment

group

Gender (Female) 15 (50%) 15 (50%) NA
Age-years 59471333 59471333 NA
ASMG 13.56+9.36 3524306 0.001
RSMG (Total NA 93.8645.62 NA
efficiency)

MGFA 9.5644.23 236+156 0025
ADLMG 6524317 165£1.03 0032

Note: ASMG, Absolute score of myasthenia gravis; RSMG, Relative score of myasthenia
gravis; MGFA, Myasthenia gravis foundation of America; ADLMG, Activities of daily
living of myasthenia gravis.
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Associations of microbiota and regions of GI tract. There are specific bacteria that tend to colonize in distinct locations in the stomach and intestines. This is most likely due o the local micro-
environment that promotes certain bacteria over others.
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Species Strain Growth Growth

source medium condition
Streptococcusbovis | LMG8518 | TSB Aerobic
Streptococcus LMG 17810 | TSB Acrobic
intermedius
Ligilactobacillus LMG9477  MRS+0.1% Aerobic
salivarivs Twveen'80
Limosilactobacillus | LMG9213  MRS+0.1% Aerobic
reuteri Tiveen'80
Enterococeus faccalis | LMG7937 | MRS Acrobic
Enterococcus faccium | DSM 20477 | MRS Acrobic
Veillonella parvula | LMG 30945 Veillonella Anaerobic
‘medium
Veilonella dispar DSM 20735 Veillonella Anaerobic
medium
Blautia obeun DSM25238  RCM#+001% | Anaerobic
mucin
Faccalibacterium DSM 17677 RCM Anacrobic
prausnitzii
Clostridium nexile | LMG28906 | RCM Anaerobic
Prevotella LMG28911 | RCM Anaerobic

melaninogenica

Al species were incubated at 37°C. Species grown under aerobic conditions were shaken
continuously at 90RPM, while species grown under anaerobic conditions were grown in
a static fashion. Grown cultures were harvested during their exponential growth phase.
TSB, tryptic soy broth (Oxoid); MRS, de Man, Rogosa and Sharpe broth (Oxoid); RCM,
reinforced clostridial medium (Oxoid); Veillonella medium was prepared according to
BCC/LMG medium 1,107 (BCC/LMG, Ghent, Belgium).
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Region of Microbial group lleum Colon
colonization
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according to
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literature REF 1RT

Small intestine illonellaceae 873 350 397 <LOQ* 484
Streptococcaceae 894 3460 781 6.94¢ 5190
Enterococcaceae 9.16' 952" 776" 708 542
Lactobacillaceae 681" 7.5% 349° 3510 371
Small intestine - colon Enterobacteriaceae <LOQ* <LOQ* 679 715" 6310
Colon Akkermansiaceae <10Q* <LoQ 445 438" 393
Bifidobacteriaceae <LoQ <LOQ .38 840 765"
Bacteroidetes 470° <LoQ 783" 7.96" 8.42°
C. coccoides/E. rectale <LOQ" 347" 8.64' 8.90" 876"
E prausnitzii <LoQ <LoQ 591" 7410 5120

While the colonic simulations started with a faccal inoculation, the ileal simulations involved inoculation of a consortium, ileostomy effluent or faecal slurry. While the standard
residence time (RT) was 4 for the ileal simulations, one condition involved an increased residence time of 8. Values that are significantly different from one another are indicated with
2 different letter (2, b, ¢, d, €). Values for the condition(s) that resulted in the highest levels measured for a given taxonomic group are indicated in bold. LOQ=3.31 “log(cells/ml). REF;

reference conditions.
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Modulators/pathways

Creatine transporter protein SLC6AS

Golgi membrane protein 1 (GOLM1)
Myosin light chain kinase splice variant

(MLCK1)

miR-181 family members
Histone H3K9 methyltransferase
DBI

m6A methyltransferase METTL14

DNA methyltransferase 3A (DNMT3A)

Special AT-rich sequence-binding protei
2 (SATB2)
s-Hydroxytryptamine (5-HT)

Spermidine oxidase (SMOX)

Stromal interaction molecule 1 (STIM1)

RhoB.

Leukemia inhibitory factor (LIE)

Alpha B-crystallin (CRYAB)

deSUMOylase SENP7

Epithelial NF-xB2 signaling

Guanylate cyclase C (GC-C)

Epithelial autonomous NAIP/NLRC4

inflammasomes

NLRP3 Inflammasomes

ADP/P2Y1

NLRP6 inflammasomes

Nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase 1 (NOX1)

Superoxide dismutase 1 (SOD1)

Multidrug resistance 1 (MDR1)

3-mercaptopyruvate sulfurtransferase
(MPST)
Reductively modified albumin (r-Alb)

Mode of action

Promote expression and localization of tight junction
proteins Claudin/2 and actin polymerization

Regulate the balance of the Notch signaling pathway
TNF-induced MLCKI recruitment to peri-junctional
actomyosin ring (PAMR) mediates MLC
phosphorylation

Interact with FKBPS PPlase for MLCK1 recruitment and
MLC phosphorylation

Regulate Wnt and immune processes

Silence endogenous retroviruses to inhibit DNA damage

Regulate NF-kB mRNA stability afecting the activity of
the NE-KB pathway and inhibi

ing TNF-mediated
apoptosis

DNMT3A deficiency leads to hypomethylation

Increase the expression of the CI-/HCO3-transport
protein SLC26A3

Reduce TGF-p secretion and inhibit the TGF-}/SMAD
pathway

Enhance AKT activity through 5-HT2B and activate the
IL-6/STAT3 pathway

Promote spermidine production and inhibit alpha-
defensin expression

STIMI deficiency controls the stimulation of the
intestinal epithelium by reducing endoplasmic reticulum
stress caused by an imbalance in Ca2+ homeostasis
Reduced or absent RhoB inhibits the Wit pathway and
activates the p38 MAPK pathway

Inhibit Th17 cells differentiation by phosphorylating and

activating STAT4 and suppressing STAT3-induced IL17

gene expression

Reduce cellular
1L-8) produc
Ubiquitin ligase SIAH2 downregulates SENP7 through

flammatory factor (TNF-a, IL-6, L1,
by inhibiting IKKp activity

ubiquitination, which reduces pro-inflammatory
‘mechanisms through 15 T cells.

Amplify RelA activity

and increase Rel A-driven

inflammatory gene expression

testinal ion and fluid secr

Regulat n through
<GMP production and activation of cGMP-dependent
protein kinase IT

Drive IEC pyroptosis or apoptosis and promote IEC
expulsion

miR223 mediates NLRP3 regulation and NLRP3 pathway

blockage reduces IL-1 production

ADP activates NLRP3 inflammasomes via P2Y1
receptors and promotes NLRP3 inflammasomes
component ASC phosphorylation to increase IL-1,
production

Deubiquitinating enzyme Cyld binds to NLRPS, removes
its ubiguitination modifications, inhibits NLRPG-ASC
inflammasome formation, and regulates the maturation
process of IL-18,

‘The absence of inestinal epithelial NOXI combined with
TNFa stimulation alters the stem cell microenvironment
and stem cell differentiation

Restoring SOD activity inhibits p38-MAPK/NF-xB

signal-mediated inflammation and apoptosis.

Reduce mROS

Regulate the AKT/apoptotic axis in IECs, inhibit pro-
inflammatory cytokines expression, ROS production
Inhibit cellular ROS and superoxide production through

sulfhydryl (-SH)

Biological process

Regulate energy balance and maintain
barrier formation and healing function
Maintain barrier homeostasis

Maintain barrier function

Promote intestinal recovery after injury
Maintain [ECs survival, barrier function,
and homeostasis

Regulate the development and apoptosis of

colonic epithelial cells and colonic stem cells.

Maintain intestinal epithelial barrier

function and regeneration
Maintain diversity and composition of the
gut microbiota

‘Tumor-suppressive effects at the initiation
stage of CAC

Promote tumor progression in the later
stages of CAC

Maintain diversity and composition of the
gut microbiota

Maintain intestinal barrier

Promote goblet cell differentiation and IECs
proliferation, increase SCEA-producing
bacteria abundance and elevate the levels of
SCEAs and receptors

Alleviate colonic inflammation

Protect barrier integrity

Control intestinal inflammation

Induce abnormal intestinal inflammation

Loss of overall internal environmental

homeostasis, fluid ion imbalance, and

dysregulation of the intestinal microbiota
Mitigate TNF-induced disruption of the
intestinal epithelial barrier

Inhibition of

flammasomes suppresses
excessive inflammatory responses in the

intestine

Promote lymphoplasmacytosis

SODI deletion enhances oxidative stress
and disrupts the intestinal epithelial barrier,
reduces antioxidant enzyme activity, and
increases colonic infiltration of pro-
inflammatory immune cells

Protect mitochondria against xenotoxins
through it efflux function

Protect the intestine from inflammation and

idence

apoptosis i
Reduce the cellular damage caused by

oxidative stress
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Variable C GOD1200 SEM

Shannon index 412 3.95 406 422 415 0.051 0.645
Simpson index 0.06 007 0.06 0.05 005 0.012 0677
ACE index 479.84 480.83 488.62 485.16 491.68 5.485 0953
Chao 1 index 487.36 484.55 497.91 490.66 498.19 5772 0.899
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Variable Ctr (e{e]p) GOD600 GOD12f =

Immune index

d21

Spleen 0.66 072 0.67 0.69 0.74 0.021 0.761
Thymus 6.03 541 497 5.03 5.03 0231 0.570
Bursa of fabricius 1.60 1.37 133 144 1.53 0.050 0.481
d42

Spleen 0.89 077 075 0.80 0.86 0.042 0.852
Thymus 3.03 2.82 313 326 292 0.113 0.743
Bursa of fabricius 118 127 1.18 1.07 1229 0.042 0.621

Ctr, control group; Ant, aureomycin group; GOD300, GOD600, and GOD1200 groups represent different concentrations of GOD (300, 600, and 1,200 U/kg).
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Variable Ctr GOD300 EM

d21

ALT (U/L) 5.00 7.29 657 5.00 571 0361 0.194
AST (U/L) 218.00 251.43 252.00 221.29 239.71 5.086 0.112
TP g/dL 2.50 243 2.53 2.36 240 0.044 0.747
ALP (10° U/L) 1352 13.26" 8.84 1274 1175 65.042 0.041
UREA mg/dL 3.00 3.29 371 343 357 0.100 0.227
d42

ALT (U/L) <5.00 <0.00 <5.00 <5.00 <5.00 N -
AST (U/L) 323.00 350.43 378.43 295.57 482.86 21.680 0.131
TP g/dL 249 2.66 2.56 2.54 2.74 0.055 0.543
ALP (10° U/L) 6.61 329 424 4.67 4.31 555.062 0.433
UREA mg/dL 2.14 243 2.14 2.00 2.00 0.437 0.347

% Mean values within a row with no common superscript differ significantly (P < 0.05).

ALT, alanine aminotransferase; AST, aspartate transaminase; TP, total protein; ALP, alkaline phosphatase; Ctr, control group; Ant, aurcomycin group; GOD300, GOD600, and GOD1200 groups
represent different concentrations of GOD (300, 600, and 1,200 U/kg).
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Variable Ctr GOD300 GOD6! GOD1200 EM P-value
d21

TGF-B (ng/L) 32176 271.34%0 197.14%0 173.56° 154.18" 20.891 0.062
Serum enterotoxin markers

D-Lac (nmol/mL) 656 4.00 6.90 6.05 624 0.900 0872
DAO (U/L) 17.37 18.85 19.61 1522 14.45 0.841 0201
d42

TGE-B (ng/L) 203.76 226.80 203.17 202.88 199.87 13.084 0971
Serum enterotoxin markers

D-Lac (nmol/mL) 27.58% 30.64% 28.39% 28.55% 5.94° 3.002 0.031
DAO (U/L) 2423 25.84 24.06 23.54 18.74 1.046 0231

> Means within a row with no common superscripts are significantly different (P < 0.05).
TGE-B, transforming growth factor-; D-Lac, D-lactic acid; DAO, diamine oxidase; Ctr, control group; Ant, aureomycin group; GOD300, GOD600, and GOD1200 groups represent different

concentrations of GOD (300, 600, and 1,200 U/kg).
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Variable Ctr GOD300 GODé! EM

d21

T-AOC (U/L) 117 121 123 123 126 0033 0932
SOD (U/ml) 108.57 113.89%0 110.83* 105.30° 119.92 1.612 0.041
GSH-Px (U/ml) 486.39 505.97 527.71 520.53 565.58 14.471 0573
8-OH-dG (ng/mL) 2522 2921 25.17 27.41 2599 1.056 0721
MDA (nmol/ml) 317 231° 2830 279% 2.61° 0.100 0.090
d42

T-AOC (U/L) 0.67 072 0.76 075 077 0.031 0.795
SOD (U/ml) 123.19 12745 123.42 12413 12812 1.072 0.467
GSH-Px (U/ml) 1,516,274 1,353.97% 1,742,034 1,693.47% 2,231.398 87.153 <0.01
8-OH-dG (ng/mL) 55.88 6128 54.13 53.68 5558 1.138 0221
MDA (nmol/ml) 163 155 1.63 162 1.62 0.036 0873

*Means within a row with no common superscripts are significantly different (P < 0.05) or have a tendency toward significance (0.05 < P < 0.1).
ABMeans within a row with no common superscripts are extremely significantly different (P < 0.01).
T-AOC, total antioxidative capacity; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; MDA, malondialdehyde; 8-OH-dG, 8-hydroxy-2 -deoxyguanosine; Ctr, control group; Ant,

aurcomycin group; GOD300, GOD600, and GOD1200 groups represent different concentrations of GOD (300, 600, and 1,200 U/kg).
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Contents (%)

1-21dofage 22-42d ofage

Ingredients

Corn 56.59 59.96
Soybean meal 25.95 20.00
Cottonseed meal 4.50 4.42
Corn gluten meal 4.00 5.00
‘Wheat middling 2.00 2.00
Soybean oil 2.49 4.50
Calcium hydrogen phosphate 1.82 1.58
Limestone 1.35 127
Salt 0.35 0.35
L-Lysine-HCl 0.35 0.35
DL-Methionine 023 0.21
Threonine 0.05 0.04
Mineral Premix® 0.20 0.20
Vitamin Premix® 0.02 0.02
Choline chloride 0.10 0.10
Total 100.00 100.00
Nutrients

ME (kcal/kg) 2,980.00 3,160.00
Crude protein 21.95 19.95
Ca 1.00 0.90
Non-phytate P 0.45 0.40
Lysine 1.30 1.15
Methionine 0.58 0.54
Methionine + cystine 0.94 0.87
Threonine 0.84 0.75
Tryptophan 023 0.20

“The Mineral Premix supplied the following (per kilogram of complete feed): Cu, 8 mg; Zn,
75 mg; Fe, 80 mg; Mn, 100 mg; I, 0.35 mg; and Se, 0.15 mg.

bThe Vitamin Premix supplied the following (per kilogram of complete feed): vitamin A,
12,500 IU, vitamin D3, 2,500 IU, vitamin E, 18.75 mg, vitamin K3, 2.65 mg, vitamin By, 2 mg,
vitamin By, 6 mg, vitamin By, 0.025 mg, biotin, 0.0325 mg, folic acid, 1.25 mg, pantothenic
acid, 12 mg, and niacin, 50 mg.
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Z0-1 CTTCAGGTGTTTCTCTTCCTCCTC CTGTGGTTTCATGGCTGGATC
Occludin GCAGATGTCCAGCGGTTACTAC CGAAGAAGCAGATGAGGCAGAG
Claudin-1 ACAACATCGTGACGGCCCA CCCGTCACAGCAACAAACAC
MUC-2 AGGAATGGGCTGCAAGAGAC GTGACATCAGGGCACACAGA
B-actin GAGAAATTGTGCGTGACATCA CCTGAACCTCTCATTGCCA

Z0-1, Zona occludens 1; MUC-2, Mucin 2.
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Variable Ctr GOD300 GOD60! GOD1200 EM P-value
1-21d

ADFI (g/d) 5283 52.65 5165 5295 5173 0773 0.501
ADG (g/d) 3953 39.27 3965 3926 40.60 0252 0410
FG (g:g) 134 135 130 135 127 0025 0.444
22-42d

ADFI (g/d) 128.77 12276 123.94 121.09 125.98 1.871 0762
ADG (g/d) 66.06 67.68 65.74 67.38 67.85 0933 0944
FG (g:g) 195 182 1.89 1.80 1.86 0.022 0.136
1-42d

ADFI (g/d) 88.80 87.47 8825 86.07 8937 1121 0910
ADG (g/d) 5255 5459 53.00 5144 5348 0771 0.793
EG (g:g) 1.69 162 167 168 1.66 0.123 0432

ADFI, feed intake; ADG, body weight gain; F:G, feed:gain ratios Ctr, control group; Ant, aurcomycin groups GOD300, GOD600, and GOD1200 groups represent different concentrations of

GOD (300, 600, and 1,200 U/kg).
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Sources of Prevalence of P. p-value

samples mirabilis (n)
Domestic dogs 27.89% (41/147)
0,004+
Stray dogs 36.17% (34/94)
Total 3071% (75/241)

* represents a highly significant difference.
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Pre-weaning Weaned Growth Stage

Factor P P
Species 0.17555 00543 042717 0.0009% 044146 0,002+
Gender 002382 06404 0.02463 05897 005959 0.1447
Maternal effect 041096 03216 021844 07439 023925 04338

#p<0.05; **p<0.01.
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Pre-weaning Weaned Growth stage

Factor P P
Species 033864 00001+ 0.39841 0.0006%% 041957 0.0005%*
Gender 003111 03794 001146 0.08790 0.02761 0509
Maternal effect 038491 0.0225% 0.25339 06373 0.2561 0.4993

*p<0.05; #4p<0.0L.
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Pre-weaning Weaned Growth stage

Factor R? P

Species 012949 00119% 02137 00015+ 015189 0035 %
Gender 007567 01729 003536 06829 002192 08529
Maternal effect 007114 01884 002275 08879 006399 03063

*p<0.05; **p<0.01.
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“Different superscriptleters within a row represents values with significantly different at P<0.05. PreW, pre-weaning donkeys; DurW, during weaning donkeys; PostW; post-weaning donkeys; BH,
body height (cm); BL body length (cm); TG, thoracic girth (cm); D, thoracic depth (cm); TW; thoracic width (cm); RH, rump height (cm); RL, rump fength (cm); RW, rump width (cm); CB,
circumference of cannon bone (cm); data expressed as Mean £ SEM.
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“*Different superscript leters within a row represents values with significantly different at
P<0.05. PreW, pre-weaning donkeys; DurW; during weaning donkeys; PostW; post-weaning
donkeys; SEM, standard error of the mean.
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