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Editorial on the Research Topic 


The Role of Dietary Interventions in The Regulation of Host-Microbe Interactions


The gut microbiota, a dynamic ecosystem composed of trillions of microbes in the gastrointestinal tract, has been demonstrated to be involved in the maintenance of human well-being. Mounting evidence has indicated that the diet can be regarded as one of the most effective modulators to the composition and functionality of gut microbiota. While in turn, the gut microbiota profoundly influences the digestion of dietary components, the process of nutrient absorption, and energy storage. This symbiotic relationship between diet and gut microbiota further affects the host physiological functions, suggesting that any perturbation of it may cause varying degrees of discomfort in hosts. Therefore, the gut microbiota could serve as a bridge in the close interaction between dietary interventions and host health. Collectively, these suggestions indicate that targeting the diet could be a potential therapeutic strategy for human diseases via modulating the gut microbiota.

Till now, probiotics/prebiotics have been generally proposed as dietary intervention strategies or adjuvant treatments for managing multifarious diseases, such as cancers, gastrointestinal disorders, enteric infections, immune-mediated allergic and autoimmune diseases, and psychiatric disorders. Although various hypotheses have demonstrated that probiotics/prebiotics supplementation plays health-promoting roles via targeting the gut microbiota and/or regulating the systemic immune and metabolic responses, the precise and common molecular mechanisms of these beneficial roles of dietary factors on the host health still need to be explored deeply.

This current Research Topic brings twenty-three references together summarizing the recent developments pertaining to the characterization of probiotics (mainly Lactobacillus, Bifidobacterium, and Saccharomyces) isolated from different niches, the potential relevance of intestinal dysbiosis in the progression of host diseases, and the underlying mechanisms of dietary supplementations as novel strategies for the prevention and treatment of diseases by modulating the gut microbiota.

The exploration of the influence of dietary/probiotics interventions in cancer treatment and adjuvant therapy and the associations between the gut dysbiosis and cancers, have been the focus of recent research. A randomized clinical trial performed by Xia et al. suggested a modified probiotic cocktail that contains L. plantarum MH-301, B. animalis subsp. Lactis LPL-RH, L. rhamnosus LGG-18, and L. acidophilus, could attenuate the severity of oral mucositis induced by chemo-radiotherapy in nasopharyngeal carcinoma. It outlined that the efficacy of this cocktail was associated with reframing the gut dysbiosis, reducing cell apoptosis, preventing inflammation, and enhancing the host immune response. Remarkably, the pathogenesis of colorectal cancer (CRC) from the perspective of the gut microbiota has been comprehensively reviewed by Cheng et al. The review discussed the microbiota-derived inflammation, bacterial dysbiosis (metabolites and pathogens), virulence factors, oxidative stress, genotoxins, and biofilm, which all related with the progression of CRC. It also suggested that considering the intestinal microbiota as a therapeutic strategy would display higher clinical value on the prevention and treatment of CRC in the future.

The severity of clinical manifestations of enteric infection ranges from mild diarrhea, abdominal pain, blood in stool, maldigestion to septic shock, and even death. And probiotics could be used as a promising antibiotics replacement therapy to alleviate these symptoms. As Gaisawat et al. described, several probiotics, such as L. rhamnousus R0011 and S. boulardii CNCM I-1079, were able to modulate Clostridioides difficile-infected (CDI) inflammatory responses in a novel systematic testing approach. They demonstrated that CDI microbiota-derived fecal water adversely caused cytotoxic damages to colonic cells by increasing the production of various inflammatory markers (e.g., TNFSRF8, IL-32, and MIF), which would be counteracted by probiotics supplementation. Besides, Quilodrán-Vega et al. isolated potential probiotic/immunobiotic Lactobacillus from llama milk and assessed their adaptability in the gastrointestinal environments, antibacterial properties against pathogens, adhesive and immunomodulatory activities in vitro. Among these, the Ligilactobacillus salivarius TUCO-L2 showed enhanced beneficial potentials with higher resistance to extreme conditions and more potent adhesion effects to mucins and epithelial cells. Moreover, this strain has been reported to modulate the TLR-4 mediated innate immune responses and improve the protective effects against Salmonella infection in vivo, which indicated that it could be used as a probiotic or immunobiotic strain to combat infections in mammals. Another study performed by Zhou et al. illustrated the underlying mechanisms of Lactobacillus in fighting against enteric Salmonella infection using Caenorhabditis elegant model. It suggested that L. zeae LB1 could regulate the p38 MAPK pathway, the production of antimicrobial peptides, and the expression of defense molecules, to combat Salmonella infection.

Increasing evidence has illustrated that probiotic/prebiotics play a variety of promoting roles in the management of gastrointestinal disorders due to their possible immunomodulatory and gut microbiota-sustaining activities. For instance, a study presented by Li et al. reported that Clostridium butyricum RH2 could restore mucosal barrier function and ameliorate ceftriaxone-induced dysbacteriosis via enhancing T cells immune response and modulating the changed gut microbiota. In addition, Xu et al. achieved similar intervention effects of DHA algal oil (a promising dietary nutrition possessing anti-inflammatory function in various clinical trials) on colitis mice, highlighting the potential roles of algal oil in treating colitis and other intestinal dysfunction. Liu Y et al. also proved that L. plantarum CCFM8610 could protect against Cadmium (Cd) induced intestinal dysmotility in mice by reducing Cd levels in the body, restraining the cellular stress response, and recovering neurotransmitter levels.

Recently, shreds of evidence have suggested that the development of immune-mediated allergic diseases is associated with the host-microbiome, especially the perturbation of intestinal microbiota that may contribute to their progression which could be alleviated by dietary probiotic supplements. In their paper, Fang et al. reviewed the changes of gut microbial in patients suffering from atopic dermatitis (AD) and discussed the underlying mechanisms of probiotics on ameliorating AD’s clinical manifestation. They also highlighted that targeting the gut microbiota is an effective strategy for preventing and treating AD. Thus, probiotic supplements might be an alternative for the alleviation of AD via the “gut-skin axis”. Moreover, Xie et al. assessed the effects of different dietary patterns on L. paracasei-modulated allergic asthma (AA). They discovered that the consumption of high-fiber assists L. paracasei in alleviating allergic symptoms and airway inflammation by regulating gut microbiota and improving immune response. They emphasized that a high fiber diet benefits probiotic medication on AA, which could be considered as an add-on therapy for gut microbiota-associated disorders.

Intestinal dysbiosis, mainly manifesting as bacterial diversity and function alterations, may also cause autoimmune diseases. As described by Cayres et al., patients with Hashimoto thyroiditis (HT), a commonest organ-specific autoimmune disorder, showed the symptoms of gut microbiota alterations and intestinal permeability, indicating that the gut dysbiosis associated closely with diet habits might contribute to the development and progression of HT. Furthermore, they discussed the potential roles of diet in modulating HT’s performances via the diet-microbiota-immune system axis. In addition, probiotics could be also used as adjuvant therapy to treat autoimmune diseases. In this Research Topic, Fan et al. found that L. casei CCFM1074 with abundant carbohydrate metabolism genes, could relieve arthritis in the rat model by modulating gut microbiota and plasma metabolites, rebalancing the immune responses (especially the ratio of Treg/Th17 cells) and down-regulating the pro-inflammatory cytokines, which provided a thorough insight into the probiotics in curing arthritis. A study presented by Emu et al. in the livestock industry also suggested that probiotics (S. cerevisiae and mannan oligosaccharides) supplementation can improve the growth and immunity of black fattening goats by positively promoting the growth of beneficial gut microbes, such as Akkermansia muciniphila and Ruminococcus flavefaciens.

Chronic metabolic disorders, such as obesity, diabetes, and metabolic dysfunction-associated fatty liver disease, have also been verified to associate closely with gut dysbiosis. As presented by Du et al., resveratrol (RSV) reduced liver steatosis and insulin resistance in non-alcoholic fatty liver disease (NAFLD) by directly modulating the gut microbiota in vivo, which strengthened the molecular mechanisms of RSV as a therapeutic drug for NAFLD. Another study published in this Research Topic by Higgins et al. illustrated that disruptions of metabolic phenotype and gut microbiota were apparent in the mouse model with western diet-induced obesity. Apart from the common bacteriome, the bacteriophage communities also had a dynamic relationship with their bacterial hosts during the progression of obesity. Furthermore, this study highlighted the novel correlations between diet-induced metabolic changes and intestinal microbiome constituents, which helps explain the pathophysiology of obesity.

However, inconsistencies of findings describing the differences of gut microbiota within and across individual studies raise attention to identifying the distinct features of gut microbiota in these disorders. Therefore, Que et al. performed a meta-analysis to explore the differences in stool microbial profiles between individuals with type 2 diabetes mellitus (T2DM) and controls by using seven previous studies’ sequencing datasets. They suggested that the overall microbial communities but not alpha diversity are significantly different in T2DM patients. Several OTUs or bacterial genera related to Dorea, Clostridium, and Lactobacillus were identified as the microbial signatures for predicting diabetes. Moreover, they discussed the correlations between T2DM-associated genera and probiotics, suggesting that the adjustment of gut microecology by probiotics is a new strategy for preventing and treating T2DM.

In pediatrics, the colonization of the gut microbiome in early life has been demonstrated to be vital for infant development, which could be highly influenced by feeding patterns and maternal dietary habits. In this Research Topic, Zhu et al. performed a pilot randomized clinical trial to compare the effects of two infant formulas containing OPO (1, 3-olein-2-palmitin) and other prebiotics (fructo- and galacto-oligosaccharides) separately on the fecal microbial composition in enrolled infants, and achieved similar feeding outcomes to those with breastfeeding. Their findings suggested that giving formula with prebiotics and OPO is beneficial to shape the function and structure of infant gut microbiota, indicating that these additives might help to modulate intestinal microbiota and promote the development of infants and children. Another study performed by Ye et al. suggested the neonatal milk fat globule membrane (MFGM, the sole source of phospholipids in breast milk) supplementation during breastfeeding could counteract the maternal high-fat diet (HFD) induced metabolic disorders in adult offspring by modulating their gut microbial structure. Intriguingly, this article also suggested that the shifts of the gut microbiome and its related metabolism showed sex dimorphism in the offspring.

As a mediator between the diet and the host, the gut microflora can generate metabolites, such as short-chain fatty acids (SCFAs), by fermenting dietary components to preserve gut homeostasis. Increasing evidence illustrates that SCFAs could cross the blood-brain barrier (BBB) to perform their health-promoting effects in multiple brain disorders. As Liu et al. presented, SCFAs administration improved behavioral impairment and exerted neuroprotective impacts against sepsis-associated encephalopathy (SAE) in mice. Significantly, the pretreatment of SCFAs could ameliorate neuronal degeneration, repair the disrupted BBB by increasing the expression of ZO-1 and Occludin, reducing the neuronal inflammation by the overactivation of microglia cells, and decreasing pro-inflammatory cytokines (IL-1β and IL-6). Moreover, SCFAs blocked the NF-κB and JNK pathways by inhibiting the phosphorylation of NF-κB p65 and JNK to suppress the neuroinflammation of SAE.

Generally, Lactobacillus are considered as probiotics in host niches. However, Zhang F et al. contradicted this inherent view by summarizing recent findings on the adverse effects of Lactobacillus in gynecology. They suggested that the adherent abilities of vaginal Lactobacillus play a bidirectional role in regulating the female reproductive health. On the one hand, opportune adherent effects of vaginal Lactobacillus are crucial for maintaining the homeostasis of the intrinsic vaginal microbiota. On the other hand, these adherent effects may impair the agglutination and immobilization of the ejaculated sperm, resulting in an unexplained infertility. But the shifts of vaginal microbiota from the Lactobacillus dominant state to a polymicrobial microbiota one with an increased diversity of anaerobic bacteria, often cause bacterial vaginosis (BV) that is associated with various women’s gynecological conditions, e.g., adverse pregnancy and infertility. Many efforts are trying to treat BV due to the high incidence of recurrence after antibiotics therapy. Zhang Q-Q et al. reported that maltose gel might be an alternative prebiotic agent for treating BV via promoting vaginal microbiota from the BV-related bacteria dominant microbiota to the Lactobacillus dominant one in Rhesus macaque.

Although probiotic possesses active roles in alleviating various conditions, the reduced viability of probiotics after administration from mouth to the functional sites is a great trouble for consumers and producers. In their review, Han et al. summarized that many harsh factors caused the diminished benefits of probiotics during their journey in the gastrointestinal tract, including low pH value in the stomach, high concentration of bile salts and digestive enzymes in the small intestine, and colonization resistance in the colon. Notably, they discussed the underlying mucoadhesion mechanisms and several adhesive proteins involved in the colonization of probiotics, explaining how probiotics communicate with commensal microorganisms and why some strains can successfully introduce into the gut microbiota. The genomic variations of a kind of Lactobacillus have strong impacts on its phenotypes, which brings much concern to the exploration and application of a specific kind of probiotic genus from different niches. Taking L. plantarum as an example, Pan et al. found that niche-specific genomic variations have been identified in these strains. Furthermore, they discussed how these variations affect their metabolic abilities and interactions with host intestinal flora, providing a novel guideline for probiotic exploitation and application in the future.

Overall, this Research Topic emphasizes that the diet, microbiome, and their interplay with the host are essential factors in maintaining gut homeostasis, or are potential causes of diseases associated with gut dysbiosis. In particular, dietary supplementations with probiotics/prebiotics play a vital role in modulating intestinal functions and enhancing host systemic immunity. However, the current Research Topic has a few limitations. The accepted papers span across the animal and human sphere and cover various diseases, making this Research Topic might be a bit broad and disorder. And there seems to be few deep discussions concerning “mechanism” in these current literatures, and even if there are, most of the mechanisms look usually scattered. Furthermore, the functional studies of specific dietary supplements and probiotic strains have verified that the natural individual differences contribute greatly to the distinctiveness of gut microbial community between healthy and disease status. Therefore, multi-omics techniques, e.g., cultivating omics, metabolomics, metagenomics, and other omics, combined with high-throughput analysis are desperately needed to identify the exact cross-links between diet, host-microbes, and host beings.
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The high incidence of bacterial vaginosis recurrence is common after treatment with an antibiotic agent and suggests the need for new treatments to prevent this. We conducted a randomized trial to evaluate the ability of maltose gel to treat bacterial vaginosis. Eighteen female rhesus macaques were randomly assigned, in a 2:1 ratio, to receive maltose gel or placebo gel by syringe to the fornix of the vagina for five consecutive days. We used 16S rRNA sequencing data from 70 swab samples of vaginal secretions in two groups in total on days 0, 3, and 5 after medication initiation and days 3 and 5 after medication withdrawal for the study of microbiome composition. We found that, in the placebo control group, there was no significant change in the composition and abundance of vaginal microbiota during the follow-up period. In the maltose gel test group, the abundance of Lactobacillus in the vagina microbiota increased gradually with the prolongation of the treatment time on Days 3 and 5 (ANOVA p = 6.99e−5 < 0.01) but began to decrease after the withdrawal of maltose gel, which was different from that of the control group. Correspondingly, the diversity and abundance of BV-related bacteria, Fusobacterium, Parvimonas, Mobiluncus, Campylobacter, Prevotella, and Sneathia, decreased on Day 0 to Day 5 of medication and increased after drug withdrawal in the maltose gel test group. The study confirms that maltose gel can facilitate the proliferation of Lactobacillus and promote the transition of the vaginal microbiota from BV-related bacteria dominant to Lactobacillus dominant in the rhesus macaque.

Keywords: maltose gel, vaginal microbiota, Lactobacillus
, bacterial vaginosis, rhesus macaque


INTRODUCTION

Bacterial vaginosis (BV) is the most common lower genital tract disorder of fertile women (Mendling et al., 2019) and has been associated with an increased risk of adverse pregnancy outcomes (Leitich and Kiss, 2007; Klebanoff and Brotman, 2018), pelvic inflammatory disease (Taylor et al., 2013), and various sexually transmitted illnesses (STIs; Atashili et al., 2008). Metronidazole and clindamycin are the optimal choices for the treatment of BV worldwide. Although antibiotics represent an effective therapeutic option in the short term, recurrence remains a serious problem (Russo et al., 2019; Cohen et al., 2020). The high incidence of relapses indicates that new agents are needed to treat BV.


Lactobacillus, the most prevalent microbiota in the vagina, protect it from pathogenic infections by producing antimicrobial compounds (e.g., hydrogen peroxide, lactic acid, and bacteriocin-like substances) and by adhering and competing for adhesion sites in the vagina (Borges et al., 2014; Yefet et al., 2020). BV is characterized by shifts in the vaginal microbiota from Lactobacillus dominant to a microbiota with diverse anaerobic bacteria (Srinivasan et al., 2015). In recent years, the use of micro-ecological preparations to restore the dominant position of Lactobacillus has become a new strategy for the treatment and prevention of BV recurrence (Gaziano et al., 2020). A previous study found that individuals with Lactobacillus crispatus-dominant vagina microbiome communities show extremely lower risks of acquiring human immunodeficiency virus (HIV) when compared with individuals with diverse vagina bacterial communities dominated by anaerobes (Gosmann et al., 2017). Recent research also found that Lactobacillus-dominant vagina microbiome shows a protective effect against the human papillomavirus (HPV) infection, and cervical intraepithelial neoplasia (CIN), which is considered to be a precursor of cervical carcinoma (Yang et al., 2018; Mitra et al., 2020).

Prebiotic refers to a food ingredient that cannot be further digested and has a beneficial effect on the host by selectively promoting the growth and/or enhancing the activity of one or several bacteria (Gibson and Roberfroid, 1995). Artificially produced prebiotics includes lactulose, galactooligosaccharides, fructooligosaccharides, maltooligosaccharides, cyclodextrins, lactosaccharose, etc. (Markowiak and Slizewska, 2017). α-Amylases were found in women’s vagina fluid, which can break down glycogen into maltose, maltotriose, and maltotetraose, which are important to support the growth of Lactobacillus (Spear et al., 2014). Though, under low pH environment, α-amylase has reduced activity, there is still detectable maltose generation, which can limit the growth of Lactobacillus at a sustained rate (Spear et al., 2015). Maltose is a single small-molecule compound maltooligosaccharide, which exists in women’s vagina and can be utilized by Lactobacillus (Ganzle and Follador, 2012). Maltose can be used to make maltose gel as a new non-antibiotic agent for the treatment of BV.

The vagina of female rhesus macaques (Macaca mulatta) is colonized by a group of anaerobic bacteria associated with BV in the woman (Chen et al., 2018). Rhesus macaque has been used as a BV animal model to study vaginal microbiota-associated diseases (Spear et al., 2010). Based on the results from the previous animal trials, the topical application of sucrose gel can induce the vaginal microbiota of rhesus macaques to change from BV-state microbiota to Lactobacillus-dominating microbiota (Hu et al., 2015). The current animal trial was designed to assess whether treatment with maltose gel is a better choice for BV than a placebo.



MATERIALS AND METHODS


Animals and Sample Collection

Rhesus macaques, approximately 4 years of age, were provided by Sichuan Green-house Biotech Co., Ltd., and were deemed to be normal, healthy females at sample collection. Eighteen female rhesus macaques were randomly assigned, in a 2:1 ratio, to receive 0.5 g of maltose gel with maltose concentration of 2.0% (W/V) or 0.5 g of placebo gel by syringe to the fornix of the vagina for 5 consecutive days. The placebo formulation contained the same inactive matrix as maltose gel, which only lacked maltose compared with maltose gel. Both maltose gel (Palavigor Malt. Gel) and placebo gel are provided by Shenzhen Eulikan Biotechnology Co., Ltd. Sampling was scheduled on day 0, day 3, and day 5 during medication and on day 3 and day 5 after withdrawal (hereafter denoted as Day 0, Day 3, Day 5, After 3, and After 5, respectively). All animal studies were reviewed and approved by the Medical Ethics Committee of Beijing Tsinghua Changgung Hospital.

The vaginal discharge was obtained via two swabs. One swab was used to prepare a dry slide for Gram staining, under 1,000× magnification for visual detection. The other swab was quickly plunged into a tube containing 1 ml of PBS solution and stored at −80°C until the total DNA extraction of the vaginal microbiota.



DNA Extraction, PCR Amplification, and Sequencing

The DNA of the sample was extracted through the TIANamp Bacteria DNA Kit (TIANGEN, China) according to the manufacturer’s instructions. This step required additional Lysozyme (Sigma-Aldrich), proteinase K, and RNase A (Sigma-Aldrich), and finally the DNA was washed and stored with 1 × TE buffer. A spectrophotometer was used (Thermo Scientific NanoDrop One) to measure the concentration and purity of the DNA extracts. Then, isolated DNA was stored at −80°C until needed.

16S rRNA was sequenced to determine the microbiota of samples. The V1–V2 regions of the 16S rRNA were amplified with universal primers 27F (5'-AGRGTTYGATYCTGGCTCAG-3') and 338R (5'-GCTGCCTCCCGTAGGAGT-3'). All PCR reactions were carried out with Phusion® High-Fidelity PCR MasterMix (New England Biolabs). The PCR products examined with 300–340 bp were chosen and mixed in equal density ratios. Then, the mixture PCR product was purified with the Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were generated using a TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, 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. Last, the library was sequenced on an Illumina MiSeq platform.



Sequencing Data Processing

The analysis of FASTQ files mainly adopted QIIME2 analysis suites (Bolyen et al., 2019). Firstly, sequencing reads from different samples were separated by duo barcodes with Cutadapt software (v2.8, https://cutadapt.readthedocs.io/en/stable/). Different FASTQ files for the same sample were gathered into one pair of FASTQ files. Then, all the single-sample FASTQ files were imported as QIIME2 artifacts. The raw sequences were denoised using DADA2 software wrapped in QIIME2 (--p-trunc-len-f 200 --p-trunc-len-r 200 --p-max-ee-f 4 --p-max-ee-r 4; Callahan et al., 2016). The denoised feature tables were filtered using QIIME2 feature-table filter-features (--p-min-frequency 10 --p-min-samples 2). The denoised sequences were classified using QIIME2 plugin feature-classifier classify-sklearn with trained Naive Bayes classifier on SILVA (132) taxonomic reference (Yilmaz et al., 2014; Bokulich et al., 2018). Finally, the phylogeny tree and alpha diversity were calculated from the filtered feature table. Further statistic tests and analyses were carried out using R.



Nucleotide Sequence Availability

16S rRNA gene sequences in this study were deposited in the National Center for Biotechnology Information (NCBI) database on BioProject accession number: PRJNA645314.




RESULTS


Diversity of Rhesus Macaque Vaginal Microbiota

Vaginal swabs were collected from 18 rhesus macaques (6 controls, numbered 1–6 and 12 in the test group, numbered 7–18). Due to menstruation and other uncontrollable factors, 8 rhesus macaques (1 control and 7 tests) all completed the collection of vaginal secretions at five time points during the follow-up period. Ten rhesus macaques (5 controls and 5 tests) missed some samples at different time points. We recorded the follow-up data of 18 macaques and collected 70 swab samples of vaginal secretions in two groups (see Supplementary Table 1).

The vaginal microbiota of macaque was polymicrobial, and there was no significant difference between samples from control and test groups initially. The vaginal microbiota of macaques mainly included Lactobacillus, Porphyromonas, Fusobacterium, Corynebacterium, Sneathia, Mobiluncus, Ezakiella, Aerococcus, Streptococcus, Fastidiosipila, Campylobacter, Dialister, Alloprevotella, Parvimonas, Staphylococcus, Peptoniphilus, Atopobium, Facklamia, Helcococcus, Prevotella, Propionimicrobium, Jeotgalicoccus, and Ruminococcaceae, many of which are also found in women with BV (Figure 1A). There was no statistical difference of the mean values of the primary genera between the initial vaginal microbiota (Day 0) of control and test groups (two-tailed Student’s t test, p > 0.05), except for Ezakiella (p = 0.045 < 0.05) and Streptococcus (p = 0.038 < 0.05; Supplementary Table 2). However, when accounting for multiple tests, none of the 23 genera showed a significant difference between control and test groups (FDR > 0.05, Figure 1B; Supplementary Figure 1 and Supplementary Table 2).
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FIGURE 1. Diversity of rhesus macaque vaginal microbiota in control and test groups. (A) Composition of initial vaginal microbiota (Day 0). (B) The mean values of the primary genera of the initial vaginal microbiota (Day 0). (C) Alpha diversity of microbiota as measured using Shannon index, Simpson, and inverse Simpson of genus level 16S rRNA gene phylotypes. Control, blue; Test, red. The mean values of the five times of follow-up in two groups are connected by blue and red lines, respectively, and the gray area is the standard error of linear regression.


Alpha diversity denotes the diversity of the ecosystem or microbiota. The diversity of vaginal microbiota of female rhesus macaques is similar to that of women with BV, which is higher than the diversity of vaginal microbiota of health women (Chen et al., 2018). Alpha diversities of the microbiota of different groups (Day 0, Day 3, Day 5, After 3, and After 5) were measured using the Shannon index, Simpson index, and inverse Simpson index (Invsimpson) from genus-level 16S rRNA gene phylotypes (Figure 1C; Supplementary Table 3). We did not find any significant difference (Shannon index p = 0.33 > 0.05, Simpson index p = 0.29 > 0.05, Invsimpson index p = 0.58 > 0.05) between control and test groups at Day 0 from the diversity indexes, which demonstrated that the initial microbiota diversities of samples from control and test groups were similar (Supplementary Tables 3 and 4). However, when we compared data from different days during treatment (Day 0, Day 3, and Day 5) in control and test groups, we could find that the diversity declined very significantly in test groups (ANOVA: Shannon index p = 0.00024 < 0.01, Simpson index p = 0.0021 < 0.01, Invsimpson index p = 0.000042 < 0.01), but not in control groups (ANOVA: Shannon index p = 0.036 > 0.01, Simpson index p = 0.12 > 0.01, Invsimpson index p = 0.015 > 0.01; Figure 1C). When it came to the days after treatment, we could observe an increasing trend in both control and test groups, although none of them were significant (ANOVA in control: Shannon index p = 0.28 > 0.05, Simpson index p = 0.052 > 0.05, Invsimpson index p = 0.067 > 0.05; ANOVA in test: Shannon index p = 0.34 > 0.05, Simpson index p = 0.47 > 0.05, Invsimpson index p = 0.17 > 0.05). These results indicated that the treatment can significantly reduce the diversity of vagina microbiota of female macaques. Although the diversity index of the treatment group increased after the withdrawal of medication, it remained at a lower level compared with the situation before medication. It indicated that the prebiotics still had a certain lasting effect on maintaining the stability of the bacterial community after drug withdrawal.

A comparison between the test group and the control group showed that the maltose gel could promote the dominance of Lactobacillus in vagina microbiota. In the six samples of the control group (numbers 1–6), there was no significant change in the composition and diversity of vaginal microbiota from Day 0 to Day 5 (Supplementary Table 5), with the percentage of Lactobacillus declining slightly (Day 0 and Day 3, two-sided Student’s t test p = 0.016 > 0.1). In the test group (sample number 7–18), the abundance of Lactobacillus in the vagina microbiota increased gradually with the prolongation of the treatment time on Day 3 and Day 5 (ANOVA p = 6.99e−5 < 0.01; Supplementary Table 6). After drug withdrawal, the abundance of Lactobacillus decreased gradually and was higher than the initial vaginal microbiota on After 3 and After 5 (Figure 2). Based on the above results, the microbiota of the test group was greatly affected by maltose gel. We compared the relative abundance of bacteria on Day 0 and Day 5 in the test group. As shown in Figure 3A, the abundance of Lactobacillus, Fusobacterium, Parvimonas, and Mobiluncus had a significant statistical difference between Day 0 and Day 5 (ANOVA p < 0.01), and the abundance of Campylobacter, Prevotella, and Sneathia had a statistical difference (ANOVA p < 0.05; Supplementary Table 6). By evaluating the changing trend of the above genus at different time points, we found that the abundance of Lactobacillus increased from the beginning of the treatment to Day 5, but began to decrease after the withdrawal of maltose gel (Figure 3B). Correspondingly, the abundance of Fusobacterium, Parvimonas, Mobiluncus, Campylobacter, Prevotella, and Sneathia decreased on Day 0 to Day 5 and increased after drug withdrawal (Figure 3B).
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FIGURE 2. The diversity of the vaginal microbiota during the follow-up of each sample in control and test groups. The radius represents the percentage of the genus.


[image: Figure 3]

FIGURE 3. Changes in the abundance of bacteria with statistical difference in test group. (A) The percentage of bacteria on Day 0 and Day 5 in the test group. (B) The mean values of the five follow-up points are connected by different colored lines, respectively, and the gray area denotes the standard error.


Early drug withdrawal might lead to a mild relapse of the BV-like situation in the macaque vagina. When comparing Day 5 data with two follow-ups after withdrawal (After 3 and After 5), the percentage of Lactobacillus in most samples decreased gradually with the prolongation of withdrawal time, the dominant position of Lactobacillus was replaced, and the diversity of vaginal microbiota increased (Figures 1C, 4; Supplementary Table 7). However, the percentage reduction of Lactobacillus in the microbiota was moderate (ANOVA p = 0.016 > 0.01, Supplementary Table 7).
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FIGURE 4. Diversity and abundance of vaginal microbiota between Day 5, After 3, and After 5 in test group.


We compared the diversity and abundance of Lactobacillus during follow-up between the control and test group. Lactobacillus sequences (mostly L. johnsonii) were found in rhesus macaques, and others include L. crispatus, L. iners, L. jensenii, L. mucosae, L. murinus, L. reuteri, L. ruminis, etc. (Figure 5; Supplementary Table 8). In the placebo gel control group, there was little change in the abundance of Lactobacillus. However, the abundance of Lactobacillus increased during the treatment period and gradually decreased after the withdrawal of the drug in the test group.
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FIGURE 5. The diversity and abundance of the Lactobacillus during the follow-up of each sample in control and test groups.




Gram Stain of Vaginal Microbiota Before and After Gel Treatment

We stained the vaginal secretions with Gram obtained during different periods of follow-up. In this longitudinal analysis, we select respectively Subject 5 and Subject 16 in control and test groups to display a dynamic morphology under 1,000× magnification. There was almost no significant change in the morphology of Subject 5 before and after treatment (Figure 6A). The morphology of Subject 16 did not change significantly within 3 days after medication (Day 0, Day 1, and Day 2). In Figure 6B, Lactobacillus (green arrows) gradually appeared in the microscope field on Day 3 and Day 4, and the content of Day 4 increased compared with Day 3. Compared with Day 4, there were fewer cocci or vibrio in the microscopic field on Day 5 and only a large number of Gram-positive macrobacillus (mostly Lactobacillus). This indicates that Lactobacillus is predominant in the vagina. During a follow-up of 4 days after withdrawal (After 1, After 2, After 3, and After 4), the number of Lactobacillus decreased gradually.
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FIGURE 6. Gram stain of vaginal microbiota before and after gel treatment. (A) The morphology of Subject 5 (control group) under 1,000× magnification after gram staining during placebo gel treatment and withdrawal. (B) The morphology of Subject 16 (test group) during maltose gel treatment and withdrawal. Green arrows indicate Lactobacillus.





DISCUSSION


Diversity of Rhesus Macaque Vaginal Microbiota

This study suggests that the rhesus macaque genital microbiota was relatively polymicrobial, mainly including Porphyromonas, Mobiluncus, Sneathia, Fastidiosipila, Prevotella, Atopobium, Lactobacillus, etc. The microbial profile is characterized by relatively low levels of Lactobacillus and high numbers of Gram-negative bacteria. At the same time, we observed that the background bacteria of the initial vaginal sample (Day 0) after Gram staining consisted of a large number of dense Gram-negative microbacilli and clue cells with unclear boundaries under 1,000× magnification. These microbial features are consistent with previous reports in macaque vagina and similar to the characteristics of BV in women (Spear et al., 2010; Amaral et al., 2017). Considering the characteristics of low Lactobacillus and high BV-related bacteria in macaque vagina, macaque has been gradually used as animal models to study human BV in recent years (Spear et al., 2010; Amaral et al., 2017; Chen et al., 2018).

Healthy vaginal flora is composed of more than 90% Lactobacillus (mainly L. crispatus, L. iners, L. gasseri, or L. jensenii; Ravel et al., 2011). BV occurs when there is a shift in this flora to include a greater proportion of mixed anaerobic bacteria, such as the Gardnerella, Prevotella, and Atopobium species (Force et al., 2020). Although the rhesus macaque is one of the most extensively used nonhuman primate models for human diseases (Simmons, 2016), the main difference between the human BV state and macaque vagina is that the abundance of Gardnerella vaginalis (dominant bacteria) in the former is significantly higher than this in the latter. Additionally, the Lactobacillus (non-dominant bacteria) in the macaque vagina is mainly L. johnsonii, which is not consistent with the Lactobacillus (often L. iners) in BV. Therefore, the microbiota naturally present in primates share great similarities with human pathogens, but the distinction of the predominant microbiota between macaque and human highlights the need for cautious interpretation of the results of animal model studies (Chen et al., 2018).



Prebiotic Maltose Gel Can Induce the Transition From Polymicrobial State of BV to Lactobacillus Dominant

Compared with Day 0, the alpha diversity index (Shannon index, Simpson index, and Invsimpson) declined very significantly in test groups on Day 3 and Day 5 during maltose gel therapy, and the abundance of Lactobacillus was significantly higher with the prolongation of the treatment time than the placebo gel group. At the same time, the abundance of several BV-related bacteria, Fusobacterium, Parvimonas, Mobiluncus, Campylobacter, Prevotella, and Sneathia, decreased on Day 0 to Day 5. The results indicate that prebiotic maltose gel can promote the growth of Lactobacillus and induce the polymicrobial state of BV to Lactobacillus dominant state, which results in the inhibition of BV bacteria in rhesus macaque vagina.

The composition of the human vaginal microbiota ranges from Lactobacillus dominant to a microbiota with diverse anaerobic bacteria, most evident with the common condition BV, which can be associated with a myriad of symptoms and adverse health outcomes (Falconi-McCahill, 2019). Furthermore, after treatment with an antibiotic agent, 20–75% of women have recurrent BV within 3 months (Bradshaw et al., 2006). Antibiotics are the first choice for the treatment of BV in the clinic (Sherrard et al., 2018; Cohen et al., 2020). However, while antibiotics inhibit BV-related bacteria, they may also eliminate Lactobacillus (Goldstein et al., 2015; Anisimova and Yarullina, 2019). This may be one reason for the high recurrence rate of BV. Vaginal Lactobacillus spp. provide broad-spectrum protection by producing lactic acid, bacteriocins, and biosurfactants, and by adherence to the mucosa that forms barriers against pathogenic infection (Kovachev, 2018). The presence of Lactobacillus is an important factor in the prevention of BV infection than antibiotics.

Prebiotics are chemically stable, which can significantly improve the growth and function of microbiota (Singh et al., 2017). The study confirms that maltose gel can facilitate the proliferation of Lactobacillus and promote the vaginal microbiota from BV-related bacteria dominant to Lactobacillus dominant in the rhesus macaque. Our results showed that once the prebiotic maltose gel was discontinued, the levels of Lactobacillus decreased gradually, accompanied by the increase of diversity of the vaginal microbiota. After all, the prebiotic maltose gel is a favorable carbon source for Lactobacillus. Lactobacillus abundance shall decline when carbon source supplies are reduced. In addition, the macaques had high levels of BV-related bacteria in their vagina, and low levels of Lactobacillus originally, which might be the “normal” state of the female macaques. When we artificially interfered with the vaginal microbiome of macaques with prebiotics, it led to the growth of Lactobacillus and the decline of BV-related bacteria. Once the intervention ceases, the physiological regulation of macaques may begin to play a role in promoting “health,” tending towards the initial bacterial state. The current trial evaluated 5 days of treatment and 5 days of follow-up; the further study should be considered to assess the longer-term sustainability of colonization and prevention of BV. Long-term use of maltose gel may maintain the dominance of Lactobacillus.

Glycogen in the vaginal epithelial cells is catabolized by human α-amylase to maltose, maltotriose, and α-dextrins, which are then metabolized to lactic acid by Lactobacillus species (Spear et al., 2014). This creates an acidic environment (pH, 3.5–4.5) conducive for the growth of Lactobacillus at the expense of other anaerobic bacterial species (Amabebe and Anumba, 2018). In our previous research, sucrose gel has a good performance in promoting the proliferation of Lactobacillus (Hu et al., 2015), but then we found that sucrose needs to be stable at around pH 5.5. When sucrose gel is used in the vagina, it will interfere with the normal pH of the vagina. However, maltose is more stable in an environment of pH 3.8, and as a decomposition product of glycogen under natural vagina environment, it is more suitable for selection as a vaginal prebiotic (Spear et al., 2015). Besides, unlike antibiotics, prebiotic substances rarely cause allergies (Pretorius et al., 2018) and do not provoke resistance. While prebiotics may be inferior to antibiotics against pathogens, the properties mentioned above make them a natural substitute for antibiotics (Markowiak and Slizewska, 2017). Based on the advantage above, prebiotic maltose gel may be possible to treat female BV clinically in the future. Notably, different prebiotics will stimulate the growth of different indigenous bacteria (Markowiak and Slizewska, 2017). Lactobacillus in the macaque reproductive tract is mainly L. johnsonii, and also L. crispatus, L. iners, L. jensenii, etc., which are common in the human vagina. Therefore, it may require in vitro and in vivo experiments to prove whether maltose gel is suitable for the treatment of human BV before it can be clinically applied in the future. One of the shortcomings of this study is that the number of macaques is a bit small. However, as our preliminary experiment, this study has confirmed that prebiotic maltose gel can promote the growth of Lactobacillus and induce a shift in the polymicrobial state of BV to Lactobacillus dominant. Then, we will expand the sample size for more detailed experimental verification in the future.




DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



ETHICS STATEMENT

The animal study was reviewed and approved by Medical Ethics Committee of Beijing Tsinghua Changgung Hospital.



AUTHOR CONTRIBUTIONS

All authors were involved in the conception and design of the study. Q-qZ processed the samples and performed 16S rRNA gene sequencing. Q-qZ, Z-hL, and LZ analyzed the 16S rRNA data. L-lL, GH, and G-lL were responsible for maltose gel administration and follow-up in macaques. Q-qZ, Z-hL, and Q-pL contributed to study design and wrote the manuscript. Q-qZ and YW contributed to obtaining images of vaginal secretions after Gram staining. YC and WW helped coordinate and edit the manuscript. All authors reviewed and approved the final manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (81671409) and Beijing Natural Science Foundation of China (7202239).


ACKNOWLEDGMENTS

We thank Zhong-ming Zeng for his coordination work for the experiment. We also thank Shenzhen Eulikan Biotechnology Co., Ltd. for providing maltose gel (Palavigor Malt. Gel) and placebo gel and Sichuan Green-house Biotech Co., Ltd. for access to the macaques. Thanks to Qiao-ying Shi for the assistance with Gram staining of the secretions.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.594065/full#supplementary-material



REFERENCES

 Amabebe, E., and Anumba, D. O. C. (2018). The vaginal microenvironment: the physiologic role of lactobacilli. Front. Med. 5:181. doi: 10.3389/fmed.2018.00181 

 Amaral, W. Z., Lubach, G. R., Kapoor, A., Proctor, A., Phillips, G. J., Lyte, M., et al. (2017). Low lactobacilli abundance and polymicrobial diversity in the lower reproductive tract of female rhesus monkeys do not compromise their reproductive success. Am. J. Primatol. 79:e22691. doi: 10.1002/ajp.22691 

 Anisimova, E. A., and Yarullina, D. R. (2019). Antibiotic resistance of LACTOBACILLUS strains. Curr. Microbiol. 76, 1407–1416. doi: 10.1007/s00284-019-01769-7 

 Atashili, J., Poole, C., Ndumbe, P. M., Adimora, A. A., and Smith, J. S. (2008). Bacterial vaginosis and HIV acquisition: a meta-analysis of published studies. AIDS 22, 1493–1501. doi: 10.1097/QAD.0b013e3283021a37 

 Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R., et al. (2018). Optimizing taxonomic classification of marker-gene amplicon sequences with QIIME 2’s q2-feature-classifier plugin. Microbiome 6:90. doi: 10.1186/s40168-018-0470-z 

 Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9 

 Borges, S., Silva, J., and Teixeira, P. (2014). The role of lactobacilli and probiotics in maintaining vaginal health. Arch. Gynecol. Obstet. 289, 479–489. doi: 10.1007/s00404-013-3064-9 

 Bradshaw, C. S., Morton, A. N., Hocking, J., Garland, S. M., Morris, M. B., Moss, L. M., et al. (2006). High recurrence rates of bacterial vaginosis over the course of 12 months after oral metronidazole therapy and factors associated with recurrence. J. Infect. Dis. 193, 1478–1486. doi: 10.1086/503780 

 Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J., and Holmes, S. P. (2016). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869 

 Chen, Z., Yeoh, Y. K., Hui, M., Wong, P. Y., Chan, M. C. W., Ip, M., et al. (2018). Diversity of macaque microbiota compared to the human counterparts. Sci. Rep. 8:15573. doi: 10.1038/s41598-018-33950-6 

 Cohen, C. R., Wierzbicki, M. R., French, A. L., Morris, S., Newmann, S., Reno, H., et al. (2020). Randomized trial of Lactin-V to prevent recurrence of bacterial vaginosis. N. Engl. J. Med. 382, 1906–1915. doi: 10.1056/NEJMoa1915254 

 Falconi-McCahill, A. (2019). Bacterial vaginosis: a clinical update with a focus on complementary and alternative therapies. J. Midwifery Womens Health 64, 578–591. doi: 10.1111/jmwh.13013 

 Force, U. S. P. S. T., Owens, D. K., Davidson, K. W., Krist, A. H., Barry, M. J., Cabana, M., et al. (2020). Screening for bacterial Vaginosis in pregnant persons to prevent preterm delivery: US Preventive Services Task Force Recommendation Statement. JAMA 323, 1286–1292. doi: 10.1001/jama.2020.2684 

 Ganzle, M. G., and Follador, R. (2012). Metabolism of oligosaccharides and starch in lactobacilli: a review. Front. Microbiol. 3:340. doi: 10.3389/fmicb.2012.00340 

 Gaziano, R., Sabbatini, S., Roselletti, E., Perito, S., and Monari, C. (2020). Saccharomyces cerevisiae-based probiotics as novel antimicrobial agents to prevent and treat vaginal infections. Front. Microbiol. 11:718. doi: 10.3389/fmicb.2020.00718 

 Gibson, G. R., and Roberfroid, M. B. (1995). Dietary modulation of the human colonic microbiota: introducing the concept of prebiotics. J. Nutr. 125, 1401–1412. doi: 10.1093/jn/125.6.1401 

 Goldstein, E. J., Tyrrell, K. L., and Citron, D. M. (2015). Lactobacillus species: taxonomic complexity and controversial susceptibilities. Clin. Infect. Dis. 60(Suppl. 2), S98–S107. doi: 10.1093/cid/civ072 

 Gosmann, C., Anahtar, M. N., Handley, S. A., Farcasanu, M., Abu-Ali, G., Bowman, B. A., et al. (2017). Lactobacillus-deficient cervicovaginal bacterial communities are associated with increased HIV Acquisition in young South African women. Immunity 46, 29–37. doi: 10.1016/j.immuni.2016.12.013 

 Hu, K. T., Zheng, J. X., Yu, Z. J., Chen, Z., Cheng, H., Pan, W. G., et al. (2015). Directed shift of vaginal microbiota induced by vaginal application of sucrose gel in rhesus macaques. Int. J. Infect. Dis. 33, 32–36. doi: 10.1016/j.ijid.2014.12.040 

 Klebanoff, M. A., and Brotman, R. M. (2018). Treatment of bacterial vaginosis to prevent preterm birth. Lancet 392, 2141–2142. doi: 10.1016/S0140-6736(18)32115-9 

 Kovachev, S. (2018). Defence factors of vaginal lactobacilli. Crit. Rev. Microbiol. 44, 31–39. doi: 10.1080/1040841X.2017.1306688 

 Leitich, H., and Kiss, H. (2007). Asymptomatic bacterial vaginosis and intermediate flora as risk factors for adverse pregnancy outcome. Best Pract. Res. Clin. Obstet. Gynaecol. 21, 375–390. doi: 10.1016/j.bpobgyn.2006.12.005 

 Markowiak, P., and Slizewska, K. (2017). Effects of probiotics, prebiotics, and synbiotics on human health. Nutrients 9:1021. doi: 10.3390/nu9091021 

 Mendling, W., Palmeira-de-Oliveira, A., Biber, S., and Prasauskas, V. (2019). An update on the role of Atopobium vaginae in bacterial vaginosis: what to consider when choosing a treatment? A mini review. Arch. Gynecol. Obstet. 300, 1–6. doi: 10.1007/s00404-019-05142-8 

 Mitra, A., MacIntyre, D. A., Ntritsos, G., Smith, A., Tsilidis, K. K., Marchesi, J. R., et al. (2020). The vaginal microbiota associates with the regression of untreated cervical intraepithelial neoplasia 2 lesions. Nat. Commun. 11:1999. doi: 10.1038/s41467-020-15856-y 

 Pretorius, R., Prescott, S. L., and Palmer, D. J. (2018). Taking a prebiotic approach to early immunomodulation for allergy prevention. Expert. Rev. Clin. Immunol. 14, 43–51. doi: 10.1080/1744666X.2018.1411191 

 Ravel, J., Gajer, P., Abdo, Z., Schneider, G. M., Koenig, S. S., McCulle, S. L., et al. (2011). Vaginal microbiome of reproductive-age women. Proc. Natl. Acad. Sci. U. S. A. 108(Suppl. 1), 4680–4687. doi: 10.1073/pnas.1002611107 

 Russo, R., Karadja, E., and De Seta, F. (2019). Evidence-based mixture containing Lactobacillus strains and lactoferrin to prevent recurrent bacterial vaginosis: a double blind, placebo controlled, randomised clinical trial. Benefic. Microbes 10, 19–26. doi: 10.3920/BM2018.0075 

 Sherrard, J., Wilson, J., Donders, G., Mendling, W., and Jensen, J. S. (2018). 2018 European (IUSTI/WHO) International Union against sexually transmitted infections (IUSTI) World Health Organisation (WHO) guideline on the management of vaginal discharge. Int. J. STD AIDS 29, 1258–1272. doi: 10.1177/0956462418785451 

 Simmons, H. A. (2016). Age-associated pathology in rhesus macaques (Macaca mulatta). Vet. Pathol. 53, 399–416. doi: 10.1177/0300985815620628 

 Singh, S. P., Jadaun, J. S., Narnoliya, L. K., and Pandey, A. (2017). Prebiotic oligosaccharides: special focus on Fructooligosaccharides, its biosynthesis and bioactivity. Appl. Biochem. Biotechnol. 183, 613–635. doi: 10.1007/s12010-017-2605-2 

 Spear, G. T., French, A. L., Gilbert, D., Zariffard, M. R., Mirmonsef, P., Sullivan, T. H., et al. (2014). Human alpha-amylase present in lower-genital-tract mucosal fluid processes glycogen to support vaginal colonization by lactobacillus. J. Infect. Dis. 210, 1019–1028. doi: 10.1093/infdis/jiu231 

 Spear, G. T., Gilbert, D., Sikaroodi, M., Doyle, L., Green, L., Gillevet, P. M., et al. (2010). Identification of rhesus macaque genital microbiota by 16S pyrosequencing shows similarities to human bacterial vaginosis: implications for use as an animal model for HIV vaginal infection. AIDS Res. Hum. Retrovir. 26, 193–200. doi: 10.1089/aid.2009.0166 

 Spear, G. T., McKenna, M., Landay, A. L., Makinde, H., Hamaker, B., French, A. L., et al. (2015). Effect of pH on cleavage of glycogen by vaginal enzymes. PLoS One 10:e0132646. doi: 10.1371/journal.pone.0132646 

 Srinivasan, S., Morgan, M. T., Fiedler, T. L., Djukovic, D., Hoffman, N. G., Raftery, D., et al. (2015). Metabolic signatures of bacterial vaginosis. mBio 6, e00204–e00215. doi: 10.1128/mBio.00204-15 

 Taylor, B. D., Darville, T., and Haggerty, C. L. (2013). Does bacterial vaginosis cause pelvic inflammatory disease? Sex. Transm. Dis. 40, 117–122. doi: 10.1097/OLQ.0b013e31827c5a5b 

 Yang, X., Da, M., Zhang, W., Qi, Q., Zhang, C., and Han, S. (2018). Role of Lactobacillus in cervical cancer. Cancer Manag. Res. 10, 1219–1229. doi: 10.2147/CMAR.S165228 

 Yefet, E., Colodner, R., Strauss, M., Gam Ze Letova, Y., and Nachum, Z. (2020). A randomized controlled open label crossover trial to study vaginal colonization of orally administered Lactobacillus reuteri RC-14 and rhamnosus GR-1 in pregnant women at high risk for preterm labor. Nutrients 12:1141. doi: 10.3390/nu12041141 

 Yilmaz, P., Parfrey, L. W., Yarza, P., Gerken, J., Pruesse, E., Quast, C., et al. (2014). The SILVA and “All-species Living Tree Project (LTP)” taxonomic frameworks. Nucleic Acids Res. 42, D643–D648. doi: 10.1093/nar/gkt1209 

Conflict of Interest: L-lL was employed by the company Shenzhen Eulikan Biotechnology Co., Ltd., China. GH and G-lL were employed by the company Sichuan Green-house Biotech Co., Ltd., China. YC and WW were employed by the company Suzhou Turing Microbial Technologies Co., Ltd., China.

The remaining 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.

Copyright © 2020 Zhang, Liu, Liu, Hu, Lei, Wang, Cao, Wu, Zhang and Liao. 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.



REVIEW

published: 30 November 2020

doi: 10.3389/fimmu.2020.615056

[image: image2]


The Intestinal Microbiota and Colorectal Cancer


Yiwen Cheng, Zongxin Ling * and Lanjuan Li *


Collaborative Innovation Center for Diagnosis and Treatment of Infectious Diseases, State Key Laboratory for Diagnosis and Treatment of Infectious Diseases, National Clinical Research Center for Infectious Diseases, The First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China




Edited by: 
Qixiao Zhai, Jiangnan University, China

Reviewed by: 
Zhihong Liu, Guangdong Academy of Science, China

Weiling Li, Dalian Medical University, China

*Correspondence: 
Lanjuan Li
 ljli@zju.edu.cn
 Zongxin Ling
 lingzongxin@zju.edu.cn

Specialty section: 
 This article was submitted to Microbial Immunology, a section of the journal Frontiers in Immunology


Received: 08 October 2020

Accepted: 02 November 2020

Published: 30 November 2020

Citation:
Cheng Y, Ling Z and Li L (2020) The Intestinal Microbiota and Colorectal Cancer. Front. Immunol. 11:615056. doi: 10.3389/fimmu.2020.615056



The intestinal microbiota, composed of a large population of microorganisms, is often considered a “forgotten organ” in human health and diseases. Increasing evidence indicates that dysbiosis of the intestinal microbiota is closely related to colorectal cancer (CRC). The roles for intestinal microorganisms that initiated and facilitated the CRC process are becoming increasingly clear. Hypothesis models have been proposed to illustrate the complex relationship between the intestinal microbiota and CRC. Recent studies have identified Streptococcus bovis, enterotoxigenic Bacteroides fragilis, Fusobacterium nucleatum, Enterococcus faecalis, Escherichia coli, and Peptostreptococcus anaerobius as CRC candidate pathogens. In this review, we summarized the mechanisms involved in microbiota-related colorectal carcinogenesis, including inflammation, pathogenic bacteria, and their virulence factors, genotoxins, oxidative stress, bacterial metabolites, and biofilm. We also described the clinical values of intestinal microbiota and novel strategies for preventing and treating CRC.
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Introduction

Colorectal cancer (CRC) is one of the most common cancers and is a major global health burden. CRC ranks third in terms of incidence and second in mortality worldwide, accounting for 1.8 million new cases and 881,000 deaths in 2018 (1). With its continued progression in western countries, the incidence of CRC is predicted to increase to 2.2 million new cases and 1.1 million deaths worldwide by 2030 (2). In China, over 376,000 new cases and 191,000 deaths are estimated to occur annually (3). CRC incidence and mortality have decreased steadily in recent decades among adults aged ≥65 years because of increased colonoscopy screenings; however, the opposite has occurred in adults younger than 50 years (4). In the United States from the mid-1980s through 2013, the colon cancer incidence increased by 2.4% annually in adults aged 20–29 years and by 1.0% annually in adults aged 30–39 years. It has also increased by 1.3% annually in adults aged 40–49 years and by 0.5% annually in adults aged 50–54 years since the mid-1990s (5, 6). This trend in younger adults, along with the continued burden in the overall population, is alarming; therefore, new strategies for early detection and prevention of CRC are urgently needed. As with many diseases, the CRC etiology is highly complex and involves both genetic and environmental factors (7). Evidence from twin and family studies indicates that only a small fraction of CRCs, including familial adenomatous polyposis (FAP), hereditary nonpolyposis colorectal cancer (HNPCC or Lynch syndrome), Peutz-Jeghers syndrome, and other more rare disorders, are genetically predisposed (8–10). In addition, most CRCs are sporadic or non-inherited (11). Environmental factors, such as western dietary habits, smoking, weight gain and obesity, diabetes, and heavy alcohol consumption, play major roles in causing sporadic CRC. Among environmental risk factors, the intestinal microbiota is an important contributor (12–15). Increasing evidence indicates that the intestinal microbiota plays a vital role in CRC initiation, progression, and metastasis (16, 17).

The human intestinal microbiota is composed of 1013 to 1014 microbes, encompasses ∼10 times more bacterial cells than human cells and contains > 100 times as many genes as in the human genome (18, 19). A healthy human intestinal microbiota plays a crucial role in harvesting energy (20), shaping the intestinal epithelium (21), protecting against pathogens (22), and maintaining immunity (23). Contrariwise, intestinal microbiota dysbiosis alters host physiological functions, leading to various diseases (24). Emerging studies on the relationship between the intestinal microbiota and CRC have analyzed the role of the intestinal microbiota in colorectal carcinogenesis. These studies have shown the differences in the intestinal microbiota compositions between patients with CRC and healthy individuals as well as which microbes are enriched or depleted in patients with CRC. Interestingly, microbiome alterations also occur with colorectal adenoma, the early stage of CRC. Thus, microbiome alterations might be used as biomarkers for early CRC detection. On the other hand, previous research findings suggest that modulating the intestinal microbiome may be a new strategy for CRC prevention and treatment. In this review, we summarized recent advances in understanding the associations between the intestinal microbiota and CRC based on evidence from animal and human studies, especially in terms of mechanisms. We also partly describe the clinical value of the intestinal microbiota and novel strategies for preventing and treating CRC.



Intestinal Microbiota in CRC

In as early as the 1970s, animal experiments showed that intestinal microbial populations were crucial in mediating the carcinogenic effects of different compounds in intestine (25–27). For example, Wynder group used germ-free and conventional rats to study the effects of the intestinal microbiota on colonic sensitivity to the carcinogenic effect of 1,2-dimethylhydrazine. They found that only 20% of germ-free rats developed colonic tumors, whereas 93% of conventional rats developed multiple colonic tumors (26), and subcutaneously injecting azoxymethane increased the incidence and multiplicity of the colonic tumors in germ-free rats compared with that in conventional rats (27). Intestinal microbial dysbiosis could be observed within the intestines of mice with both spontaneous and chemically induced colon tumorigenesis. For example, ApcMin/+ mice, a familial model of colonic tumor disease, spontaneously developed intestinal tumors due to a mutation in the adenomatous polyposis coli (APC) tumor-suppressor gene. The intestinal microbial diversity was reduced in C57BL/6J ApcMin/+ mice compared with that in wild-type C57BL/6J mice (28). Additionally, ApcMin/+ mice gavaged with feces from CRC patients exhibited enhanced intestinal adenoma progression (29).

High-throughput microbiome sequencing enables researchers to study microbial communities that colonize tumors as well as nontumor colonic sites and characterize individualized oncogenic microbiomes (13). Patients with CRC have shown reduced bacterial diversity and richness compared with those of healthy individuals (30). Additionally, although no unifying CRC-associated microbiota structure has yet been determined, accumulating human studies have shown that compared with matched microbiotas from healthy individuals, the intestinal microbiotas of CRC patients are structurally separate in both fecal (13, 31–35) and mucosal (12, 30, 36) samples. In addition, emerging studies have demonstrated the role of fungi in colorectal tumorigenesis. A previous study identified that fungal composition were different in tissue biopsies of 27 subjects with colorectal adenoma and adjacent tissues (37). Consistently, Yu et al. found that unlike the observation with bacteria, the fungal alpha diversities were not significantly different between CRC patients and healthy individuals, but the compositions were obviously altered. The Basidiomycota:Ascomycota ratio was increased in CRC patients compared with healthy subjects. And class Malasseziomycetes was enriched in CRC while classes Saccharomycetes and Pneumocystidomycetes were depleted (15). Overall, the CRC microbiota exhibits dysbiosis, reflecting a different ecological microenvironment in patients with CRC.

Despite the variations in intestinal microbiota, several individual bacterial species have been associated with CRC (Table 1). Streptococcus bovis (S. bovis), a gram-positive cocci, is a reported risk factor for CRC (38–40). Enterotoxigenic Bacteroides fragilis (ETBF), a bacterium producing B. fragilis toxin (BFT), causes diarrhea and inflammatory bowel disease (IBD) (41–44). Fusobacterium nucleatum (F. nucleatum) is enriched in human colorectal adenomas and carcinomas (45, 57) and may contribute to disease progression from adenoma to cancer (46). In our recent study, F. nucleatum was significantly increased in patients with early-stage CRC (49). The presence of F. nucleatum in CRC tissues indicated a worse prognosis (47, 48). Some studies reported that Enterococcus faecalis (E. faecalis) was significantly higher in patients with CRC compared with that in healthy controls (31, 51). E. faecalis infection induces superoxide production, which damages DNA in epithelial cells (50, 52). Although Escherichia coli (E. coli) is a gut commensal bacterium, studies have reported higher levels of colonic colonization by mucosa-associated E. coli in CRC patients compared with that in healthy people (53, 54, 58). Yu et al. found Peptostreptococcus anaerobius (P. anaerobius) was significantly enriched in fecal and mucosal microbiotas from patients with CRC (55, 56). Notably, it is not one specific microorganism that is responsible for CRC, but a group of bacteria whose detrimental actions surpass those of the beneficial commensals. On the other hand, some bacteria, mostly probiotics such as the butyrate-producer, Clostridium butyicum, and lactate-producer such as S. thermophilus, are depleted in CRC patients. These bacteria may exert a protective effect against CRC.


Table 1 | Colorectal cancer associated intestinal microorganism.





Hypothesis Models Associated With Intestinal Microbiota and CRC

CRC occurrence is related to changes in the overall intestinal flora structure as well as infection with one or several specific bacteria. To better understand the relationship between intestinal microbiota and CRC, researchers raised a few hypotheses as follows:


The Alpha-Bug Hypothesis

Sears and Pardoll proposed the “Alpha-bug” hypothesis based on previous work on ETBF carcinogenesis in ApcMin/+ mice (59). ETBF rapidly induced the exclusive activation of signal transducer and activator of transcription-3 (STAT3) with colitis characterized by T helper 17 (Th17) responses, which might promote cancer in cooperation with the modified colonic epithelium (42). The Alpha-bug hypothesis integrates the single intestinal bacterium and microbiome community views of microbial carcinogenesis. Alpha-bugs not only induce tumors directly, but also remodel the bacterial community to one that promotes Alpha-bug induction of intestinal mucosal immune responses and intestinal epithelial cell (IEC) alterations resulting in cancer. Additionally, Alpha-bugs can enhance carcinogenesis by selectively “crowding out” of cancer-protective intestinal bacteria. Potential Alpha-bug candidates include ETBF, S. bovis, superoxide-producing E. faecalis, and E. coli.



The Driver-Passenger Model

Next-generation sequencing technology has allowed us to explore the microbial composition of both healthy and diseased body sites. These studies have revealed that the intestinal microbiota associated with CRC contains bacterial species that differ in their temporal associations with developing tumors. Based on this, Tjalsma et al. first proposed a bacterial counterpart of the genetic “driver-passenger” model for CRC (60). This model classifies microbes into two categories. First, certain indigenous intestinal bacteria (termed driver bacteria) produce genotoxic substances to damage the epithelial cell DNA, thus initiating CRC. Second, tumor environmental alterations that favor proliferation of opportunistic bacteria (termed passenger bacteria), such as Fusobacterium spp., mediate colorectal tumorigenesis. Although the driver bacterial aspect of the driver-passenger model is related to the Alpha-bug hypothesis, it differs from the Alpha-bug model (61). The driver-passenger model highlights that although the driver bacteria initiate CRC, these bacteria will not always exist, and will be replaced by passenger bacteria as a loss of growth advantage, whereas the Alpha-bug hypothesis posits that driver bacteria persistently colonize developing tumors. Thus, these authors suggest that bacterial drivers and passengers have distinct temporal associations with CRC tissue. This model well explains the various results among different studies.




Mechanisms in Colorectal Carcinogenesis

Colorectal carcinogenesis is highly complex and involves genetic and environmental factors. Emerging studies suggest that several mechanisms, including inflammation, pathogenic bacteria, genotoxins, oxidative stress, metabolites, and biofilm, are closely linked to the intestinal microbiota. Here, we review the known microbiota-associated mechanisms in CRC carcinogenesis (Figure 1).




Figure 1 | Microbiota-associated mechanisms in colorectal carcinogenesis. The intestinal microbiota can regulate the initiation and progression of CRC. I. The infiltration of commensal bacteria or their products activates tumor-associated myeloid cells and induces tumor promoting inflammation. II. Pathogenic bacteria and their virulence factors adhere to IECs and promote tumorigenesis. III. Genotoxins produced by bacteria induce DNA damages in IECs and initiate CRC development. IV. Under the stimulation of chronic inflammation, inflammatory cells can produce ROS and RNS, which in turn induce DNA damage. V. Several bacterial metabolites, including secondary bile acids, H2S and NOCs, can cause DNA damage, which promote CRC carcinogenesis. VI. Biofilm, microbial communities, promotes carcinogenesis through IL-6 and its downstream effector STAT3 activation. IEC, intestinal epithelial cell; H2S, hydrogen sulfide; NOCs, N-nitroso compounds; CDT, cytolethal distending toxin; TT, typhoid toxin; MAMP, microbe-associated molecular pattern; LPS, lipopolysaccharide; PRR, pattern recognition receptor; TLR, Toll-like receptor; MyD88, myeloid differentiation factor 88; NF-κB, nuclear factor-κB; STAT3, signal transducer and activator of transcription 3; CAM, cell adhesin molecule; FadA, Fusobacterium adhesin A; TIGIT, T-cell immunoglobulin and ITIM domain; PCWBR2, putative cell wall binding repeat2; ROS, reactive oxygen species; RNS, reactive nitrogen species.




Inflammation

The first connection between inflammation and cancer is attributed to Rudolf Virchow, who noted the presence of leukocytes in tumors in 1863 (62). Until the past decade that clear evidence has been obtained that inflammation acts as a critical factor in tumorigenesis. Chronic inflammation is widely accepted as a risk factor for CRC (63–65). Patients with IBD, including both ulcerative colitis (UC) and Crohn’s disease (CD), have higher risks of CRC. Previous meta-analyses summarized the 30-year cumulative risk of CRC, which is increased by up to 18.4% in UC patients (66) and 8.3% in CD patients (67).

The intestinal microbiota interacts closely with the host immune system. Bacterial stimulation of immune responses can cause continuous low-grade inflammation, resulting in tumorigenesis. Conversely, inflammation cannot induce CRC without the microbiota or bacteria-derived compounds (68). Therefore, increasing efforts have been made to understand tumor-elicited inflammation, which follows tumor development and can be detected in most solid malignancies (69).

Normally, the intestinal mucosal barrier segregates the intestinal microbiota from immune cells. The intestinal mucosal barrier is composed of a single layer of IECs joined by tight junctions (70). In both human and CRC mouse models, the intestinal mucosal barrier is highly permeable (71). Disrupting the intestinal mucosal barrier function via dextran sodium sulfate (DSS)-induced colitis leads to increased susceptibility to CRC (72). Specific ablation of matriptase, a membrane-anchored serine protease that strengthens the intestinal epithelial barrier by promoting tight junction formation, causes CRC development (73). All these suggest that transformed IECs fail to form an effective surface barrier, enabling commensal bacteria and their degradation products to invade the tumor stoma. Host recognizes the microbiota via various pattern recognition receptors [PRRs, such as Toll-like receptors (TLRs)], which control the inflammatory response to microorganism-associated molecular patterns, such as lipopolysaccharide (74). Invading commensal bacteria and their components engage TLRs on tumor-infiltrating myeloid cells following activation of myeloid differentiation factor 88 (MyD88)-mediated production of inflammatory cytokines, most notably interleukin (IL)-23. IL-23 then activates IL-17A, IL-6, and IL-22 production (71, 75, 76), eventually promoting tumor cell proliferation by activating nuclear factor-κB (NF-κB) and STAT3 signaling pathway (77, 78). Moreover, commensal bacteria and their components also upregulate IL-17C in transformed IECs through TLR/MyD88 dependent signaling. IL-17C induces B-cell lymphoma-2 (Bcl-2) and Bcl-xL expression in IECs in an autocrine manner to promote tumor cell survival and tumorigenesis (75).

F. nucleatum generates a pro-inflammatory environment that permits colorectal neoplasia progression by activating the NF-κB pathway and recruiting tumor-infiltrating immune cells in ApcMin/+ mice (45). IL-17A is highly expressed when F. nucleatum is enriched in human CRC (79).

ETBF secretes a 21 kDa BFT that cleaves E-cadherin on host IECs, thus disrupting the colonic barrier (80). Infecting ApcMin/+ mice with ETBF selectively induces STAT3 activation with CRC characterized by Th17 responses (42). ETBF also promotes colonic cancer by secreting particles that stimulate IECs to produce exosome-like nanoparticles containing elevated levels of chemokine C-C motif ligand 20 and prostaglandin E2, which are required for Th17 cell recruitment and proliferation of IL-17 signals to transformed IECs to support their growth and survival (81).

P. anaerobius can provoke a pro-inflammatory immune microenvironment to promote tumorigenesis. In ApcMin/+ mice, P. anaerobius broadly induces pro-inflammatory cytokine expression, which in turn recruits a series of tumor-infiltrating immune cells, especially immunosuppressive myeloid-derived suppressor cells, tumor-associated macrophages, and granulocytic tumor-associated neutrophils, to promote tumor progression (56).



Pathogenic Bacteria and Their Virulence Factors

Several candidate pathogenic bacteria play vital roles in colorectal carcinogenesis by attaching to the mucosal surface. Bacterial adherence is often a prerequisite step to tumor promotion. F. nucleatum, an oral commensal bacterium, acts at the early step of colorectal carcinogenesis. Researchers demonstrated that F. nucleatum adheres to and induces CRC through its unique Fusobacterium adhesin A (FadA), which selectively binds to E-cadherin and activates the β-catenin signaling pathway, thus inducing oncogenic and inflammatory responses (82). Additionally, F. nucleatum inhibits T cell activation and natural killer cell cytotoxicity through its surface adhesin, Fap2, which binds to the human immune inhibitory receptor T-cell immunoglobulin and ITIM domain (83). A recent study showed that Fap2-dependent invasion induced secretion of the proinflammatory cytokines, IL-8, and CXCL1, which promoted CRC cell migration (84). F. nucleatum also modulates autophagy in IECs by activating regulatory microRNAs (85, 86). P. anaerobius normally resides in the oral cavity and gut. Yu et al. found that P. anaerobius promoted CRC development in ApcMin/+ mice via its surface protein, putative cell wall binding repeat 2 (PCWBR2). PCWBR2 directly binds to intestinal epithelial cell receptor integrin α2/β1 to initiate an oncogenic PI3K-Akt signaling pathway, which promotes tumor cell proliferation (56). S. bovis, occasionally presents in the human gastrointestinal tract flora and is increased in patients with CRC (87, 88). Its role in CRC development is likely inflammation-driven carcinogenesis via, but not limited to, IL-1, cyclooxygenase-2 (COX-2), and IL-8 (89, 90). Salmonella infection in human can be chronic and increase the risk of cancer. Salmonella promotes colonic tumorigenesis dependent on its protein AvrA, which can activate both the Wnt/β-catenin and STAT3 signaling pathways in colonic tumor cells (91–93).



Genotoxins

Bacterially produced genotoxins are related to colonic carcinogenesis because of their DNA-damaging effects. E. coli harbors the genomic island, polyketide synthase (pks), which codes for production of the polyketide-peptide genotoxin, colibactin (94, 95). Cultured mammalian epithelial cells exposed to pks+ E. coli exhibited transient DNA damage (94). In a xenograft model, researchers found that colibactin promoted cell senescence, followed by hepatocyte growth factor production and enhanced tumor cell proliferation (96). Campylobacter jejuni produces a genotoxin, cytolethal distending toxin, which causes double-stranded DNA breaks and promotes colorectal tumorigenesis (97). Salmonella also produces a genotoxin, typhoid toxin, which damages DNA via the PI3K pathway in colonic epithelial cells (98).



Oxidative Stress

Oxidative stress is an imbalance between production of pro-oxidative molecules (e.g., reactive oxygen species (ROS) and reactive nitrogen species (RNS) and the effectiveness of anti-oxidative defenses. Oxidative stress is common in chronic inflammation caused by the intestinal microbiota. Under the stimulation of chronic inflammation, inflammatory cells produce many ROS and RNS, which can induce DNA damage and further activate oncogenes or inactivate tumor-suppressor genes, thus increasing CRC development. The gut microbiota can also directly produce ROS. E. faecalis infection in macrophages induces superoxide production, which damages DNA in epithelial cells via a bystander effect (50, 99). In vitro and in vivo studies demonstrated that E. faecalis can produce hydroxyl radicals (100, 101), which are powerful mutagens that cause DNA breaks, point mutations and protein-DNA crosslinking, thus contributing to chromosomal instability and CRC risk (102). P. anaerobius activates TLR2/TLR4 on IECs and boosts intracellular ROS levels, which promotes cholesterol synthesis and cell proliferation (55). E. coli and BFT of ETBF also promote ROS production by colonic epithelial cells (103, 104).



Diet and Bacteria Metabolites

According to a recent study, 38.3% of CRC cases were related to poor diets with intake of food low in whole grains, low in dairy products and high in red and processed meats (105). Additionally, obesity, which increases CRC risk of by 19%, and being overweight have been recognized as significant risk factors for CRC (106). A report found that each 5-kg/m2 increase in body mass index is associated with a 5% increase in CRC risk (6). In a sense, these make CRC a somewhat preventable disease. Tilg et al. previously reviewed this topic, and they highlighted that the microbiota could indeed reflect a ‘‘missing link’’ in the close interaction between dietary factors and CRC (107). Diet affects CRC, partly by modulating the intestinal microbiome composition and diversity. For example, diets high in animal protein and fat yielded enterotypes dominated by Bacteroides, whereas diets high in carbohydrates yielded enterotypes dominated by Prevotella (108, 109). As a mediator between the diet and the host, the intestinal microbiota plays a considerable role in host metabolism. Undigested dietary components (e.g., fructo-oligosaccharides) reach the large intestine, and intestinal microbes ferment the host products (e.g., bile acids). Organic acids, particularly the three short-chain fatty acids (SCFAs) acetate, butyrate, and propionate, are the predominant fermentation products in healthy adults who consume balanced diets (7, 20). However, with unbalanced dietary patterns, microbial metabolism also generates pro-carcinogenic chemicals such as secondary bile acids, N-nitroso compounds (NOCs), and hydrogen sulfide (H2S) (110).

SCFAs are a major class of metabolites produced via microbial metabolism of dietary components. Although acetate, butyrate and propionate have health-promoting effects, butyrate is the most potent with respect to cancer protection. Butyrate, produced predominantly by Firmicutes via fermentation of dietary fiber and resistant starches, is the chief energy source for colonocytes and regulates epithelial proliferation. Butyrate can inhibit histone deacetylase activity in colonocytes and immune cells, consequently downregulating proinflammatory cytokines and inducing apoptosis in CRC cells (111, 112). SCFAs (especially butyrate) can significantly lower fecal pH in the colon, thereby inhibiting pathogenic bacterial proliferation and DNA damage, and enhancing apoptosis and preventing cancer cell proliferation (113). In addition, butyrate and propionate shape the mucosal immune system by regulating colonic regulatory T-cell differentiation (42, 112, 114). Extracellular SCFAs also participate in this process by interacting with host cell surface receptors such as G protein-coupled receptors (GPCRs), GPR41, GPR43, and GPR109A (115–117). In turn, reduced SCFA levels are linked to a high CRC risk, such as in patients with advanced colorectal adenoma (118).

Bile acid metabolism is another main type of microbial metabolism. Primary bile acids are produced in the liver from cholesterol and metabolized to secondary forms by intestinal bacteria. Increasing evidence has shown that fat may affect CRC risk via its role in bile acid metabolism in the host and intestinal microbiota. High-fat diets lead to increased secondary fecal bile acid concentrations in populations with a CRC risk (119, 120). In a long-term diet study, mice fed a western-style diet high in fat developed significantly more colonic tumors than did mice on a control diet, correlating with higher cell proliferation in colonic crypts, impaired bile acid transport, and altered activity of the farnesoid X receptor (FXR), a nuclear bile acid receptor. These results suggest that western-style diets increase cancer risk via FXR inactivation, leading to bile acid deregulation and increased colonocyte proliferation (121). In a dietary intervention trial, healthy African Americans consuming a high-fat, low-fiber diet had more fecal bile acids than did healthy rural Africans who consumed a low-fat, high-fiber diet. However, when these dietary patterns were swapped, this phenomenon changed accordingly (122). Secondary bile acids have been shown to be genotoxic via oxidative stress from ROS generation causing oxidative DNA damage (123).

High protein intake increases detrimental metabolites in the colon, such as NOCs and H2S. NOCs are positively correlated with CRC in European populations and can promote cancer and exert carcinogenic effects via DNA alkylation (124, 125). Sulfate-reducing bacteria may use methionine and cysteine as substrates, leading to H2S generation. A study showed that sulfate-reducing bacterial abundance was increased in the stools of CRC patients compared with those of healthy individuals (126). H2S can stimulate CRC progression by inhibiting butyrate oxidation and inducing breakdown of the gut barrier. H2S can also induce DNA damage via ROS (7, 127).



Biofilm

Biofilm is an emerging concept in studying the relationship between the intestinal microbiota and CRC. Biofilms, aggregations of microbial communities encased in a polymeric matrix, invade the colonic mucosal layer and come into direct contact with mucosal epithelial cells. Dejea et al. reported that invasive polymicrobial bacterial biofilms were detected in most right-sided tumors (89%) but in only 12% of left-sided tumors and were accompanied by diminished IEC E-cadherin, increased epithelial permeability, and enhanced IL-6 and STAT3 activation. The IL-6 family and their downstream effector, STAT3, promote CRC through increased epithelial proliferation and diminished apoptosis. Consequently, Dejea et al. proposed a model that biofilm formation enhanced colonic epithelial permeability, which facilitates bacterial antigen translocation and promotes pro-carcinogenic tissue inflammation (128, 129).




Clinical Value of the Microbiota

Studies exploring CRC mechanisms share the ultimate goal of better CRC prevention and treatment. Studies on the metagenomic landscape of the CRC microbiota have enabled selecting useful biomarkers, and investigations of microbiota-related mechanisms can help develop effective strategies for CRC prevention and treatment. Since this part is not the focus of this review, we kindly refer to the previous reviews for details (130, 131).


Biomarkers for CRC Screening and Prognosis

Biomarkers represent a major translational application of the microbiota. Previous studies have shown that microbiota-related biomarkers may be used for screening and as prognostic tools for CRC treatment (Table 2).


Table 2 | Intestinal microbiota biomarkers for colorectal cancer screening and prognosis.



Several studies found that alterations in the fecal microbiomes of patients with CRC also occurred in patients with colorectal adenoma, which is recognized as a precursor of most CRCs. Hence, these might be used to screen individuals at risk for CRC, who can be treated in time with excellent clinical outcomes. An effective screening biomarker leading to early detection would substantially reduce CRC-related mortality. The 5-year survival rate of patients with localized CRC is 90%, while that of patients with distant metastatic diseases is only 14% (138). In addition to classic invasive endoscopic approaches, several early noninvasive CRC screening tools, such as fecal immunohistochemical testing (FIT), have been widely used because of their effects on reducing both CRC incidence and mortality. However, these techniques have been criticized for their relatively low sensitivity. FIT has only 79% sensitivity for detecting CRC and 25%–27% sensitivity for detecting advanced colorectal adenomas (139, 140). Therefore, efficient, safe, affordable, and noninvasive screening tools with high sensitivity for CRC are needed, and accumulating metagenomic CRC datasets may enable this. Some studies have demonstrated the potential for combining fecal microbiome data with FIT to improve CRC detection (132, 133). For example, fecal F. nucleatum stands out as highly valuable among several candidate biomarkers (134–136). Adding fecal F. nucleatum quantitation to FIT increases the area under the receiver operating characteristic curve from 0.86 to 0.95 (136). Some groups also try to find oral biomarkers associated with CRC detection, such as Streptococcus and Prevotellas pp. (137). In this study, researchers developed an oral microbiota-based classifier that distinguished patients with CRC and adenomas from healthy individuals. Screening the fecal metabolome is another promising non-invasive procedure for obtaining a unique metabolic fingerprint to diagnose CRC, although few studies with different metabolomic methods have shown the diagnostic potential of metabolites such as SCFAs (141). Apart from the potential for CRC screening, bacterial biomarkers may also serve as prognostic biomarkers. For example, Mima et al. found that larger amounts of F. nucleatum in CRC tissue were associated with worse clinical outcomes, including shorter survival times and a worse prognosis (47).

Finally, many studies have explored associations between microbial markers and CRC, but to date, no universal microbial marker is defined for CRC detection. The complexity of the microbiome presents various challenges. First, the high variability of the intestinal microbiota compositions among different populations owing to sex, age, diet, drug use, genetic background, and geographic location make identifying a universal microbial marker impossible. Thus, validating CRC screening markers for different populations and identifying core biomarkers that are robust across populations may be a possible solution in future studies. Second, limitations in techniques, such as different sample collection and storage methods and various analysis processes should be considered. Hence, standardized methods of sample collection, standardized analysis processes and unified quantitative standards for the microbial markers are needed. Therefore, scientists’ unremitting efforts are needed to overcome these scientific and technical challenges to allow better clinical translation.



Microbiota Modulation for CRC Prevention and Treatment

Another translational application is microbiota modulation for CRC prevention and treatment. As described previously, the intestinal microbiota plays a major role in CRC via several mechanisms. Therefore, intestinal microbiota modulation, which aims to reverse established microbial dysbiosis, is a novel strategy for CRC prevention and treatment. Different strategies, such as dietary intervention, probiotics, prebiotics, and fecal microbiota transplantation (FMT), have been employed.

First, dietary factors are critical in CRC evolution. Dietary intervention is considered the most reasonable and economical approach to CRC treatment (142). Previous studies have shown the possibility of applying dietary strategies to modulate the intestinal microbiota. Populations consuming different diets have markedly different intestinal microbial compositions. Dietary intervention encourages the growth of certain bacterial strains that may convert indigestible dietary components into beneficial metabolites for the host. One systematic review of cohort studies showed that instead of western diets, adopting a healthy dietary pattern (high intake of fruits and vegetables, whole grain cereals, fish, white meats, and soy derivatives) decreased CRC risk (143). Consistently, in one study, 2-week food exchanges were performed between native Africans with low CRC rates and African Americans with high CRC rates. The African Americans consumed a high-fiber, low-fat diet, and the native Africans consumed a high-fat, low-fiber western diet. The dietary changes resulted in the African Americans exhibiting rapid and reciprocal changes in their intestinal microbiotas and mucosal biomarkers of CRC risk (122). Thus, higher fiber diets might be an effective method of treating CRC. Notably however, although short-term dietary intervention can rapidly reshape the intestinal microbiome, it cannot prevent CRC because once the original long-term diet is resumed, the intestinal microbiome returns to its previous composition (144). Moreover, obesity is positively correlated with CRC risk. Thus, reducing excessive dietary fat intake is extremely important for preventing CRC.

Second, the other ideal method for modulating the microbiota may be direct consumption of probiotics and/or prebiotics. The International Scientific Association for Probiotics and Prebiotics defines probiotics as “live microorganisms that, when administered in adequate amounts, confer a health benefit on the host” (145). Probiotics may function in CRC prevention and treatment by inactivating carcinogens or mutagens, modulating host immunity, inhibiting cell proliferation, and improving gut barrier function (131). Several chemical-induced animal model studies evidenced that administering probiotics exerted significant protective effects against CRC. Faecalibacterium prausnitzii, a potential probiotic, produces hydrophobic microbial anti-inflammatory molecules that can downregulate the NF-κB pathway in intestinal epithelial cells and prevent colitis in animal models (146). Treatment with a mixture of probiotics (Lactobacillus plantarum, L. acidophilus, and Bifidobacterium longum) in CRC patients increased the amount of cell junction proteins, thereby improving intestinal mucosal barrier integrity (147). Oral intake of L. casei reduced the atypia of colorectal tumors in patients who had undergone resection (148). One probiotic intervention study revealed that patients with CRC who received B. lactis Bl-04 and L. acidophilus NCFM had increased abundances of butyrate-producing bacteria, such as Faecalibacterium and Clostridiales spp., and decreased abundances of CRC-associated genera, including Fusobacterium and Peptostreptococcus (149). Prebiotics are nondigestible food ingredients that feed beneficial intestinal bacteria and improve host health. Synbiotics are the combination of prebiotics and probiotics. Numerous clinical trials have reported the effects of synbiotics on patients with CRC, including fewer postoperative infections and shorter hospital stays (150, 151). A synbiotic consisting of prebiotic inulin and the probiotics, L. rhamnosus GG (LGG) and B. lactis Bb12, reduced colorectal proliferation and improved epithelial barrier function in patients with histories of colonic polyps (152). Additionally, probiotic administration can ameliorate the adverse effects of chemotherapy and immunotherapy. Several studies have reported positive effects of probiotic use in CRC, including reduced diarrhea incidence, enhanced gut barrier integrity, and reduced inflammation (147, 153–155). For example, Osterlund et al. suggested that LGG supplementation might reduce the frequency of severe diarrhea and abdominal discomfort in CRC patients receiving 5-fluorouracil (5-FU) (156). Probiotics can also be useful in radiation therapy. A previous study found that probiotics could repair radiation-induced injuries (157). Hence, probiotics may be a potential complement in CRC prevention and treatment.

Third, FMT is an emerging biotherapeutic because of the increased understanding of how an altered intestinal microbiota affects diseases (158). Transferring stool transplants from healthy donors to patients believed to harbor a disease-inducing altered microbiota enables FMT to bring a healthy, disease-free microbiome into the patient’s gastrointestinal tract, which then restores eubiosis and may ameliorate various gastrointestinal disorders, including C. difficile infection (CDI), IBD and irritable bowel syndrome (159). Compared with other modulatory strategies, FMT has its own advantages and is the most direct method of shaping the microbiome with the most evidence of clinical efficacy. Currently, FMT is an established treatment for recurrent and refractory CDI, with cure rates of 80%–90% (160). Although its application in clinical CRC treatment is unexplored, a recent mouse study showed that introducing of fecal transplants from wild to laboratory mice promoted host fitness and improved resistance against DSS/azoxymethane (AOM)-induced colorectal tumorigenesis (161). Thus, FMT may be a novel CRC treatment strategy. Furthermore, modulating the intestinal microbiome via FMT may abrogate refractory colitis as an adverse effect of immunotherapy. Wang et al. reported the first human cases of immune checkpoint inhibitor-associated colitis successfully treated with FMT, with gut microbial reconstitution correlating with complete resolution of colitis for up to 53 days after one dose and 78 days after two doses (162).

In a word, modulating the intestinal microbiota in various ways may improve CRC prevention and treatment. Previous efforts to elucidate oncogenic mechanisms yielded an unprecedented opportunity to explore new strategies for diagnosing and treating CRC, with promising results. However, these strategies have controversies and challenges. For example, although dietary interventions (such as high-fiber intake) may potentially prevent CRC, more clinical and nutritional studies are needed to establish the most appropriate conditions for both dosage and duration (6). Further, not all probiotics are useful or work the same, and their benefit depends on the strain, dosage, intervention duration, and intestinal transit time. The safety of probiotics is also controversial, and some less characterized probiotics can alter the intestinal barrier. Therefore, further investigations are needed to identify safe and effective probiotics for CRC therapy and standardize the application and regulatory frameworks. Orally administered probiotics face an important technical problem that could minimize their efficacy. When they reach the colon, probiotics often lose their viability. Thus, new techniques, such as microencapsulation, must be developed to ensure their viability. Of course, some studies have already reported promising results for these techniques in animal models. More preclinical and clinical studies are needed to elucidate their availability in humans (163). Although FMT applications in treating recurrent and refractory CDI are highly successful, in CRC, they have only been used in animal models, and their clinical use in other diseases requires more supporting data from controlled trials. Currently, FMT is considered as a safe method with few adverse effects, but the long-term outcomes remain unclear. Furthermore, much information regarding the human intestines remains unclear, such as intestinal viral and fungal compositions and intestinal bacterial functions. Hence, disease transmission between the donor and recipient remains a risk. Accordingly, future research should focus on identifying the intestinal microbiota, defining its function, and developing defined microbial communities as alternatives to whole feces transplantation. A sound post-FMT follow-up system must be established to monitor the clinical efficacy and long-term adverse events. Additionally, FMT lacks a unified regulatory framework, and different countries have different regulations. Therefore, formalization of regulatory frameworks becomes other essential issue (164).




Conclusion

The intestinal microbiota, often referred to as a “forgotten organ”, is gradually unraveling its mysterious veil. Numerous studies suggest that the intestinal microbiota is crucial in the CRC pathogenesis. Studies on CRC mechanisms have provided many new ideas for CRC prevention and treatment. However, because of individual variations, tumor stages, and cross-species translation, many challenges remain to be overcome in clinical practice. Continuous efforts in preclinical and clinical research are needed to better understand the links between the intestinal microbiota and CRC. In the near future, the intestinal microbiota will likely become a powerful weapon in fighting CRC.
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Potential probiotic or immunobiotic effects of lactic acid bacteria (LAB) isolated from the milk of the South American camelid llama (Lama glama) have not been reported in published studies. The aim of the present work was to isolate beneficial LAB from llama milk that can be used as potential probiotics active against bacterial pathogens. LAB strains were isolated from llama milk samples. In vitro functional characterization of the strains was performed by evaluating the resistance against gastrointestinal conditions and inhibition of the pathogen growth. Additionally, the adhesive and immunomodulatory properties of the strains were assessed. The functional studies were complemented with a comparative genomic evaluation and in vivo studies in mice. Ligilactobacillus salivarius TUCO-L2 showed enhanced probiotic/immunobiotic potential compared to that of other tested strains. The TUCO-L2 strain was resistant to pH and high bile salt concentrations and demonstrated antimicrobial activity against Gram-negative intestinal pathogens and adhesion to mucins and epithelial cells. L. salivarius TUCO-L2 modulated the innate immune response triggered by Toll-like receptor (TLR)-4 activation in intestinal epithelial cells. This effect involved differential regulation of the expression of inflammatory cytokines and chemokines mediated by the modulation of the negative regulators of the TLR signaling pathway. Moreover, the TUCO-L2 strain enhanced the resistance of mice to Salmonella infection. This is the first report on the isolation and characterization of a potential probiotic/immunobiotic strain from llama milk. The in vitro, in vivo, and in silico investigation performed in this study reveals several research directions that are needed to characterize the TUCO-L2 strain in detail to position this strain as a probiotic or immunobiotic that can be used against infections in humans or animals, including llama.

Keywords: Ligilactobacillus salivarius TUCO-L2, Lama glama milk, bacterial infection, probiotic, immunomodulation, intestinal epithelia cell


INTRODUCTION

The Camelidae family comprises the dromedary camel or camel of the plains (Camelus dromedarius), Bactrian camel or camel of the mountains (Camelus bactrianus), and four species of South American camelids, including guanaco (Lama guanicoe), vicuña (Vicugna vicugna), alpaca (Lama pacos), and llama (Lama glama) (Fukuda, 2013; Zarrin et al., 2020). The milk of camels has been a part of the daily diet of nomadic people living in the steppe and arid areas of central Asia for centuries because of its good nutritional properties (Shabo et al., 2005). The beneficial effects of the camel milk are attributed to its nutritional composition, physicochemical characteristics, and rich microbial population (Dong et al., 2012; Jans et al., 2012). Therefore, in the past decade, considerable efforts were aimed at characterizing the microbial populations of the camel milk to isolate the beneficial strains.

Several studies described the complex population of lactic acid bacteria (LAB) in the camel milk. Earlier studies reported the presence of Lactobacillus spp., Lactococcus spp., Streptococcus spp., and Enterococcus spp. in the milk of camels (Khedid et al., 2009). Moreover, a study reported that the most abundant cultivable species of Gram-positive cocci included Enterococcus faecium and Lactococcus lactis; the most abundant lactobacilli species included Lactobacillus helveticus, Lacticaseibacillus casei (basonym: Lactobacillus casei (Zheng et al., 2020), and Lactiplantibacillus plantarum (basonym: Lactobacillus plantarum). Subsequent studies confirmed the dominance of enterococci and lactococci in the cultivable bacteria from camel milk but detected certain differences in the predominant species of lactobacilli (Elbanna et al., 2018; Rahmeh et al., 2019; Zhao et al., 2020) that included Lacticaseibacillus paracasei (basonym: Lactobacillus paracasei), Lacticaseibacillus rhamnosus (basonym: Lactobacillus rhamnosus), and Limosilactobacillus reuteri (basonym: Lactobacillus reuteri). In addition to the characterization of microbial populations, certain strains with beneficial effects have been isolated from the camel milk. A strain isolated from fermented camel milk, L. casei TN-2, produces a bacteriocin that inhibits Escherichia coli and Staphylococcus aureus (Lü et al., 2014). The E. faecium LCW44 strain isolated from raw camel milk demonstrated a pronounced inhibitory effect against Listeria spp. and S. aureus (Vimont et al., 2017). The Lactobacillus acidophilus AA105 strain from camel milk is a potent inhibitor of Salmonella paratyphi, Shigella spp., and pathogenic E. coli (Abo-Amer, 2013), and L. brevis CM22 demonstrated inhibitory effects against Listeria spp. (Rahmeh et al., 2019). Interestingly, a recent report of Elbanna et al. (2018) showed that L. paracasei Pro4 and L. rhamnosus Pro7 isolated from fermented camel milk modulate the intestinal immunity after oral administration in mice by improving the expression of Toll-like receptor (TLR)-2, interferon (IFN)-γ, and secretory immunoglobulin A (IgA) indicating that LAB isolated from the milk of camelids can be beneficial modulators of the immune system.

In South America, the guanaco and vicuña camelids are wild animals, and alpaca and llama are domesticated species (Zarrin et al., 2020). It is estimated that there are approximately 5 million llamas in South America (FAOSTAT, 2019). Andean native communities mainly use llamas as pack animals, for meat production, and, to a lesser extent, for production of fiber and milk (Pérez et al., 2000; Larico et al., 2018). Llama meat has been characterized and was shown to be rich in iron and zinc (Polidori et al., 2007) and contain low fat and cholesterol compared with those in the meat of other livestock species (Cristofanelli et al., 2004). On the other hand, although milk yield in llamas is very low compared with that in dairy cows, llama milk has higher levels of protein, fat, and lactose than those in the cow milk; these properties suggest that llama milk can be used to develop new dairy products (Larico et al., 2018; Zarrin et al., 2020). These characteristics of llama milk suggest that it can be used as an alternative to cow milk; however, there are no in-depth studies on the biotechnological and functional potential of llama milk. Studies on the nutritional properties and impact on human health of llama milk are required to position it as a safe and healthy food that can expand globally in the future (Pauciullo and Erhardt, 2015). The composition of the microbial populations and characterization of derived strains are the important factors that should be analyzed in llama milk. These strains can be used: (a) to develop safe and varied dairy products, (b) to improve the health and productivity of llamas, and (c) to provide beneficial modulation of human health.

To the best of our knowledge, there are no published reports on the potential probiotic effects of bacteria isolated from the milk of llama. The aim this study was to isolate beneficial LAB from the llama milk and use them as potential probiotics against bacterial pathogens. LAB strains were isolated from the llama milk samples, and their functional properties were characterized in vitro based on their ability to resist gastrointestinal conditions, adhere to intestinal mucins and cells, inhibit the growth of the pathogens, and differentially modulate the TLR4-mediated innate immune responses in intestinal epithelial cells. These functional studies were complemented with a comparative genomic evaluation and in vivo studies in mice.



MATERIALS AND METHODS


Isolation of LAB From Llama Milk

Five llama milk samples were collected aseptically by trained personnel of the Laboratory of Food Microbiology (Faculty of Veterinary Sciences, University of Concepción) in the Bio-Bio region of Chile and transported in cold containers. Resistance to pH 3 was used as a selection criterion to isolate LAB from llama milk as described previously (Quilodrán-Vega et al., 2016). Briefly, 150 μl of each milk sample was placed in MRS broth and incubated at 37°C at 5% CO2 for 12 h. Subsequently, 100 μl of the bacteria grown in MRS were transferred to new MRS broth adjusted to pH 3 with 5N HCl. The new MRS broth cultures were incubated for additional 3 h under the same conditions. The cultures were transferred to MRS agar, and grown colonies were subjected to the Gram staining and catalase test. Colonies of Gram-positive and catalase-negative microorganisms resistant to pH 3 were selected for subsequent studies.



Identification of Isolated Strains

The isolates confirmed as Gram-positive and catalase-negative bacilli were biochemically identified using the API 50 CH test as described elsewhere (Brolazo et al., 2011). Strains of interest were further identified using species-specific primers as described previously (Quilodrán-Vega et al., 2016). Briefly, genomic DNA extraction was performed using a ZR fungal/bacterial DNA miniprep kit (Zymo Research, CA, U.S.A., catalog no. D6005). Positive strains of the Lactobacillus genus were subjected to PCR analysis using the genera-specific primers as described previously (Quilodrán-Vega et al., 2016). Salmonella Typhimurium and L. rhamnosus CRL1505 DNA samples were used as negative and positive controls, respectively. A single bacterial strain, Ligilactobacillus salivarius TUCO-L2 (basonym: Lactobacillus salivarius TUCO-L2), showing potential probiotic properties was further identified by 16S RNA and complete genome sequencing (DDBJ/ENA/GenBank under the accession number SOPE01000000) (Albarracin et al., 2020b).



Screening of LAB

Screening for the selection of potential probiotic strains was based on resistance to NaCl and Oxgall (bile salts). LAB strains were cultivated in MRS broth containing 3, 6.5, or 9% w/v NaCl and in MRS broth containing 0.3, 0.6, 2, 3, or 5% w/v Oxgall as described previously (Quilodrán-Vega et al., 2016). Bacteria were incubated for 5 days at 37°C at 5% CO2, and 100 μl of each tube was streaked on MRS agar to test viability.



Inhibition of Bacterial Pathogens

Various intestinal pathogens were used to evaluate the antagonistic effect of lactobacilli isolated from llama milk. The human intestinal pathogens Salmonella enterica ATCC 13076 and Escherichia coli ATCC 25922 were obtained from Oxoid (Argentina). The porcine pathogens enterotoxigenic E. coli TUCO-I5, enterohemorragic E. coli TUCO-I6, and Salmonella Typhimurium TUCO-I7 were obtained from the pathogen culture collection of the Laboratory of Food Microbiology (Faculty of Veterinary Sciences, University of Concepción). Escherichia coli and Salmonella strains were grown in BHI broth under the standard conditions (Quilodrán-Vega et al., 2016).

The study of inhibition of bacterial pathogens was performed as described previously (Quilodrán-Vega et al., 2016). Briefly, a 10 μl loop of a 2-day culture on MRS broth of the LAB strains was streaked on a line on MRS agar and incubated at 37°C at 5% CO2 for 24 h. After incubation, a 10 μl loop of overnight cultures from the pathogen strains was streaked perpendicular to the lactobacilli strains lines. The plates were incubated at 37°C for 48 h under aerobic conditions. The inhibition zones were measured in cm.



Autoaggregation and Coaggregation

LAB were cultivated in MRS broth for 48 h at 37°C, and the cells were harvested by centrifugation for 10 min at 10,000 × g. The pellet was washed twice with Butterfield's buffer (pH 7.2) and resuspended in 4 ml of new MRS broth. The bacterial concentration in the new MRS broth was adjusted to 0.5 MacFarland in a DensiCHEK™ Plus instrument. The tubes were incubated for 6 or 24 h at 37°C. Then, samples were withdrawn from the top of the suspensions. Autoaggregation was calculated using the equation: autoaggregation (%) = ((A0 – At)/A0) × 100, where A0 indicates the absorbance at time 0 h and At indicates the absorbance at 6 or 24 h.

LAB suspensions for the coaggregation assay were prepared as described above. Additionally, the suspensions of pathogenic bacteria grown in BHI were prepared in a similar manner and adjusted to 0.5 MacFarland. Each LAB suspension (1 ml) was mixed with the same volume of each pathogen suspension. The mixtures were vortexed and left for gravity sedimentation. Tubes containing 2 ml of each pathogenic bacteria suspension without LAB were used as the controls. The concentration in MacFarland of the suspensions was determined after incubation at 37°C for 6 or 24 h. Coaggregation was calculated using the equation: coaggregation (%) = [(Alab + Apat)/2–A(lab+pat)]/[(Alab + Apat)/2], where lab and pat indicate the absorbance of the LAB and pathogen strains, respectively; and (lab+pat) indicates the absorbance of the mixtures.



Scanning Electron Microscopy (SEM) Analysis

The strain with good probiotic characteristics (L. salivarius TUCO-L2) was washed once and diluted two-fold with PBS. The bacterial suspension was dropped on a polycarbonate membrane (ADVANTEC) and filtered by vacuum filtration (Millipore). The membrane with lactobacilli on the surface was immersed in 2% (v/v) glutaraldehyde solution. After 1 h, the membrane was dehydrated by sequential immersion in 50, 60, 70, 80, 90, and 99% ethanol for 20 min at each step. The membrane was immersed in t-butyl alcohol and lyophilized. SEM was performed in an electron microscopy facility (CIME-CONICET-UNT, Tucuman, Argentina).



PIE Cells

The PIE cell line was originally established at Tohoku University from intestinal epithelium of an unsuckled neonatal pig as described previously (Moue et al., 2008). After 3 days of culture, PIE cells form a monolayer with cobblestone- and epithelial-like morphology and close contacts between the cells. PIE cells are strongly positive for cytokeratin K8.13, a marker of porcine intestinal epithelial cells (Moue et al., 2008). PIE cells grow rapidly and are well-adapted to culture conditions even without transformation or immortalization. However, the proliferation of PIE cells diminishes after 50 passages in culture. Therefore, in the experiments, PIE cells only from passage 20 to 40 were used (Albarracin et al., 2017). DMEM medium supplemented with 10% fetal calf serum (FCS), penicillin (100 mg/ml), and streptomycin (100 U/ml) was used for maintenance of PIE cells. The cells (3.0 × 104 per well) were grown in 12 well type I collagen-coated plates at 37°C in a humidified atmosphere of 5% CO2. DMEM containing L. salivarius TUCO-L2 (5 × 107 cells/ml; 1 ml) was added to PIE cell monolayers. The cells were incubated for 48 h at 37°C at 5% CO2. PIE cells were washed with fresh medium to remove lactobacilli and stimulated with heat-stable pathogen associated molecular patterns (PAMPs) from enterotoxigenic Escherichia coli (ETEC) for 12 h to induce the activation of TLR4 as described previously (Shimazu et al., 2012; Garcia-Castillo et al., 2019). PIE cells not treated with lactobacilli and challenged with ETEC PAMPs were used as a control. PIE cells without any stimulation were used for comparison and are designated as a basal control.

The expression levels of interleukin (IL)-1β, IL-6, chemokine C-C motif ligand 8 (CCL8 or MCP2), C-X-C motif chemokine 5 (CXCL5 or ENA78), CXCL8 or IL-8, CXCL9 or MIG, CXCL10 or IP-9, and CXCL11 or IP-9 were evaluated after TLR4 activation by using RT-qPCR as detailed below. In addition, six negative regulators of TLR signaling were assayed after TLR4 activation: single immunoglobulin IL-1-related receptor (SIGIRR), Toll-interacting protein (Tollip), interleukin-1 receptor-associated kinase M (IRAK-M), ubiquitin-editing enzyme A20 (A20), B-cell lymphoma 3-encoded protein (Bcl-3), and mitogen-activated protein kinase 1 (MKP-1) (Shimazu et al., 2012; Garcia-Castillo et al., 2019).



RT-qPCR

The expression of immune factors in PIE cells was studied as described previously (Garcia-Castillo et al., 2019; Albarracin et al., 2020a). Briefly, total RNA was extracted with TRIzol reagent (Invitrogen) and its purity and quantity was analyzed by a Nano drop spectrophotometer ND-1000 UV-Vis (NanoDrop Technologies, USA). The RNA (500 ng) was used to synthesize cDNA in a thermal cycler (BIO-RAD, USA) by a Quantitect reverse transcription (RT) kit (Qiagen, Tokyo, Japan) following the manufacturer instructions. The qPCR was performed in a 7,300 real-time PCR system (Applied Biosystems, Warrington, UK) with platinum SYBR green (qPCR supermix containing uracil DNA glycosylase and 5-carboxy-X-rhodamine, Invitrogen). For PCR, 2.5 μl of cDNA was mixed with 7.5 μl of master mix that included SYBR green and forward and reverse primers (1 pmol/μl). The reaction was performed as follows: 50°C for 5 min; 95°C for 5 min; 40 cycles at 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s. β-Actin was used as a housekeeping gene because of its high stability across various porcine tissues (Shimazu et al., 2012; Albarracin et al., 2017). The expression of the housekeeping gene was used to normalize the cDNA levels to account for the differences in total cDNA levels in the samples.



Biacore Assay for Adhesion to Mucins

Porcine intestinal mucins were used to evaluate the adhesion of L. salivarius TUCO-L2. The L. salivarius FFIG79 strain highly adhesive to porcine mucin (Masumizu et al., 2019) was used for comparison. Crude mucus was scraped from porcine small intestine. Mucus was digested with 0.5 mg/ml proteinase K (TaKaRa Biotechnology, Shiga, Japan) overnight. After centrifugation (8,500 × g, 4°C, 10 min) and membrane filtration (DISMIC-25, 0.45 μm, Advantec, Tokyo, Japan), the supernatant was purified by gel filtration chromatography over a Toyopearl HW-65F column (90 × 2.6 cm; Tosoh, Tokyo, Japan) using distilled water as the mobile phase. The peptides were detected at 214 nm, and neutral sugar was measured at 490 nm using the phenol-sulfuric acid method. Fractions containing high concentrations of sugars and peptides were collected and concentrated before lyophilization. The purified soluble porcine mucins were used as the ligands for the Biacore analysis.

Biacore experiments were performed using a Biacore 1000 kit (GE Healthcare Bio-Sciences K.K.) at 25°C in HBS-EP buffer. The immobilization of purified porcine mucins on a CM5 sensor chip (GE Healthcare Bio-Sciences K.K.) was performed by the amine coupling reaction following the manufacturer's instructions. Mucins were dissolved at a concentration of 10 mg/ml in 10 mM sodium acetate buffer (pH 4.0) and immobilized using the reaction between N-hydroxysuccinimide (NHS) esters and primary amino groups present in the mucins molecules. The sensor chip was equilibrated in HBS-EP buffer.

Adhesion using Biacore 1,000 is based on the surface plasmon resonance (SPR). After washing and lyophilization, bacterial cells were suspended in HBS-EP buffer (3 mg protein/ml). Bacterial suspension was injected at a flow rate of 3 μl/min for 5 min, and the sensor chip was washed with HBS-EP buffer to remove unbound analyte and regenerated by elution with 1 M guanidine hydrochloride (GHCl) solution at a flow rate of 3 μl/min for 2 min. The resonance units (RU) were determined for 200 s after the end of sample addition. A response of 1 RU represents 1 pg protein/mm2 bound to the sensor chip surface at increasing concentrations of the analyte.



Adhesion to PIE Cells

The adhesion of L. salivarius TUCO-L2 to PIE cells was assayed by using the microplate method and fluorescent bacteria. The L. salivarius FFIG58 strain highly adhesive to PIE cells (Masumizu et al., 2019) was used for comparison. Cultured lactobacilli were washed with PBS three times (6,000 rpm, 10 min). The pellet was resuspended in 1 ml of PBS, and 1 mM carboxyfluorescein diacetate (CFDA) was added for the fluorescent labeling reaction at 37°C for 1 h. Then, the bacteria were washed with PBS three times (6,000 rpm, 10 min) to remove CFDA on the bacterial surface. Fluorescent bacteria were counted by a hemocytometer.

PIE cells were seeded at 5,000 cells/well in a type I collagen-coated 96 well cell culture plate (Nippi Incorporated, Tokyo) and grown for 3 days. Cultured fluorescent lactobacilli were added to PIE cells at 100 MOI and cocultured for 48 h. After incubation, non-adherent bacteria were washed out with PBS. After lysis with 0.1 N NaOH, fluorescence was evaluated by a 2030 multilabel reader (Perkin Elmer, Madrid, Spain). Wells without PIE cells and labeled with bacteria only were used as the negative controls to determine non-specific fluorescence unrelated to specific adhesion to PIE cells.



Bioinformatics Analysis

The genome sequence of L. salivarius TUCO-L2 was published recently (Albarracin et al., 2020b). The genome sequences of other L. salivarius strains from human milk and intestine and pig and chicken intestine were downloaded from the GenBank database (https://www.ncbi.nlm.nih.gov/genome/1207) and used for comparison. Phylogenetic trees were constructed to evaluate the relationships between various microorganisms. The gene sequences were downloaded from the GenBank databases. The MUSCLE aligner (Edgar, 2004) available in the MEGAX (Kumar et al., 2018) software was used to align the gene sequences of all microbes before the construction of the phylogenetic tree according to the neighbor joining (NJ) distance algorithm (Saitou and Nei, 1987; Tamura et al., 2004) embedded in the MEGAX software. The multilocus sequence typing (MLST) analysis was used to construct the trees by the maximum likelihood method based on the sequences of the parB, rpsB, pheS, nrdB, groEL, and ftsQ genes (Harris et al., 2017; Lee et al., 2017). Heatmaps were constructed using the data plotting tools (Warnes et al., 2017) of R scripts. Pangenome analysis was performed using Roary (v. 3.6.0) (Page et al., 2015) with Prokka annotation (Seemann, 2014). The Venn diagrams were generated using InteractiVenn (Heberle et al., 2015).



Animals, Feeding Procedures, and Infection

Male 6-week-old Balb/c mice were obtained from CERELA (Tucuman, Argentina). The animals were housed in plastic cages at controlled room temperature (22 ± 2°C, 55 ± 2% humidity) and fed a conventional balanced diet ad libitum. Animal welfare was ensured by the investigators and special staff trained in animal care and handling at CERELA. Animal health and behavior were monitored twice a day. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Guidelines for Animal Experimentation of CERELA. The CERELA Institutional Animal Care and Use Committee prospectively approved this study under the protocol BIOT-CRL-17.

Animals were housed individually during the experiments, and the assays of the parameters were performed in the groups of 5–6 mice. L. salivarius TUCO-L2 was administered to mice for 5 consecutive days at a dose of 108 cells/mouse/day in drinking water. The dose was selected according to the preliminary experiments assessing the dose response (unpublished data). The treatment and untreated control groups were fed a conventional balanced diet ad libitum. Treated and control mice were challenged with 50 μl of 107 cells/mouse of S. typhimurium (20LD50) by oral administration (Quilodrán-Vega et al., 2016). Mice were sacrificed on day 2 after the infection. The liver and spleen of mice of various experimental groups were removed. The organs were homogenized in 0.1% peptone water, appropriately diluted, and plated in MacConkey agar. The plates were incubated at 37°C for 48 h. The results were expressed as the number (log) of CFU/g of organ weight. Bacteremia was monitored in blood samples obtained by cardiac puncture, which were plated on MacConkey agar. The results were expressed as the number (log) of CFU/ml of blood.

The concentrations of the cytokines were determined in the blood and intestinal samples of TUCO-L2-tretated and control mice as described previously (Garcia-Castillo et al., 2019). Briefly, blood samples were obtained by cardiac puncture at the end of each treatment using heparinized tubes. Intestinal fluid samples were obtained by flushing the small intestine with 5 ml of PBS, and the fluid was centrifuged (10,000 × g, 4°C for 10 min) to separate particulate material. The supernatant was stored frozen until use. Tumor necrosis factor α (TNF-α), interferon γ (IFN-γ), IL-1β, IL-6, and IL-10 concentrations in the serum and intestinal fluid were measured with commercially available enzyme-linked immunosorbent assay (ELISA) kits following the manufacturer's recommendations (R&D Systems, MN, USA).



Statistical Analysis

Statistical analyses were performed using the GLM and REG procedures available in the SAS software (SAS, 1994, https://www.sas.com/en_us/legal/editorial-guidelines.html). Comparison between the mean values was performed using one-way analysis of variance and Fisher least significant difference (LSD) test. For these analyses, P < 0.05 were considered significant. For multiple comparisons between mean values, p < 0.05 was considered significant and indicated with different superscript letters (a < b < c). The Tukey-Kramer multi comparison was used.




RESULTS


Isolation of Potential Probiotic Lactic Acid Bacteria From Llama Milk

A total of 105 different bacterial colonies were isolated from 5 samples of llama milk. The colonies included 41 strains able to grow in MRS broth at pH 3. Evaluation of these 41 LAB strains based on resistance to NaCl and bile salts and on inhibition of E. coli ATCC23922 (data not shown) resulted in the selection of four strains for additional experiments: TUCO-L1, TUCO-L2, TUCO-L3, and TUCO-L5. Two bacterial strains were Gram-positive bacilli (TUCO-L2 and TUCO-L5), and TUCO-L1 and TUCO-L3 were Gram-positive cocci. API 50 analysis and molecular biology assays demonstrated that both bacilli strains belong to the Lactobacillus genus and cocci belong to the Enterococcus genus (data not shown). The four strains had a remarkable ability to grow in the presence of all tested bile salt concentrations (Supplementary Table 1). The TUCO-L1 and TUCO-L2 strains were also resistant to all tested concentrations of NaCl; however, the growth of the TUCO-L3 and TUCO-L5 strains was inhibited by concentrations of NaCl over 6% (w/v) (Supplementary Table 1).

The inhibitory potency of the four LAB strains from llama milk against intestinal pathogens is shown in Figure 1. The four strains were able to inhibit the human intestinal pathogens S. enterica ATCC 13076 and E. coli ATCC 25922. The four strains were equally effective in the inhibition of S. enterica ATCC 13076; however, the TUCO-L5 strain showed the highest inhibition of E. coli ATCC 25922. Additionally, the four TUCO strains were able to inhibit the growth of the porcine pathogens enterotoxigenic (ETEC) E. coli TUCO-I5, enterohemorragic (EHEC) E. coli TUCO-I6, and Salmonella Typhimurium TUCO-I7 (Figure 1). The four strains were equally effective inhibitors of EHEC. The TUCO-L1 and TUCO-L5 strains had lower ability to inhibit ETEC and Salmonella Typhimurium, respectively, compared to that of the other strains isolated from the llama milk (Figure 1). Neutralization of acid did not reduce inhibition of the pathogen growth by llama milk strains indicating that other factors rather than lactic acid are responsible for the beneficial effect (data not shown).


[image: Figure 1]
FIGURE 1. Inhibition of Gram-negative bacterial pathogens by lactic acid bacteria (LAB) isolated from llama (Lama glama) milk. The antimicrobial activities of the llama milk strains of lactobacilli (TUCO-L2 and TUCO-L5) and enterococci (TUCO-L1 and TUCO-L3) were evaluated against the human intestinal pathogens Salmonella enterica ATCC 13076 and Escherichia coli ATCC 25922 and porcine pathogens enterotoxigenic E. coli TUCO-I5, enterohemorragic E. coli TUCO-I6, and Salmonella Typhimurium TUCO-I7. The results represent the data of three independent experiments. Letters indicate significant differences (P < 0.05), a < b < c.


The ability of the TUCO strains to coaggregate with intestinal pathogens was investigated. The TUCO-L2 and TUCO-L3 strains had the highest coaggregation with the tested intestinal pathogens (Figure 2). The ability of the TUCO-L2 strain to coaggregate with intestinal pathogens was substantially higher than that of other strains from llama milk at 6 h incubation. Similarly, autoaggregation of the TUCO-L2 and TUCO-L3 strains was higher than that of other strains (Figure 3A). The TUCO-L2 strain had the highest autoaggregation than that of other LAB strains at 6 h. Then, the TUCO-12 strain was used for SEM analysis. The microscopic observations demonstrated that the bacterial cells are bound by two clearly visible structures: short fibril-like structures that connect the cells to each other and the extracellular matrix that forms a cement surrounding the cells (Figure 3B). These structures may account for high aggregation of TUCO-L2 cells in the broth media and formation of rigid colonies in the agar media (Supplementary Figure 1).


[image: Figure 2]
FIGURE 2. Coaggregation of Gram-negative bacterial pathogens with lactic acid bacteria (LAB) isolated from llama (Lama glama) milk. Coaggregate of llama milk strains of lactobacilli (TUCO-L2 and TUCO-L5) and enterococci (TUCO-L1 and TUCO-L3) with the pathogens was evaluated using the human intestinal pathogens Salmonella enterica ATCC 13076 and Escherichia coli ATCC 25922 and the porcine pathogens enterotoxigenic E. coli TUCO-I5, enterohemorragic E. coli TUCO-I6, and Salmonella Typhimurium TUCO-I7 at 6 and 24 h. The results represent the data of three independent experiments. Letters indicate significant differences (P < 0.05), a < b < c.



[image: Figure 3]
FIGURE 3. Autoaggregation of lactic acid bacteria (LAB) isolated from llama (Lama glama) milk. (A) Autoaggregation at 6 and 24 h of llama milk lactobacilli (TUCO-L2 and TUCO-L5) and enterococci (TUCO-L1 and TUCO-L3). The results represent the data of three independent experiments. Letters indicate significant differences (P < 0.05), a < b < c. (B) Scanning electron microscopy (SEM) images of aggregates of Ligilactobacillus salivarius TUCO-L2 showing putative exopolysaccharide (blue arrows) and fibril-like structures (yellow arrows).


Thus, the TUCO-L2 strain was selected for subsequent experiments. The complete genome of the TUCO-L2 strain was sequenced (accession number SOPE01000000), and the bacterium was identified as Ligilactobacillus salivarius (basonym: Lactobacillus salivarius) (Zheng et al., 2020). Therefore, the strain was designated as L. salivarius TUCO-L2 (Albarracin et al., 2020b).



In vitro Adhesive and Immunomodulatory Properties of L. salivarius TUCO-L2

Then, the adhesion of L. salivarius TUCO-L2 to porcine mucins was evaluated. Porcine mucin from the small intestine was purified as described in Materials and Methods and used to evaluate the adhesion of the TUCO-L2 strain (Figure 4A). L. salivarius FFIG58 and FFIG79 isolated from the intestinal tract of wakame-fed pigs were used for comparison; these strains have been demonstrated to have low and high binding to porcine mucins, respectively (Zhou et al., 2020). L. salivarius TUCO-L2 demonstrated strong binding to porcine mucins that was not different from the binding of the FFIG79 strain (Figure 4A). Additionally, the ability of L. salivarius TUCO-L2 to adhere to porcine intestinal epithelial (PIE) cells was assessed. Comparison of the TUCO-L2 strain with the FFIG58 and FFIG79 strains, which have been demonstrated to have high and low adhesion to PIE cells, respectively (Zhou et al., 2020) indicated that L. salivarius TUCO-L2 adheres to PIE cells, and the adhesion was significantly different from that of the two control strains (Figure 4B).
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FIGURE 4. Adhesion of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk to porcine mucin and epithelial cells. The adhesion of the TUCO-L2 strain to porcine mucins and porcine intestinal epithelial (PIE) cells was compared with the porcine L. salivarius strains FFIG58 and FFIG79. Letters indicate significant differences (P < 0.05), a < b < c.


The ability of L. salivarius TUCO-L2 to differentially modulate the innate immune response in PIE cells was evaluated by triggering the activation of TLR4 in lactobacilli-treated epithelial cells (Figure 5). PIE cells challenged with ETEC PAMPs in the absence of lactobacilli were used as a control. As reported previously, TLR4 activation by ETEC PAMPs resulted in an increase in the expression of proinflammatory cytokines IL-1β and IL-6 in PIE cells compared to cells that were not stimulated with ETEC PAMPs (basal group) (Shimazu et al., 2012; Garcia-Castillo et al., 2019). L. salivarius TUCO-L2 significantly increased the levels of both inflammatory cytokines compared to those in the control (Figure 5A). The expression levels of proinflammatory chemokines CCL8, CXCL5, CXCL8, CXCL9, CXCL10, and CXCL11 were increased in ETEC PAMPs-treated PIE cells after TLR4 activation. L. salivarius TUCO-L2 significantly reduced the expression of these chemokines compared to those in the ETEC PAMPs-challenged control PIE cells (Figure 5B).
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FIGURE 5. Immunomodulatory activity of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk in porcine intestinal epithelial (PIE) cells. PIE cells were stimulated with the TUCO-L2 strain and then challenged with pathogen-associated molecular patterns (PAMPs) from enterotoxigenic Escherichia coli to induce the activation of Toll-like receptor (TLR)-4. The expression levels of the cytokines (A) and chemokines (B) were assayed by RT-PCR 12 h after the ETEC PAMPs challenge. Letters indicate significant differences (P < 0.05), a < b < c.


Differential modulation of the expression of the negative regulators of the TLR4 signaling pathway by L. salivarius TUCO-L2 was assessed in PIE cells (Figure 6). The treatment of PIE cells with ETEC PAMPs significantly augmented the expression of A20, Bcl-3, Tollip, and IRAK-M, while the expression levels of MKP-1 and SIGIRR were not modified compared to those in the unchallenged control cells (basal group). The treatment of PIE cells with L. salivarius TUCO-L2 significantly increased the expression of A20, IRAK-M, and MKP-1 compared to those in the ETEC PAMPs-challenged control PIE cells (Figure 6). The expression level of Bcl-3 in TUCO-L2-treated PIE cells was significantly lower than that in the ETEC PAMPs-challenged control PIE cells.
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FIGURE 6. Immunomodulatory activity of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk in porcine intestinal epithelial (PIE) cells. PIE cells were stimulated with the TUCO-L2 strain and then challenged with pathogen-associated molecular patterns (PAMPs) from enterotoxigenic Escherichia coli to induce the activation of Toll-like receptor (TLR)-4. The expression levels of the negative regulators of the TLR signaling pathway were evaluated by RT-PCR 12 h after the ETEC PAMPs challenge. Letters indicate significant differences (P < 0.05), a < b < c.




General Genomic Features of L. salivarius TUCO-L2

The complete genome of L. salivarius TUCO-L2 was sequenced by Illumina HiSeq, annotated, and recently published (Albarracin et al., 2020b) to provide detailed characterization of the probiotic/immunobiotic properties. The genomic analysis of the TUCO-L2 strain was performed by comparison with publicly available genomes of L. salivarius strains isolated from human milk (LPM01 and CECT5713), human intestinal tract (UCC118 and REN), porcine intestine (JCM1046 and ZSL006), and chicken intestine (DJ-sa-01 and CICC23174). The general genomic features of L. salivarius strains used in the present study are summarized in the Supplementary Table 2. The TUCO-L2 draft genome sequence has an average GC content of 33%, a total estimated size of 1,600,747 bp, and 1,691 protein-coding genes. These general genomic features were similar to those of the L. salivarius strains used for comparison. However, the TUCO-L2 strain had a smaller genome size compared with that of other L. salivarius strains. Their genome size varied from 1,746,897 bp in the chicken strain CICC 23174 to 2,177,581 bp in the porcine strain ZLS006 (Supplementary Table 2). The number of protein-coding genes in the TUCO-L2 strain was among the lowest of all strains, and only the CICC 23174 strain had lower number of protein-coding genes than that in L. salivarius TUCO-L2.

Phylogenetic trees were constructed based on the sequences of the 16s rRNA genes (Figure 7A) and the maximum likelihood analysis of MLST of the sequences of the parB, rpsB, pheS, nrdB, groEL, and ftsQ genes (Figure 7B) (Harris et al., 2017; Lee et al., 2017). Both methods of analysis indicated that L. salivarius TUCO-L2 clustered separately from other evaluated strains. Notably, the MLST analysis indicated that the TUCO-L2 strain is clustered close to the two strains originally isolated from the chicken intestine (DJ-sa-01 and CICC23174).
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FIGURE 7. Hierarchical clustering of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk compared with the strains of the same species isolated from different origins. (A) Phylogenetic tree constructed using 16s RNA extracted from the genome of TUCO-L2 strain and from the publicly available complete genomes of the L. salivarius strains isolated from human milk (LPM01 and CECT5713), human intestinal tract (UCC118 and REN), porcine intestine (JCM1046 and ZSL006), and chicken intestine (DJ-sa-01 and CICC23174). (B) Molecular phylogenetic analysis by maximum likelihood method of MLST of L. salivarius strains. The phylogenetic trees were constructed based on the MLST analysis by using the parB, rpsB, pheS, nrdB, groEL, and ftsQ genes present the genomes of the TUCO-L2 strain and publicly available genomes of the L. salivarius strains.


Comparison of the complete genomes of L. salivarius TUCO-L2 and the control strains revealed a core genome of 997 genes and an accessory genome of 2,891 genes (Figure 8A). The TUCO-L2 strain has 154 unique genes that are not shared with other strains. However, this number was not the highest number of unique genes since the ZLS006, DJ-sa-01, JCM1046, and REN strains had 432, 243, 194, and 192 unique genes, respectively. Unique genes of the TUCO-L2 strain included genes of the inositol catabolism pathway [methylmalonate semialdehyde dehydrogenase (iolA), 5-deoxy-glucuronate isomerase (iolB), 3D-(3,5/4)-trihydroxycyclohexane-1,2-dione hydrolase (iolD), inosose dehydratase (iolE), inositol 2-dehydrogenase/D-chiro-inositol 3-dehydrogenase (iolG), and inosose isomerase (iolI)]. The genes encoding for the iron-sulfur cluster assembly were also detected, including PaaD-like protein, cysteine desulfurase, iron-sulfur cluster assembly proteins SufB, SufE2, and SufD, and iron-sulfur cluster assembly ATPase protein SufC. Unique genes of the TUCO-L2 strain encode for a high affinity phosphate transporter and control of PHO regulon, including a phosphate ABC transporter, periplasmic phosphate-binding protein (PstS), phosphate transport ATP-binding protein (PstB), and phosphate transport system permease proteins PstA (PstA) and PstC (PstC), and components of the common pathway for the synthesis of aromatic compounds (3-dehydroquinate dehydratase I and shikimate/quinate 5-dehydrogenase I beta) (Supplementary Tables 3–6).
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FIGURE 8. Genomic comparison of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk with the strains of the same species isolated from various sources. (A) Venn diagram of the number of genes in the core genome and accessory genome and unique genes in the genome of TUCO-L2 strain and in the genomes of L. salivarius strains isolated from human milk (LPM01 and CECT5713), human intestinal tract (UCC118 and REN), porcine intestine (JCM1046 and ZSL006), and chicken intestine (DJ-sa-01 and CICC23174). (B) Venn diagrams comparing L. salivarius TUCO-L2 with various strains based on the origin of the strains.


Subsequent comparison accounted for different origins of the control strains (Figure 8B). Genomic comparison of L. salivarius TUCO-L2 with the human milk isolates revealed that the llama milk strain shares a total of 1,130 genes with the CECT 5713 and LPM01 strains and has 303 unique genes. Comparison with the CECT 5713 and LPM01 strains isolated from human milk indicated that unique genes of the L. salivarius TUCO-L2 genome (Supplementary Table 3) include genes of the accessory SecA2-SecY2 system (secA2, secY2, asp1, asp2, and asp3), exopolysaccharide (EPS) biosynthesis (cap8A, epsE1, epsE2, epsJ1-J5, and epsL), glycosyltransferases (gtf1, gtf2, gtfC, wfgD, wbbI2, and wbbI3), glucosidases (bglH1, bglH2, and bglK), and choloylglycine hydrolase (cbh1). Similar results were obtained by comparison of the L. salivarius TUCO-L2 genome with the genomes of the UCC118 and REN strains with the exception of the cbh1 gene that was also detected in the human intestinal strains (Supplementary Table 4).

Comparison with the JCM1046 and ZLS006 strains isolated from porcine intestine (Supplementary Table 5) and the DJ-sa-01 and CICC23174 strains isolated from chicken intestine (Supplementary Table 6) identified the following unique genes in the L. salivarius TUCO-L2 genome: EPS biosynthesis (cap8A, epsE1, epsE2, epsJ1-J5, and epsL), glycosyltransferases (gtf1, gtf2, gtfC, wfgD, wbbI2, and wbbI3), and glucosidases (bglH1, bglH2, and bglK). In contrast to human strains, the genes of the accessory SecA2-SecY2 system (secA2, secY2, asp1, asp2, and asp3) were detected in all L. salivarius strains of animal origin. Notably, the cbh1 gene of the TUCO-L2 strain was not detected in the genomes of the strains isolated from chicken intestine.



Genomic Analysis of Potential Probiotic Molecules in L. salivarius TUCO-L2

Considering that some of the genes specific for L. salivarius TUCO-L2 are involved in EPS biosynthesis, the EPS-related genes in the genomes of the TUCO-L2 and L. salivarius strains were compared. The EPS clusters described in the L. salivarius strains UCC118 (Harris et al., 2017) and JCM1046 (Raftis et al., 2011) were used as a reference. Two EPS gene clusters were detected in L. salivarius UCC118, including EPS cluster 1 containing 20 genes and EPS cluster 2 containing 27 genes, and a single EPS gene cluster containing 28 genes was detected in L. salivarius JCM1046 (Figure 9A). The EPS cluster of the JCM1046 strain was designated as EPS cluster 3 in this study. None of the genes of EPS cluster 1 were detected in the genome of L. salivarius TUCO-L2. On the other hand, the conserved genes of EPS clusters 2 and 3 (Raftis et al., 2011; Harris et al., 2017) were detected in the TUCO-L2 strain, including undecaprenyl-phosphate β-glucose phosphotransferase, transcriptional regulator LytR, a phosphotyrosine protein phosphatase, a tyrosine protein kinase, a chain length regulator, β-N-acetylhexosaminidase, dTDP-4-dehydrorhamnose reductase, dTDP-glucose 4,6-dehydratase, dTDP-4-dehydrorhamnose 3,5-epimerase, and glucose-1-phosphate thymidylyltransferase (Figure 9A). The gene LSL_1549 (glycosyltransferase) and the genes LSL_1555 to LSL_1565 mainly corresponding to glycosyltransferases and transposases were not detected in the genome of the TUCO-L2 strain. Similar results were obtained when EPS cluster 3 was used to analyze the TUCO-L2 genome. These results were anticipated since EPS clusters 2 and 3 have substantial similarities (Raftis et al., 2011; Harris et al., 2017). Interestingly, the genes LSJ_1604c, LSJ_1606c, and LSJ_1633c that encode for glycosyltransferases in EPS cluster 3 were not detected in the TUCO-L2 genome. Analysis of the conserved genes in EPS clusters 2 and 3 identified 12 EPS core genes that were used for subsequent analysis of EPS in all genomes of the L. salivarius strains. The phylogenetic tree constructed based on the sequences of 12 EPS core genes demonstrated that the TUCO-L2 strain is clustered separately from other L. salivarius strains (Figure 9B).
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FIGURE 9. Genomic comparison of the exopolysaccharides (EPS) cluster of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk with that of the strains of the same species. (A) The EPS clusters from L. salivarius UCC118 (EPS1: from LSL_077 to LSL_097; EPS2: from LSL_1547 to LSL_1574) and JCM1046 (EPS3: from LSJ_1603c to LSJ_1633c) were used for comparison. (B) Phylogenetic tree was constructed by using the sequences of twelve conserved EPS genes shared by the strains isolated from human milk (LPM01 and CECT5713), human intestinal tract (UCC118 and REN), porcine intestine (JCM1046 and ZSL006), chicken intestine (DJ-sa-01 and CICC23174), and llama milk (TUCO-L2).


Various types of glycosyltransferases encoded by the genomes of EPS-producing bacteria can modify the structure of the EPS molecule and consequently change its functionality. Then, the abundance of the genes encoding for glycosyltransferase families in the TUCO-L2 strain was evaluated and compared with that in the other eight L. salivarius strains (Figure 10A). Interestingly, the results of the clustering analysis accounting for the number and type of glycosyltransferases showed that the TUCO-L2 strain is clustered separately from most of the other strains and is close only to the porcine intestinal JCM1046 strain. Comparison of glycosylhydrolases in the genomes of the L. salivarius strains (Figure 10B) indicated that the TUCO-L2 strain is clustered separately from most of the other strains and is close only to the chicken intestine CICC23174 strain. Notably, L. salivarius TUCO-L2 had significantly higher number of glycosylhydrolases of the GH1 and GH70 families.
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FIGURE 10. Genomic comparison of glycosyltransferases and glycosylhydrolases of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk with those of the strains of the same species isolated from different origins. Numbers of glycosyltransferases (A) and glycosylhydrolases (B) identified in the genomes of TUCO-L2 strain and in the genomes of L. salivarius strains isolated from human milk (LPM01 and CECT5713), human intestinal tract (UCC118 and REN), porcine intestine (JCM1046 and ZSL006), and chicken intestine (DJ-sa-01 and CICC23174). Heatmaps were constructed based on the numbers of glycosyltransferases or glycosylhydrolases in each family.


The whole genome sequence of L. salivarius TUCO-L2 was analyzed to identify antimicrobial substance(s) responsible for the antipathogenic effect demonstrated in the present study. Therefore, the BAGEL 4 platform and blastp were used to search for bacteriocins in the TUCO-L2 genome. The analysis indicated the absence of any similarity to known bacteriocin genes. Thus, the whole genome sequence of TUCO-L2 was annotated to identify two genes encoding for a bacteriocin-prepeptide or an inducing factor for bacteriocin synthesis and bacteriocin immunity indicating the presence of a novel bacteriocin in this strain from llama milk (Supplementary Table 7).

Comparative genomic analysis was used to characterize the adhesion factors of L. salivarius TUCO-L2 by investigating several proteins and systems that were described to be involved in the adhesion of lactobacilli to the intestinal mucosa. Several mucus-binding proteins (MucBP) have been identified in lactic acid bacteria and are associated with their ability to colonize the gastrointestinal tract (Latousakis and Juge, 2018). Then, we searched for MucBP genes in the genome of L. salivarius TUCO-L2 (Figure 11). As described previously (Lee et al., 2017), a common mucus-binding protein (designated here as MucBP1) was detected in all L. salivarius strains, including the TUCO-L2 strain. Four MucBP were detected in the genomes of the tested L. salivarius strains, and only a single MucBP gene WP_087118522.1 (designated here as MucBP2) was detected in the genome of the TUCO-L-2 strain (Figure 11A). This protein is similar but not identical to MucBP of the LPM01, UCC118, DJ-sa-01, JCM1046, and ZLS006 strains (Figure 11B).
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FIGURE 11. Genomic comparison of the mucus-binding proteins (MucBPs) of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk with the strains of the same species. (A) MucPBs genes of the TUCO-L2 strain were compared with those of the L. salivarius strains isolated from human milk (LPM01 and CECT5713), human intestinal tract (UCC118 and REN), porcine intestine (JCM1046 and ZSL006), and chicken intestine (DJ-sa-01 and CICC23174). (B) Functional domains present in MucBP2 of L. salivarius TUCO-L2 and compared with those of the proteins encoded by the genomes of the JCM1046 and LPM01 strains.


Our data indicate that similar to other L. salivarius strains from animals, the TUCO-L2 strain possesses the genes for the accessory Sec system. The SecA2-SecY2 secretion system is associated with adhesion of certain lactobacilli strains to mucosal tissues (Frese et al., 2013; De Boeck et al., 2020). Then, the presence of this cluster was investigated by manual search for the genes encoding for motor protein SecA2, membrane translocation complex SecY2, chaperones Asp1-3, and glycosyltransferases GtfA and GtfB. Complete cluster was detected in the genome of L. salivarius TUCO-L2 and in the genomes of the strains isolated from animal intestine (Figure 12A). Moreover, in agreement with our previous results (Supplementary Tables 3, 4) and the data of other authors (Lee et al., 2017), the SecA2-SecY2 cluster was not detected in the human-related L. salivarius strains LPM01, CECT5713, UCC118, and REN that were used as a reference in the present study (Figure 12A). Notably, the secA2, secY2, and gtfB genes of the TUCO-L2 strain showed 99.8, 100, and 97.5% homology, respectively, with the similar genes of the porcine JCM1046 strain (Supplementary Figure 3). Additionally, the asp1 and asp3 genes showed 98.7% homology with the similar genes in the chicken DJ-sa-01 strain. Although all genomes of the L. salivarius strains of animal origin contained the genes of the SecA2-SecY2 system, our results of evaluation of the phylogenetic clustering based on the nucleotide sequences of the conserved secA2, secY2, asp1, asp2, asp3, gtfA, and gtfB genes indicate some degree of divergence (Figure 12B).
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FIGURE 12. Genomic comparison of the SeA2-SecY2 accessory secretion system of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk with the strains of the same species. (A) The SecA2-SecY2 cluster of the TUCO-L2 strain compared with that of the L. salivarius strains isolated from human milk (LPM01 and CECT5713), human intestinal tract (UCC118 and REN), porcine intestine (JCM1046 and ZSL006), and chicken intestine (DJ-sa-01 and CICC23174). (B) Phylogenetic tree was constructed by using the sequences of the secA2, secY2, asp1, asp2, asp3, gtfA, and gtfB genes shared by the strains of animal origin.


Then, the presence of accessory Sec-dependent serine-rich glycoprotein adhesion proteins or srr adhesins was assessed within the SecA2-SecY2 system cluster of the TUCO-L2 strain. We detected the presence of two partial sequences of srr proteins: WP_134354846.1 and WP_134354365.1. Both sequences contained the KxYKxGKxW signal peptide, N-terminal serine-rich repeat adhesion glycoprotein AST domain, and partial regions of serine-rich repeats (data not shown). The blast analysis of these two sequences revealed a 45.6% identity with a 59% query cover suggesting that the sequences represent two different srr adhesins. These putative adhesins WP_134354846.1 and WP_134354365.1 were designated srr1 and srr2, respectively. Unfortunately, due to the fragmentation of the contigs, we are unable to identify the C terminal regions of these two putative adhesins.

Pili are involved in the intestinal colonization of lactobacilli associated with probiotic effects (Kankainen et al., 2009). Previous genomic studies by Harris et al. (2017) showed that only 5 of 43 L. salivarius genomes contained the genes encoding for extra sortase A, sortase C, and putative pilin subunits. These strains include L. salivarius JCM1047, DSM20555, ATCC11741, gul1, and gul2. Additional search of the NCBI genome bank for other L. salivarius strains with a pili operon detected this cluster only in the genome of L. salivarius A3iob originally isolated from the bee intestine (Audisio et al., 2018). Then, the pilus operon of these strains was compared with that of L. salivarius TUCO-L2 (Supplementary Figure 3). The genes encoding for extra sortase A, sortase C, or pilin subunits were not detected in the genome of the TUCO-L2 strain.



In vivo Anti-salmonella Effect of L. salivarius TUCO-L2

The in vitro and in silico data indicated the beneficial effects of the TUCO-L2 strain in the protection against intestinal pathogens. Thus, we performed in vivo studies to demonstrate the probiotic potential of this strain. The ability of L. salivarius TUCO-L2 to reduce Salmonella infection was studied in a mouse model (Figure 13). The TUCO-L2 strain was administered to mice for 5 consecutive days at a dose of 108 cells/mouse/day in drinking water, and the animals were orally challenged with pathogenic Salmonella Typhimurium as described previously (Quilodrán-Vega et al., 2016). The administration of L. salivarius TUCO-L2 induced a significant decrease in the number of Salmonella in the liver and spleen of treated mice compared to that in the control animals (Figure 13). Moreover, the pathogen was not detected in the blood of animals treated with the TUCO-L2 strain (Figure 13).
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FIGURE 13. The effect of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk on the resistance of adult mice to Salmonella infection. L. salivarius TUCO-L2 was administered to male 6-week-old Balb/c mice for 5 consecutive days at a dose of 108 cells/mouse/day in drinking water. Untreated mice were used as a control. TUCO-L2-treated and control mice were challenged by oral administration of 107 cells/mouse of S. typhimurium (20LD50) on day 6. Mice were sacrificed on day 2 after the infection, and the bacterial pathogen counts were determined in the liver, spleen, and blood of mice. Untreated and uninfected mice were used for comparison (basal group). Each parameter was assayed in 5–6 mice per group. Letters indicate significant differences (P < 0.05), a < b < c.


The levels of the blood and intestinal cytokines were evaluated after the challenge with Salmonella in untreated and TUCO-L2-treated mice. The challenge with the intestinal pathogen significantly increased the levels of all tested cytokines in the intestinal tract (Figure 14) and blood (Supplementary Figure 4). The intestinal levels of TNF-α, IL-1β, and IL-6 were increased in both groups after the challenge with Salmonella; however, the mice treated with L. salivarius TUCO-L2 had significantly lower levels of TNF-α and higher levels of IL-1β and IL-6 compared to those in the control animals (Figure 14). Similar results were obtained when the blood levels of TNF-α, IL-1β, and IL-6 were assayed (Supplementary Figure 4). The treatment of mice with the TUCO-L2 strain increased the levels of IFN-γ and IL-10 in the intestinal tract (Figure 15) and blood (Supplementary Figure 4) compared to those in the control groups after the challenge with Salmonella.
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FIGURE 14. The effect of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk on the intestinal immune response of adult mice to Salmonella infection. L. salivarius TUCO-L2 was administered to male 6-week-old Balb/c mice for 5 consecutive days at a dose of 108 cells/mouse/day in drinking water. Untreated mice were used as a control. TUCO-L2-treated and control mice were challenged by oral administration of 107 cells/mouse of S. typhimurium (20LD50) on day 6. Mice were sacrificed on day 2 after the infection, and the levels of intestinal TNF-α, IFN-γ, IL-1β, IL-6, and IL-10 were measured by ELISA. Untreated and uninfected mice were used for comparison (basal group). Each parameter was assayed in 5–6 mice per group. Letters indicate significant differences (P < 0.05), a < b < c.
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FIGURE 15. Proposed mechanism of the immunomodulatory activity of Ligilactobacillus salivarius TUCO-L2 isolated from llama (Lama glama) milk in porcine intestinal epithelial (PIE) cells. PIE cells were stimulated with the TUCO-L2 strain and then challenged with pathogen-associated molecular patterns (PAMPs) from enterotoxigenic Escherichia coli to induce the activation of Toll-like receptor (TLR)-4 resulting in differential expression of inflammatory cytokines and chemokines compared to that in ETEC PAMPs-challenged control cells. The immunomodulatory effect of L. salivarius TUCO-L2 is mediated by the modulation of the negative regulators of the TLR signaling pathway.





DISCUSSION

To the best of our knowledge, this is the first report describing the isolation of LAB from the milk of Lama glama. We showed that llama milk contains a population of LAB, including lactobacilli and cocci, similar to the milk of other camelids (Khedid et al., 2009; Dong et al., 2012; Rahmeh et al., 2019; Zhao et al., 2020). Studies of cultivable LAB from raw dromedary milk demonstrated the presence of L. lactis (17.5%), S. thermophilus (9.2%), and lactobacilli (20.8%) (Khedid et al., 2009) or E. faecium (20.7%), L. lactis (17.2%), and lactobacilli (12%) (Rahmeh et al., 2019). Similarly, we observed predominance of Gram-positive cocci in the bacterial isolates from llama milk samples with a minor population of lactobacilli (data not shown). Additional studies of the microbial composition of llama milk in a greater number of samples using a combination of culture-dependent and culture-independent techniques will enable more accurate characterization of the microbial populations present in this particular ecological niche. Although the results of the present study cannot be used to draw definitive conclusions about the microbiota of llama milk, we were able to isolate strains with considerable probiotic potential. One of the isolated strains, L. salivarius TUCO-L2, demonstrated several characteristics that would allow the use of this strain as a probiotic against intestinal infections. Our in vitro, in vivo, and in silico results indicate that L. salivarius TUCO-L2 can (a) resist adverse gastrointestinal conditions, (b) adhere to the intestinal mucosa, (c) antagonize intestinal bacterial pathogens, and (d) modulate the intestinal immune response.

a) L. salivarius TUCO-L2 resists adverse gastrointestinal conditions. Probiotic strains should be able to overcome extremely low pH of the gastric juice and the detergent effect of the bile salts to reach the site of action in a viable physiological state. Our functional experiments demonstrated that L. salivarius TUCO-L2 has these characteristics. Moreover, bioinformatics investigation detected two choloylglycine hydrolase genes in the genome of the TUCO-L2 strain, including cbh1 that was not detected in the genomes of L. salivarius strains isolated from human milk. Interestingly, L. salivarius strains isolated from the intestinal tract of humans and chickens have one or two choloylglycine hydrolase genes, while most of the isolates from the porcine intestinal mucosa have three choloylglycine hydrolase genes (Lee et al., 2017). This difference has been associated with required higher resistance of the porcine strains to the toxic effect of bile salts since it was demonstrated that pigs secrete more bile per day compared to humans (Boyer, 2013). Our results indicate that the TUCO-L2 strain has higher similarity to the human and chicken intestinal strains than to the porcine strains with regard to its genetic resistance to bile salts. Our results suggest that the TUCO-L2 strain should be able to have probiotic effects after in vivo administration due to the presence of the choloylglycine hydrolase genes and ability to resist bile salts. This hypothesis is supported by a recent study that demonstrated that oral administration of L. salivarius FXJCJ7-2, HN26-4, or NT4-8 in mice protected against intestinal inflammatory damage induce by LPS administration (Zhai et al., 2020). These three L. salivarius strains improved the barrier function of the gut, reduced the intestinal histological alterations, and differentially modulated the Treg/Th17 balance in mice; however, the FXJCJ7-2 strain was more efficient in inducing the protective effect against LPS challenge. Notably, genomic comparison of the FXJCJ7-2, HN26-4, and NT4-8 strains demonstrated that L. salivarius FXJCJ7-2 has 19 unique genes that are not shared with the NT4-8 and HN26-4 strains. Among these genes, researchers detected several genes associated to the resistance to gastrointestinal tract conditions including those related to selenocysteine synthesis and transportation as well as to the production of the osmolyte proline (Zhai et al., 2020), which have been associated to the protection against bile salt actions and environmental stress (Wang et al., 2015).

Genomic comparison of the TUCO-L2 strain with L. salivarius from various host types and niches indicated that the strain from llama milk has genes that are not detected in the genomes of bacteria from human, porcine, or chicken origin. Unique genes of the TUCO-L2 strain include the genes encoding for the iron-sulfur cluster assembly and high affinity phosphate transporter and control of the PHO regulon. The PHO regulon is involved in the uptake of inorganic phosphate and is controlled by a two-component signal transduction system. Studies in E. coli demonstrated that this regulon is important for phosphate uptake and influences the genes involved in stress responses (Santos-Beneit, 2015). Studies in L. casei BL23 showed that the inactivation of the two-component signal transduction system of the PHO regulon results in a decrease in growth at pH 3 (Alcántara et al., 2011). On the other hand, LAB are presumed to be a rare bacterial group that has no iron requirement. However, the sequencing of the complete genomes of several LAB demonstrated that certain species harbor genes encoding for the components involved in iron transport (Makarova et al., 2006). The iron-sulfur cluster system of E. coli is activated under oxidative stress, i.e., in the presence of H2O2 (Outten et al., 2004). The sensitivity of the iron-sulfur cluster system to oxygen allows the system to act as an environmental sensor that conditions the responses of the bacteria. This system was suggested to be an important mechanism of resistance to oxidative stress in lactobacilli (Martinez et al., 2008). The ability to sense and respond to extracellular stresses is essential for bacterial survival under adverse conditions, such as low pH or high H2O2 concentrations; hence, the presence of these gene clusters in L. salivarius TUCO-L2 may be advantageous because of enhanced colonization of the mucosal surfaces or resistance to certain biotechnological processes used during food manufacturing.

b) L. salivarius TUCO-L2 adheres to the intestinal mucosa. Colonization of the gastrointestinal tract of the host is considered one of the most important properties of probiotic lactobacilli. In the present study, the results obtained using a porcine model host demonstrated that L. salivarius TUCO-L2 can adhere to porcine mucins and PIE cells in a manner similar to that of L. salivarius strains originally isolated from the porcine gastrointestinal tract (Masumizu et al., 2019). Furthermore, the genomic analysis of the TUCO-L2 strain identified two types of molecules that may be involved in adhesion: MucBP and srr adhesins. MucBPs were detected in LAB colonizing the gastrointestinal tract (Latousakis and Juge, 2018). These proteins contain an N-terminal secretion signal peptide YSIRK and a C-terminal LPxTG anchoring motif. Variable number of mub repeats in the center of the molecule mediate the binding to mucin glycans due to interactions with terminal sialic acid (Etzold et al., 2014; Gunning et al., 2016). MucBP are shaped as fiber-like structures of variable length that form appendices similar to pili (Etzold and Juge, 2014). The genomes of Lactobacillus species can harbor one or more types of MucBPs (Latousakis and Juge, 2018). Up to seven different MucBP orthologs were detected in the pangenome of L. salivarius (Lee et al., 2017). The study analyzed the genomes of L. salivarius strains isolated from the intestine of human, pigs, and chickens and identified a common MucBP (designated here as MucBP1) in all strains independently of the host origin. The results of the present study indicate that the genome of the L. salivarius strain isolated from the llama milk also contains this common MucBP1. Additionally, L. salivarius TUCO-L2 has a second MucBP of approximately 2,500 amino acids (designated here as MucBP2) that was also detected in the genomes of the LPM01, UCC118, DJ-sa-01, JCM1046, and ZLS006 strains.

On the other hand, the SecA2-SecY2 secretion system is associated with adherence of certain lactobacilli strains to mucosal tissues (Frese et al., 2013; De Boeck et al., 2020). This system facilitates the glycosylation of srr proteins and export of glycosylated adhesins that are involved in adhesion to the surface of the host cells (Feltcher and Braunstein, 2012; Bensing et al., 2014; Wegmann et al., 2015). Previous studies identified the genes encoding for the SecA2-SecY2 system in L. salivarius strains isolated from pig and chicken intestines (Lee et al., 2017). However, the analysis of the associated srr proteins did not detect any known adhesin-associated binding domain. In the present study, two srr proteins associated with the SecA2-SecY2 system of L. salivarius TUCO-L2 were incompletely characterized due to limitations in contig fragmentation.

Most bacteria with the SecA2-SecY2 systems produce a unique srr glycoprotein (Frese et al., 2013; De Boeck et al., 2020). However, certain Gram-positive bacteria can produce two or three srr proteins associated with the SecA2-SecY2 system. Human commensal bacterium Streptococcus salivarius JIM8777, which is an efficient colonizer of the oral and intestinal mucosa, expresses three non-homologous glycosylated surface proteins that have characteristics of srr adhesins and are secreted through the accessory SecA2-SecY2 system (Couvigny et al., 2017, 2018). Electron microscopy detected fibril-like structures partially covering the surface of JIM8777, which were eliminated from the bacterial surface in the secA2 mutants. Moreover, the adhesive abilities of S. salivarius were partly related to the presence of cell wall-associated fibril-like structures since the secA2 mutants had less efficient adhesion to epithelial cells or proteins of the extracellular matrix (Couvigny et al., 2017, 2018). The srr proteins mediate several interactions of S. salivarius with the environment and have thus emerged as the crucial host attachment factors involved in the colonization of mucosal surfaces by this commensal bacterium. Electron microscopy analysis of the TUCO-L2 strain demonstrated the presence of fibrin-like structures on bacterial surface; however, the density of the structures was significantly lower than that reported in S. salivarius (Couvigny et al., 2017, 2018). It is tempting to speculate that two srr proteins may have a similar function in L. salivarius TUCO-L2 that enables colonization of the bacteria in various mucosal tissues in llamas. Additional studies evaluating the functional properties of the putative adhesins srr1 and srr2 in the TUCO-L2 strain in the context of adhesion to mucins and PIE cells may be able to determine whether these proteins are involved in the adhesion of the L. salivarius strain isolated from the llama milk.

c) L. salivarius TUCO-L2 antagonizes intestinal bacterial pathogens. The antimicrobial effects against the major gastric and enteric bacterial pathogens are one of the most desirable properties for a probiotic strain (Liévin-Le Moal and Servin, 2014). Investigation of the antibacterial activities of L. salivarius TUCO-L2 demonstrated that this strain inhibits the growth of pathogenic Gram-negative bacteria of human and porcine origin. The antimicrobial activities of LAB have been associated with several molecules, including lactic acid and bacteriocin or non-ribosomal peptides (Liévin-Le Moal and Servin, 2014). Neutralization of the TUCO-L2 supernatant eliminated lactic acid responsible for pathogen inhibition. Thus, in silico analysis was performed by using Bagel 4, blastp, and the gene annotation RAST platform to identify antibacterial substances produced by the TUCO-L2 strain. In silico analysis detected the presence of bacteriocin-related immunity genes possibly related to a prepeptide or a synthesis-inducing factor. Interestingly, we were unable to detect similarities of these molecules with any know bacteriocin by blastp (peptide sequences) or Bagel 4 (gene sequences) comparison. This result suggests the presence of a new bacteriocin synthetized by L. salivarius TUCO-L2 strain, which has an anti-Gram-negative effect. These findings strongly encourage further studies aimed to purify, sequence, and characterize this bacteriocin.

Probiotics strains with good adhesion to intestinal epithelial cells and mucins can block the adherence of the pathogens by competition for the host cell binding sites (Monteagudo-Mera et al., 2019). This transient colonization of probiotic bacteria can lead to competitive exclusion of the pathogens. Adhesion includes attachment of the bacterial cells to the host cells and to other bacterial cells of different species (coaggregation) or same species (autoaggregation). Moreover, multiple studies have shown that a potential protective role of probiotic LAB is mediated by binding of the pathogens into coaggregates thus inhibiting the biofilm formation that is frequently involved in infections (reviewed in Monteagudo-Mera et al., 2019). The results of this study indicate that L. salivarius TUCO-L2 binds intestinal epithelial cells and mucins and is capable of autoaggregation and coaggregation with intestinal pathogens. These data suggest that this strain can potentially promote competitive exclusion and prevent the biofilm formation by the pathogens in the intestinal mucosa.

The colonization of the intestinal surface and production of a bacteriocin by L. salivarius TUCO-L2 may help to avoid the colonization by enteropathogens. These antimicrobial effects of probiotic bacteria are unlikely to have a deleterious effect on the commensal intestinal bacteria (reviewed in Monteagudo-Mera et al., 2019). Our results confirm this assertion since we did not detect any signs of intestinal dysbiosis when the TUCO-L2 strain was administered to mice.

d) L. salivarius TUCO-L2 modulates the intestinal immune response. In addition to adherence to PIE cells, our data indicate that L. salivarius TUCO-L2 differentially modulates the innate immune response triggered by TLR4 activation in this cell line (Figure 15). We have previously used the PIE cell line to study the influence of immunomodulatory probiotic (immunobiotic) lactobacilli on the TLR4-mediated immune response induced by ETEC PAMPs. We demonstrated that the challenge of PIE cells with ETEC PAMPs activates the MAPK and NF-kB signaling pathways leading to the expression of inflammatory cytokines, including IL-1β and IL-6 (Shimazu et al., 2012; Wachi et al., 2014; Garcia-Castillo et al., 2019), and several chemokines, including CCL8, CXCL5, CXCL8, CXCL9, CXCL10, and CXCL11 (Kobayashi et al., 2016). Then, these cytokines and chemokines were assayed to evaluate the potential immunomodulatory properties of the TUCO-L2 strain from llama milk. L. salivarius TUCO-L2 increased the expression of IL-1β and IL-6 and reduced the expression of all tested chemokines compared to those in the control cells (Figure 15). Previously, we demonstrated that prestimulation of PIE cells with the immunobiotic strain Lactobacillus jensenii TL2937 differentially modulated the expression of inflammatory factors produced in response to ETEC PAMPs challenge. The TL2937 strain increased the expression of IL-1β and significantly reduced the expression levels of IL-6, CCL8, CXCL5, CXCL8, CXCL9, CXCL10, and CXCL11 (Kobayashi et al., 2016). This strong anti-inflammatory effect was related to the upregulation of the negative regulators MKP-1, A20, and Bcl-3 in PIE cells (Shimazu et al., 2012). Moreover, L. jensenii TL2937 efficiently reduced intestinal inflammation associated with weaning in piglets (Suda et al., 2014). We also reported that immunobiotic Limosilactobacillus fermentum UCO-979c (basonym: Lactobacillus fermentum UCO-979c) significantly reduced the levels of CXCL8, CXCL9, CXCL10, and CXCL11 and increased the expression levels of IL-6 and CCL8 in PIE cells challenged with ETEC PAMPs (Garcia-Castillo et al., 2019). This mixed stimulant/anti-inflammatory effect induced by L. fermentum UCO-979c was associated with a reduction in the expression of Tollip and MKP-1 and upregulation of SIGIRR and Bcl-3 in ETEC PAPMs-challenged PIE cells. The UCO-979c strain was able to protect against intestinal pathogens in vitro and in vivo (Garcia-Castillo et al., 2019). The results of this work indicated that L. salivarius TUCO-L2 has a mixed stimulant/anti-inflammatory effect similar to the UCO-979c strain. In fact, the analysis of the expression of the negative regulators of the TRL4 signaling pathway in PIE cells indicated that the TUCO-L2 strain enhances the expression of IRAK-M, MKP-1, and A20 and reduces the expression of Bcl-3 in PIE cells. Moreover, in vivo experiments in mice clearly demonstrated that the TUCO-L2 strain increases the resistance to Salmonella infection by differentially modulating the immune response. L. salivarius TUCO-L2 demonstrated a mixed stimulant/anti-inflammatory effect in vivo because it reduced the levels of TNF-α and increased the levels of IL-1β, IL-6, IFN-γ, and IL-10 in the intestine and blood of treated animals compared to those in the control mice.

The intestinal mucosa needs to maintain balanced TLR activation to protect against invading pathogens and avoid uncontrolled inflammatory responses that can lead to tissue damage (Allaire et al., 2018). Appropriate balance of inflammatory cytokines and chemokines is necessary to efficiently manifest this function. The changes in the cytokine profiles induced by L. salivarius TUCO-L2 in PIE cells after the stimulation with ETEC PAPMs and in mice after the challenge with Salmonella indicate that this strain positively influences the intestinal immune response triggered by Gram-negative pathogens. On the one hand, reduced chemokines expression and increased levels of the immunoregulatory cytokine IL-10 may account for the effects of the TUCO-L2 strain on the regulation of the activation and recruitment of inflammatory cells, such as neutrophils, thus limiting the inflammatory damage in the intestinal mucosa. On the other hand, an increase in IL-1β and IL-6 may help to eliminate the pathogens by modulating the effector functions of T cells (Siegmund et al., 2001; Kuhn et al., 2018). Activation of the inflammasome in intestinal epithelial cells is involved in the production of the active form of IL-1β, which collaborate in the activation and differentiation of T cells that produce IL-17 or IFN-γ. Additionally, IL-6 in the gut promotes T cell expansion and stimulates Th1 cell-mediated inflammation. Then, it is tempting to speculate that differential expression of IL-1β and IL-6 induced by the TUCO-L2 strain in intestinal epithelial cells favors efficient development of functional Th1. This hypothesis is in agreement with an increase in the levels of IFN-γ detected in mice treated with L. salivarius TUCO-L2 and challenged with Salmonella. Additional studies are needed to characterize the influence of the TUCO-L2 strain on intestinal immunity, including qualitative and quantitative evaluation of antigen-presenting cells, effector T cells, and Treg cells.

In addition to the effect on intestinal immune cell populations, it would be of interest to identify bacterial molecules of the TUCO-L2 strain that are involved in molecular interaction with the immune system. The results of electron microscopy analysis in the present study demonstrated that L. salivarius TUCO-L2 can produce EPS. Genomic analysis was used to characterize EPS of the llama milk strain. Genes of EPS cluster 1 were not detected in the genome of L. salivarius TUCO-L2. This result is in agreement with previous genomic studies of Harris et al. (2017) that demonstrated that EPS cluster 1 is mainly detected in L. salivarius strains of human origin suggesting that this gene cluster encodes a trait involved in adaptation to the human gastrointestinal tract. All L. salivarius strains investigated in the present study, including the TUCO-L2 strain, contained genes of EPS clusters 2 and 3; however, evaluation of the phylogenetic clustering based in the nucleotide sequences of 12 conserved genes indicated a certain divergence. These results are in agreement with previous genomics studies of Lee et al. (2017) that used 24 conserved EPS genes to evaluate the differences between L. salivarius isolated from humans, pigs, and chickens and that detected divergence associated with the hosts. The study suggested that the point mutations in the EPS genes rather than gene acquisition/loss may explain the production of different EPS by L. salivarius strains. Moreover, Harris et al. (2017) demonstrated variable abundance of the genes of glycosyltransferase families in 42 L. salivarius strains emphasizing that strain-specific sets of glycosyltransferases may be involved in the generation of variable structures of EPS associated with different interaction with abiotic and biotic environmental factors. Previous findings and genomic analysis performed in the present study suggest that L. salivarius TUCO-L2 may produce an EPS with unique characteristics. Further characterization of the TUCO-L2 EPS may be able to determine its role in the probiotic or immunobiotic properties of this strain considering that EPS of some lactobacilli are the key molecules associated with bacterial adhesion (Živković et al., 2016) or immunomodulatory effects (Wachi et al., 2014; Kanmani et al., 2018a,b).

In conclusion, this is the first report on the isolation and characterization of a potential probiotic/immunobiotic strain from llama milk. In vitro functional studies complemented with genomic analysis and in vivo studies in mice demonstrated that L. salivarius TUCO-L2 has several characteristics of probiotic strains including resistance to pH and high bile salt concentrations, antimicrobial activity against Gram-negative intestinal pathogens, and adherence to mucins and epithelial cells. Moreover, similar to other immunobiotic strains, L. salivarius TUCO-L2 differentially modulates the innate immune response triggered by TLR4 activation and improves the protection against Gram-negative intestinal pathogens. Thus, this study provides access to several directions of investigations to expand the characterization of the TUCO-L2 strain and position it as a probiotic or immunobiotic strain that can be used against infections in humans or animals, such as llamas.
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Cadmium (Cd) is a toxic metal inducing a range of adverse effects on organs including liver and kidneys. However, the underlying molecular mechanisms of Cd-induced intestinal toxicity through dietary intake is poorly studied. This study evaluated the toxic effects of Cd on intestinal physiology and confirmed the effectiveness of the protective mechanism of the probiotic Lactobacillus plantarum CCFM8610 against chronic Cd toxicity. After treatment with Cd, the HT-29 cell line was subjected to iTRAQ analysis, which revealed that changes in the proteomic profiles after Cd exposure were related to pathways involved in the stress response and carbohydrate metabolism. The results of an animal trial also indicated that 10 weeks of Cd exposure decreased the fecal water content and contractile response of colonic muscle strips in mice, and delayed the excretion time of the first black feces. L. plantarum CCFM8610 treatment provided protective effects against these Cd-induced intestinal motility dysfunctions by recovering the levels of neurotransmitters, including substance P, acetyl cholinesterase, vasoactive intestinal peptide, 5-hydroxytryptamine, calcitonin gene-related peptide, and nitric oxide, and suppressing the cellular stress response in mice (e.g., the inhibition of mitogen-activated protein kinase pathways). The administration of this probiotic was also observed to reduce Cd levels in the tissues and blood of the mice. Our results suggest a newly identified protective mechanism of probiotics against Cd toxicity that involves the recovery of intestinal motility and increase in fecal cadmium excretion.
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Introduction

Cadmium (Cd) is a heavy metal widely distributed in the environment. Once Cd has accumulated in the host, it can induce a range of adverse effects on the liver, kidney, brain, bone, and reproductive systems (1–4). The mechanisms of Cd toxicity have been well studied, including its competitive interference with the metabolism of essential divalent metals such as zinc and manganese, cytotoxicity induced by the abnormal production of reactive oxide species, and disruption of protein structures by the binding of Cd to sulfhydryl groups (5–7).

For the human population, food and drinking water are the main sources of Cd exposure (8). Research has shown that after oral intake, a major fraction of Cd (approximately 60%) is absorbed by the gut as a result of mucociliary clearance and subsequent ingestion (9). Although a number of studies have demonstrated that the liver, kidneys, and lungs are the main targets of long-term Cd exposure (10), reports on the toxic effects of this heavy metal on the gut are relatively limited. Animal studies have shown that the oral administration of Cd induce pathological changes in gastric mucosa and intestinal villi (11). Cross-sectional epidemiological studies have reported Cd exposure to be accompanied by increased incidence of intestinal abnormalities such as constipation, vomiting, nausea, anorexia, and indigestion (12, 13). Cd exposure has also been shown to significantly affect intestinal motility, which delays fecal Cd excretion and exacerbates intestinal Cd absorption (11). Several studies have indicated that Cd may strongly stimulate the intestinal mucosa, inhibit digestive enzymes, disrupt gut barrier function, and adversely impact gut immunity (11, 14, 15). However, the underlying molecular mechanisms of Cd-induced intestinal toxicity are not thoroughly understood.

A number of animal trials showed that probiotics, including Lactobacillus rhamnosus GG, L. rhamnosus LC705 (16), and a cocktail of Lactobacillus and Bifidobacterium strains (17) can alleviate Cd toxicity in vivo. The protective effects of these strains may be due to their Cd-binding ability, which promotes fecal excretion of this metal (18). In our previous studies, L. plantarum CCFM8610, a probiotic isolated from fermented Chinese food, showed good Cd-binding and Cd-tolerance abilities in vitro (19). Subsequent animal and human trials confirmed that the administration of this probiotic can significantly reduce the Cd burden in vivo (20, 21). Interestingly, we found this strain to also markedly alleviate Cd-induced constipation in mice (22). Cd exposure may be detrimental to host health through increasing intestinal permeability and inducing dysfunctions in gut microbiota (23). A recent study showed that Cd treatment could markedly decreased the microbial richness and the abundance of short chain fatty acid-producing bacteria in the gut of mice (24). Furthermore, it has been reported that the intestinal bacterial species diversity of mice decreased gradually with the increase of Cd concentration (25). A number of studies have reported that probiotics can promote intestinal motility by modulating the gut microbiota to produce more short-chain fatty acids and regulate bile acid metabolism (20, 26, 27). Therefore, we hypothesized that specific probiotics may inhibit the intestinal absorption of Cd and increase the fecal excretion of Cd by the recovery of intestinal motility. This represents a new understanding of the mechanism underlying the protective effects of probiotics against Cd toxicity.

Based on these analyses, the aims of the present study were to perform a proteomic analysis to investigate the toxic mechanism of Cd on intestinal physiology. Experiments were also conducted to evaluate the protective effects of L. plantarum CCFM8610 against the Cd-induced depression of gut motility in mice.



Materials and Methods


Chemicals and Reagents

Fetal bovine serum (FBS), RPMI-1640 medium, trypsin, penicillin, and streptomycin were obtained from Gibco (Waltham, MA, USA). Cadmium chloride (CdCl2) and other analytical-grade laboratory reagents were obtained from Sinopharm Chemical Reagent Company (Shanghai, China). iTRAQ reagents were purchased from Applied Biosystems (Waltham, MA, USA).

Kits purchased from SenBeiJia Biotechnology (Nanjing, China) were used to determine the contents of nitric oxide (NO), 5-hydroxytryptamine (5-HT), substance P, acetylcholinesterase (AChE), vasoactive intestinal peptide (VIP), and calcitonin gene-related peptide (CGRP). TRIzol reagent was obtained from Life Technologies (Waltham, MA, USA). Reverse transcription was performed using a kit purchased from Takara Bio (Beijing, China).



Cellular Experiment for Proteomic Analysis

HT-29 cells were conventionally incubated in RPMI-1640 medium containing 1% penicillin/streptomycin and 10% FBS. Cells were cultured at 37°C in a 5% CO2 moist atmosphere, and the medium was refreshed every 2 days. The cells were digested with trypsin and diluted to a 1:3 ratio for passage when the confluence reached 80–90%.

In the logarithmic growth phase, cells were grown in a six-well plate at a density of 1 × 106 cells per well. After cell adhesion, the cells were divided into Control and Cd groups for treatment, as shown in Table 1. The dose of Cd exposure (50 μM CdCl2) was selected to mimic a moderate toxic effect of Cd on intestinal epithelial cells (28). After 24-h incubation, cells were collected for iTRAQ proteomic analysis by the method shown in Supplemental Figure 1 (29). Protein Pilot Software V. 5.0 (AB Sciex, Beijing, China) was used for data processing. The identification of proteins and screening of differentially expressed proteins were performed as described in a previous study (29). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the iProX partner repository (30) with the dataset identifier PXD022209.


Table 1 | Cell experiment design.





Strain Culture and Powder Manufacture

The incubation and lyophilization of L. plantarum CCFM8610 were performed as previously reported (21).



Experimental Design

C57BL/6 mice (4 weeks of age) obtained from the Shanghai Laboratory Animal Center (Shanghai, China) were used in the experiments. The mice were kept in a temperature- and humidity-controlled room that was set to maintain a 12-h light/12-h dark cycle. The mice were fed standard commercial rat chow, and water was provided ad libitum. All the protocols of the study were approved by the Ethics Committee of Jiangnan University, China (JN. No. 20170618-20170918), and all the study procedures were performed in accordance with European Union guidelines (Directive 2010/63/EU) for the care and use of experimental animals.

After a 1-week adaptation period, 30 mice were divided into three groups, including the Control group, Cd group, and Cd plus CCFM8610 group (Table 2). The concentration of CdCl2 was selected based on the results of our previous study to mimic chronic oral Cd exposure (19). After a 10-week treatment, the mice were anesthetized and sacrificed. The blood, feces, and tissues of the mice were then collected for analysis.


Table 2 | Animal experiment protocol.





Fecal Water Content

During the experiment, each mouse was housed in a pathogen-free cage and fecal samples were collected weekly. The fecal water  content was determined using a method previously described (31).



Determination of First Black Stool and Gastrointestinal (GI) Transit

The mice were fasted overnight and then gavaged with 0.2 ml of activated carbon solution. They were then given free access to food and water, and the time between the gavage and the appearance of their first darkened feces was recorded.

At the end of the experiment, each mouse was fasted overnight and the GI transit time was determined by recording the length of the small intestine and the distance traveled by the activated carbon in the intestine (32).



Determination of Neurotransmitters in Tissues

The concentrations of NO, 5-HT, substance P, AchE, VIP, and CGRP in the colon and jejunum were determined using the kits, according to the manufacturer’s instructions.



Determination of RT-qPCR

A quantitative reverse transcription polymerase chain reaction (RT-qPCR) was performed using a Bio-Rad CFX96TM Real-Time System (Shanghai, China), as previously reported (29). All the primers used in this test are listed in Supplemental Table 1 (33). All assays were repeated three times, and the 2-△△Ct method was used to analyze the data.



Determination of Cd Levels in Tissues and Blood

The concentrations of Cd in the liver, kidneys, and blood were measured using a graphite furnace atomic absorption spectrophotometer (Varian, USA) (22).



Statistical Analysis

The data are presented as means ± SD. A one-way analysis of variance was used for the intergroup analysis, with the differences considered to be statistically significant at P < 0.05. GraphPad Prism 8.0 (GraphPad Software Inc., San Diego, CA, USA) and OriginPro 8.5 (OriginLab Corporation, Northampton, MA, USA) were used for statistical analysis and construction.




Results


Cd-Induced Alterations in the Expression of Protein Profiles in HT-29 Cells

A total of 4,089 proteins were detected and identified by iTRAQ analysis (Figure 1A). Based on the screening criteria of a fold change >2.0 and P value <0.05, Cd exposure was found to induce the differential expression of 168 proteins (Figure 1B). Gene ontology (GO) analysis (Figure 2) indicated that the differentially expressed proteins after Cd exposure had a wide range of functions that could be categorized as biological processes, cellular components, and molecular functions. The relevant metabolic pathways were related to stress response (19 proteins), membrane protein and other cell structure proteins (34 proteins), carbohydrate metabolism (13 proteins), lipid metabolism (10 proteins), amino acid metabolism (8 proteins), translation (8 proteins), etc. The Kyoto Encyclopedia of Genes and Genomes (KEGG) classification (Supplemental Figure 2) showed similar trends in the Cd-induced alterations in protein expression.




Figure 1 | Differentially expressed proteins in HT-29 cells after Cd exposure. (A) volcano plots showing all detected proteins. The red dots represent the differentially expressed proteins after Cd exposure P-value of <0.05 with fold change of >2 or fold change of <0.5. The black dots are proteins with no significant changes. (B) the number of up-regulated and down-regulated genes responsible for differentially expressed proteins.






Figure 2 | Functional categories of differentially expressed proteins after Cd-exposure by GO analysis.



Of the proteins altered in the global stress response (Supplemental Table 2), eight heat-shock proteins were upregulated by a factor of 2–3 after Cd exposure. Cd also induced a 6.2-fold increase in the expression of a heme oxygenase protein HMOX1 (P09601). The expression of M6PR (P20645) protein, a mannose-6-phosphate receptor related to lysosomal transport and cell apoptosis, increased by a factor of 8.8 after Cd exposure. Some proteins responsible for protein synthesis and hydrolysis (e.g. TGM2, PSMG2, and PREP), the glycolytic pathway (e.g. ACSS1 and ALDOC), and lipid metabolism (e.g. PEBP1, CMBL, and PEBP1) were downregulated in the Cd-treated group. Other proteins associated with cellular ribosome synthesis (e.g., TCOF1 and GTPBP4) and the maintenance of cellular morphology (e.g., FLNB and FLNA) were upregulated in response to Cd stimulation.



L. plantarum CCFM8610-Mediated Relief of the Cd-Induced Depression of Intestinal Motility

A chronic oral Cd exposure induced decreases in fecal water content and inhibited the GI transit ability of the mice (Figure 3). Treatment with L. plantarum CCFM8610 caused some recovery of the gut motility-related parameters of the mice, especially the time of the excretion of their first black feces (P < 0.05).




Figure 3 | Effects of L. plantarum CCFM8610 on Cd-induced alterations in intestinal motility of mice. (A) Fecal water content of mice. (B) Small intestinal transit rate of mice. (C) First black stool defecation time of mice. The letters a, b and c mean the data of groups with different letters differ significantly (P < 0.05).





L. plantarum CCFM8610-Mediated Recovery of the Cd-Induced Alterations in the Neurotransmitter Levels

The levels of the neurotransmitters AchE, VIP, and 5-HT in the colon were significantly reduced by Cd exposure, whereas the CGRP and NO levels were increased (P < 0.05, Figure 4). These alterations were reversed after the administration of L. plantarum CCFM8610. Similar protective effects on the levels of VIP and CGRP of this probiotic were observed in the jejunum (Supplemental Figure 3).




Figure 4 | Effects of L. plantarum CCFM8610 on Cd-induced alterations in the levels of AchE (A), VIP (B), 5-HT (C), CGRP (D), and NO (E) in the colon of mice. The letters a and b mean the data of groups with different letters differ significantly P < 0.05). AchE, acetylcholinesterase; VIP, vasoactive intestinal peptide; 5-HT, 5-hydroxytryptamine; CGRP, calcitonin gene-related peptide; NO, nitric oxide.





L. plantarum CCFM8610-Mediated Protection Against Cd-Induced Cellular Stress in the Intestines

Cd exposure induced significant extracellular regulated protein kinases (ERK) and c-Jun N-terminal kinase (JNK) expressions in the colon and jejunum of the mice (P < 0.05, Figures 5A, B, and Supplemental Figures 4A, B). The L. plantarum CCFM8610 treatment induced marked recovery of the alterations in these two genes, and increased the expression of B-cell lymphoma-2 (bcl-2) in the gut (Figure 5C, Supplemental Figure 3).




Figure 5 | Effects of L. plantarum CCFM8610 on Cd-induced alterations in the expression of ERK (A), JNK (B), and bcl-2 (C) in the colon of mice. The letters a and b mean the data of groups with different letters differ significantly (P < 0.05). ERK, extracellular regulated protein kinases; JNK, c-Jun N-terminal kinase; Bcl-2, B-cell lymphoma-2.





L. plantarum CCFM8610-Mediated Reduction of Cd Levels in the Liver, Kidneys, and Blood of Mice

Compared with the control group, Cd exposure caused significant increases in the Cd levels in the tissues and blood of the mice (P < 0.05, Figure 6). The L. plantarum CCFM8610 treatment led to a marked reduction in the levels of Cd in the blood, liver, and kidneys of the mice (Figure 6).




Figure 6 | Effects of L. plantarum CCFM8610 on the concentrations of Cd in the liver (A), kidney (B), and blood (C) of mice after Cd exposure. The letters a, b and c mean the data of groups with different letters differ significantly (P < 0.05).






Discussion

The toxicity of Cd in the gut is attracting increasing attention because food-borne Cd is the main source of exposure to this environmental hazard (15). Besides, iTRAQ is a widely used approach for proteomic analysis that identifies and quantifies proteins using labeled peptides identifiable by sensitive mass spectrometers (34). This analysis is further strengthened by using robust bioinformatic tools and statistical analyses to support the observations (35). Some reviews have summarized the application of proteomic analysis on the studies of the toxicity of heavy metals including lead, arsenic and Cd (36, 37). Using the proteomic techniques is helpful for the screening of highly sensitive and specific biomarkers of metal exposure. To understand the molecular toxicity mechanism of Cd on enterocytes, alterations in the proteomic profiles after Cd exposure were evaluated (Figures 1, 2, and Supplemental Table 2). The results of iTRAQ analysis revealed that Cd treatment affected the expression of proteins involved in the stress response and cell apoptosis in enterocytes, which is consistent with previous findings regarding the cytotoxic effects of Cd exposure (38, 39). In support of these results, our animal trial showed that oral Cd exposure induced a significant toxic effect on intestinal physiology (Figure 3–6, Supplemental Figure 3, 4). Based on previous studies, heavy metals including copper and mercury can adversely affect gut physiology via inducing oxidative stress and inflammation and disrupting the metabolic homeostasis of the gut microbiota (40, 41). Mycotoxins such as deoxynivalenol, aflatoxin and ochratoxin have been reported to inhibit the production of intestinal mucins and damage the gut barrier (14, 42, 43). Some of these studies reported that the effects on MAPK pathway may be an important mechanism for the toxicity of these hazards.

Abnormal increase in the expression of heat-shock proteins may be accompanied by enhanced cell proliferation and increased tumor risk (44). The induction of heme oxygenase expression, which is reported to be beneficial against inflammation and tissue injury, may be a self-protective mechanism of the enterocytes against Cd exposure (45). Previous studies have indicated that NO can induce the expression of heme oxygenase-1 via activation of the ERK pathway (46, 47). This finding was confirmed by our in vivo results, which showed that Cd exposure increased the level of NO and the expression of ERK in the gut of mice (Figures 4 and 5). The most drastic changes in expression were observed in the cation-dependent mannose-6-phosphate receptor (increase by 8.8-fold), a protein associated with lysosomal transport and cell apoptosis (48), which indicates a strong Cd-induced stress response in enterocytes.

Among other proteins significantly affected by Cd exposure, the aldo-keto reductase family 1 member B10 has been reported to be involved in the CRAF-MEK-ERK pathway (49), which is consistent with the results of our animal experiment (Figure 5). Some proteins related to amino acid metabolism, such as N(G),N(G)-dimethylarginine dimethylaminohydrolase 1 and 2, were downregulated by the Cd exposure (Supplemental Table 2). This can explain the increase in the intestinal NO levels in the gut of Cd-exposed mice, as these enzymes play a role in reducing the production and bioavailability of NO (50).

Previous studies have shown that specific probiotics can provide significant protective effects against Cd toxicity in vivo (17, 22). The reported mechanisms include intestinal Cd sequestration, anti-oxidative stress action, and bile acid modulation (19, 21). In the present study, we also noticed that the administration of L. plantarum CCFM8610 alleviated Cd-induced intestinal motility disorders (Figure 3A). Such protective effects may increase the fecal excretion of Cd and inhibit the absorption of this metal in the gut (11). As such, it may represent an additional mechanism by which this strain reduces the Cd burden in the tissues and blood of mice (Figure 6). Previous studies have revealed the potential mechanism for the modulation of neurotransmitters by specific gut microbes. Gut microbiota promote colonic 5-HT production through an effect of short-chain fatty acids on enterochromaffin cells (51). Moreover, secondary bile acids produced by microbial biotransformation of cholate can stimulate neurotransmitters biosynthesis (52). Some lactobacillus strains such as L. reuteri and L. rhamnosus have been reported to activate GABA and 5-HT receptors in the gut, which can also explain the effects of probiotics on the levels of neurotransmitters (53, 54). In support of the proteomic analysis results, Cd exposure was also observed to increase the NO level in the intestines of mice (Figure 4E, Supplemental Figure 3E). This nitroso compound is reported to serve as an inhibitory transmitter in the gut of humans and animals (55, 56). Clinical studies have shown that the levels of NO and CGRP (a neuropeptide affecting a variety of gastrointestinal functions) are increased in patients with constipation (57, 58). The recovery of these two neurotransmitters by L. plantarum CCFM8610 treatment may therefore relieve the inhibitory effects of Cd on intestinal motility.

Substance P, AchE, VIP, and 5-HP play important roles in stimulating intestinal motility, relaxing enteric smooth muscle, and promoting defecation (59). Previous studies have reported decreased levels of these neurotransmitters in patients with idiopathic chronic constipation and constipation-predominant irritable bowel syndrome (60–62). The protective effects of L. plantarum CCFM8610 against Cd-induced intestinal motility disorders may also be due to the strain’s ability to increase the levels of these parameters. In support of our hypothesis, previous studies have shown that other probiotics, including L. plantarum 90sk and L. casei Qian, can modulate the expression of these neurotransmitters in rodents and humans (63–65).

Cd exposure has been reported to induce oxidative stress, which activates the mitogen-activated protein kinase (MAPK) signaling pathway and results in programmed cell death (66). This finding is consistent with our proteomic analysis results, as we found that proteins related to MAPK pathways (such as heme oxygenase-1 and heat shock protein-70) increased after Cd treatment. As shown in Figures 5A, B, and Supplemental Figures 4A, B, the expressions of protein kinases ERK and JNK were significantly increased after Cd exposure, further confirming the cytotoxic effects of Cd on enterocytes. Bcl-2 is known to be a key regulator of cell apoptosis and death (67). A previous study reported that the expression of bcl-2 can suppress Cd-induced cell death (68). L. plantarum CCFM8610 treatment induced the recovery of Cd-induced alterations in the expression of ERK and bcl-2, which indicates that this strain may inhibit Cd-activated programmed cell death and thereby protect intestinal neuronal cells. This finding may also explain the L. plantarum CCFM8610-mediated alleviation of the Cd-induced depression of intestinal motility. Consistent with our results, previous studies have shown that probiotics such as L. reuteri 6475 can suppress the ERK1/2 pathway in tumor necrosis factor-treated human myeloid leukemia-derived cells (69), and that a multispecies probiotic product increased the bcl-2 levels in constipated mice (70).

In this study, iTRAQ analyses were performed to evaluate the toxic effects of Cd on enterocytes. The results revealed that changes in the proteomic profiles after Cd exposure were related to pathways involved in the stress response and carbohydrate metabolism. The results of animal trials indicated that L. plantarum CCFM8610 treatment provided protective effects against dysfunctions of Cd-induced intestinal motility via the recovery of neurotransmitter levels and suppression of the cellular stress response in mice.
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Algal Oil Rich in n-3 PUFA Alleviates DSS-Induced Colitis via Regulation of Gut Microbiota and Restoration of Intestinal Barrier
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Algal oil is rich in docosahexaenoic acid (DHA) and has various health benefits against human metabolic disorders and disease. This study aimed to investigate the effects of DHA algal oil on colonic inflammation and intestinal microbiota in dextran sulfate sodium (DSS)-induced colitis mice model. Male C57BL/6 mice was induced colitis by 2.5% DSS and followed by 2 weeks of treatment with algal oil (250 or 500 mg/kg/day). The colonic inflammation was assessed by colon macroscopic damage scores, and the degree of neutrophil infiltration was evaluated by measuring tissue-associated myeloperoxidase (MPO) activity in colonic mucosa. Tight junction proteins in the colonic tissue were measured by real-time PCR and western blot. Moreover, the intestinal microbiota and shot chain fatty acids (SCFAs) were estimated by bioinformatic analysis and GC, respectively. Colonic damage due to DSS treatment was significantly ameliorated by algal oil supplementation. In addition, algal oil significantly inhibited the increases of malondialdehyde (MDA) content, MPO activity, pro-inflammatory cytokines level and tight junction proteins expression in DSS-treated mice. Furthermore, supplementation of algal oil modulated the intestinal microbiota structure in DSS induced colitis mice by increasing the proportion of the unidentified_S24_7 and decreasing the relative abundance of unidentified_Ruminococcaceae, Clostridium and Roseburia. On the analysis of SCFAs, the caecal content of acetic acid, propionic acid, isobutyric acid, buturic, and the total SCFAs showed a significant increase in algal oil-administered mice. Together, these results suggested that algal oil rich in DHA inhibited the progress of DSS-induced colitis in mice by modulating the intestinal microbiota and metabolites and repairing the intestinal barrier, which may be applied in the development of therapeutics for intestinal inflammation.

Keywords: algal oil, docosahexaenoic acid, gut microbiota, intestinal barrier, colitis


INTRODUCTION

As the recurrent and chronic inflammatory diseases, inflammatory bowel diseases (IBD) have been found to be becoming commonplace around the world (Keethy et al., 2014; Ng et al., 2018). It represents a series of chronic relapsing-remitting gastrointestinal tract disorders characterized by a persistent intestinal inflammation with clinical symptoms of abdominal pain, blood in stool, weight loss, diarrhea, fatigue, or maldigestion (Hanauer and Hommes, 1996; Yu and Rodriguez, 2017). The precise pathogenesis of IBD is not exactly known, however, some researchers agree that IBD is associated with environmental factors, intestinal microbiota disorder, abnormal autoimmune responses, and genetic susceptibility (Danese and Fiocchi, 2006; Italia and Claudio, 2015; Park et al., 2019). To date, the treatment options of IBD are mainly concentrated on conventional therapies, including non-specific immunosuppressive therapies, antibiotics and anti-inflammatory agents, which have low efficacy and may even cause many side effects (Baumgart and Sandborn, 2007; Yamamoto-Furusho, 2018). Thus, developing replaceable therapies and searching for new, safe, and effective nutritional or dietary products are of importance to treatment of IBD.

IBD is closely related to intestinal epithelial barrier dysfunction, abnormal immune response and gut microbiota dysbiosis (Harris and Chang, 2018; Li et al., 2019). Intestinal epithelial barrier function mainly depended on tight junctions (TJs) between adjacent intestinal epithelium. TJs comprise of TJ proteins, primarily Claudin-1, Occludin, and zonula occludens-1 (ZO-1) (Zeisel et al., 2018), and the abnormal expression of TJ proteins increased intestinal permeability and facilitated pathogen invasion, inducing immunity dysfunction and the occurrence of IBD (Deng et al., 2017). In addition, innate and adaptive immune systems and their secreted mediators (cytokines and chemokines) are implicated in inflammation process (Keren and David, 1992). Cytokines exhibit bidirectional regulating effects on immune response as modulators of T cell differentiation into alternative T helper cells and regulatory T cells, and imbalances in cytokine levels contribute to IBD (Aaron et al., 2008). Changes in structure and composition of gut microbiota might occur during the early stage of IBD and precipitate the initiation and progression of the disease, and inflammation itself, in turn, perhaps alter the metabolic conditions to exacerbate gut dysbiosis (Ni et al., 2017). Gut dysbiosis, a microbial imbalance, leads to the increased permeability of the intestinal epithelial mucosa and then attracts lymphocytes and macrophages to release and accumulate inflammatory factors and cytokines, ultimately accelerating inflammation (Nagalingam et al., 2015; Rodiño-Janeiro et al., 2018; Wu et al., 2020).

Recently, the beneficial effects of dietary lipids (especially long chain n-3 polyunsaturated fatty acids) on inflammation have invoked researcher’s great interest (Ma et al., 2019). Several studies have shown that fish oil modulated inflammation responses through specific mechanisms involving alteration of key lipid metabolites, inhibition of the production and release of pro-inflammatory eicosanoids and cytokines, and down-regulation of the activity of related enzymes (Camuesco et al., 2006; Chapkin et al., 2009; Sharma et al., 2018). Previous studies showed that sesame oil exerted the protective effect against 2,4,6-trinitrobenzenesulfonic acid-induced colitis and promoted colon healing by inhibition of inflammation, acidic mucin and fibrosis (Periasamy et al., 2013). In addition, Wu et al. (2020) found that camellia oil ameliorated colitis by inhibiting inflammation and oxidant reaction and promoting the proliferation of beneficial bacteria.

DHA algal oil with a 46.7% DHA content was produced from Schizochytrium sp. by the large-scale fermentation technology and has been used in human nutrition as a food ingredient and dietary supplement (Vuorinen et al., 2020). Algal oil has plenty of physiologically active substances, for example DHA, EPA, and DPA which possess anti-inflammatory properties, and algal oil exerts its anti-inflammatory activities via blockade of NF-κB nuclear translocation and inhibition of inflammatory mediator production (Nauroth et al., 2010; Chitranjali et al., 2014). Although it has been demonstrated that algal oil has anti-inflammatory effects in various clinical trials (Calder, 2008), the details how DHA algal oil affects the progression of IBD have not yet been defined. In view of this, the present study was aimed to investigate the effects of algal oil on the structure of intestinal microbiota and intestinal inflammation in the colitis mice induced by dextran sodium sulfate (DSS) and to clarify its mechanism. The results would shield a light on using algal oil to treat IBD and other intestinal dysfunction.



MATERIALS AND METHODS


Chemicals

DHA algal oil was obtained from CABIO Biotechnology Co., Ltd. (Wuhan, China), and the components of algal oil were determined by GC and shown in Supplementary Table S1. It was found that DHA and docosapentenoic acid (DPA) accounted 63.22 ± 0.23% of total fatty acid. DSS with a molecular weight of 36–50 kDa was purchased from MP Biomedicals Co., Ltd (Illkirch, France). The myeloperoxidase (MPO) testing kit was ordered from the Jiancheng Bioengineering Institute of Nanjing (Nanjing, China). The MDA assay kit and BCA protein kit were purchased from Beyotime Biotechnology (Shanghai, China). All enzyme-linked immunosorbent assay (ELISA) kits were ordered from elabscience Biotechnology Co., Ltd (Wuhan, China). Horseradish peroxidase conjugated goat anti-rabbit antibody and primary antibodies raised against Claudin-1, Occludin, and β-actin were provided by Abcam (Cambridgeshire, United Kingdom). And all other chemicals were of reagent grade.



Animals

Male C57BL/6 mice with 4–5 weeks old and weighed 18–20 g were obtained from Laboratory Animal Center of Huazhong Agricultural University. The mice were kept in specific pathogen-free (SPF) room with 50 ± 5% humidity and a 12 h light/dark cycle and given pellet feed (AIN93M Standard; OpenSource; shown as Supplementary Table S2) and water ad libitum throughout the period of experiment. Both animal care and the experimental protocol were in conformity to the Animal Ethics Committee of Experimental Animal Center of Huazhong Agricultural University (SYXK 2017-0044).



Induction of Colitis and Drug Administration

Colitis was induced by giving mice 2.5% DSS drinking water. Algal oil was dissolved in 0.1% flaxseed gum solution for drug administration. The experimental design was schematized in Figure 1A. The mice were randomly assigned to four groups, including nine mice in each: negative control (NC) group, DSS group, DHA250 group and DHA500 group. NC group orally received 0.2 mL/day of the normal saline without induction of colitis. Mice in DSS group were given 2.5% DSS drinking water for 8 days to induce colitis and then received 0.2 mL/day of 0.1% flaxseed gum for 2 weeks. Mice in algal oil treatment groups were orally administered two doses of algal oil (250 and 500 mg/kg⋅Bw/day) for 14 consecutive days after colitis induction.
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FIGURE 1. Effects of algal oil on the symptoms of DSS-induced colitis in a mice model. (A) Experimental design. (B) Body weight change (%). (C) Disease activity index (DAI) score. Groups with the same letter are considered to have no significant differences, and groups with different letter are significantly different at p < 0.05. Among them, the average data of group with “a” was the minimum while the average data of group with “c” was the maximum. The average data of group with “b” was higher than that of group with “a” and lower than that of group with “c”.




Assessment of Colitis Symptoms

DAI-related traits including body weight, stool consistency, and hematochezia were observed and recorded every day, and DAI score was the average of the scoring of weight loss, stool consistency, and hematochezia (Zhao et al., 2017). 0.5 cm distal colon tissues were cut and fixed in 4% paraformaldehyde, and haematoxylin and eosin (HE) stain followed by microscopic observation was performed for histological examination. The MPO assay kit (Jiancheng Bioengineering Institute of Nanjing, Nanjing, China) and MDA assay Kit (Beyotime Biotechnology, Shanghai, China) were used to measure activity of MPO and MDA content in colonic tissues, respectively. Cytokines levels (IL-10, IL-1β, IL-6, and TNF-α) in serum were quantified by ELISA kits (elabscience Biotechnology Co., Ltd, Wuhan, China).



Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA of colon tissue sample was extracted by using TRIzol reagent (Invitrogen, Carlsbad, United States). The concentration and quality of RNA were examined by a Nanodrop ND-1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). cDNA was synthesized by cDNA Synthesis SuperMix for qPCR (Yeasen Biotech Co., Ltd, Shanghai, China). And RT-qPCR amplification was conducted using SYBR Green Master Mix (Yeasen Biotech Co., Ltd, Shanghai, China) on Bio-Rad iQ5 Real Time PCR system in triplicates. Relative expression levels of genes were calculated with ΔΔCt method by using reference gene GAPDH to normalization. RT-qPCR primer sequences used were shown in Supplementary Table S3.



Protein Preparation and Western Blot

Segments of colon were homogenized and lysed in RIPA buffers with PMSF protease inhibitor. Then, the homogenate was centrifuged at 14,000g for 5 min at 4°C. Protein concentration of the collected supernatant was quantified by using BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China). Loading buffer was added to the supernatant and the mixture was boiled for 10 min at 100°C for the subsequent western blotting analysis. Forty μg of protein was separated on a 10% SDS-PAGE gel by electrophoresis and then transferred to an immobilon PVDF membrane. After blocked with 5% skimmed milk solution in TBST buffer for 2 h at ambient temperature, the membrane was incubated overnight at 4°C with rabbit primary antibody against Claudin-1, Occludin, or β-actin. Subsequent incubation with appropriate respective HRP-conjugated secondary antibody was 1 h at room temperature. And all protein bands were visualized with enhanced chemo-luminescence substrate. The integrated density of each protein band was measured by using ImageJ, and relative protein expression level was calculated by normalizing β-actin level.



Bioinformatic Analysis

Fecal samples in mice were collected and immediately stored at −80°C for bioinformatical analysis. Total bacterial DNA was extracted from feces using the DNA Kit and the V3–V4 region of 16S rDNA was amplified by using the synthetic universal primers: 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The amplicons were sequenced on the Illumina Miseq platform and sequences with a 97% similarity were grouped into operational taxonomic units (OTUs). The species diversity and richness in gut microbiota were reflected by alpha-diversity indices using QIIME software. Alpha diversity was measured by Chao1, Simpson, Shannon, and Pielou_e indexes. The community richness was measured by Chao1 index, while the microbial evenness was represented with Simpson, Shannon, and Pielou_e indexes. Chao1 index was calculated as [image: image], Simpson index was calculated as [image: image], Shannon index was calculated as H ′[image: image](Pi∗log2Pi) and Pielou_e index was calculated as [image: image], where F1 and F2 represent the number of Singletons and Doubletons, respectively, s is the total number of identified OUT, Pi is the proportion of the ith. OTU sequence Taxonomical level and principal co-ordinates analysis (PCoA) were performed by using R software. Linear discriminant analysis (LDA) effect size (LEfSe) was used to identify the specific bacterial taxa at the OTU level.



Determination of Short-Chain Fatty Acids (SCFAs)

Concentrations of SCFAs (acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid and isovaleric acid) in cecal samples collected from mice were measured by gas chromatograph-flame ionization detector (GC-FID) with a DB-FFAP capillary column (30 m × 0.53 mm × 0.50 μm, Agilent) on an Agilent 7890N GC system (Zhao et al., 2010). Briefly, cecal samples (50 mg) were resuspended in 250 μL of pure water and acidified with HCl, and then the mixture was centrifuged at 1, 400 rpm for 30 min. 0.5 μL internal standard, 2-ethylbutyric acid solution, was added to the supernatant and the solutions were finally filtered and injected into the column for GC analysis. The carrier gas was N2 and the split ratio was 10:1. The GC temperature program was as follows: begin at 80°C, maintained for 0.5 min, increase to 180°C at the rate of 8°C/min, and maintained for 1 min, followed by 20°C/min to 200°C, and hold at 200°C for 5 min.



Statistical Analysis

All date are reported as the means ± standard error of the mean (SEM). Difference significance test across subgroups was carried out by using One-way ANOVA for parametric variables and Kruska-Wallis test for non-parametric variables. A p < 0.05 was considered statistically significant.



RESULTS


Algal Oil Ameliorated the Progress of DSS-Induced Colitis

To determine the anti-inflammatory effects of algal oil, algal oil was orally administered to colitis mice. Body weight, diarrhea and hematochezia were observed and recorded per day throughout the entire experiment. Body weight of the NC group increased gradually over time during the experiment, while DSS-induced colitis mice displayed significant body weight loss by day 7th due to severe colitis and then to increase on day 10th. From Figure 1B, mice treated with algal oil had less body weight loss than DSS mice. As shown in Figure 1C, DAI score of the DSS mice increased on the first day, and it showed significant differences between DSS mice and NC mice. The DAI score of algal oil-treated mice showed an increase on the first day but declined on the 9th day. And a statistically significant difference was also observed between the mice in DHA500 group and DSS mice on the 14th day (p < 0.05).



Algal Oil Alleviated the Symptoms of DSS-Induced Colitis

Colon length of the mice in DSS group was shorter than that in the NC group (p < 0.05) (Figure 2A). Moreover, the colons in the DHA groups, especially in the DHA500 group, were longer than those in the DSS group (p < 0.05). Microscopic examination of the colon tissues showed that mice in DSS group exhibited a large field of mucosa erosion and edema, disappearance of superficial epithelial cells and goblet cells, extensive inflammatory-like cell infiltration in lamina propria and submucosa, crypt disruption and loss. Whereas the normal tissue morphology of colon with intact colonic mucosa, neat vill, and healthy crypt structures in the NC group was observed. Mice administered algal oil recovered the mucosal structure compared with DSS-induced colitis mice (Figure 2B). The histological scores were markedly lower in the algal oil-administered group than that in the DSS-induced colitis group (P < 0.05).
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FIGURE 2. Effects of algal oil on (A) colon length, (B) hematoxylin and eosin (H&E) staining in mice with DSS-induced colitis. The results are expressed as the mean ± SEM (n = 9). Groups with the same letter are considered to have no significant differences, and groups with different letter are significantly different at p < 0.05. Among them, the average data of group with “a” was the minimum while the average data of group with “c” was the maximum. The average data of group with “b” was higher than that of group with “a” and lower than that of group with “c”.




Algal Oil Treatment Suppressed the Production of MDA, MPO, and Inflammatory Cytokines in DSS-Induced Colitis

The effects of algal oil on the colonic MDA and MPO in the colitis mice were shown in Figure 3A. DSS treatment caused a significant increase in the content of MDA (2.93 ± 0.41 μmol/g) (p < 0.05) and MPO (2.89 ± 0.84 U/g) (p < 0.01) compared with mice in NC group (2.14 ± 0.28 μmol/g, 0.46 ± 0.13 U/g), respectively. Supplement with algal oil at 500 mg/kg/day reduced MDA to 1.82 ± 0.26 μmol/g (p < 0.05) and reduced MPO to 0.57 ± 0.20 U/g (p < 0.01). In addition, the alteration of pro- and anti-inflammatory cytokine levels, such as IL-6, IL-1β, TNF-α, and IL-10, in the serum of the DSS-induced colitis mice were determined by ELISA. From the Figure 3B, the significantly higher concentrations of IL-6, IL-1β, and TNF-α and markedly lower levels of IL-10 in DSS mice were observed compared with NC mice. And treated with algal oil at high dosage decreased the levels of IL-6, IL-1β, and TNF-α, and elevated the level of IL-10 (p < 0.05).
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FIGURE 3. Effects of algal oil on oxidative damage (A) and cytokines levels (B) of C57BL/6 mice with DSS-induced colitis. The results are expressed as the mean ± SEM (n = 9). Groups with the same letter are considered to have no significant differences, and groups with different letter are significantly different at p < 0.05. Among them, the average data of group with “a” was the minimum while the average data of group with “b” was the maximum.




Algal Oil Administration Protected the Intestinal Barrier in Colitis Mice

To assess the effects of algal oil on the intestinal barrier in colitis mice, the mRNA levels of Claudin-1, Occludin, and ZO-1 and the protein levels of Claudin-1 and Occludin in colon tissues were determined. As Figure 4A shown, the mRNA levels of Claudin-1, Occludin, and ZO-1 were significantly decreased in the mice with colitis when compared with that in the NC group (p < 0.05). However, administration of algal oil significantly increased the mRNA expression levels of Claudin-1, Occludin, and ZO-1 in the DSS-treated mice. Additionally, the Claudin-1 and Occludin protein expression levels were also found to significantly decrease in mice from the DSS group, while algal oil treatment, especially 500 mg/kg/day of algal oil, obviously reversed the changes of Claudin-1 (p < 0.05) and Occludin (p < 0.05) expression in colitis mice (Figure 4B).
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FIGURE 4. Effects of algal oil on the intestinal barrier of mice with colitis induced by DSS. (A) the mRNA level of Claudin-1, Occludin, and ZO-1, (B) the expression of Claudin-1, Occludin proteins. The results are expressed as the mean ± SEM (n = 9). Groups with the same letter are considered to have no significant differences, and groups with different letter are significantly different at p < 0.05. Among them, the average data of group with “a” was the minimum while the average data of group with “b” was the maximum.




Algal Oil Regulated Structure and Composition of Gut Microbiota in Mice

The structure and composition of the gut microbiota in algal oil-treated mice were analyzed using the 16S rDNA sequencing technology. In the alpha diversity index of each sample, Chao1 mainly represents the sample community richness and Simpson, Shannon and Pielou_e indices mainly reflect the sample species diversity. Figure 5A showed that the Shannon (p < 0.05) and Pielou_e indices (p < 0.05) were higher in the DHA250 group than in the DSS group. There was no statistical significance in the Chao1 index and Simpson index among each group. As shown in Figure 5B, the microbial structure of mice in the NC and DSS groups were remarkable different, and administration of algal oil could remit the shift of gut microbiota structure induced by DSS treatment.
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FIGURE 5. Analysis of the differential microbial community among the groups. (A) Alpha diversity indexes (Chao1, Shannon, Simpson, and Pielou_e) of the gut microbiota, (B) PCoA diagram based on the unweighted UniFrac distances of beta diversity of the gut microbiota, (C) gut microbial compositions at phylum level (Only phyla with top 10 average abundances were included), and (D) gut microbial compositions at genus level (Only phyla with top 20 average abundances were presented.) The results are expressed as the mean ± SEM (n = 9). Groups with the same letter are considered to have no significant differences, and groups with different letter are significantly different at p < 0.05. Among them, the average data of group with “a” was the minimum while the average data of group with “b” was the maximum.


The composition of gut microbiota of each group of mice at the phylum and genus levels was shown in Figures 5C,D. At the phylum level, the gut microbiota of each sample was mainly consisted of Bacteroidetes, Firmicutes, Verrucomicrobia and other phyla. At the genus level, the main bacterial genera detected in each group were unidentified_S24_7, Akkermansia, unidentified_Clostridiales, unclassified_ Clostridiales, and Bacteroides. In addition, from the Figure 6A, we found DSS treatment significantly decreased the proportion of unidentified_S24_7 (p < 0.05) when compared with NC group, while supplementation with algal oil reversed the relative abundance of this genus in colitis mice. Algal oil administration significantly increased the relative abundance of unclassified_Lachnospiraceae when compared to NC or DSS groups. The relative abundance of unidentified_Ruminococcaceae, Clostridium, and Roseburia in DHA groups was less than those in NC and DSS groups.
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FIGURE 6. Composition analysis of intestinal microbiota and change of SCFAs contents in all groups. (A) The relative abundance of representative bacteria at genus level, (B) LDA-LEfSe analysis, (C) concentrations of SCFA of caecum contents in each group. The results are expressed as the mean ± SEM (n = 9). Groups with the same letter are considered to have no significant differences, and groups with different letter are significantly different at p < 0.05. Among them, the average data of group with “a” was the minimum while the average data of group with “b” was the maximum.


The prominent taxa in each group were also analyzed based on LDA-LEfSe, which revealed that Candidatus_Arthromitus and Roseburia were enriched in the NC group, whereas, Blautia and Alphaproteobacteria were enriched in the DSS group, Bacteroidaceae and Bacteroides were enriched in the DHA500 group and there was no specific biomarker found in DHA250 group (Figure 6B).



Algal Oil Altered the Caecal SCFAs Profile

The bacterial metabolite SCFAs in caecal contents were determined by GC and SCFAs profile in each group was presented in Figure 6C. It has been found that there were no remarkable differences between NC group and DSS group in the contents of acetic acid, propionic acid, isobutyric acid, buturic acid and the total SCFAs. And the contents of acetic acid (p < 0.05), propionic acid, isobutyric acid (p < 0.05), buturic acid (p < 0.05), valeric acid (p < 0.05) and the total SCFAs (p < 0.05) in the DHA500 group were higher than that in the DSS group. Algal oil treatment at the dose of 500 mg/kg/day dramatically increased the content of valeric acid to normal level compared with the DSS group (p < 0.05). No differences were observed in the production of isovaleric acid among all groups (not shown).



Correlation Between the Indexes About Oxidative Stress and Cytokines With Gut Microbiota

A correlation analysis between the altered intestinal bacteria, inflammatory cytokines and oxidative stress markers was performed to further explore the protective effects of algal oil-modified gut microbiota. It has been found that 26 genera were closely correlated with at least one colitis-related index negatively or positively (Figure 7). The colon length was positively correlated with the populations of Roseburia, Candidatus Arthromitus, and Anaerostipes, but negatively correlated with unidentified_Clostridiales and Coprobacillus. Altered genus of unclassified_ Bacteria, unidentified_Alphaproteobacteria and Ralstonia were positively related with pro-inflammation cytokines secretion (TNF-α, IL-1β, and IL-6), but were negatively related with IL-10. In addition, the markers of oxidative stress showed positive correlations significantly with unidentified_Clostridiales and unclassified_Lactobacillaceae, whereas Pelomonas and Ochrobactrum negatively correlated with the levels of MDA and MPO.
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FIGURE 7. Correlations of representative microbial taxa, oxidative stress markers and inflammatory cytokines among each group. Spearman’s rank correlation coefficients were calculated. Red indicates positive correlations, and blue indicates negative correlations. Significant differences were indicated as *P < 0.05.




DISCUSSION

In the current study, we studied the therapeutic effects of algal oil rich in DHA and DPA on colitis induced by DSS and tried to explore its potential mechanism. Two fatty acids have been confirmed to be beneficial for body’s immune reaction and have been considered to be the most representative components for algal oil according to nutrition characteristics and bioavailability studies of algal oil (Barroso-Hernández et al., 2020). DHA administration has been reported to inhibit the production of cytokine IL-1β related to inflammation in mice (Rong-Hui et al., 2018). Furthermore, one study showed that DHA exerted anti-inflammatory effect in the aspect of suppressing pulmonary metastases and proliferation of melanoma cells. In addition, DPA exerted inhibitory effects on intracellular levels of cyclooxygenase-2 and pro-inflammatory prostaglandin E2 and pro-inflammatory cytokines production (Nauroth et al., 2010). Thus, it would be assumed that the anti-inflammatory effect of algal oil might be related to the presence of DHA and DPA. However, further research may be needed to better understand the observed effects.

We demonstrated that treatment with algal oil alleviated DSS-induced a series of colitis symptoms. In this study, the evaluation of colitis was based on the macroscopic and microscopic tissue injury, and supplementation with algal oil was found to significantly relieve colon injury. Moreover, DSS-induced colitis caused an increase of the MPO and MDA production in colon tissues, and these phenomenons were significantly reversed by algal oil treatment, which was in line with the reduction in neutrophil cell infiltration into colonic mucosa observed through histopathological analysis.

IBD is featured by dysregulated immune function, imbalanced cytokine release and intricate inflammatory progress related to intestinal mucosa (Libby et al., 2012). Patients suffering from IBD have high levels of pro-inflammatory cytokines in the gut mucosa, such as IL-1β, IL-6, and TNF-α (Morshedzadeh et al., 2019). These cytokines are involved in the disruption of TJs in the epithelial layer through the nuclear factor-κB signaling pathway (Liu et al., 2013). Furthermore, TNF-α and IL-6 could mediate monocyte cell infiltration into the intestinal tissues to result in tissue injury (Liu et al., 2014). Thus, inhibition the production and release of these inflammatory factors may offer an important strategy for IBD therapy. In our study, we found the increased productions of IL-1β, IL-6, and TNF-α stimulated by DSS treatment were significantly suppressed by algal oil, while the decreased level of IL-10 caused by DSS was reversed by algal oil. The results revealed that the ameliorative effect of algal oil against DSS-induced colitis in mice might be closely related to its inhibition on pro-inflammatory cytokines productions and promotion on anti-inflammatory cytokines release.

The intestinal epithelial cells linked together by TJ proteins prevent the free crossing of small molecules, ions and bacteria through the space between adjacent epithelial cells (Ahmad et al., 2017). Maintaining the normal expression and function of TJ proteins and reducing intestinal epithelial barrier permeability were critical for IBD therapy. Claudin-1 protein deleted mice were at high risk of dying for dehydration, which suggested that this protein played an important role in maintaining the barrier function (Furuse et al., 2002). Occludin, a key member of transmembrane protein, mainly regulated the permeability of TJs and maintained epithelial cell polarity. Zos which belong to a kind of peripheral membrane proteins, had the ability to connect Claudins, Occludin, and other cytoskeletal proteins to maintain the integrity of TJs complex (Nunes et al., 2019). Consistent with the previous study (Li et al., 2020), treatment with DSS resulted in the decrease of mRNA and protein expression of Claudin-1, Occludin, and ZO-1. Algal oil administration improved the expression of Claudin-1, Occludin, and ZO-1 in colonic tissues. Therefore, algal oil supplementation was an effective treatment option on making the intestinal barrier function in colitis mice normal.

Gut microbiota disorder is a critical factor in the process of IBD. Different types of bacteria play different roles in inflammatory process, and some intestinal microbiota are beneficial for inflammatory response, while some can douse inflammation (Frank et al., 2007). Several changes in the gut microbiota of IBD patients occur, and individuals with IBD showed a low microbiota diversity (Manichanh et al., 2006). It has been found that groups between NC and DSS did not show significant difference in the aspect of microbiota diversity in this study, while the diversity of gut microbiota had improved somewhat after algal oil treatment. The results of PCoA showed that DSS treatment altered the structure of gut microbiota, while algal oil showed a positive regulatory role on the gut microbiota community in the DSS-induced colitis mice. The salient feature of algal oil treatment group was remarkably increased in the numbers of unidentified_S24-7 genus. It has been proved that unidentified_S24-7 can contribute to the release of extracellular DNA in mucus layer of colon tissue, which caused lower levels of IL-6, TNF-α, and higher level of IL-10 to maintain small intestinal immune homeostasis (Qi et al., 2017). Wu et al. (2020) also demonstrated the beneficial effect of unidentified_S24-7 on alleviating DSS-induced colitis (Xinyue et al., 2018). As a SCFA-producer, the population of genus unclassified_Lachnospiraceae was negatively related to inflammation (Rong-Hui et al., 2018). Consistently, our study also found that the proportion of unclassified_Lachnospiraceae was reversed by algal oil treatment in colitis mice. It seemed that the protective effect of algal oil was attributed to its regulatory effect on beneficial bacteria, which was correlated with immune responses and their metabolites.

Compositional alterations of the gut microbiota may also influence the metabolic capacity of the gut bacteria (De Preter et al., 2015). SCFAs, the major fermentation products of dietary fiber in gut, have been proved to be critical for maintaining intestinal homeostasis and relieving colitis through strengthening the intestinal barrier function and immunomodulatory function (Parada Venegas et al., 2019). In particular, butyric acid is the main energy source for colonic epithelial cells, and acetic acid participated in the production of fat and gluconeogenesis process (Shao et al., 2019). Importantly, IBD patients showed decreased abundance of SCFAs-producing bacteria (like Lachnospiraceae and Roseburia) in intestinal mucosa and caecal contents, and the levels of SCFAs appeared to be lower when compared to healthy individuals (Wang et al., 2014). In this study, there was a closely relation between regulated intestinal bacteria and the content of SCFAs. Algal oil treatment stimulated the production of acetic acid, propionic acid, isobutyric acid, butyric acid, and valeric acid, which was consistent with the significant increase of the SCFAs-producing bacteria, such as unclassified_Lachnospiraceae. As the main butyrate producing-bacteria, the increased proportion of Lachnospiraceae can promote the level of butyrate in the intestines, further playing a positive role in maintaining intestinal homeostasis by supporting epithelial cell proliferation and promoting the epithelial barrier function (Louis and Flint, 2009, 2017). Thus, the alleviation of DSS-induced colitis by algal oil treatment might also rely to the regulation of the gut bacteria metabolism.

Recent researches suggest that modulation of gut microbiota alleviated colitis through the direct regulation of the host immune system and the enrichment of metabolite SCFAs, which could inhibit proliferation of epithelial cells and regulate the inflammatory responses (Kang and Martin, 2017; Zeng et al., 2019). This article mainly focuses on the effect of algal oil rich in DHA on colitis in mice, and the potential underlying mechanisms by which algal oil alleviate inflammation still needs further study. In this study, we found that algal oil treatment altered the structure of gut microbiota and increased the proportion of beneficial bacteria, like unidentified_S24-7 and unclassified_Lachnospiraceae genera. Significantly, unidentified_S24-7 contributes to maintain the balance of cytokines and small intestinal immune homeostasis, and unclassified_Lachnospiraceae helps the production of butyrate in the gut. So we speculated that the protective effect of algal oil was attributed to its regulatory effect on beneficial bacteria. However, more in-depth studies and investigations are needed to verify this hypothesis.



CONCLUSION

Our study confirmed that supplementation of algal oil alleviated the intestinal inflammation and exerted a protective effect on maintaining intestinal epithelial barrier function in colitis mice. Algal oil treatment restored various biophysical variables, including the increase of body weight and colon length and the decrease of DAI score. The concentration of pro-inflammatory cytokines was decreased by the supplementation of algal oil. Algal oil could increase TJ proteins expression, maintain intestinal integrity and improve intestinal epithelial barrier function. Moreover, algal oil played a positive role in regulating the intestinal microbial composition and structure and promoted the production of SCFAs. These results will contribute to understand the functions of algal oil in alleviating intestinal inflammation and regulating immune-mediated diseases, thus guide further development and usage of dietary lipid products.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA668242.



ETHICS STATEMENT

The animal study was reviewed and approved by the Experimental Animal Center of Huazhong Agricultural University under the approved protocol number SYXK 2015-0084.



AUTHOR CONTRIBUTIONS

ZX and CY designed the experiments. ZX conducted the experiments, analyzed the data, and wrote the manuscript. CY, HT, and ZQ revised the manuscript. XW performed project administration of the animal experiment. CY, FH, and QD acquired the funding and supervised the project. All authors agreed to be accountable for all aspects of the work.



FUNDING

This study was financially supported by the Natural Science Foundation of Hubei Province (2019CFB342), the Central Public-interest Scientific Institution Basal Research Fund for Chinese Academy of Agricultural Sciences (1610172019009), the Agricultural Science and Technology Innovation Project of Chinese Academy of Agricultural Sciences (CAAS-ASTIP-2013-OCRI), Shandong Provincial Key Research and Development program (2019GHZ031), and the Key Scientific Research Projects of Hubei Province (2020BCA086).



ACKNOWLEDGMENTS

We thank CABIO Biotech (Wuhan) Co., Ltd., for kindly supplying algal oil used in this study.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.615404/full#supplementary-material

Supplementary Table 1 | The fatty acid composition and the relative content of algal oil.

Supplementary Table 2 | The composition of the standard diet used in this study.

Supplementary Table 3 | Primer sequences used in RT-qPCR assays in colonic tissue.



REFERENCES

Aaron, F. S.-M., Jesus, D.-L., and Yamamoto-Furusho, K. (2008). Role of cytokines in inflammatory bowel disease. World J. Gastroenterol. 14, 4280–4288.

Ahmad, R., Sorrell, M. F., Batra, S. K., Dhawan, P., and Singh, A. B. (2017). Gut permeability and mucosal inflammation: bad, good or context dependent. Mucosal Immunol. 10:307. doi: 10.1038/mi.2016.128

Barroso-Hernández, A., Ramírez-Higuera, A., Pea-Montes, C., Cortés-Ramírez, S. A., Rodríguez-Dorantes, M., and López-Franco, S., et al. (2020). Beneficial effects of an algal oil rich in ω-3 polyunsaturated fatty acids on locomotor function and D2 dopamine receptor in haloperidol-induced parkinsonism. Nutr. Neurosci. doi: 10.1080/1028415X.2020.1764293

Baumgart, D. C., and Sandborn, W. (2007). Inflammatory bowel disease: clinical aspects and established and evolving therapies. Lancet 369, 1641–1657. doi: 10.1016/s0140-6736(07)60751-x

Calder, P. C. (2008). Polyunsaturated fatty acids, inflammatory processes and inflammatory bowel diseases. Mol. Nutr. Food Res. 52, 885–897. doi: 10.1002/mnfr.200700289

Camuesco, D., Comalada, M., Concha, A., Nieto, A., Sierra, S., Xaus, J., et al. (2006). Intestinal anti-inflammatory activity of combined quercitrin and dietary olive oil supplemented with fish oil, rich in EPA and DHA (n-3) polyunsaturated fatty acids, in rats with DSS-induced colitis. Clin. Nutr. 25, 466–476. doi: 10.1016/j.clnu.2005.12.009

Chapkin, R. S., Kim, W., Lupton, J. R., and Mcmurray, D. N. (2009). Dietary docosahexaenoic and eicosapentaenoic acid: emerging mediators of inflammation. Prostaglandins Leukotrienes Essential Fatty Acids 81, 187–191. doi: 10.1016/j.plefa.2009.05.010

Chitranjali, T., Anoop, C. P., and Muraleedhara, K. G. (2014). Omega-3 fatty acid concentrate fromDunaliella salinapossesses anti-inflammatory properties including blockade of NF-κB nuclear translocation. Immunopharmacol. Immunotoxicol. 37, 81–89. doi: 10.3109/08923973.2014.981639

Danese, S., and Fiocchi, C. (2006). Etiopathogenesis of inflammatory bowel diseases. World J. Gastroenterol. 12, 4807–4812. doi: 10.3748/wjg.12.4807

De Preter, V., Machiels, K., Joossens, M., Arijs, I., Matthys, C., Vermeire, S., et al. (2015). Faecal metabolite profiling identifies medium-chain fatty acids as discriminating compounds in IBD. Gut 64, 447–458. doi: 10.1136/gutjnl-2013-306423

Deng, J., Zeng, L., Lai, X., Li, J., Liu, L., Lin, Q., et al. (2017). Metformin protects against intestinal barrier dysfunction via AMPKα1-dependent inhibition of JNK signalling activation. J. Cell. Mol. Med. 22:1.

Frank, D. N., Amand, A. L. S., Feldman, R. A., Boedeker, E. C., Harpaz, N., and Pace, N. R. (2007). Molecular-phylogenetic characterization of microbial community imbalances in human inflammatory bowel diseases. Proc. Natl. Acad. Sci. U.S.A. 104, 13780–13785. doi: 10.1073/pnas.0706625104

Furuse, M., Hata, M., Furuse, K., Yoshida, Y., Haratake, A., Sugitani, Y., et al. (2002). Claudin-based tight junctions are crucial for the mammalian epidermal barrier: a lesson from claudin-1-deficient mice. J. Cell Biol. 156, 1099–1111. doi: 10.1083/jcb.200110122

Hanauer, S. B., and Hommes, D. W. (1996). Inflammatory bowel disease. N. Engl. J. Med. 334, 841–848.

Harris, K. G., and Chang, E. B. (2018). The intestinal microbiota in the pathogenesis of inflammatory bowel diseases: new insights into complex disease. Clin. Sci. 132, 2013–2028. doi: 10.1042/cs20171110

Italia, L., and Claudio, R. (2015). Inflammatory bowel disease: genetics, epigenetics, and pathogenesis. Front. Immunol. 6:551. doi: 10.3389/fimmu.2015.00551

Kang, M., and Martin, A. (2017). Microbiome and colorectal cancer: Unraveling host-microbiota interactions in colitis-associated colorectal cancer development. Semin. Immunol. 32, 3–13. doi: 10.1016/j.smim.2017.04.003

Keethy, D., Mrakotsky, C., and Szigethy, E. (2014). Pediatric IBD and depression: treatment implications. Curr. Opin. Pediatr. 26:561. doi: 10.1097/mop.0000000000000129

Keren, and David, F. (1992). Immunopathology of inflammatory bowel disease. Am. J. Surg. Pathol. 16:198.

Li, A. L., Ni, W. W., Zhang, Q. M., Li, Y., and Zhang, Y. (2019). Effect of cinnamon essential oil on gut microbiota in the mouse model of dextran sodium sulfate-induced colitis. Microbiol. Immunol. 64, 23–32. doi: 10.1111/1348-0421.12749

Li, P., Wu, M., Xiong, W., Li, J., and Zhong, G. (2020). Saikosaponin-d ameliorates dextran sulfate sodium-induced colitis by suppressing NF-κB activation and modulating the gut microbiota in mice. Int. Immunopharmacol. 81:106288. doi: 10.1016/j.intimp.2020.106288

Libby, P., Ridker, P. M., and Hansson, G. K. (2012). Inflammation in atherosclerosis. J. Assoc. Phys. India 32, 2045–2051.

Liu, L., Liu, Y. L., Liu, G. X., Chen, X., Yang, K., Yang, Y. X., et al. (2013). Curcumin ameliorates dextran sulfate sodium-induced experimental colitis by blocking STAT3 signaling pathway. Int. Immunopharmacol. 17, 314–320. doi: 10.1016/j.intimp.2013.06.020

Liu, W., Guo, W., Guo, L., Gu, Y., Cai, P., Xie, N., et al. (2014). Andrographolide sulfonate ameliorates experimental colitis in mice by inhibiting Th1/Th17 response. Int. immunopharmacol. 20, 337–345. doi: 10.1016/j.intimp.2014.03.015

Louis, P., and Flint, H. (2009). Diversity, metabolism and microbial ecology of butyrate-producing bacteria from the human large intestine. FEMS Microbiol. Lett. 294, 1–8. doi: 10.1111/j.1574-6968.2009.01514.x

Louis, P., and Flint, H. (2017). Formation of propionate and butyrate by the human colonic microbiota. Environ. Microbiol. 19, 29–41. doi: 10.1111/1462-2920.13589

Ma, C., Vasu, R., and Zhang, H. (2019). The role of long-chain fatty acids in inflammatory bowel disease. Mediat. Inflamm. 2019:8495913.

Manichanh, C., Rigottier-Gois, L., Bonnaud, E., Gloux, K., Pelletier, E., Frangeul, L., et al. (2006). Reduced diversity of faecal microbiota in Crohn’s disease revealed by a metagenomic approach. Gut 55, 205–211. doi: 10.1136/gut.2005.073817

Morshedzadeh, N., Shahrokh, S., Aghdaei, H. A., Amin Pourhoseingholi, M., Chaleshi, V., Hekmatdoost, A., et al. (2019). Effects of flaxseed and flaxseed oil supplement on serum levels of inflammatory markers, metabolic parameters and severity of disease in patients with ulcerative colitis. Complement. Ther. Med. 46, 36–43. doi: 10.1016/j.ctim.2019.07.012

Nagalingam, N. A., Kao, J. Y., and Young, V. B. (2015). Microbial ecology of the murine gut associated with the development of dextran sodium sulfate-induced colitis. Inflamm. Bowel Dis. 17, 917–926. doi: 10.1002/ibd.21462

Nauroth, J. M., Liu, Y. C., Elswyk, M. V., Bell, R., Hall, E. B., Chung, G., et al. (2010). Docosahexaenoic acid (DHA) and docosapentaenoic acid (DPAn-6) algal oils reduce inflammatory mediators in human peripheral mononuclear cells in vitro and paw edema in vivo. Lipids 45, 375–384. doi: 10.1007/s11745-010-3406-3

Ng, S. C., Shi, H. Y., Hamidi, N., Underwood, F. E., Tang, W., Benchimol, E. I., et al. (2018). Worldwide incidence and prevalence of inflammatory bowel disease in the 21st century: a systematic review of population-based studies. Lancet 390, 2769–2778. doi: 10.1016/s0140-6736(17)32448-0

Ni, J., Wu, G. D., Albenberg, L., and Tomov, V. T. (2017). Gut microbiota and IBD: causation or correlation? Nat. Rev. Gastroenterol. Hepatol. 14, 573–584. doi: 10.1038/nrgastro.2017.88

Nunes, C., De Freitas, V., Almeida, L. M., and Laranjinha, J. (2019). Red wine extract preserves tight junctions in intestinal epithelial cells under inflammatory conditions: implications for intestinal inflammation. Food Funct. 10, 1364–1374. doi: 10.1039/c8fo02469c

Parada Venegas, D., De la Fuente, M., Landskron, G., González, M., Quera, R., Dijkstra, G., et al. (2019). Short chain fatty acids (SCFAs)-mediated gut epithelial and immune regulation and its relevance for inflammatory bowel diseases. Front. Immunol. 10:277. doi: 10.3389/fimmu.2019.00277

Park, J., Choi, J., Hwang, S., Kim, J., Kim, E., Lee, S., et al. (2019). Cottonseed oil protects against intestinal inflammation in dextran sodium sulfate-induced inflammatory bowel disease. J. Med. Food 22, 672–679. doi: 10.1089/jmf.2018.4323

Periasamy, S., Hsu, D. Z., Chandrasekaran, V. R. M., and Liu, M. Y. (2013). Sesame oil accelerates healing of 2,4,6-trinitrobenzenesulfonic acid-induced acute colitis by attenuating inflammation and fibrosis. Jpn. J. Parenter. Enteral. Nutr. 37, 674–682. doi: 10.1177/0148607112468768

Qi, C., Li, Y., Yu, R., Zhou, S., Wang, X., Le, G., et al. (2017). Composition and immuno-stimulatory properties of extracellular DNA from mouse gut flora. World J. Gastroenterol. 23, 7830–7839. doi: 10.3748/wjg.v23.i44.7830

Qu, W., Yuan, X., Zhao, J., Zhang, Y., Hu, J., Wang, J., et al. (2017). Dietary advanced glycation end products modify gut microbial composition and partially increase colon permeability in rats. Mol. Nutr. Food Res. 61:1700118. doi: 10.1002/mnfr.201700118

Rodiño-Janeiro, B., Martínez, C., Fortea, M., Lobo, B., Pigrau, M., Nieto, A., et al. (2018). Decreased TESK1-mediated cofilin 1 phosphorylation in the jejunum of IBS-D patients may explain increased female predisposition to epithelial dysfunction. Sci. Rep. 8:2255. doi: 10.1038/s41598-018-20540-9

Rong-Hui, T., Wang, F., Fan, C.-L., Zhang, X.-H., Zhao, J.-S., Zhang, J.-J., et al. (2018). Algal oil rich in n-3 polyunsaturated fatty acids suppresses B16F10 melanoma lung metastasis by autophagy induction. Food Funct. 9, 6179–6186. doi: 10.1039/c8fo01617h

Shao, S., Wang, D., Zheng, W., Li, X., Zhang, H., Zhao, D., et al. (2019). A unique polysaccharide from Hericium erinaceus mycelium ameliorates acetic acid-induced ulcerative colitis rats by modulating the composition of the gut microbiota, short chain fatty acids levels and GPR41/43 respectors. Int. Immunopharmacol. 71, 411–422. doi: 10.1016/j.intimp.2019.02.038

Sharma, M., Kaur, R., Kaushik, K., and Kaushal, N. (2018). Redox modulatory protective effects of ω-3 fatty acids rich fish oil against experimental colitis. Toxicol. Mech. Methods 29, 244–254. doi: 10.1080/15376516.2018.1553220

Vuorinen, A., Bailey-Hall, E., Karagiannis, A., Yu, S., and Dahms, I. (2020). Safety of algal oil containing EPA and DHA in cats during gestation, lactation and growth. J. Anim. Physiol. Anim. Nutr. 104, 1509–1523. doi: 10.1111/jpn.13324

Wang, W., Chen, L., Zhou, R., Wang, X., Song, L., Huang, S., et al. (2014). Increased proportions of Bifidobacterium and the Lactobacillus group and loss of butyrate-producing bacteria in inflammatory bowel disease. J. Clin. Microbiol. 52, 398–406. doi: 10.1128/jcm.01500-13

Wu, C. C., Tung, Y. T., Chen, S. Y., Lee, W. T., Lin, H. T., and Yen, G. C. (2020). Anti-inflammatory, antioxidant, and microbiota-modulating effects of camellia oil from Camellia brevistyla on acetic acid-induced colitis in rats. Antioxidants 9:58. doi: 10.3390/antiox9010058

Xinyue, W., Lijuan, W., Lei, T., Li, W., Shuyuan, C., Qian, W., et al. (2018). Salvianolic acid B alters the gut microbiota and mitigates colitis severity and associated inflammation. J. Funct. Foods 46, 312–319. doi: 10.1016/j.jff.2018.04.068

Yamamoto-Furusho, J. K. (2018). Inflammatory bowel disease therapy: blockade of cytokines and cytokine signaling pathways. Curr. Opin. Gastroenterol. 34, 187–193. doi: 10.1097/mog.0000000000000444

Yu, Y. R., and Rodriguez, J. R. (2017). Clinical presentation of Crohn’s, ulcerative colitis, and indeterminate colitis: Symptoms, extraintestinal manifestations, and disease phenotypes. Semin. Pediatr. Surg. 26, 349–355. doi: 10.1053/j.sempedsurg.2017.10.003

Zeisel, M. B., Dhawan, P., and Baumert, T. F. (2018). Tight junction proteins in gastrointestinal and liver disease. Gut 68, 547–561. doi: 10.1136/gutjnl-2018-316906

Zeng, H., Umar, S., Rust, B., Lazarova, D., and Bordonaro, M. (2019). Secondary bile acids and short chain fatty acids in the colon: a focus on colonic microbiome, cell proliferation, inflammation, and cancer. Int. J. Mol. Sci. 20:1214. doi: 10.3390/ijms20051214

Zhao, G., Nyman, M., and Jönsson, J. A. (2010). Rapid determination of short-chain fatty acids in colonic contents and faeces of humans and rats by acidified water-extraction and direct-injection gas chromatography. Biomed. Chromatogr. 20, 674–682. doi: 10.1002/bmc.580

Zhao, H., Yue, Y., Han, H., Chen, X., Lu, Y., Zheng, J., et al. (2017). Effect of toll-like receptor 3 agonist poly I:C on intestinal mucosa and epithelial barrier function in mouse models of acute colitis. World J. Gastroenterol. 23, 999–1009. doi: 10.3748/wjg.v23.i6.999


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.

Copyright © 2020 Xu, Tang, Huang, Qiao, Wang, Yang and Deng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 07 January 2021

doi: 10.3389/fcimb.2020.615876

[image: image2]


Niche-Specific Adaptive Evolution of Lactobacillus plantarum Strains Isolated From Human Feces and Paocai


Qiqi Pan 1,2†, Shi Cen 1,2†, Leilei Yu 1,2, Fengwei Tian 1,2, Jianxin Zhao 1,2, Hao Zhang 1,2,3, Wei Chen 1,2,3,4 and Qixiao Zhai 1,2*


1 State Key Laboratory of Food Science and Technology, Jiangnan University, Wuxi, China, 2 School of Food Science and Technology, Jiangnan University, Wuxi, China, 3 National Engineering Research Center for Functional Food, Jiangnan University, Wuxi, China, 4 Beijing Innovation Center of Food Nutrition and Human Health, Beijing Technology and Business University (BTBU), Beijing, China




Edited by: 
Andrew T. Gewirtz, Georgia State University, United States

Reviewed by: 
Huaxi Yi, Ocean University of China, China

Bailiang Li, Northeast Agricultural University, China

*Correspondence: 
Qixiao Zhai
 zhaiqixiao@sina.com
 zhaiqixiao@jiangnan.edu.cn


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Microbiome in Health and Disease, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 10 October 2020

Accepted: 19 November 2020

Published: 07 January 2021

Citation:
Pan Q, Cen S, Yu L, Tian F, Zhao J, Zhang H, Chen W and Zhai Q (2021) Niche-Specific Adaptive Evolution of Lactobacillus plantarum Strains Isolated From Human Feces and Paocai. Front. Cell. Infect. Microbiol. 10:615876. doi: 10.3389/fcimb.2020.615876



Lactobacillus plantarum, a widely used probiotic in the food industry, exists in diverse habitats, which has led to its niche-specific genetic evolution. However, the relationship between this type of genetic evolution and the bacterial phenotype remains unclear. Here, six L. plantarum strains derived from paocai and human feces were analyzed at the genomic and phenotypic levels to investigate the features of adaptive evolution in different habitats. A comparative genomic analysis showed that 93 metabolism-related genes underwent structural variations (SVs) during adaptive evolution, including genes responsible for carbohydrate, lipid, amino acid, inorganic ion and coenzyme transport and metabolism, and energy production and conversion. Notably, seven virulence factor-related genes in strains from both habitats showed SVs — similar to the pattern found in the orthologous virulence genes of pathogenic bacteria shared similar niches, suggesting the possibility of horizontal gene transfer. These genomic variations further influenced the metabolic abilities of strains and their interactions with the commensal microbiota in the host intestine. Compared with the strains from feces, those from paocai exhibited a shorter stagnation period and a higher growth rate in a diluted paocai solution because of variations in functional genes. In addition, opposite correlations were identified between the relative abundances of L. plantarum strains and the genus Bifidobacterium in two media inoculated with strains from the two habitats. Overall, our findings revealed that the niche-specific genetic evolution of L. plantarum strains is associated with their fermentation abilities and physiological functions in host gut health. This knowledge can help guiding the exploration and application of probiotics from the specific niches-based probiotic exploitation.




Keywords: comparative genomics, Lactobacillus plantarum, niche-specific adaptive evolution, microbiome interaction, host physiology



Introduction

Lactobacillus is a genus of gram-positive acid-tolerant bacteria that occupy a wide variety of niches. It is one of the most widely used probiotic species in the food industry because of its well-known health benefits to the host (Seddik et al., 2017). L. plantarum is a nomadic species that exists in a variety of habitats, including plants, the gastro-intestinal tracts of animals (including humans), and food materials (Martino et al., 2016).

Several studies have shown that the habitat diversity of probiotics leads to their niche-specific genetic evolution through single nucleotide polymorphisms (SNPs) and genomic structural variations (SVs) (Zhang, 2008; Barrick et al., 2009). The latter can be further classified into copy number variations caused by deletions, insertions or duplications; changes in orientation caused by inversions; and changes in chromosomal location caused by translocations and fusions (Wellenreuther et al., 2019). A previous study of a Western population identified 16 point mutations in the genome of the gut commensal microbe Bacteroides fragilis due to changes in the intestinal environment caused by dietary variations (Zhao et al., 2019). A comparative genomic study on 21 L. salivarius strains isolated from different habitats identified 15 genes that were involved in adaptation to the host, most of which encoded extracellular proteins and orthologs related to exopolysaccharide production (Lee et al., 2017). Another study on L. mucosae LM1 identified potential niche-specific genes for involved in the adaptation to various digestive tracts, such as glycogen metabolism- and folate biosynthesis- related genes. (Valeriano et al., 2019).

It should be noted that the characteristics of niche-specific evolution in L. plantarum genomes are controversial. A previous research based on phylogenomic and functional divergence analyses revealed that genomic variations in L. plantarum were uncoupled from their environmental origin (Martino et al., 2016) (Martino et al., 2016). Another study, which compared the genomes of 108 L. plantarum strains, showed that strain-specific genomic profiles were not associated with their original habitats (Sukjung et al., 2018). However, other studies reported that L. plantarum could undergo genomic variations because of ecological constraints, as indicated by the tendency of strains from the same habitats possess similar functional genomic profiles (Papizadeh et al., 2017; Cen et al., 2020). Also, a clinical study revealed that L. plantarum P-8 underwent genomic variations under the adaptive pressure of the host intestinal environment (Song et al., 2018). The differences between these experimental results were probably caused by diverse experimental and analytical methods and variations in the number of strains analyzed. Therefore, more studies are warranted to clarify the characteristics of niche-specific L. plantarum evolution.

Variations in bacterial genes, especially functional protein-encoding genes, are known to influence the bacterial phenotype. One study showed that different abundances of sugar-converting genes in three L. paracasei strains led to strain-level variations in carbohydrate utilization (Stefanovic and McAuliffe, 2018). Another study on the vaginal probiotic strain L. rhamnosus identified between-strain differences in genes related to the carbohydrate metabolic pathway and confirmed the phenotypic variations in a sugar utilization assay (Petrova et al., 2018).

Because of the wide usage of Lactobacillus species in food products, clarification of the relationship between the niche-specific adaptive evolution and phenotype of Lactobacillus spp. will be helpful in the development of potential probiotics. However, the majority of published studies in this area only have focused only on genome level changes, without further validation at the phenotypic level (Martino et al., 2016; Kelleher et al., 2017; Valeriano et al., 2019). Our previous research uncovered genomic variations in 140 L. plantarum strains (Cen et al., 2020). Nevertheless, the relationships between the genomic differences, original habitats, and phenotypes of L. plantarum strains remain unclear.

Therefore, in this study, a comparative genomic analysis was performed to identify niche-specific genomic variations in L. plantarum strains under adaptive pressure and associated these with various phenotypes. A fermentation assay was performed to verify the influences of adaptive evolution on the metabolism of these strains. In addition, 16S rRNA gene sequencing was performed to identify the correlation between the genomic variations in strains and the interaction of these strains with the host gut flora.



Materials and Methods


Bacterial Strains and Incubation Conditions

According to our previous research, six L. plantarum strains with different phylogeny were used in this study (Cen et al., 2020). Information about the six L. plantarum strains is listed in Table 1. The strains that had been preserved at - 80 °C in glycerol stock were grown overnight in de Man-Rogosa-Sharpe (MRS) broth (Sangon Biotech, Shanghai, China) at 37°C in an anaerobic workstation [the gas supply system was described in a previous article (Cen et al., 2020)], followed by 2% (v/v) subculture in fresh MRS.


Table 1 | Information of six L. plantarum strains used in this study.





Comparative Genomic Analysis

The whole-genome sequencing protocol and assembly and prediction methods were performed as described in a previous study (Zhai et al., 2019).

Orthologs in the six strains were defined using OrthoMCL (https://orthomcl.org/orthomcl/) with its default parameters (Fischer et al., 2011). Next, the chosen core-gene sequences were aligned using MAFFT-7.427 (https://mafft.cbrc.jp/alignment/software) (Katoh and Standley, 2013), and the phylogeny was inferred by the neighbor-joining method (Saitou and Nei, 1987). The phylogenetic tree was visualized using Evolview v2 online (www.evolgenius.info/evolview).

Orthologous proteins, carbohydrate-active enzymes, virulence factors, and antibiotic factors were annotated against the COG (Tatusov et al., 2000), CAZyme (Cantarel et al., 2009), VFDB (Chen et al., 2005) and CARD (Jia et al., 2017) databases, respectively, using BLAST (https://github.com/mosuka/blast) with its default parameters (Altschul et al., 1990).



Growth of Lactobacillus Strains in a Paocai Diluent and Simulated Intestinal Juice

After sub-culturing twice, a 5% (v/v) inoculum of each of the six strains was inoculated into a paocai solution diluted with five parts of water (hereafter, the paocai diluent) and simulated intestinal juice, which was prepared according to a published method with minor modification (Minekus et al., 1999). Briefly, the fermentation medium was prepared as described in a previous study (Lau et al., 2016). Feces were washed twice with PBS and were dissolved with PBS to prepare the feces suspension in the ratio of 1:1 by weight. The feces suspension and the medium were mixed in the ratio of 10:1 by volume. The mixtures were incubated at 37°C in an anaerobic workstation.

Colony-forming units (CFUs) of all of the six strains grown in a paocai diluent were counted every 4 h during a 36-h period by the plate count method. The growth profiles of the strains in the simulated intestinal juice were measured by RT-PCR at 0, 6, 12, 24, and 36 h after inoculation. The design of the primer sequences and calculation of relative quantification were performed as described previously (Klocke et al., 2006). All experiments were conducted in triplicate.



DNA Extraction and 16S rRNA Gene Sequencing

Cultures grown in the simulated intestinal juice were collected at the same time points as indicated for the RT-PCR assay. Metagenomic DNA was extracted using the FastDNA Spin Kit for Soil (MP Biomedicals, Shanghai, China), according to the manufacturer’s instructions. The V3-V4 regions of the bacterial 16S rRNA gene were amplified via PCR. The PCR primers and reaction program were as described previously (Fang et al., 2020). PCR products were gel-purified using GeneClean Turbo (MP Biomedicals, Shanghai, China). The DNA concentrations were measured using a dsDNA assay with NanoDrop spectrophotometers (Thermo, Shanghai, China). Subsequently, 16S rRNA sequencing was performed as described previously (Zhai et al., 2019).



Sequence Processing and Bioinformatics Analysis

After sequencing, the 16S rRNA sequence data were analyzed using the QIIME2 (https://github.com/qiime2/) pipeline according to a previously published method (Zhai et al., 2019). Briefly, the raw sequences were aligned to exclude low-quality and short-length sequences. High-quality sequences with similarities > 97% were clustered into the same OTUs and representative sequences of each cluster were used to identify bacterial taxa. Beta diversity metrics were computed according to the Manhattan method in R-4.0.2 (https://cran.r-project.org/bin/windows/base/) using genus-level data.



Statistical Analysis

All statistical analyses were performed using R-4.0.2. The pheatmap package was used to perform a cluster analysis of different functional genes between the two niche groups and to visualize. A principal component analysis (PCA) was performed using the prcomp function in the basic package, and the result was visualized using the ggbiplot package. The pairwise.t.test function was used to perform pairwise comparisons between the groups, and the wilcox.test function was used to perform two-sample Wilcoxon tests. A Pearson’s correlation analysis and a false discovery rate (FDR) were conducted using the psych package, and the correlation matrix was visualized using the corrplot package. A linear multiple regression model was established using the lm function in R, and its accuracy was tested using Spearman’s correlation (Johnson et al., 2019). The model was as follows: rn,i = f (Rn−1, Gj)where rn,i represents the relative abundance of the genus i at n hours after the strain was inoculated into the medium, Rn-1 represents the projection of the relative abundance of the microbiome on the PC1 and PC2 of PCA, and Gj represents the projection of the inoculated strain’s functional gene numbers on the PC1 and PC2 of PCA.




Results


Functional Genomic SVs in L. plantarum Strains from Different Habitats

The six L. plantarum strains were divided into two groups based on their initial habitats (paocai-derived strains and feces-derived strains). Next, the core genes that differed between the two groups were selected and annotated using four databases to identify their functions.

On average, 238 unique genes were identified in the human feces-derived strains, whereas only 33 unique genes were identified in the paocai-derived strains (Figure 1A). No significant differences (p > 0.05) were observed in the GC% and genome size between the two groups of strains (Figure 1B), indicating that natural selection in different niches led to SVs in only a few of the core genes. In particular, the mutation rates were 5.29% and 2.40% in the paocai-derived strains and feces-derived strains, respectively.




Figure 1 | Comparative genomic and phylogenetic analyses of six L. plantarum strains. (A) Venn diagrams based on the pan genes of six L. plantarum strains isolated from paocai and human feces. (B) Phylogenetic tree of six L. plantarum strains constructed using the neighbor-joining method (left), and heatmap of the numbers of different core genes present in the strains’ genomes (the genes were annotated using four databases) (right). The basic information of strains’ genes, including genome sizes, gene numbers, GC%, and hypothetical protein numbers, is plotted beside the tree. The size of the circle represents the size of the value. n.s. represents p > 0.1, *represents p ≤ 0.1.



Functional annotations revealed the presence of SVs in 93 metabolism-related genes, including those involved in carbohydrate (G), lipid (I), amino acid (E), inorganic ion (P) and coenzyme (H) transport and metabolism, and energy production and conversion (C) (Figure 1B). Furthermore, 11 genes in the two groups classified into ‘mobilome, prophages, transposons’ category (X) were determined to have been acquired by horizontal gene transfer (HGT) (Figure 1B).

Notably, the annotation of virulence factors revealed that several virulence genes in the paocai-derived strains were orthologous to those of bacteria widely distributed in the soil and water (CVF254, CVF760, CVF677, and CVF197), whereas the virulence genes annotated in the human feces-derived strains were homologous to those of animal pathogenic bacteria (CVF282 and CVF516) (Figure 1B).



Differences in the Growth Profiles of the Six L. plantarum Strains Between the Paocai Diluent and Simulated Intestinal Juice Media

To verify how genomic changes influence strains’ phenotypes, fermentation assays were conducted in a diluted paocai solution and simulated intestinal juice, which mimicked the initial habitats of the strains. A correlation analysis was then performed to associate the phenotypic variations with the genomic differences.

Figure 2A shows the growth profiles of the six strains in the paocai diluent. The paocai-derived strains had a shorter stagnation period and a higher growth rate, indicating that they could adapt to the fermentation broth environment more rapidly than the human feces-derived strains (p < 0.05). A further correlation analysis showed the maximum CFUs during growth were correlated with genes related to nucleotide (F) and carbohydrate transport/metabolism (G), secondary metabolites biosynthesis/transport/catabolism (Q), transcription (K) and cell wall/membrane/envelope biogenesis (M) (Figure 2C).




Figure 2 | Growth profiles of L. plantarum strains in two media and their associations with genes. (A) Growth profiles of six L. plantarum strains in a paocai diluent. (B) Change rate of the relative abundance of six L. plantarum strains in the simulated intestinal juice. (C) Correlation grid plot for the correlation between maximum CFUs of L. plantarum strains in the simulated intestinal juice and functional genes. Red represents positive correlation; blue represents negative correlation. *represents p < 0.05; n.s. represents p > 0.05; × represents p > 0.05.



However, paocai- and human feces- derived L. plantarum strains did not exhibit differences in their rates of change in the relative abundance at any time point during growth in the simulated intestinal juice (p > 0.05, Figure 2B).



Diverse Interactions Between L. plantarum Strains from Diverse Niches and the Host Commensal Bacteria

16S rRNA gene sequencing was performed to reveal the changes in the fecal microbiota structure in the simulated intestinal juice. The result showed that the strains from the two habitats had different regulatory effects on the intestinal flora over time (Figure 3A).




Figure 3 | Diversity and correlation analyses between L. plantarum strains and microbiome in the simulated intestinal juice. (A) Variation of β diversity over time in the simulated intestinal juice. Correlation analysis between the relative abundance of each bacterial family (B) and between the genera Bifidobacterium and Paraprevotella (D) with the inoculation of different L. plantarum strains in the simulated intestinal juice. X and Y axes represent the relative abundances of the labelled genera. (C) Correlation analysis between L. plantarum strains and other genera in the simulated intestinal juice.



The Pearson’s correlation analysis of the relative abundances of gut microbiota at the family level showed that 44 couples of families were associated with bacterial family from different phyla in the medium inoculated with paocai-isolated strains, whereas in the medium inoculated with feces-isolated strains, only 13 families were demonstrated correlation with other families (FDR < 0.05) (Figure 3B). In particular, the medium inoculated with L. plantarum FCQNA28M4 (isolated from human feces), showed only one negative correlation between the Prevotellaceae family and one of the families in the Euryarchaeota phylum (R < 0, FDR < 0.05). In the medium inoculated with L. plantarum VCQLP6M2 (isolated from paocai), 26 couples of families were correlated with bacterial families belonging to different phyla (R > 0, FDR < 0.05).

Regarding the associations between L. plantarum and intestinal flora at the genus level, paocai- and feces- derived L. plantarum strains were correlated with five and 19 genera of the intestinal flora, respectively (FDR < 0.05). Among the 19 genera, 11 were negatively correlated with L. plantarum strains. In particular, L. plantarum VCQLP6M2 showed no significant association with any other bacterial genus (Figure 3C). Notably, the correlation between the relative abundances of L. plantarum FCQNA29M3 and Bifidobacterium was negative (R < 0, FDR < 0.05), whereas the correlation between the relative abundances of L. plantarum VCQWS1M2 and Bifidobacterium was positive (R > 0, FDR < 0.05) (Figure 3C).

Interestingly, L. plantarum strains in the two groups exhibited opposite influences on the associations between the Bifidobacterium and Paraprevotella genera (Figure 3D), such that the correlation between the relative abundances of these two genera was negative under the influence of the feces-isolated strain FCQNA23M1 (R < 0, FDR < 0.05), but was positive under the influence of the paocai-isolated strain VCQYB1M3 (R > 0, FDR < 0.05) (Figure 3D). These findings suggest that the adaptative evolution of strains in different niches plays a significant role in their interactions with the host gut flora.



Relationship Between the Functional Genes of L. plantarum and the Commensal Gut Microbiota

To explore whether the diverse effects of L. plantarum strains on the intestinal flora are related to their genomes, linear multiple regression models with different functional genes as variables were established in this study.

The model in which the relative abundances of the microbiome were set as variables exhibited a low accuracy (Figure 4A). The introduction of functional gene annotations (from the four databases) as variables significantly improved the prediction accuracy of the model (p < 0.05, Figure 4A). This result suggests that the influences of the introduced strains on the intestinal flora were significantly related to the functional genes of the strains.




Figure 4 | Correlation analysis between L. plantarum functional genomes and their influences on intestinal flora. (A) Boxplot for the accuracy scores of predicting the variation in microbiome using different functional genes. (B) Heatmap for the accuracy scores of predicting the variation in each genus using different functional genes. Labels of a, b, c, and d in the boxplot represent significant differences at p < 0.05.



The prediction accuracy of the model for each genus in the gut community is presented in a heatmap (Figure 4B). Different correlation coefficients exist between various genera of the host gut microbiome and functional genes of L. plantarum. The majority of bacteria belonging to the Lachnospiraceae family exhibited strong correlations with the L. plantarum genome (average R > 0.5). However, several genera, including Akkermansia (R = 0.486), Adlercreutzia (R = 0.475), and Holdemania (R = 0.458), were only weakly associated with the functional genes of L. plantarum. These results indicate that a supplement of L. plantarum can interact with the intestinal bacteria via multiple pathways due to the adaptive evolution of its diverse functional genes.




Discussion

Evolution involves sorting and variation. The former process involves two mechanisms, namely genetic drift and natural selection (Arber, 2000; Barrick et al., 2009; Gibson and Eyre-Walker, 2019). Natural selection can be further divided into positive selection, which promotes the spread of beneficial alleles, and negative selection, which hinders the spread of deleterious alleles (Barrick et al., 2009). These selections have strong influences on the phenotypes of an organism and should be taken into consideration when exploring and applying probiotics from various habitats.

In our previous study, 20 L. plantarum strains were isolated from different habitats, and their genomic variations in response to ecological constraints were identified by comparative genomics (Cen et al., 2020). However, the relationship between these genomic variations and the phenotypes remained unclear. Hence, in this study, six L. plantarum strains isolated from human feces and paocai were analyzed at the genomic and phenotypic levels to investigate the features of adaptive evolution in different habitats.

Previous studies have shown that only a few bacterial genes undergo SVs due to adaptive evolution, suggesting that evolution at the strain level is dominated by genetic drift, which occurs at a relatively slow rate (Gibson and Eyre-Walker, 2019; Vatanen et al., 2019). This pattern is consistent with our finding that strains isolated from the two different habitats had similar genome sizes and GC% (Figure 1B). Previous studies have also reported that differences in the abundances of functional genes can have significant effects on the phenotypes (Maldonado-Gómez et al., 2016; Hughes et al., 2020), and this is supported by our results (Figure 1B, Figures 2A, C). As the original habitats seem to play an important role in the variations of metabolism-related genes, this factor should be considered when exploring commercial probiotic strains.

Notably, the analysis of virulence factors in the two groups showed that several virulence genes in the paocai-derived strains were orthologous to those of bacteria widely found in soil and water, including katA of Pseudomonas aeruginosa (Chung et al., 2016), Staphylococcus aureus (Reiß et al., 2012) and Yersinia enterocolitica (Reuter et al., 2014), gtcA of Listeria monocytogenes (Promadej et al., 1999), fbpC of Escherichia coli (Blum et al., 2012) and Vibrio antiquaries (Hasan et al., 2015), and agrA of Staphylococcus aureus (Srivastava et al., 2014). However, virulence genes in the feces-derived strains were homologous to those of animal pathogenic bacteria, such as rmlC of Salmonella enterica (Graninger et al., 1999), Bordetella bronchiseptica (Park et al., 2012), Streptococcus pneumoniae (Ko et al., 2013), Mycobacterium tuberculosis (Norman et al., 2019) and Shigella boydii (Liu et al., 2008), and fagC of Corynebacterium pseudotuberculosis (Billington et al., 2002), Corynebacterium ulcerans (Trost et al., 2011), Corynebacterium kutscheri (Turnbull et al., 2019) and Corynebacterium cystitidis (Turnbull et al., 2019) (Figure 2B). This suggests that strains can obtain the virulence genes from the surrounding micro-environments through HGT, similar to the process by which bacteria acquire antibiotic-resistant genes (San Millan et al., 2016). Further investigation is warranted to uncover the mechanism by which virulence factors are transferred between organisms and the rate at which this transfer occurs. Considering the potential HGT of virulence factors, it is necessary to re-evaluate the safety of commonly recognized probiotics (Saarela, 2019; Sotoudegan et al., 2019).

The traditional Chinese pickled vegetable paocai is produced by fermentation without sterilization. The high salinity and acidity (average pH is 3.86) of paocai result in a relatively simple ecological environment dominated by the bacterial genera Lactobacillus, Pediococcus, Serratia, Stenotrophomonas, and Weissella (Liu et al., 2019). As a result, bacterial growth in the relatively low-diversity environment was strongly influenced by the chemical environment rather than the interaction between bacteria (Cao et al., 2017). Therefore, the strains adaptive to this kind of chemical environment had growth advantage when incubated in the medium with similar environment. The result in our study was consistent with this pattern (Figure 2A). This result could be attributable to the differences in metabolic-functional genes between the two groups of L. plantarum strains, especially those involved in carbohydrate (G) and coenzyme (H) transport/metabolism (Figure 1B, Figure 2C).

However, our in-vitro fermentation assays did not demonstrate significant associations between strains’ growth abilities and the adaptive evolution-triggered gene variations of the species (Figure 2B). Compared with paocai, the human colon is a sophisticated microsystem involving various types of bacteria-host cross-talks, and a weakly alkaline chemical environment containing trillions of microorganisms and diverse immune niches (James et al., 2020). In such a complex environment, bacterial growth is governed not only by bacterial metabolic genes, but also by the complex interactions between probiotics and the intestinal flora. Numerous mechanisms such as bacterial competition and mutualism govern these complex interactions (Bauer et al., 2018). Thus, our finding suggests that when developing new probiotic products, both the survival rates of the probiotic strains throughout the digestive tract and their growth profiles in the gut environment should be considered (Pham and Mohajeri, 2018).

The 16S rRNA gene sequencing data showed the complex relationships among the endogenous host gut bacteria under the influence of exogenous probiotics (Figures 3B–D). The comparative genomic analysis and phenotypic evaluation indicated that these relationships were possibly attributable to the different amounts of metabolites produced by strains from diverse initial habitats. For example, a previous study revealed that 5 μg/ml of exopolysaccharides (EPSs) isolated from Bifidobacterium longum suppressed lipopolysaccharide-induced cell growth inhibition, whereas 80 μg/ml of EPSs inhibited the growth of seven species of foodborne pathogenic bacteria (Wu et al., 2010). Furthermore, the data showed that only a few genera were affected by the probiotics (Figure 3C), and that the relative abundances of the other genera changed possibly in response to the metabolic cascades of the gut microbiota, which were strongly affected by the intestinal microenvironment (Coyte and Rakoff-Nahoum, 2019; Zmora et al., 2019). Similar to our findings, a previous study indicated that supplementation with L. plantarum ZLP001 increased the abundance of butyrate-producing bacteria, which in turn improved the butyrate content in the intestinal environment, strengthened the epithelial defense functions, and modulated the gut microbiota. Whether gene variations due to niche-specific evolution affect gut microbial cross-talks directly or change the metabolic cascades of the gut microbiota by regulating the intestinal chemical environment remains unclear. Further studies are needed to identify the relationships between genomic variations due to adaptive evolution and their effects on gut microbial genera, as this information can assist the design of probiotic preparations for the modulation of specific gut microbial species.

Overall, our study identified niche-specific adaptive evolution in the L. plantarum genome and provided an insight into how the SVs in functional genes affected the fermentation abilities of L. plantarum strains and their interactions with commensal microbes. This finding provides a promising outlook regarding the mining of new probiotic niches.
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Infertility has become a common problem in recent decades. The pathogenesis of infertility is variable, but microbiological factors account for a large proportion of it. Dysbiosis of vaginal microbiota is reportedly associated with female infertility, but the influence of normal vaginal microbiota on infertility is unclear. In this review, we summarize the physiological characteristics of the vaginal tract and vaginal microbiota communities. We mainly focus on the bacterial adherence of vaginal Lactobacillus species. Given that the adherent effect plays a crucial role in the colonization of bacteria, we hypothesize that the adherent effect of vaginal Lactobacillus may also influence the fertility of the host. We also analyze the agglutination and immobilization effects of other bacteria, especially Escherichia coli, on ejaculated spermatozoa, and speculate on the possible effects of normal vaginal microbiota on female fertility.




Keywords: vaginal microbiota, bacterial adherence, vaginal Lactobacillus, unexplained infertility, sperm agglutination



Introduction

Infertility has become a common problem in recent decades. Microbiological factors account for a large proportion of infertility, but attention has mainly focused on pathogenesis and infection caused by pathogens. With a further understanding of the host–microbe relationship, the interaction between the normal body microbiome and host cells has been considered important with regard to etiology. In females, vaginal microbiota plays a role in female infertility. The vagina has an intrinsic microbiota. Dysbiosis of the vaginal microbiota or invasion of pathogens can impair the fertility of humans by directly decreasing the motility and vitality of spermatozoa (Monga and Roberts, 1994; Sellami et al., 2014), or indirectly by inducing organic injuries of the reproductive system. However, influences from the normal vaginal microbiota on female fertility are unclear. Lactobacillus is the dominant bacterial genus in the vaginal tract. Evidence has shown that vaginal Lactobacillus play an essential role in preventing the invasion of foreign bacteria and dysbiosis of intrinsic microbiota, but its effect on ejaculated spermatozoa has been rarely reported. Bacterial adherence is an essential colonization process for vaginal Lactobacillus, and Lactobacillus species with strong adherent effects can provide more benefits to hosts. However, the same adherent effect may also modulate the chemical and physical properties of ejaculated spermatozoa. This phenomenon may account for some cases of unexplained infertility and provide a unique sperm selection mechanism for the human body.



Infertility and Inflammation

Infertility is the condition of being unable to produce offspring. It is defined by the World Health Organization as ‘a disease of the reproductive system defined by the failure to achieve a clinical pregnancy after 12 months or more of regular unprotected sexual intercourse’ (Zegers-Hochschild et al., 2017). It affects about 8%–12% of couples worldwide; this prevalence has increased in recent decades (Kumar and Singh, 2015). Given that 95% of the world population considers becoming a parent as part of their adult development, infertility is a disruption to their life course (Bahamondes and Makuch, 2014). It also induces psychological suffering and discord in the marital relationship (Bahamondes and Makuch, 2014; Ahmadi Forooshany et al., 2014). In couples afflicted by infertility, 26%–30% of cases are caused by male factors, while 45%–60% are caused by female factors (Lindsay and Vitrikas, 2015). Male infertility is commonly due to deficiencies in sperm and semen. Male infertility pathogenesis includes inflammation and infection, injury and surgery, smoking, drinking, anatomic variance, genetic defect(s), immunological disorder, systemic disease and aging. Infection and inflammation of the urogenital tract account for more than 12% of male infertility (Dohle, 2003). Chlamydia trachomatis and Neisseria gonorrhoeae are the most common pathogens in sexually transmitted urogenital infection (Pellati et al., 2008), and uropathogenic Escherichia coli (UPEC) accounts for most cases of ascending urogenital infections (Pellati et al., 2008). Female infertility is mostly due to infections and inflammation such as salpingitis and vaginitis. N. gonorrhoeae and C. trachomatis are the most widely reported pathogens that lead to salpingitis. Other pathogens, such as Mycoplasma genitalium and Trichomonas vaginalis, have also been reported (Mitchell and Prabhu, 2013; Tsevat et al., 2017; Arustamyan et al., 2017). Bacterial vaginitis (BV) is the most prevalent vaginitis among women of reproductive age; approximately 40%–50% of vaginitis cases are BV (ACOG technical bulletin, 1996; Onderdonk et al., 2016). Vaginal candidiasis (20%–25%) and trichomoniasis (15%–20%) are the second and third most common vaginitis (ACOG technical bulletin, 1996). Notably, 10%–20% of infertility cases are unexplained (Lindsay and Vitrikas, 2015): the infertility does not have a clinical inflammation or related disease(s). Given that microbiological factors account for a large proportion of known infertility, it is rational to study the microbiological induced infertility under non-inflammatory conditions.



Types and Probiotic Properties of the Vaginal Microbiome

It has long been known that the vagina contains its own microbiota. The interaction between host and the vaginal microbiota provides the unique microenvironment of the vaginal tract.


Lactobacillus: Dominant Genus of the Vaginal Microbiome Under Physiological Conditions

The profile of the vaginal microbiome differs depending on age, but for most cases of healthy women of reproductive age, Lactobacillus species are the dominant vaginal bacteria (Martin and Marrazzo, 2016; Godha et al., 2017). Lactobacillus in the vagina is highly limited to certain strains (Nunn and Forney, 2016). In most cases, Lactobacillus crispatus, Lactobacillus gasseri, Lactobacillus jensenii and Lactobacillus iners dominate the vaginal microbiome (Nunn and Forney, 2016). One of the important factors that influence the profile of vaginal microbiota is the concentration of local estrogen. A high estrogen concentration can induce a thicker vagina mucosa, upregulate proton secretion by vaginal epithelial cells and accelerate the deposition of glycogen in the vaginal epithelium (Semmens and Wagner, 1982; Gorodeski et al., 2005; Godha et al., 2017). All these changes enrich the vaginal microbiota, especially Lactobacillus species. The pH level of the vaginal cavity maintains a dynamic stability throughout the reproductive age, and accumulation of lactic acid released by Lactobacillus species plays a major role on the acidification process.



Profile and Community State Types of the Vaginal Microbiome

In terms of the dominant bacterial species, vaginal microbiota can be divided into five community state types (CSTs). The microbiome dominated by L. crispatus, L. gasseri, L. iners, and L. jensenii is separately classified as CST I, II, III, and V, respectively (Ravel et al., 2011; Nunn and Forney, 2016). Cases that are dominated by more than one Lactobacillus species are very rare in black women but common in Caucasian and Asian women (Zhou et al., 2010). The final community type (CST IV) is dominated by other anaerobic bacteria such as Gardnerella vaginalis, Prevotella, Atopobium, and Megasphaera instead of Lactobacillus (Ravel et al., 2011). CST IV can be further divided into CST IV-A and CST IV-B. CST IV-A does not have an obvious dominant bacterial genus and is composed of low proportions of Lactobacillus species and other anaerobic species such as Anaerococcus, Corynebacterium, Finegoldia, and Streptococcus, while CST IV-B is dominated by Atopobium and accompanied by species from Prevotella, Parvimonas, Sneathia, Gardnerella, Mobiluncus, or Peptoniphilus (Gajer et al., 2012). Many bacterial species present in CST IV are considered to be the pathogens of BV. Thus, the presence of CST IV may indicate a subclinical BV, and CST IV-B is more likely to develop into a clinical infection due to its low ratio of Lactobacillus colonization. Racial differences in vaginal microbiota have been reported. Fettweis et al. showed that white women were more likely to develop a Lactobacillus-dominant vaginal microbiota compared to black women (Fettweis et al., 2014). Zhou et al. showed that Japanese and Caucasian women were more likely to develop a vaginal microbiota dominated by multiple Lactobacillus species compared with black women (Zhou et al., 2010). As a result, black women are more likely to develop a vaginal microbiome with a lower proportion of Lactobacillus species.



Probiotic Effect of Vaginal Lactobacilli

Vaginal lactobacilli play an essential role in maintaining a healthy female genital system. The protective benefits of vaginal Lactobacillus have been widely reported. These protective benefits can be attributed to bactericidal substances, ecological niche occupation and immunomodulatory effects. Therein, lactic acid secreted by vaginal lactobacilli plays a major role. The protective benefits of lactic acid have been widely reported. Some studies have shown that a physiological concentration of lactic acid in the vagina can effectively inactivate HIV and inhibit the growth of uropathogenic bacteria and BV-associated pathogens (Aldunate et al., 2013a; Gong et al., 2014; Leccese Terraf et al., 2017). Direct inactivation is the major effect responsible for this benefit (Aldunate et al., 2013b), and the immunomodulatory effect plays a controversial role in this process (Witkin et al., 2011; Hearps et al., 2017). Hydrogen peroxide (H2O2) had been described as the main bactericidal substance produced by vaginal Lactobacillus, but recent studies have contradicted the effect of H2O2 (Eschenbach et al., 1989; Mitchell et al., 2015; Tomás et al., 2016; Tachedjian et al., 2018). Hence, the acid-producing abilities of Lactobacillus species have become the major criterion when evaluating their probiotic benefits. Based on an in vitro test, L. crispatus accumulates a higher lactic acid concentration compared with L. iners (Witkin et al., 2013). Thus, L. crispatus has a more potent probiotic effect compared with L. iners. Vaginal Lactobacillus species also prevent the occurrence and development of cancer cells. In several studies, patients with cervical intraepithelial neoplasia were more likely to have a low concentration of vaginal Lactobacillus species (Mitra et al., 2016). Other authors have demonstrated the anti-tumor effect of L. gasseri; this effect is mediated by directly inhibiting the proliferation of tumor cells (Wang et al., 2017), or indirectly by promoting the clearance of human papilloma virus (HPV) (Brotman et al., 2014). Notably, the inhibitory effect of L. gasseri on tumor cells is independent of pH level and lactate (Motevaseli et al., 2013); exopolysaccharides (EPSs) produced by Lactobacillus may play an essential role in this process (Sungur et al., 2017). The protective benefit against other pathogens and inflammation also reduces the risk of cervical cancers, and similar benefit can also be observed in other gynecological cancers (Ghosh et al., 2016; Ramchander and Crosbie, 2018).



Dysbiosis of the Vaginal Microbiome Indicates a Vulnerable Condition

Dysbiosis of the vaginal microbiota often presents as BV. The major characteristic of BV is the shift from a Lactobacillus-dominant flora to a polymicrobial flora in the vaginal tract (Onderdonk et al., 2016). Unlike other forms of vaginitis, BV is a complex syndrome that is not caused by a specific pathogen. This indeterminate pathogenicity makes it difficult to diagnose via a single criterion. To date, the Nugent score and Amsel criteria are two commonly used measures to evaluate BV (Kenyon and Osbak, 2014). The Nugent score focuses on the morphotypes of bacteria in vaginal smear (Nugent et al., 1991), while Amsel criteria focus on the physical characteristics of vaginal swabs (Amsel et al., 1983; Kenyon and Osbak, 2014). BV has a strong association with infertility (Salah et al., 2013; Babu et al., 2017). Ascending infection of BV-associated bacteria will impair the function and immunity barrier of the upper genital system (Racicot et al., 2013; Ravel and Brotman, 2016). In addition, there has been a reported direct impairment effect of BV-associated pathogens on ejaculated spermatozoa. This phenomenon provides some hints about the interaction between the vaginal microbiome and ejaculated spermatozoa.




Types and Pathogenic Properties of the Semen Microbiome

The semen of healthy males had been considered a sterile condition because traditional bacterial cultivation provided an incomplete characterization of the full semen microbiome profile. With the development of high-throughput sequencing, insights into the semen microbiome have been gradually revealed, but the available studies are still insufficient.


Uropathogens, Semen Quality, and Dysspermia

Based on recent studies, most normal semen contains bacteria, and 30% of normal semen samples contain overt bacteria that can be cultivated (Vilvanathan et al., 2016; Zeyad et al., 2018). The inflammation and infection caused by uropathogens play an essential role in infertility. Most common uropathogens are associated with dysspermia: they can influence the semen quality in spermatogenesis, reservation and fertilization (Farsimadan and Motamedifar, 2020). Some uropathogens can directly impair the performance of spermatozoa (Table 1), but the majority of uropathogens impair the semen quality during spermatogenesis. However, the spermicidal effect is evaluated in vitro, and this approach may differ from the physiological state. Although the virulent factors of many common uropathogens have been identified, it remains controversial whether the presence of these uropathogens can impair the semen quality. Some studies have shown that the presence of these pathogens is inconsistence with the abnormal semen parameters (Filipiak et al., 2015; Vilvanathan et al., 2016). Given that a mature male can release billions of activatable spermatozoa in one mate, asymptomatic bacteriospermia with a low bacterial load would likely not cause a prominent decrease in semen quality (Vilvanathan et al., 2016). The bactericidal molecules in semen also inhibit the bacterial spermicidal effect (Schulze et al., 2020).


Table 1 | Agglutination and immobilization factors of some pathogens.





Seminal Lactobacillus, Community Types, and Dominant Species

When considering the prevalence of bacterial species in the semen microbiome in healthy males, it is essential to detail the profile of the semen microbiome. The significance of semen bacterial communities remains to be investigated; in earlier studies, researchers had been inclined to consider asymptomatic bacteriospermia as a pre-inflammatory condition, while in recent studies, researchers have considered some uropathogens as part of the normal flora in semen (Farsimadan and Motamedifar, 2020). Farahani et al. summarized the recent studies on the semen microbiome using high-throughput sequencing (Farahani et al., 2020). The authors showed that some common uropathogens such as Ureaplasma urealyticum, Enterococcus faecalis and Mycoplasma hominis have strong associations with male infertility, while other uropathogens, such as C. trachomatis, E. coli, and Staphylococcus aureus are not associated with low semen quality even though their spermicidal effects have been widely reported (Farahani et al., 2020). Semen communities reported in different studies are disparate, and their influence on semen quality has been controversial. Monteiro et al. revealed that Enterococcus was a dominant genus among 118 samples of normal semen, low-sperm-concentration semen, low-sperm-motility semen and abnormal morphylogy semen, and Lactobacillus represented a very low percentage of the semen microbiota in all samples (0.5%) (Monteiro et al., 2018). Hou et al. separated the semen microbiota from 77 samples with six CSTs according to the Calinski–Harabasz index. CST IV and V were predominated by Ralstonia and Lactobacillus while other CSTs were characterized by a variety of bacteria without a dominant genus. Semen from infertile patients had no significant differences in CSTs compared with normal samples, which indicates that the probiotic effect of Lactobacillus in semen quality is limited (Hou et al., 2013). Another two studies have highlighted the probiotic effect of seminal Lactobacillus. Weng et al. separated the semen microbiome from 96 samples into three CSTs, which were predominated by Pseudomonas, Lactobacillus and Prevotella, respectively. Most samples with normal semen quality were dominated by Lactobacillus (Weng et al., 2014). Baud et al. separated semen microbiome from 94 samples into three CSTs, which were characterized by high levels of Prevotella and Lactobacillus and a balanced representation of Corynebacterium, Staphylococcus, and Planococcaceae. Samples with normal sperm morphology had a higher level of Lactobacillus, but samples with low sperm motility and vitality had the same level of Lactobacillus compared with counterparts (Baud et al., 2019). Generally, a relatively high percentage of seminal Lactobacillus is positively associated with semen quality, which indicates Lactobacillus species may play a probiotic role on male genial tract.


Uropathogenic Escherichia coli, Sperm Agglutination and Immobilization

In previous studies, researchers have mainly focused on the inflammatory response caused by an infection instead of the direct spermicidal effect of pathogens. UPEC is the most widely reported uropathogen, and it presents a direct spermicidal effect. As early as 1931, Rosenthal had demonstrated an agglutination effect of E. coli on spermatozoa, and subsequent studies have also proven its immobilization effect on spermatozoa. Various proteins and molecules that contribute to these effects have been isolated. Fimbriae are the major structure responsible for the agglutination effect of E. coli. Two kinds of fimbriae are present on the surface of E. coli: type 1 pili and type P pili (Monga and Roberts, 1994). Type 1 pili can recognize the α-D mannose group on the head of spermatozoa, while type P pili can recognize the a-D-galp-l-4-9-D-galp group on the tail of spermatozoa. Both type 1 and type P fimbriae present a hemophilic adhesion effect; hence, bacteria that contain these two fimbriae produce an agglutination effect on spermatozoa. Different bacteria or even different strains of E. coli show broad diversity on the categories and numbers of fimbriae. Bartoov et al. indicated that type 1 pili might play a major role in urogenital infection (Bartoov et al., 1991). Aucky et al. isolated a hemagglutinin protein (32.2 kDa) on the terminal of fimbriae, which might be responsible for the adhesion of E. coli to spermatozoa (Aucky Hinting DMS, 2013).

Despite the sperm adherent effect, the direct spermicidal effect of E. coli has been adequately detailed. Sperm immobilization is a sophisticated process that can be disrupted by a variety of factors. Some studies have demonstrated the effect of lipopolysaccharide (LPS) on this process; LPS is a common endotoxin present on the surface of E. coli that can bind to Toll-like receptor 4 (TLR4), present on the membrane of spermatozoa, and consequently decrease sperm motility (Fujita et al., 2011). The possible mechanism of this impairment is that activation of the TLR signaling cascade increases the reactive oxygen species (ROS) level and therefore disrupts the membrane conformation of spermatozoa. This disruption can be hindered by ROS scavengers such as superoxide dismutase (SOD) (Urata et al., 2001; Fujita et al., 2011). Exotoxins also play a role in this process. A common E. coli exotoxin, hemolysin, can enhance the sperm immobilization mediated by pathogenic E. coli (Boguen et al., 2015). Hemolytic E. coli strains reportedly immobilize spermatozoa at a lower concentration compared with non-hemolytic strains. They can also induce a higher intracellular ROS level and lower sperm mitochondrial membrane potential (Δψm) (Boguen et al., 2015). α-Hemolysin (HlyA) is the most common reported hemolysin in UPEC; this 110 kDa protein contains several toxin family repeats (Wiles and Mulvey, 2013). HlyA can insert into the membrane of some cell types and assemble into a transmembrane pore. Studies have demonstrated that various receptors may mediate this transmembrane effect, for example, LFA-1 on the surface of leucocytes, but the transmembrane effect is generally considered to be non-specific (Wiles and Mulvey, 2013). Notably, α-HlyA of E. coli is transported by a type I secretion mechanism, and this mechanism transports hemolysin only when the bacteria directly contacts the cells (Kim et al., 2008). Hence, these immobilization factors are isolated from the bacterial body and only exert an effect when the bacteria adhere to the sperm. In addition to bacterial bodies, sperm immobilization can also be observed in supernatant or filtrate of a bacterial suspension. An early study reported a small soluble sperm immobilization factor (SIF) – a heat-stable small molecule – in an E. coli filtrate (Paulson and Polakoski, 1977). In recent studies, researchers have reported that E. coli contains a large SIF, a heat-labile, 56 kDa protein that can recognize a specific 113 KDa receptor presented on the membrane of spermatozoa (Prabha et al., 2010; Kumar et al., 2011). This SIF has a significant inhibitory effect on Mg2+-dependent ATPase activity and acrosome reaction induced by calcium ionophore (Vander et al., 2013).




Spermicidal Effect of Other Pathogens

In studies of sperm agglutination and immobilization effects in other bacteria, researchers have also isolated some related molecules. Prabha et al. isolated a 20 KDa SIF from S. aureus filtrates; this heat-labile protein can recognize a specific 62 kDa receptor on the surface of spermatozoa (Prabha et al., 2009a). It inhibits Mg2+-dependent ATPase activity and the acrosome reaction to a lesser extent compared with E. coli (Gupta and Prabha, 2012). These data indicate that the Mg2+-dependent ATPase plays an important role on sperm motility function. Pant et al. isolated an 80 kDa sperm agglutination factor from Staphylococcus warneri; it also inhibits Mg2+-dependent ATPase activity and showed a potent contraceptive effect in mouse models (Pant et al., 2019). Ohri et al. isolated a 70 kDa protein from the cell culture of S. aureus; this protein mediates a tail-to-tail agglutination of spermatozoa (Ohri and Prabha, 2005). β-Hemolysin isolated from Enterococcus also impairs sperm motility, similar to HlyA; it impacts the membrane integrity and thus contributes to its toxic effect (Qiang et al., 2007). Sperm agglutination and immobilization have been shown for other pathogens, such as C. trachomatis, Mycoplasma species and T. vaginalis (Monga and Roberts, 1994; Sellami et al., 2014). The agglutination and immobilization effects of bacteria on human sperm are simultaneous and reversible in most cases, but high concentrations of some factors, such as hemolysin and LPS, can remarkably reduce the vitality of spermatozoa. Agglutinated sperm often show disruption in membrane morphology. An elevated ROS level and reduced Δψm are associated with necrosis and apoptosis of spermatozoa. In conclusion, the sperm impairment effect of bacteria is multifactorial and mediated by a variety of mechanisms.




Roles of Lactobacillus on Fertility

The probiotic effect of Lactobacillus on the male and female genital tract have been discussed above. Given that the Lactobacillus presents a probiotic effect on both gametes and the microenvironment, it is easy to assume that Lactobacillus also plays a positive role on fertility. However, fertilization is a dynamic process that requires the gametes maintaining vitality in several microenvironments, a factor that is usually ignored during in vitro studies.


Bacterial Concentration and the Adherent Effect

For years, vaginal Lactobacilli had been considered as totally beneficial components of the genital system, while the seminal Lactobacillus were still controversial. An essential point that had been ignored in the previous studies is that the concentrations of vaginal Lactobacillus and seminal Lactobacillus are totally different. Ejaculated spermatozoa stay in the vaginal tract for a period before fertilization. Even if seminal Lactobacillus have a positive effect on spermatozoa, it remains dubious whether vaginal Lactobacillus, which are far higher in concentration, exert a positive effect on ejaculated spermatozoa.

The adherent ability is a crucial property; it varies with the alteration of bacterial concentration. The adherent ability is an important criterion for evaluating the probiotic or pathogenic effect of microbes. Bacterial adhesion is the first step in colonization. It determines the invasive ability of pathogens and the potential of probiotics. The adherent effect of vaginal Lactobacillus species has been extensively studied. Species with a strong adherent effect are considered to be more beneficial to the human body, and probiotics with higher adherence to cells or the extracellular matrix, such as Lactobacillus rhamnosus and Lactobacillus fermentum, are more frequently used for clinical treatment (Shokryazdan et al., 2014; Verdenelli et al., 2014; Homayouni et al., 2014).

With a high concentration, the adherence of vaginal Lactobacillus to spermatozoa may differ from that of seminal Lactobacillus. Ejaculated spermatozoa are mobile planktonic cells. Given that spermatozoa motility is a critical criterion for evaluating fertility, bacterial adherence may increase the load of spermatozoa and therein impair the motility of spermatozoa. Spermatozoa with lower motility have more chances to become adherent, and the binding of bacteria increases the load of cells and in turn reduces their mobility. With high concentrations of bacteria in the vaginal tract, these spermatozoa may be deposited and lose their vitality. Bacteria that adhere to spermatozoa at some specific sites may induce negative effects. Bacteria that adhere to the acrosome of the spermatozoa may block critical fertilization mechanisms. Hence, species with an adhesion preference to the acrosome may present a strong negative effect. Immobilized spermatozoa can act as a kernel that attracts planktonic bacteria to form complexes. When the concentration of planktonic bacteria reaches a threshold, numerous complexes may agglutinate and form a huge net structure that may intercept the swimming of normal spermatozoa. Widespread agglutination of bacterial bodies may induce the secretion of EPSs and initiate biofilm formation. Despite the direct attachment, the release of some exotoxins may immobilize spermatozoa and impair their fertilization ability. All these negative effects require a high bacterial concentration, which is unusual in semen but common in vaginal tract (Figure 1).




Figure 1 | The influence of vaginal bacteria on ejaculated spermatozoa. The red area shows agglutination models: FimA located along the type 1 pilus of Escherichia coli binds to α-D mannose; PapG located at the tip of type P pilus binds to a-D-galp-l-4-9-D-galp (Monga and Roberts, 1994); a kind of 70 kDa adhesin on the surface of Staphylococcus aureus mediates sperm agglutination effect (Ohri and Prabha, 2005); SpaC located along the pilus of the Corynebacterium and Lactobacillus mediate the sperm agglutination effect (Makarova et al., 2006; Barbonetti et al., 2013); exopolysaccharides (EPSs) of the biofilm may also impact the function of spermatozoa. The yellow area shows immobilization models: lipopolysaccharide (LPS) in E. coli recognizes Toll-like receptor 4 (TLR4) (Fujita et al., 2011); a soluble small molecule mediates the sperm immobilization effect (Paulson and Polakoski, 1977); a 56 kDa sperm immobilization factor (SIF) recognizes a 113 kDa receptor and thereby impacts Mg2+-dependent ATPase and calcium ionophore (Prabha et al., 2010); α-hemolysin (HlyA) in E. coli impacts the membrane integrity of spermatozoa by LFA-1-mediated insertion or non-specific insertion (Wiles and Mulvey, 2013); a 20 KDa SIF from S. aureus can recognize a 62KDa receptor, which impact the Mg2+-dependent ATPase and calcium ionophore (Prabha et al., 2009a; Prabha et al., 2009b; Gupta and Prabha, 2012); Lactobacillus peptidoglycan recognizes TLR2 (Fujita et al., 2011); β- hemolysin from Enterococcus or perhaps Lactobacillus also impacts the membrane integrity of spermatozoa (Qiang et al., 2007). The blue area shows consequences: irremovability, acrosome impairment, agglutination, apoptosis and deposit. The hollow circles show the related bacteria or matrix.





Adherent Properties of Lactobacillus to Spermatozoa

The adherence of Lactobacillus to spermatozoa has been rarely reported. In a recent in vitro study, vaginal Lactobacillus strains presented a far stronger adherent effect on spermatozoa compared with Enterococcus, Bacteroides, Bifidobacterium and Enterobacteriaceae (Wang et al., 2019). In a co-incubation test of single bacterial species and ejaculated spermatozoa, this adherent effect significantly impaired the motility of spermatozoa (Wang et al., 2019).

The mechanism of bacterial adherence is complicated. In general, pili, afimbrial adhesins and interfacial free energy may play a role in this process. pili are hair-like appendage on the surface of bacteria. SpaCBA and LrpCBA are two major types of pili observed on the surface of some Lactobacillus species. SpaCBA is a kind of common pilus observed in varieties of Gram-positive bacteria. It plays a role on colonization by binding to host epithelial cells, mucin, mucous collagen as well as inducing bacterial aggregation. This pilus is observed in seminal Corynebacterium, and these pili may be associated with an exclusive sperm impairment effect on sperm motility without impacting the morphology and vitality of these cells (Turk et al., 2007; Mashaly et al., 2016). LrpCBA can be observed in most strains of L. ruminis. This pilus has a trend to bind type I collagen, fibronectin and host epithelial cells but lacks the ability of homophilic interaction. Some of Lactobacillus species (L. casei, L. paracasei and L. rhamnosus) contain the operon of anther pilus called SpaFED, recombinant SpaFED shows a similar adhesive property with SpaCBA, but this pilus lacks expression in native condition (Table 2) (Segers and Lebeer, 2014; von Ossowski, 2017). A putative mannose binding lectin gene is identified in the genome of L. plantarum. Given the mannose binding lectins of E. coli type 1 pili mediate the sperm adherent effect of UPEC, this gene may mediate the sperm adherent effect of Lactobacillus speices (Malik et al., 2016). In addition, the long fibrous structure of a pilus also contributes to the adherent process. Given that the strength of interfacial free energy is associated with the surface area, a pilus can easily pierce the energy barrier between two surfaces due to its small radii (Hori and Matsumoto, 2010).


Table 2 | Fimbriae and microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) of Lactobacillus species.



Afimbrial adhesins also play an essential role in bacterial adhesion. A group of proteins called microbial surface components recognizing adhesive matrix molecules (MSCRAMMs), have been identified in some gram-positive bacteria. These molecules covalently link to peptidoglycans in the cell wall by sortases and target proteins in the host’s extracellular matrix (Vengadesan and Narayana, 2011). Cna and SdrC are two kinds of MSCRAMMs detected on the Lactobacillus species (Barbu et al., 2014; Chahales and Thanassi, 2015). These molecules are originally detected on the surface of Staphylococcus aureus. Cna plays a role on bacterial colonization by bind to collagen II of extracellular matrix (Herman-Bausier et al., 2016). SdrC plays a role on bacteria aggregation by a mild homophilic interaction. It also induces a strong affinity to some hydrophobic substances (Table 2) (Barbu et al., 2014). Numerous adhesins of the cell surface have been derived from gene sharing, a phenomenon where one protein can perform multiple functions in unrelated biological processes (Jeffery, 2003). The proteins that present gene sharing are called moonlighter proteins. Some enzymes, such as glyceraldehyde-3-phosphate dehydrogenase, L-lactate dehydrogenase, phosphoglyceromutase and UTP-glucose-1-phosphate, are used as moonlighter proteins in bacteria (Celebioglu and Svensson, 2018). They are secreted to the cell surface and act as adhesins, despite their roles in metabolic pathways. Moonlight proteins are detected on the surface of many Lactobacillus species (Sengupta et al., 2013), Borgdorff H et al. isolated some of moonlight proteins of L. iners and L. crispatus, their studies indicated that these proteins provide extra colonization benefits by playing a role of adhesins (Borgdorff et al., 2016).

Physical characters of bacterial cells also influence adherence. Charge distribution, hydrophobicity and the area of the contact surface are major physical factors that affect bacterial adherence. The influence of these factors can be quantified as the interfacial free energy. Hori demonstrated how to calculate the interfacial free energy and how the interfacial free energy influences the adhesion process (Hori and Matsumoto, 2010). This theory partly explains the influence of solution pH and hydrophobicity of cell surface substrates on adherence. Adhesion is favored when free energy is negative, and positive free energy provides an energy barrier between two surfaces and disturbs the adherence (Hori and Matsumoto, 2010). Interfacial free energy mainly influences the initial phase of adherence, in which the bacteria attach to a surface and form a transient, reversible and non-specific adherence. This initial adherence allows adhesins to bind to the surface, and then the bacterial adhesins will lead to an irreversible time-dependent adhesion after the initial phase (Katsikogianni and Missirlis, 2004). Some allosteric proteins such as acetolactate synthase will undergo a force-induced unfolding during the initial phase. The unfolding process alters their hydrophobicity and initiates a firm hydrophobic adhesion (Dufrêne, 2015). This strategy is reported in yeast cells, but the Als family of adhesins is also expressed in some Lactobacillus species (Siezen et al., 2012).



Host Factors That Influence Bacterial Adherence

Under physiological conditions, the adherent pattern of bacteria is much more complex. Bacteria in the human body adhere to host epithelial cells, mucus and other bacteria. The interaction between bacteria and mucus plays a specific role on bacterial colonization. Mucins (MUC) are the major mucus substrate that interact with colonized bacteria. They are macromolecular glycoproteins that are secreted by specialized epithelial cells. In the female genital tract, mucosal epithelial cells express the transmembrane mucins MUC1, MUC4 and MUC16 on the cell surface, and goblet cells secrete mucus-forming mucins MUC5AC, MUC5B and MUC6 to the outer environment (Taherali et al., 2018). Transmembrane mucins provide adherent sites for vaginal bacteria so that they facilitate the colonization of vaginal bacteria. However, the effect of mucus-forming mucins on bacterial colonization is ambiguous. Free mucins provide adherent sites and nutrition for vaginal Lactobacillus species in a static condition, but a high level of free mucins will cover the surface of bacteria and disturb the attachment. Thus, planktonic bacteria will finally be washed out by vaginal fluid. The major mucin component of vaginal mucus is MUC5B (Portal et al., 2017; Taherali et al., 2018), and the secretion of MUC5B in the vaginal tract fluctuates during the menstrual cycle (Gipson et al., 2001); hence, the properties of mucus on bacterial adhesion may be different at different periods. The major ligands for bacterial adhesins of mucins are O-glycans (Sicard et al., 2017). O-glycan deficiency or lack of secretion alters vaginal bacterial communities (Ringot-Destrez et al., 2017). At the ovulatory phase, mucins with a neutral oligosaccharides on O-glycans are abundant compared with the acidic oligosaccharides at the follicular phase (Taherali et al., 2018). In addition to mucins, other matrix proteins such as fibronectin, fibrinogen and vitronectin also act as adherent sites.



State of Aggregation and Bacterial Adherence

Bacteria can also attach to each other, a process known as agglutination. Bacteria with a high agglutination potential can form a complex architecture called a biofilm (Toyofuku et al., 2016). Biofilm formation provides a more hospitable outer environment for bacterial colonization. Intricate host–bacteria and bacteria–bacteria adhesions allow these bacteria to firmly occupy niches. A thick EPS layer limits the diffusion of antimicrobial agents, a factor that helps the bacteria evade the host immune system (Rabin et al., 2015). Besides, the high density of bacterial communities facilitates DNA exchange and therein exacerbates the spread of drug resistance (Rabin et al., 2015). Biofilm formation seems to be a natural – and sometimes – predominant step for colonization (Rabin et al., 2015). Planktonic bacteria first attach and adhere to a surface, and then colonized bacteria secrete EPSs and recruit other bacteria to thicken the biofilm (Rabin et al., 2015; Sharma et al., 2016). Aggregated bacteria synchronize their gene expression by a process called quorum sensing, by which the community regulates its cell density and performs some collective behaviors (Lyon and Muir, 2003; Sharma et al., 2016). A multispecies biofilm often forms an intricate micro-ecological system. Bacteria with different oxygen demands occupy distinct biofilm layers (Rabin et al., 2015). Synergistic and antagonistic interactions between species allow the biofilm to resist external disturbances (Oliveira et al., 2015; Del Pozo, 2017). A mature biofilm will sometimes undergo a process called dispersion, during which the bacteria detach from the biofilm and become planktonic. The outer environment influences the balance of the planktonic and biofilm state. Severe environments, such as high level of antimicrobial agents, favor communities to generate a biofilm. When the condition becomes more favorable, the bacteria are released by dispersion and become planktonic (Sharma et al., 2016). Biofilm formation often alters the physiological character of bacteria. The bacteria within the biofilm have a different gene expression profile and unique characteristics compared with their planktonic counterparts (Del Pozo, 2017; Dumitrache et al., 2017), and the EPSs of a biofilm also influence the behavior of communities (Rabin et al., 2015). It is rational to speculate that the state of bacteria also influences their adherent ability, but the details are still unclear.



Other Possible Sperm Impairment Factors of Vaginal Lactobacillus

Vaginal Lactobacillus species exert anti-oxidant effects via a myriad of mechanisms that provide protection against the impact of ROS caused by immobilization factors. Barbonetti et al. showed that some Lactobacillus species can prevent the sperm immobilization effect of soluble factors produced by E. coli; a reduced ROS level is associated with this benefit (Barbonetti et al., 2013). LPS is absent in gram-positive bacteria; however, Peptidoglycan on the surface of bacteria has a toxic effect that is similar to LPS. It can recognize TLR2 presented on the acrosome surface, reduce the motility of human sperm and induce the apoptosis of spermatozoa (Fujita et al., 2011). Thus, the general sperm immobilization effect of vaginal Lactobacillus is controversial. Furthermore, genomic studies have revealed the hemolysin genes on all four Lactobacillus species that dominant vaginal communities, and some strains of L. rhamnosus and L. fermentum, also contain hemolysin genes (Makarova et al., 2006). It is still unclear whether these genes can be expressed and transported through the cell wall, and the potential immobilization effect of these Lactobacillus species must be determined by additional studies.



Significance of Vaginal Lactobacillus to Fertility

A high Lactobacillus load can enhance the vitality of gametes in the male genital tract and stabilize the microenvironment of the female genital tract. These probiotic effects ultimately result in a positive effect on fertility (Rowe et al., 2020). However, the adherent effect of genital Lactobacilli can also induce a sperm impairment effect when there is a high bacterial load. Given that vaginal Lactobacillus species do not dramatically influence fertility, the sperm impairment effects of vaginal Lactobacillus should be relatively mild under physiological conditions compared with the powerful effects of urogenital pathogens. Spermatozoa with low motility or a vulnerable morphology will be readily agglutinated and immobilized, but those with higher motility and a stable morphology can overcome the weak affinity and remain intact. This mild impairment effect can perform a selection effect on ejaculated spermatozoa: spermatozoa with low motility and a vulnerable morphology will be weeded out in the vaginal tract. This foundation can be found in postcopulatory sexual selection of polyandrous wild animal species (Rowe et al., 2020). Vaginal Lactobacillus species, combined with other selection mechanisms in the female genital system, eliminate these abnormal spermatozoa and therefore ensure the quality of the paternal genome. However, this mild sperm impairment may also be responsible for some cases of unexplained infertility. For women whose partners are subfertile, this selection mechanism may exert a negative effect. Given that their partners are potential patients with oligospermia, asthenospermia, or teratospermia, the sperm selection effect of vaginal Lactobacillus species may amplify the condition. In addition, vaginal Lactobacillus species may show a powerful sperm impairment effect if they are present at a very high concentration. Probiotic therapies with vaginal administration may induce the overload of vaginal Lactobacillus. The concentration of vaginal Lactobacillus species fluctuates along with temporal and individual differences, and thus the sperm impairment effect of vaginal Lactobacillus species may result in variable consequences in different hosts. Furthermore, bacteria within a biofilm may present distinct adherence profiles compared with their planktonic counterparts. Biofilm ESPs may provide excessive interactions between spermatozoa and communities, a phenomenon that is often ignored in the co-incubation test. Some species have a strong tendency to form a biofilm in vivo, and the adherent effect of biofilm may play a major role instead of the planktonic counterparts (Ventolini et al., 2015). The sperm impairment effect of vaginal Lactobacillus species may also influence the evolution of reproductive strategies. As vaginal Lactobacillus species only dominate vaginal communities in humans, the sperm selection of vaginal Lactobacillus species may denote some unique characteristics in human reproductive strategies. Understanding this interaction is also essential for infertility treatment. With the popularization of probiotic drugs for vaginitis treatment, this interaction should be extensively investigated, and the adverse effect of vaginal probiotic drugs should be reconsidered. Despite their medicinal value, related research findings may also give new contraceptive strategies. Studies of the sperm–E. coli interaction have demonstrated the possibility of contraceptive vaccines. This strategy has been demonstrated as anti-sperm receptor antibodies; previous contraceptive vaccines mimic the antibodies from E. coli and have proven its efficacy. Additional studies of vaginal Lactobacillus species can provide new choices for contraceptive vaccines (Kaur et al., 2015).




Conclusion

Lactobacillus are common bacteria in the vaginal tract of healthy females. While in previous studies authors had usually focused on their probiotic effect, in this review we provided a new perspective on how vaginal Lactobacillus impair the ejaculated spermatozoa, which contradicts the original view of genital Lactobacillus as a probiotics. The key point is the concentrations of vaginal Lactobacillus are different from that of seminal Lactobacillus and what is reported in vitro tests. With a periodic change in nutrition supplementation, vaginal Lactobacillus present a huge temporal difference in concentration and distribution, which is often ignored but may influence the fertility in a subtle way, and the marked individual differences in the vaginal microbiome in asymptomatic females also underlies variable effects. Therefore, while the probiotic effects of genital Lactobacilli have been widely demonstrated, it remains uncertain whether these Lactobacillus species play a positive role in fertilization, as the generally supposed probiotic characteristics may induce variable results under different bacterial concentrations. With a deeper understanding of microbiology, the boundary of probiotics and pathogens has become indistinct and controversial. For each probiotic with potential commercial value, it is of great importance to evaluate its potential pathogenic elements from different fields’ points of view. Given that these potential elements may induce complications during probiotic therapies and partially elucidate unexplained infertility, extensive study is essential.
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Short chain fatty acids (SCFAs) are known to be actively involved in multiple brain disorders, but their roles in sepsis-associated encephalopathy (SAE) remain unclear. Here, we investigated the neuroprotective effects of SCFAs on SAE in mice. Male C57BL/6 mice were intragastrically pretreated with SCFAs for seven successive days, and then subjected to SAE induced by cecal ligation and puncture. The behavioral impairment, neuronal degeneration, and levels of inflammatory cytokines were assessed. The expressions of tight junction (TJ) proteins, including occludin and zoula occludens-1 (ZO-1), cyclooxygenase-2 (COX-2), cluster of differentiation 11b (CD11b), and phosphorylation of JNK and NF-κB p65 in the brain, were measured by western blot and Immunofluorescence analysis. Our results showed that SCFAs significantly attenuated behavioral impairment and neuronal degeneration, and decreased the levels of IL-1β and IL-6 in the brain of SAE mice. Additionally, SCFAs upregulated the expressions of occludin and ZO-1 and downregulated the expressions of COX-2, CD11b, and phosphorylation of JNK and NF-κB p65 in the brain of SAE mice. These findings suggested that SCFAs could exert neuroprotective effects against SAE in mice.
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Introduction

Septic-associated encephalopathy (SAE) is one of the main sequelae of sepsis survivors, affecting between 8-70% of patients (1, 2). SAE increases the risk of mortality of patients with sepsis (3). The pathophysiology of SAE is complex; blood–brain barrier (BBB) impairment and neuroinflammation might be the key processes in the occurrence of SAE (4–6). BBB could control the balance of blood–brain water, molecules, and ion, and restrain the invasion of immune cells, toxins, and pathogens. Of note, sepsis is often accompanied by increased permeability of BBB, which leads to SAE. Following BBB impairment, neuronal degeneration and brain edema aggravate brain injuries and neuroinflammation (7, 8). Dysfunction of the vascular complex, including endothelial cells, astrocytes, and the blood-brain barrier, and activation of microglia result in neuroinflammation. Neuroinflammation in sepsis develops with the activation of brain endothelial cells, the increase of BBB permeability, and the increase of neutrophil infiltration; these abnormalities can lead to brain dysfunction (9). Microglia could be activated in animal models (10, 11) and patients with sepsis (12, 13). So far, aside from the application of antimicrobial therapy and timely source control in sepsis, there are no effective intervention measures to prevent post-sepsis neurological dysfunctions. Therefore, it is urgent to explore neuroprotective agents to attenuate SAE.

Recent studies have emphasized the critical impact of natural products on brain disorders. There is increasing evidence that short chain fatty acids (SCFAs) are known to be actively involved in multiple brain disorders. SCFAs including acetate, propionate, and butyrate are produced by gut microflora metabolizing dietary fiber. SCFAs could travel from the gut to the brain to perform a number of effects (14) and modulate CNS functions, including brain development and behavior (15, 16). Remarkably, our studies have shown that the levels of SCFAs in SAE model mice were significantly lower than those of the control group (Supplementary Figure 1). Our previous study demonstrated that administration of exogenous SCFA acetate could attenuate cognitive impairment and decrease the expression of microglial markers (CD11b) in an Alzheimer’s disease model mice. Moreover, our previous study demonstrated that SCFA butyrate could prevent dopaminergic degeneration and attenuate the disruption of BBB in Parkinson’s disease model animals. Additionally, SCFA butyrate could reverse the traumatic-brain-injury-induced decrease of tight junction (TJ)-associated proteins, such as occludin and ZO-1. These considerations suggest that SCFAs might help prevent the behavioral impairment and neuroinflammation found in SAE.

In this study, we explored the effects and underlying mechanisms of SCFAs on SAE. We revealed that SCFAs’ pretreatment improved the behavioral dysfunction of SAE model mice. SCFAs also significantly attenuated BBB impairment and neuroinflammation of sepsis mice. In addition, we further confirmed that SCFAs could decrease excessive activation of microglia and production of pro-inflammatory cytokines, and suppress phosphorylation levels of JNK and NF-κB p65 in the brain of SAE mice. Thus, SCFAs might be a novel dietary supplementation for the prevention of SAE.



Materials and Methods


Animal

Male C57BL/6 mice (22 ± 2 g, 6 - 8 weeks old) were purchased from the SLAC Laboratory Animal Co., Ltd, Shanghai. All animals were raised in pathogen-free cages at the Experimental Animal Center of Wenzhou Medical University in a controlled temperature (22 ± 1°C) environment with relative humidity (65 ± 5%). The mice were housed under a light/dark cycle, and water and food were available ad libitum during the experiment. All experiments were carried out in accordance with the Guide for Animal Experimentation of Wenzhou Medical University and approved by the Animal Experimentation Ethics Committee of Wenzhou Medical University.



Induction of SAE Mouse Model

SAE was induced in mice by cecal ligation and puncture (CLP) procedure according to a previous study with a minor modification (17). Mice were anesthetized intraperitoneally with 350 mg/kg chloral hydrate and placed on the operating table. The abdomen was scraped clean and sterilized with alcohol. The midline skin incision was made about 1.5 - 2 cm long, and then the cecum was separated. About 50% of the cecum was ligated from the surface of the anti-mesentery with a 21-gauge needle and the mesentery vessel was protected. A small amount of feces was squeezed out of the intestine and the cecum was moved back to the abdominal cavity. The incision was closed with surgical suture 4 - 0 and then the mice were resuscitated by subcutaneous injection of normal saline (5 mL/100g body weight). In the sham operation group, only laparotomy was performed without cecal ligation or perforation.



Drug Pretreatment and Experimental Design

The animals were randomly divided into three groups: Sham group, SAE group, and SAE + SCFAs group. The Sham group received the sham operation without drug pretreatment; the SAE group received the CLP surgery and an equal volume of saline. The SAE + SCFAs group received the CLP surgery and SCFAs pretreatment. SCFAs (acetate, propionate, and butyrate) were purchased from Aladdin, Co. Ltd., China. SCFAs (acetate: propionate: butyrate at a ratio of 3: 1: 1) at 500 mg/kg body weight were administrated intragastrically twice a day for seven consecutive days before CLP surgery.



SHIRPA Test

The SmithKline/Harwell/Imperial College/Royal Hospital/Phenotype Assessment (SHIRPA) was an effective method to study the dysfunction of the central nervous system (CNS) in mice (18). The SHIRPA protocol was used to assess mouse behavioral changes in mice during sepsis. SHIRPA consisted of a series of 40 simple tests and was divided into five functional categories, as described by Jeremias et al. (19). At 12 h after the CLP operation, the SHIRPA test was started with the viewing jar (diameter 11 cm, height 25 cm). The mice were placed in the viewing jar for 5 min to observe defecation, urination, respiration rate, body position, and spontaneous activity. Then the mice were transferred to the arena, a 55 × 33 × 18 cm box with a 11 × 11 cm square grid at the bottom. A series of tests on motor behavior, autonomous function, and muscle tone and strength were carried out. Five domain scores and one total score were recorded.



Fluoro-Jade C Staining

Fluoro-Jade C (FJC) staining was found to stain all degenerated neurons, whether through specific injury or cell death mechanism. The Fluoro-Jade C staining procedure was performed as in a previous study (20). At 12 h after the CLP operation, the mice were euthanized and the brain samples were fixed with 4% polyformaldehyde for two days. Then the fixed samples were dehydrated with ethanol, soaked in paraffin, and made into paraffin blocks. After slicing, the brain sections were rehydrated in a series of reduced gradient ethanol, and then immersed in a 0.06% potassium permanganate solution for 10 min. Subsequently, the slices were transferred to a 0.0001% FJC (Millipore, Darmstadt, Germany) working fluid for 20 min. The sections were sealed and observed with fluorescence microscope (Leica Microsystems, Wetzlar, Germany).



Immunofluorescence

The mice were sacrificed at 12 h after the CLP operation, and the brain samples were taken, embedded in paraffin wax, and then cut into 5 µm sections by rotary microtome. After dewaxing and rehydrating, the sections were blocked with 5% fetal bovine serum (FBS) and incubated with primary antibodies (Occludin, ZO-1 and CD11b) overnight at 4°C. The antibodies details were as fellow: Occludin (1: 200, Proteinch, Rosemont, IL, USA), ZO-1 (1: 200, Santa Cruz Biotechnology, Dallas, Texas, USA), and CD11b (1: 200, Bioworld Technology, Bloomington, MN, USA). The sections were washed three times in PST and incubated with Alexa fluor 488 anti-mouse secondary antibody (Invitrogen Life Technologies, Carlsbad, CA, USA) or Alexa fluor plus 546 anti-rabbit secondary antibody (Invitrogen Life Technologies, Carlsbad, CA, USA) at 37°C for 30 min. Cell nuclei were stained with DAPI (SouthernBiotech, Birmingham, AL, USA) at room temperature (RT) for 10 min. The sections were sealed with glycerin and observed under fluorescence microscope (Leica Microsystems, Wetzlar, Germany).



Western Blot

The mice were deeply anesthetized and sacrificed at 12 h after the CLP operation. The brain samples were quickly harvested and stored at -80°C for further use. The samples were cracked with RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China) and the homogenate was centrifuged at 12, 000 × g at 4 °C for 20 min. The centrifugal supernatant was treated with BCA kit (Beyotime Biotechnology, Shanghai, China) and the absorbance were measured at 540 nm to draw the standard curve. The protein concentration of the samples was controlled at 2 µg/µL. Equal protein (10 µg) was added to the 10% SDS-PAGE and electrotransferred to a nitrocellulose (NC) membrane (Millipore, MA, USA). The membrane was immersed in 5% skimmed milk at RT for 2 h and then incubated in primary antibodies (Occludin, ZO-1, COX-2, CD11b, JNK, JNK1/2/3 (phosphor-T183/Y185), NF-κB p65, phosphor-NF-κB p65) overnight at 4°C. The antibodies’ details were as follows: Occludin (1: 1000, Proteinch, Rosemont, IL, USA), ZO-1 (1: 1000, Santa Cruz Biotechnology, Dallas, Texas, USA), COX-2 (1: 1000, Bioworld Technology, Bloomington, MN, USA), CD11b (1: 1000, Bioworld Technology, Bloomington, MN, USA), JNK (1: 1000, Bioworld Technology, Bloomington, MN, USA), JNK1/2/3 (1: 1000, Bioworld Technology, Bloomington, MN, USA), NF-κB p65 (1: 1000, Bioworld Technology, Bloomington, MN, USA), phosphor-NF-κB p65 (1: 1000, Bioworld Technology, Bloomington, MN, USA), and β-actin (1: 5000, Bioworld Technology, Bloomington, MN, USA). The membrane was washed in PBST and incubated in HRP conjugated secondary antibody (1: 5000, Beyotime Biotechnology, USA) at RT for 1 h. The membrane was imaged in the Western Bright-ECL gel recording system (Bio-Rad, USA). β-actin was used as a loading control.



ELISA Assay

The brain samples were collected immediately. Protein was extracted by homogenizing in ice-cold RIPA lysis buffer with a mix of the protease inhibitor PMSF. The homogenate was centrifuged at 12, 000 × g for 20 min, and then the supernatant was obtained. The levels of IL-1β and IL-6 in brain tissue were measured by ELISA kit (Multi Sciences, China). The standard curve was constructed to calculate the concentrations of IL-1β and IL-6 in test samples. Values were expressed as pg/mg.



SCFAs Analysis

The colon contents (100 mg) were added with 1ml water (0.5% phosphoric acid and 50 μg/ml 2-ethylbutyric acid). The following steps were performed: freezing and grinding, ice water bath ultrasound for 30min, standing at 4 °C for 30min, 13,000×g centrifugation for 15min (4 °C), adding 500 μl ethyl acetate to the supernatant, vortex mixing, ice water bath ultrasound for 10min, 13, 000 × g centrifugation for 10min. The supernatant was analyzed (Agilent Technologies Inc. CA, UAS). The chromatographic conditions were as follows: HP FFAP capillary column (Agilent J&W Scientific, Folsom, CA, USA), helium as carrier gas, flow rate of 1.0 ml/min, injection temperature of 260 °C. The injection volume was 1 μL. Mass spectrometry conditions were as follows: electron bombardment ion source, ion source temperature 230 °C, quadrupole temperature 150 °C, transmission line temperature 230 °C, electron energy 70 eV.



Statistical Analysis

Statistical analysis was carried out in SPSS statistics V19.0 software. All data were analyzed by one-way ANOVA and tested by Newman Keuls. Values were presented as mean ± stand error of mean (SEM). P < 0.05 was considered to be significant.




Results


Effect of SCFAs on the Survival Rate in SAE Mice

The survival rate was shown in Supplementary Figure 2. The 7-day survival rate in the Sham group was almost 100%. At seven days after the CLP operation, the survival rate (50%) was lower than that of the Sham group. SCFAs decreased the survival rate compared with SAE, but did not reach a statistical significance.



SCFAs Ameliorated Behavioral Impairment in SAE Mice

Behavior changes in five different functional categories were shown in Figures 1A–F at 12 h after the CLP operation. The total score of the five functional categories was displayed as total scores. Compared with Sham mice, the SAE mice showed a decrease in reflex and sensory function, neuropsychiatric state, and motor behavior, which was reversed by SCFAs (Figures 1A–C). The autonomic function of SAE mice was significantly higher than that of Sham mice, while that of SAE + SCFAs mice was significantly lower (Figure 1D). There was no significant difference in muscle tone and strength among the three groups (P > 0.05, Figure 1E). The total score of SAE mice was significantly lower than that of Sham mice (P < 0.01, Figure 1F). However, the total score of SAE + SCFAs mice was significantly higher than that of SAE mice (P < 0.01, Figure 1F), suggesting that SCFAs could reduce behavioral disorder in SAE.




Figure 1 | Effect of SCFAs on behavioral impairment in SAE mice. (A–F) Effect of SCFAs on the behavioral impairment at 12 h after CLP operation. Behavioral impairment was measured by the SHIRPA protocol in the five distinct functional categories. The sum of the scores of five functional categories was shown as the “total” score. Error bars indicate mean ± SEM. *P < 0.05 versus Sham group, **P < 0.01 versus Sham group, #P < 0.05 versus SAE group, ##P < 0.01 versus SAE group.





SCFAs Ameliorated Neuronal Degeneration in SAE Mice

At 12 h after the CLP operation, the degeneration of neurons was observed by FJC staining. The number of FJC-positive neurons was counted and used as an indicator of the severity of neuron degeneration. In Figure 2, a large number of FJC-positive neurons were detected in SAE mice, while there was almost no degeneration in Sham mice (P < 0.01). However, the number of FJC-positive neurons in SAE + SCFAs mice was significantly less than that in SAE mice (P < 0.01).




Figure 2 | Effect of SCFAs on neuronal degeneration in SAE mice. (A–C) Representative images of immunofluorescence for degenerating neurons (green). (A) Representative images of immunofluorescence in the Sham group, (B) Representative images of immunofluorescence in the SAE group, (C) Representative images of immunofluorescence in the SAE+SCFAs group. The degenerating neurons were determined by FJC staining (green). The arrows indicated FJC-positive cells. Magnification 200 ×. Scale bar = 100 µm. (D) Quantification of immunofluorescence for FJC-positive cells. Error bars indicate mean ± SEM. **P < 0.01 versus Sham group, ##P < 0.01 versus SAE group.





SCFAs Ameliorated BBB Disruption in SAE Mice

To evaluate the integrity of BBB, the levels of ZO-1 and Occludin were measured. The fluorescence signal intensity of ZO-1 and Occludin in the SAE group were lower than those in Sham group (ZO-1: P < 0.01, Figures 3A, B; Occludin: P < 0.01, Figures 3A, C). However, the SAE + SCFAs group showed higher intensity than those in the SAE group (ZO-1: P < 0.01, Figures 3A, B; Occludin: P < 0.05, Figures 3A, C). Detected by western blot, the levels of ZO-1 and Occludin were significantly lower than those in the Sham group, while the levels of ZO-1 and Occludin were significantly increased in the SCFAs + SAE group than those in the SAE group (Figures 3D–F).




Figure 3 | Effect of SCFAs on the levels of Occludin and ZO-1 in SAE mice. (A) Representative images of immunofluorescence for Occludin and ZO-1. The arrows indicated positive proteins. Magnification 400 ×. Scale bar = 50 µm. (B, C) Quantification of immunofluorescence data for Occludin and ZO-1 proteins. (D) Western blot analysis of Occludin and ZO-1 expression. (E, F) Quantitative analysis of expression of Occludin and ZO-1; the reference value was normalized to the Sham group. n = 4 per group. Error bars indicate mean ± SEM. *P < 0.05 versus Sham group, **P < 0.01 versus Sham group, #P < 0.05 versus SAE group, ##P < 0.01 versus SAE group.





SCFAs Ameliorated Neuronal Inflammation in SAE Mice

Neuronal inflammation plays an important role in the pathogenesis of SAE. The level of CD11b was significantly higher in the SAE group than that in the Sham group (P < 0.01, Figures 4A–C), which was determined by immunofluorescence and western blot. The SAE + SCFAs group showed a lower level of CD11b compared with the SAE group (P < 0.01, Figures 4A–C). Measured by western blot, the level of COX-2 was remarkably increased in the SAE group compared with the Sham group, while SCFAs was significantly decreased it (P < 0.05, Figures 4B, D). The levels of IL-1β and IL-6 in the SAE group were significantly higher than those in the Sham group, while those in the SAE + SCFAs group were significantly lower than those in the SAE group (Figures 4E, F). The levels of JNK and NF-κB p65 were measured by western blot. The ratio of p-JNK/JNK and p-p65/p65 were remarkably increased in the SAE group compared with the Sham group, while SCFAs significantly decreased them (Figures 5A–C).




Figure 4 | Effect of SCFAs on the neuronal inflammation in SAE mice. (A) Representative images of immunofluorescence for CD11b. (A) Representative images of immunofluorescence in the Sham group. (B) Representative images of immunofluorescence in the SAE group. (C) Representative images of immunofluorescence in the SAE + SCFAs group. The arrows indicated positive proteins. Magnification 400 ×. Scale bar = 50 µm. (D) Quantification of immunofluorescence data for CD11b proteins. n = 4 per group (B) Western blot analysis of expressions of CD11b and COX-2. (C, D) Quantitative analysis of CD11b and COX-2 expression, the reference value was normalized to the Sham group, n = 4 per group. (E, F) The levels of IL-1β and IL-6 in the brain, the reference value was normalized to the Sham group, n = 4 - 8 per group. Error bars indicate mean ± SEM. **P < 0.01 versus Sham group, #P < 0.05 versus SAE group, ##P < 0.01 versus SAE group.






Figure 5 | Effect of SCFAs on JNK and NF-κB p65 signaling activity in SAE mice. (A) Western blot analysis of expressions of p-JNK and JNK, and phosphor-NF-κB p65 and NF-κB p65. (B, C) Quantitative analysis of p-JNK/JNK and phosphor-NF-κB p65/NF-κB p65 expression, the reference value was normalized to the Sham group. n = 4 per group. Error bars indicate mean ± SEM. **P < 0.01 versus Sham group, #P < 0.05 versus SAE group, ##P < 0.01 versus SAE group.






Discussion

SCFAs are known to be actively involved in multiple brain disorders, while their roles in SAE remain unclear. In this study, SCFAs were shown to improve abnormal behavior, neuronal degeneration, and BBB impairment in the SAE mice, decrease excessive activation of microglia and production of pro-inflammatory cytokines, such as IL-1β and IL-6, increase the expression levels of tight junction-associated proteins, such as Occludin and ZO-1, and decrease the phosphorylation levels of JNK and NF-κB p65 in the brain of SAE mice, which elucidated its underlying molecular mechanism.

Behavioral impairment is one of the main features of SAE (21). A prospective case control study found that the behavioral results of children with SAE were significantly worse and there existed additional problems such as depression, conduct problems, psychotic behavior, and anxiety (22). Similarly, SAE mice showed impaired motor performance and decreased exploratory activity in the early stage (23) and a mouse model of sepsis induced by lipopolysaccharide displayed long-term depression and anxiety-like behavior (24). The improvement of cognitive dysfunction is a desirable target for therapies against SAE. Several SAE animals’ models have been established, such as CLP-induction and LPS-induction (24, 25). In this study, we established an SAE mice model induced by CLP, which is characterized by morphological and functional changes of the hippocampus and results in cognitive deficits. SCFAs could affect inflammation, emotional state, and cognition through the gut-brain axis (26, 27). Butyrate therapy could significantly improve learning and memory function by enhancing the expression of learning-related genes in an Alzheimer’s disease model mice (28). A recent study has shown that SCFAs’ regulation could reduce neuroinflammation and oxidative stress and improve cognitive ability in obese rats to some extent (29). Butyrate is used as an experimental drug in the model of neurological disorders such as depression, neurodegenerative diseases, and cognitive impairment (30). Acetate is a kind of SCFA with neuroprotective activity and could significantly improve the cognitive impairment of APP/PS1 mice (31). A study demonstrated that supplementation of SCFAs can lower the risk of neurodegenerative diseases (32). In this study, the SHIRPA protocol was used to assess behavioral impairment of SAE mice, which covers a variety of reflexes and basic sensorimotor functions (33, 34). Therefore, SCFAs could improve the behavioral impairment of SAE in mice.

The pathological changes and cognitive deficits occur simultaneously in SAE; brain pathological damage is also an important characteristic (35), which is manifested by impaired perception, consciousness, and cognition, resulting from multifactorial events (36). There is an association between brain damage and long-term psychological or cognitive disorders in SAE (37–39). According to reports, brain structures such as the neuroendocrine system, hippocampus, limbic system, frontal cortex, and brainstem of patients with sepsis are damaged (40); this brain damage might be related to psychological disorders including anxiety and depression, as well as memory and executive dysfunction, which is related to cognitive impairment (41). SCFAs have a certain effect on the changes of brain pathology (42, 43). In addition, Jaworska with his colleague found that butyrate could restore the number of neuronal cells by using a neonatal rat model of hypoxia-ischemia (44). Our previous study showed that SCFA butyrate could attenuate the pathologic changes and neuronal loss in the brain of traumatic brain injury model mice accessed by FJC staining (45). FJC staining is widely used for the specific detection of all degenerating mature neurons, including apoptotic, necrotic, and autophagic cells (46). In this study, SCFAs could decrease the numbers of FJC-positive neurons in SAE mice, suggesting that SCFAs could improve the pathological brain damage caused by SAE.

Notably, a key determinant of the development of SAE is the damage of the BBB (47), which protects the CNS from pathogens and toxicity (48). BBB dysfunction in sepsis and its association with clinical features (such as systemic inflammation) has been reported on (49). Clinical research has revealed cytotoxic or vasogenic edema as the most consistently reported MRI change in septic encephalopathy (50, 51). As is known, the BBB is a structural and biochemical barrier that regulates the entry of molecules from the plasma into the brain and preserves ionic homeostasis within the brain. The BBB is composed of microvascular endothelial cells which are closely linked together by TJs, including Occludin, claudins, and ZO-1 (52, 53). The functionally important part of the barrier is formed by TJs structures between the endothelial cells. Occludin and ZO-1 are key TJs in cerebral endothelial cells, which play an important role in modulating BBB functions (54, 55). BBB impairment showed decreased expression of tight junction proteins, such as occludin, ZO-1, ZO-2, claudin-3, and claudin-5 (56). Studies have shown that reducing the loss of ZO-1 and occludin proteins could restore the permeability of the BBB (57, 58). Furthermore, in an in vitro human cerebral endothelial cell model, pro-inflammatory cytokines and endotoxin resulted in a significant decrease in the expression of occludin (59). A recent study emphasized that SCFA butyrate played a biphasic role after stroke, reducing BBB permeability and oxidative stress in the brain (60). Our previous study showed that SCFA butyrate exerted neuroprotective effects by restoring the BBB in traumatic brain injury mice (61). In this study, the expression levels of occludin and ZO-1 were decreased in SAE mice and reversed by SCFAs, suggesting that SCFAs could restore BBB impairment caused by SAE.

SAE involves a number of mechanisms, in which neuroinflammation is critically involved in the pathogenesis of SAE (62, 63). Neuroinflammation is responsible for the dysfunction and massive apoptosis of brain cells, including microglial cells, neurons, and endothelial cells. Both peripheral inflammation and local inflammation are induced by activation of resident brain immune cells, such as microglial cells and astrocytes, and reportedly accounts for the induction of neuroinflammatory response and worse outcomes due to septic complications. The overactivation of microglia is involved in the progression of brain dysfunction by deteriorating the BBB. Microglia, a type of immune cell in the brain, could become activated upon pathological stimulation and be the basis of neuroinflammation (64). Microglia rapidly get activated in response to septic challenge and these cells produce substantial amounts of pro-inflammation factors, such as TNF-α, IL-6, and IL-1β, which could induce the amplified cerebral inflammatory response and thus exacerbate the brain injury (23). Overactivation of microglia is one of the main mechanisms of SAE (65). Immunohistochemistry showed that microglia were widely activated in an LPS-induced SAE mouse model (66), while inhibiting the overactivation of microglia could improve long-term cognitive behavior in CLP mice (67). Furthermore, the study showed that SCFAs alone or in combination could reduce the inflammatory response of microglia and regulate select microglial functions (68). Butyrate attenuated pro-inflammatory cytokine expression in microglia in aged mice (69), which could improve neuroinflammation. CD11b is a microglial marker secreted by activated microglia (70–72). During microglial activation, the expression of CD11b, the activated marker of microglia, is increased (73). A recent study revealed that SCFA butyrate has been shown to modulate the maturation of microglia (74). In this study, SCFAs could decrease the activation of microglia in SAE mice. It was reported that the levels of inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, in the hippocampus of SAE mice were higher than normal (75, 76), and down-regulation of neuronal signals induced by neuroinflammation might be one of the causes of cognitive impairment in mice with sepsis-related encephalopathy (77). TNF-α, IL-1β, and IL-6 are proinflammatory cytokines, which could regulate a variety of physiological functions and play an important role in CNS (78). IL-1β could activate glial cells to trigger neuroinflammation and neurodegeneration (79) and might be involved in inducing neuronal apoptosis in cognitive dysfunction induced by neuroinflammation (80, 81). Moreover, it was revealed that TNF-α and IL-6 levels might be negatively correlated with cognitive function (82) and blocking of the IL-6 signaling pathway reduced cognitive flexibility (83). SCFAs could inhibit fructose-induced hippocampal neuronal inflammation and neuronal loss in mice (32) and inhibit a neuroinflammatory response (84). Liu et al. revealed that SCFAs decreased the production of IL-1 β and IL-6 in LPS-induced RAW264.7 macrophages (85). BBB disruption leads to the activation of microglial cells and the secretion of proinflammatory cytokines, which further aggravates brain permeability (86), while SCFAs could act on their own or in combination to reduce the inflammatory response of microglia (68), which would then in turn improve the BBB damage. In this study, our results showed that SCFAs could reduce levels of IL-1β and IL-6 and suppress the activation of microglia in SAE mice, suggesting that SCFAs could suppress the neuroinflammation of SAE.

NF-κB and JNK pathways mediate the transcription of various proinflammatory genes and play key roles in the neural inflammatory response (87, 88). In gram-negative sepsis, LPS induced activation of NF-κB, which translocated to the nucleus where it promotes transcription of inflammatory mediators, including COX-2 (89). In the brain tissues of the CLP-induced mice, the expression of NF-κB was enhanced (90). The study showed that exogenous SCFAs, especially butyrate, can block the activation of NF-B in diabetic glomerulonephritis mice (91) and Usami, M. et al. revealed that butyrate and propionate decreased the production of TNF-α in LPS-induced monocytes by inhibiting NF-κB activation (92). It was also indicted that a certain concentration of sodium acetate attenuates intestinal inflammation mainly by inhibiting MAPK activation and NF-κB phosphorylation (93). And Kobayashi et al. revealed that SCFAs, especially propionate, inhibited the phosphorylation of p38 and JNK in human renal cortex epithelial cells (94). In this study, SCFAs could significantly inhibit the phosphorylation of JNK and NF-κB p65, suggesting the effects of SCFAs against the neuroinflammation of AD via suppressing JNK and NF-κB signaling. In this study, our focus was on improving CLP-induced brain dysfunction. The molecular mechanisms underlying SCFA on SAE are still unclear. Currently, it is impossible to provide the overall mechanisms of SCFAs’ neuroprotective effects. SCFAs could cross the BBB and modulate CNS functions (15). SCFAs might interact with systemic immune cells, influence systemic inflammation, and then affect microglia involved in neuroinflammation. A further study to investigate the neuroprotective mechanisms of SCFAs on SAE is necessary.

In conclusion, this study elucidated that SCFAs could exert neuroprotective effects against SAE in mice. It is the first study to reveal the effects of SCFAs on attenuating behavioral impairment, neuronal degeneration, neuronal inflammation, and BBB impairment. Collectively, SCFAs might be a novel dietary supplement against SAE.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The animal study was reviewed and approved by Animal Experimentation Ethics Committee of Wenzhou Medical University.



Author Contributions

Z-QL and JL conceived and designed the experiments. YJ, YY, YT, SD, ML, GZ, and GH performed the experiments and conducted the statistical analyses. All authors contributed to the article and approved the submitted version.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.626894/full#supplementary-material

Supplementary Figure 1 | Differential SCFAs’ identification. Seven kinds of SCFA and total SCFAs were detected (A–H), and butyrate, valeric acid, hexanoic acid, and total SCFAs were significantly lower in SAE mice than those in the Sham group (P < 0.05). Acetate, propionate, isobutyric acid, and isovaleric acid were lower in SAE mice than those in the Sham group, however, there were no significant differences between the SAE group and Sham group (P > 0.05). Error bars indicate mean ± SEM. *P < 0.05 versus Sham group, **P < 0.01 versus Sham group.

Supplementary Figure 2 | Effect of SCFAs on the survival rate in SAE mice. Values are expressed as survival percentage.
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Resveratrol (RSV) is a potential alternative therapy for non-alcoholic fatty liver disease (NAFLD) that has been evaluated in many clinical trials, but the mechanisms of RSV action have not been fully elucidated. Recent studies suggested that the gut microbiota is an important RSV target; therefore, we speculated that the gut microbiota might mediate the beneficial effects of RSV in NAFLD. To verify this hypothesis, we established a high-fat diet (HFD)-induced NAFLD mouse model, which was subjected to RSV gavage to evaluate the therapeutic effects. We observed that RSV reduced liver steatosis and insulin resistance in NAFLD. RSV significantly changed the diversity and composition of the gut microbiota according to 16S rRNA sequencing. Gut microbiota gene function prediction showed that the enrichment of pathways related to lipid and glucose metabolism decreased after RSV treatment. Furthermore, correlation analysis indicated that the improvements in NAFLD metabolic indicators were closely related to the altered gut microbiota. We further fermented RSV with the gut microbiota in vitro to verify that RSV directly affected the gut microbiota. Our data suggested that the gut microbiota might be an important target through which RSV exerts its anti-NAFLD effect.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is a clinical pathological syndrome characterized by excessive fat deposition in liver cells in the absence of excessive alcohol consumption and other specific liver damaging factors (Wong et al., 2018). This disease can be reversed at an early stage, but without intervention, it may develop into cirrhosis or liver cancer in the later stage and seriously endanger life and health (Romero-Gomez et al., 2017). Although there are currently several drug trials targeting NAFLD, no approved medicine has yet been developed. The current treatments are based on calorie restriction and exercise, but patient compliance is unsatisfactory and difficult to maintain. Therefore, it is necessary to find drugs with definite therapeutic effects on NAFLD (Review et al., 2014; Sumida and Yoneda, 2018).

Resveratrol (RSV) is a non-flavonoid polyphenol compound that is naturally synthesized by plants (Huminiecki and Horbanczuk, 2018). Previous studies have suggested that RSV can improve various metabolic diseases via multiple mechanisms, such as effects on oxidative stress, inflammation, and adipokines (Chen et al., 2017; Chaplin et al., 2018). RSV is regarded as a candidate drug for NAFLD. However, not all clinical studies have reported beneficial results (Faghihzadeh et al., 2015; Elgebaly et al., 2017), and limited evidence has been found to explain the disparities. Consequently, a comprehensive evaluation of the mechanism of RSV is critical to explain the disparities between studies and facilitate its use as a candidate therapeutic drug for NAFLD.

Considering the low bioavailability of RSV in the intestine, a large part of unmetabolized RSV arrives in the colon and interacts with the gut microbiota, therefore, the gut microbiota might be a potential target (Walle, 2011). The gut microbiota consists of the wide variety of parasitic microorganisms in the human intestinal tract and shows dynamic changes (Sekirov et al., 2010). RSV can be modified by the gut microbiota via hydrogenation and produce dihydroresveratrol that promote its absorption in the intestine (Juan et al., 2010; Walle, 2011). In turn, the interaction of RSV and the gut microbiota can change the composition of the gut microbiota (Chaplin et al., 2018). In addition, previous studies have shown that changes in the gut microbiota are an important factor in the progression of NAFLD (Saltzman et al., 2018; Aron-Wisnewsky et al., 2020). The gut microbiota can interact with the liver through the gut-liver axis, and the tight junctions within the gut form an important barrier in the gut-liver axis that prevents harmful metabolic products from entering the liver and maintaining its function (Milosevic et al., 2019), indicating that tight junctions may be a potential target of the gut microbiota. Damage to tight junctions will causes increases in inflammation and oxidative stress (Zhang et al., 2000; Kim et al., 2012), and excessive inflammation can jeopardize insulin signaling pathways and fatty acid metabolism, subsequently aggravating insulin resistance and liver steatosis and ultimately exacerbating NAFLD (Tilg and Moschen, 2008; Leavens and Birnbaum, 2011). Furthermore, insulin resistance can promote the progression of other metabolic diseases, such as type 2 diabetes and cardiovascular disease, which endanger health (Asrih and Jornayvaz, 2015; Byrne and Targher, 2015). These previous studies suggested that the gut microbiota may be responsible for the recovery of the tight junctions in the intestine and the insulin signaling pathway to improve liver steatosis and insulin resistance in NAFLD.

In previous experiments, rodents have always been fed RSV simultaneously with an high-fat diet (HFD) before the occurrence of NAFLD. In our study, we tested the therapeutic effects of RSV in an established NAFLD mouse model that imitates the clinical condition (Charytoniuk et al., 2017). In addition, many studies have shown that RSV can influence the gut microbiota in various diseases; however, the gut microbiota also changes with the progression of diseases. Considering this, we cultured the gut microbiota with RSV in vitro under an anaerobic environment to verify that RSV had a direct impact on the gut microbiota.



MATERIALS AND METHODS


Diets and Animals

Seven-week-old male C57BL/6J mice were obtained from Shanghai SLAC Laboratory Animal Technology Co., Ltd. The mice were maintained in a specific pathogen-free (SPF) standard environment.

The mice were fed a normal chow diet (NCD) for 1 week to allow them to acclimate to the environment. The mice were randomly divided into three groups: the NC, HFD, and RSV groups. The NC group (n = 5) was fed a NCD. The HFD group (n = 6) and RSV group (n = 8) were both fed a 60% HFD (MD12033, Medicience, Jiangsu, China). All the mice had free access to food and water. In the first 8 weeks, the HFD and RSV groups were maintained under the same conditions to establish the NAFLD model. Thereafter, the RSV group underwent oral gavage with resveratrol (RSV, R5010; Sigma-Aldrich; 50 mg/kg body weight) resolved in sodium carboxymethyl cellulose (CMC, 419273; Sigma-Aldrich) daily for the last 4 weeks, and the HFD and NC groups received gavage with the same volume of CMC. 2 days before sacrifice. Fecal samples were collected from each mouse using a sterilized metabolism cage. The mice were fasted for 16 h to detect fasting blood glucose and then sacrificed, and blood, liver, colon, and fat samples were collected. The liver and fat were weighed, and part of the liver samples was placed in 4% paraformaldehyde for histological analysis. All the samples were immediately frozen in liquid nitrogen and stored at −80°C. The study was approved by The Institutional Animal Care and Use Committee of Fujian Medical University (Fujian, China).

High dose RSV experiment: The mice were randomly divided into three groups: the NC, HFD, and HRSV groups, each group had six mice. The HRSV group underwent oral gavage with RSV (100 mg/kg body weight) resolved in sodium carboxymethyl cellulose, other treatments are the same as above.

Blank control experiment: 8-week-old male C57BL/6J mice were randomly divided into two groups: the NC (gavage CMC n = 6) and Blank groups (without gavage any substance n = 6), both groups were treated for 4 weeks and the mice were sacrificed and the tissue were collected (Supplementary Figures 4A–F).



Histological Analysis

Liver sections were submerged in 4% paraformaldehyde for 24 h, followed with a standard hematoxylin and eosin (H&E) staining procedure. Oil red O staining were performed in liver tissues frozen in OCT and stained in oil red O working solution (Servicebio technology, Wuhan, China). All slides were photographed using a Leica DM2000 light microscope (Leica Microsystems, Inc.; magnification, x100 or x200).



Biochemical Analysis

Blood samples were isolated by centrifugation at 4°C, 3,000 rpm for 10 min. Fasting plasma glucose was detected using a blood glucose meter (Roche), and insulin levels were tested by ELISA kit (R&D). Homeostasis model assessment of insulin resistance (HOMA-IR) formula: [glucose levels (mmol/L) × insulin levels (mU/L)]/22.5. The concentration of total cholesterol (TC), triglyceride (TG), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) in plasma were determined by cobas 8000 (Roche), liver TG were detected by commercial kits (Nanjing Jiancheng Bio, Nanjing, China), liver GSH and GSSG were measured by commercial kits (Beyotime, Shanghai, China).



Western Blot

Protein were extracted from mice tissue in radioimmunoprecipitation assay (RIPA) buffer (Beyotime, Shanghai, China), proteins were separated by SDS-PAGE and were visualized using ECL system (Bio-Rad, Hercules, CA, United States). Primary antibodies used in this study were as follows: Occludin Polyclonal Antibody (71–1,500) and ZO-1 Polyclonal Antibody (71–1,500) were purchased from Invitrogen (Carlsbad, CA, United States). IRS-1 (D23G12) Rabbit mAb (3407), Phospho-IRS-1 (Ser307) Antibody (2381), mTOR (7C10) Rabbit mAb (2983), Phospho-mTOR (Ser2448; D9C2) XP Rabbit mAb (5536) were purchased from Cell Signaling Technology (Danvers, MA, United States), Monoclonal Anti-β-Actin antibody were purchased from Sigma-Aldrich (St. Louis, MO, United States).



Quantitative Real-Time PCR

Total RNA was isolated from mouse tissues using the Trizol reagent (Invitrogen, Carlsbad, CA, United States), cDNA synthesis was conducted with a cDNA synthesis kit (Thermo Scientific, Waltham, MA, United States). SYBR Green (Roche, Basel, Switzerland) was used in qRT-PCR by a 7,500 Real-Time PCR instrument (Applied Biosystems). PCR amplification used the following conditions: 95°C for 10 min, 95°C for 15 s (denature), and 60°C for 1 min (anneal/extend) for 40 cycles, 95°C for 15 s, and 60°C for 1 min and then 95°C for 15 s (Mel curve). Primers were listed in the (Supplementary Table 1).



Gut Microbiota Culture in vitro

Our method was similar to those employed in previous studies (Gross et al., 2010; Parkar et al., 2013). We collected 2 g of mouse feces and homogenized the specimen in 10 ml Gifu anaerobic medium (GAM; Hopebio, Qingdao, China). Then, the samples were centrifuged at 600 rpm for 5 min, the supernatant was collected, and 1 ml of the supernatant was added to 49 ml of sterile GAM to form a bacterial solution. Different reagents were supplied in the solution: 200 μl RSV solution (dissolved in ethanol, 200 mg/ml; RSV group, n = 5), 200 μl ethanol (control group, n = 5), and no reagents (empty group, n = 5). The bacterial solution was homogenized under hypoxic conditions. Subsequently, all the solutions were placed in anaerobic culture bags (Hopebio, Qingdao, China), shaken at 180 rpm and 37°C, and cultured for 48 h. Finally, the solutions were centrifuged at 6,000 rpm for 15 min to collect the precipitate and then stored at −80°C until sequencing. All the liquids were placed in hypoxic conditions for 24 h before the experiment.



Fecal DNA Extraction

DNA extraction was performed using an E.Z.N.A. Soil DNA Kit (Omega, United States). The samples were dispersed by vibrating with glass beads in the sample tube to improve the lysis efficiency. To ensure that the amounts of high-quality genomic DNA were adequate, the concentration of bacterial DNA was measured using a Qubit 2.0 (Life, United States).



16S rRNA Gene Sequencing

PCR was initiated immediately after the genomic DNA was extracted. Our target was the V3–V4 region of the bacterial 16S ribosomal RNA gene (rRNA). The region was amplified using KAPA HiFi Hot Start Ready Mix (2×; TaKaRa Bio Inc., Japan) with barcode primers (PAGE purified): forward primer (CCTACGGGNGGCWGCAG) and reverse primer (GACTACHVGGGTATCTAATCC). The amplicon product was purified with AMPure XP beads and quantified in a Qubit® 2.0 Green double-stranded DNA assay. The amplicons from each reaction mixture were pooled in equimolar concentrations based on their quantification results. Sequencing was conducted using the Illumina MiSeq system (Illumina MiSeq, United States) following the manufacturer’s instructions.



Microbial 16S rRNA Gene Sequence and Metagenomic Analyses

Operational taxonomic units (OTUs) were picked with a 97% similarity threshold with Usearch software. α-Diversity was calculated with Mothur based on the selected OTUs. RDP Classifier (V.2.12) was used to annotate these sequences taxonomically (Wang et al., 2007), and β-diversity was estimated according to the Bray–Curtis distance and visualized via principal coordinate analysis (PCoA). The differences in the abundance of bacteria between samples were analyzed with STAMP (V.2.1.3). The LEfSe test was used to distinguish representative differences among the groups in LEfSe software (V.1.1.0). To investigate the function of the microbiota, we utilized PICRUSt (Phylogenetic Investigation of Communities by Reconstruction of Unobserved States) to predict the functional gene composition of 16S rRNA sequences by comparison with the existing sequenced microbial genome (Langille et al., 2013). Then, the enrichment of the predicted functional genes in KEGG (Kyoto Encyclopedia of Genes and Genomes) level 3 pathways was analyzed.



Statistical Analyses

All statistical analyses were performed using GraphPad Prism software (version 8.0; GraphPad Software, SD, United States) and R packages (V.3.6.3). Data are shown as the mean ± SEM. Normally distributed data were tested by one-way ANOVA followed by Tukey’s post hoc test or Student’s t-test. Other types of data were tested with the non-parametric Mann–Whitney test (Kruskal–Wallis test for multiple groups). ANOSIM was used to analyze the similarities of the microbiota. Differences between the taxa were evaluated by Welch’s test followed by false discovery rate (FDR) correction. Spearman’s rank test was performed for correlation analysis. Multiple comparisons were adjusted according to the Benjamini and Hochberg FDR. The P value thresholds were as follows: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001; and ****p < 0.0001.




RESULTS


RSV Ameliorated HFD-Induced Fatty Liver and Metabolic Disorders in Mice

A NAFLD mouse model was established after 8 weeks of HFD feeding, followed by treatment with RSV (50 mg/kg, RSV group or 100 mg/kg, and HRSV group) for 4 weeks to verify its therapeutic effect. The body weight of the mice was significantly increased post HFD feeding, and the curve of all the RSV treatment group was separated from that of the HFD group over the last 4 weeks (Figure 1A and Supplementary Figure 1A). At the end of the experiment, we found that compared with the HFD group, the RSV group exhibited a decreasing trend in indicators such as final body weight (Figure 1B) and serum ALT, AST, TG, CHOL, and LDL-C levels, but the differences were not statistically significant (Table 1). RSV treatment had no effect on liver weight or serum HDL-C (Table 1). However, the HRSV group significantly decreased the final body weight (Supplementary Figure 1B). In both different dosage groups, RSV attenuated the increase in adipose tissue weight induced by HFD (Figure 1C and Supplementary Figure 1C) and reversed the HFD-induced high liver TG level (Figure 1D and Supplementary Figure 1D). We also found that RSV improved glucose homeostasis by reducing insulin levels, fasting blood glucose, and HOMA-IR (Figures 1E–G and Supplementary Figures 1E–G). At the same time, we identified the pathological state of the liver by using H&E staining and oil red O staining. H&E staining showed less ballooning degeneration in the RSV group than in the HFD group, and oil red O staining revealed an obvious shrinkage of the red staining area in the RSV-treated mice (Figure 1H). then we quantified the oil red O staining area (Figure 1I). The same changes were also observed in the HRSV group (Supplementary Figures 1H,I). Finally, we summarized our animal experiments by a graphical protocol (Figure 1J). The results demonstrated that RSV plays a role in improving hepatic steatosis.
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FIGURE 1. RSV had therapeutic effects on HFD-induced fatty liver and metabolic parameters in mice. (A) Weight gain curve. (B) Final body weight. (C) Fat weight. (D) Liver triglycerides. (E–G) Glucose homeostasis indicators: serum insulin, fasting blood glucose, and calculated HOMA-IR. (H) H&E staining and oil red O staining of mouse livers. (I) Quantification of the red area/total area by oil red O staining. (J) Graphical protocol of animal experiment. Data are shown as the mean ± SEM, variables were analyzed using Tukey’s test or the Mann–Whitney test. *p < 0.05; **p < 0.01; and ****p < 0.0001 vs NC group, #p < 0.05; ##p < 0.01; and ####p < 0.0001 vs HFD group.



TABLE 1. Metabolic variables in the three groups at the end of RSV treatment.
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RSV Remodeled the Composition and Abundance of the Gut Microbiota in HFD-Fed Mice

To assess the changes in the gut microorganisms caused by RSV treatment in an established NAFLD model, we sequenced the V3-V4 regions of the 16S rRNA gene of the gut flora using the Illumina MiSeq platform. The sequencing results are presented as OTUs. HFD feeding had no effect on the observed OTUs, and we found no difference in the overall OTU numbers among all the groups (Figures 2A,B), indicating that they presented the same microbiome richness. Additionally, the sequencing depth covered most of the diversity according to the OTU richness rarefaction curves. However, our data showed that the Shannon index was increased in the HFD-fed mice compared with those fed a normal diet. The Shannon index is an important alpha diversity indicator and implied that HFD feeding could increase the diversity of the gut flora, whereas it was decreased by RSV treatment (Figure 2C). The curves indicated that our data covered most of the Shannon diversity (Figure 2D). We found no significant difference in the microbiota sequence numbers among all the groups (Figure 2E), indicating that all the groups had the similar amount of microbiota. In accordance with it, in the high dose RSV experiment, we found no significant difference in the number of bacteria (Supplementary Figure 2A), however, the Shannon index was decreased by high dose RSV treatment compared with the HFD group (Supplementary Figure 2B). β diversity was evaluated by Bray-Curtis dissimilarity-based PCoA (Figure 2F and Supplementary Figure 2C), which revealed distinctive clustering of the gut flora composition in each group, and the difference was significant. The RSV and HRSV group exhibited microbiota composition that clustered separately from that of the HFD group, indicating that RSV altered the gut microbiota of NAFLD mice.
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FIGURE 2. RSV modulated the diversity of the gut microbiota in NAFLD mice. Representative alpha diversity analysis factors: (A) OTUs richness. (B) Rarefaction curves at the OTU level, (C) Shannon index. (D) Shannon rarefaction curves. (E) Observed microbiota sequence numbers. Representative β-diversity analysis factor: (F) Principle coordinate analysis (PCoA) of the fecal microbiota at the OTU level. Data are shown as the mean ± SEM, variables were analyzed using Tukey’s test, Similarities were analyzed by ANOSIM. *p < 0.05 vs NC group, ##p < 0.01 vs HFD group.


To determine the specific changes in the gut microbiota of all groups, we used a bar plot to show the composition of the predominant flora in each group and observed significant changes in the microbiota at different levels. In the low dose RSV experiment, at the phylum level, the predominant bacteria were Firmicutes, Bacteroidetes, and Actinobacteria (Figure 3A). Firmicutes were significantly increased and Bacteroidetes were significantly decreased in both the HFD and RSV groups compared with the NC group, and RSV increased the relative abundance of Actinobacteria compared with the NC group (Figure 3B). At the family level, compared with the NC group, Porphyromonadaceae was decreased in both other groups, and Lachnospiraceae and Ruminococcaceae were elevated in the HFD group. However, RSV tended to promote Erysipelotrichaceae growth and suppress Ruminococcaceae growth compared with that in the HFD group (Figures 3C,E). At the genus level, more changes could be observed. Compared with the NC group, decreases in Barnesiella and Parasutterella and increases Intestinimonas and Enterorhabdus were observed in both the RSV and HFD groups. Additionally, HFD increased the relative abundance of Oscillibacter, Clostridium IV, Pseudoflavonifractor, Anaerotruncus, Clostridium XlVb, and Peptococcus, and RSV increased that of Olsenella and Hydrogenoanaerobacterium. Compared with the HFD group, RSV had an increasing effect on Allobaculum and Enterorhabdus and a decreasing effect Intestinimonas, Clostridium IV, Anaerotruncus, Flavonifractor, and Clostridium XlVb (Figures 3D,F,G). In the high dose RSV experiment, at the phylum level, Firmicutes were significantly increased and Bacteroidetes were significantly decreased in both the HFD and HRSV groups compared with the NC group, and high dose RSV further increased the Firmicutes compared with HFD group (Supplementary Figures 3A,C). At the family level, compared with the NC group, Porphyromonadaceae was decreased and Erysipelotrichaceae was increased in both other groups (Supplementary Figures 3B,E). At the genus level, more changes could be observed. Compared with the NC group, decreases in Barnesiella and increases in Allobaculum were observed in both the HRSV and HFD groups. Additionally, HRSV increased that of Olsenella compared with the NC group, and can further promote Allobaculum compared with the HFD group (Supplementary Figures 3D,F).
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FIGURE 3. RSV caused significant changes in the gut microbiota at the phylum, family, and genus levels. (A) Changes in the composition of the gut microbiota in different groups at the phylum level; stacked bar charts represent the relative abundance of major taxa. (B) The relative abundance of bacteria differed in the three groups at the phylum level. (C) Composition of the gut microbiota at the family level. (D) Composition of the gut microbiota at the genus level. (E) The relative abundance of bacteria differed in the three groups at the family level. (F,G) The relative abundance of bacteria differed in the three groups at the genus level. Data are shown as the mean ± SEM. Variables were analyzed using Welch’s test followed by FDR correction. *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001 vs NC group, #p < 0.05; ##p < 0.01; ###p < 0.001; and ####p < 0.0001 vs HFD group.




Metabolic Pathways Were Changed After RSV Treatment in HFD Mice

PICRUSt is a tool for predicting microbial community function based on 16S rRNA gene sequencing. We compared our data with existing 16S rDNA sequencing databases to analyze the functional differences between different samples and groups. The obtained prediction results were used to enrich gene families by KEGG analysis. NAFLD was highly relevant to various metabolic pathways, so we used the linear discriminant analysis (LDA) effect size (LEfSe) to analyze the differences in metabolic pathways between the three groups (Figure 4A). As a result, changes in amino acid, carbohydrate, energy, glycan, and lipid metabolism were observed. Most carbohydrate metabolic pathways, including fructose and mannose metabolism, glycolysis gluconeogenesis, galactose metabolism and the pentose phosphate pathway, were enriched in the RSV group; most of the glycan biosynthesis pathways were enriched in the NC group; and lipid metabolic pathways such as fatty acid biosynthesis were enriched in the HFD group. Bray–Curtis-based PCoA also revealed a significant difference in gene function in the three groups (Figure 4B). Subsequently, we listed some glucose and lipid metabolism modules, including pyruvate metabolism, fatty acid biosynthesis, butanoate metabolism, glycan biosynthesis and metabolism, that were significantly increased in the HFD groups and decreased in the RSV group (Figure 4C), indicating that RSV may exert effects through these pathways.
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FIGURE 4. RSV changed the function of the gut microbiota in HFD-fed mice. (A) The linear discriminant analysis (LDA) effect size (LEfSe) showed the relevant KEGG pathways predicted by PICRUSt (LDA score > 3.0 and significance of P < 0.05 analyzed by the Wilcoxon signed-rank test). (B) Principle coordinate analysis (PCoA) showed the Bray–Curtis distance of the predicted KEGG pathways in the three groups. (C) Glucose and lipid metabolic pathways that were altered between groups. Data are shown as the mean ± SEM, the Kruskal–Wallis and Wilcoxon tests were performed in LEfSe, ANOSIM was used for similarities in PCoA. *p < 0.05; and ****p < 0.0001 vs NC group, #p < 0.05 vs HFD group.




RSV Restored Gut Tight Junctions and Ameliorated Liver Inflammation

Tight junctions in the intestinal epithelium are an important barrier for preventing harmful substances from entering the gut-liver axis. To determine whether tight junctions experienced changes during the development of the disease, we measured the protein and mRNA expression levels of the tight junction proteins zo-1 and occludin in the colon (Figures 5A–C). We found that in the HFD group, the protein expression levels of zo-1 and occludin decreased but could be restored after RSV treatment. Additionally, the gene expression of zo-1 decreased in the HFD group and was upregulated in the RSV group. There was no change in the gene expression of occludin. Subsequently, we examined the signaling pathways related to the immune response in the liver, the gene expression of inflammatory factors (Figure 5D), and the level of oxidative stress in the liver (Figures 5E,F) and found that immune signaling molecules such as TLR4 and MyD88, and inflammatory factors such as IL-1 and TNF-α were increased in the HFD group and that these changes were reversed in the RSV group. The liver oxidative stress indicators GSH and GSH/GSSG decreased in the HFD group and increased in the RSV group. The above results suggest that RSV can repair the damage to tight junctions in the intestine caused by HFD and simultaneously reduce the liver immune response, inflammatory factor levels and the oxidative stress level.
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FIGURE 5. RSV restored the loss of tight junctions caused by HFD in the gut and ameliorated liver inflammation and oxidative stress. (A) Protein levels of the tight junction factors (zo-1, occludin) in the colon among different groups. (B) Statistical analysis of protein levels. (C) Relative mRNA expression of zo-1 and occludin in the mouse colon. (D) Relative mRNA expression of inflammatory factors (MyD88, TLR-4, IL-1, and TNF-α) in the liver. (E) Total liver GSH level. (F) Total liver GSH/GSSG ratio. Data are shown as the mean ± SEM, variables were analyzed using Tukey’s test, *p < 0.05; **p < 0.01; and ****p < 0.0001 vs NC group, #p < 0.05; ##p < 0.01; ###p < 0.001; and ####p < 0.0001 vs HFD group.




RSV Repaired the Insulin Signaling Pathway and Altered Fatty Acid Metabolism-Related Gene Expression

The insulin signaling pathway plays an important role in fatty acid metabolism. Our study indicated that RSV is beneficial for improving insulin resistance, so we tested the key molecules of the insulin signaling pathway and genes related to lipogenesis, fatty acid oxidation, and fatty acid uptake. We found that both irs1 and p-irs1 were decreased in the HFD group and recovered in the RSV group, while mTor and p-mTor both increased in the HFD group and decreased after RSV treatment. However, we did not observe significant changes in p-irs1/irs1 and p-mTor/mTor (Figures 6A,B), proving that RSV can repair the damaged insulin signaling pathway, mainly by affecting the overall protein level and phosphorylated protein level of molecules in the pathway but not by affecting the ratio of phosphorylation. Among fatty acid metabolism genes, we found that some lipogenesis-related genes, such as Gpat1, Mogat, and Pparg, were inhibited by RSV treatment (Figure 6C). Although we did not find that HFD caused increased expression of liver fatty acid uptake-related genes in our experiments, RSV did suppress genes such as Fabp2 and Fabp1 (Figure 6D). We also noted that fatty acid oxidation-related genes (Cpt1, Acox1) showed increases in expression in the HFD group and that these increases were abolished after the administration of RSV (Figure 6E). The above results indicated that RSV can restore the expression of genes related to lipid metabolism to normal levels.
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FIGURE 6. Effects of resveratrol on the insulin signaling pathway and fatty acid-related genes in fatty liver mice. (A) Western blotting was used to detect the protein levels of key molecules in the insulin signaling pathway (irs1, p-irs1. mTor, and p-mTor) in the liver among the different groups. (B) Statistical analysis of the protein levels. The relative expressions of genes related to (C) lipogenesis, (D) fatty acid uptake, and (E) fatty acid oxidation were assessed by qRT-PCR. Data are shown as the mean ± SEM, variables were analyzed using Tukey’s test, *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001 vs NC group, #p < 0.05; ##p < 0.01; ###p < 0.001; and ####p < 0.0001 vs HFD group.




The Gut Microbiota Was Correlated With Metabolic Parameters

We performed Spearman’s correlation analysis followed by FDR correction to explore the relationship between the altered gut microbiota and metabolic indicators (Figure 7A). We found that the gut microbiota was mainly related to body weight, fat weight, fasting blood glucose, HOMA-IR, oil red O staining, and liver TG. 12 taxa (Firmicutes, Lachnospiraceae, Pseudoflavonifractor, Intestinimonas, Ruminococcaceae, Flavonifractor, Clostridium XlVb, Peptococcus, Oscillibacter, Anaerotruncus, and Hydrogenoanaerobacterium) shown in the graph were positively related to these indicators, while six taxa (Barnesiella, Bacteroidetes, Porphyromonadaceae, Parasutterella, and Allobaculum) were negatively related to them. Furthermore, we calculated the correlation coefficient of the gut microbiota and previously detected signaling molecules (Figure 7B) and found that most of the molecules exhibiting changes after RSV treatment presented a significant correlation with the gut microbiota. It is worth mentioning that mTor, p-mTor, p-irs1, and pparg were related to similar components of the microbiota (Hydrogenoanaerobacterium, Anaerotruncus, Flavonifractor, Oscillibacter, Ruminococcaceae, Intestinimonas, and Clostridium XlVb); mTor, p-mTor, and pparg were positively related to these groups, while p-irs1 was negatively related to them. The above data showed that many metabolic indicators and molecules that were recovered by RSV treatment were related to the gut microbiota, suggesting that the gut microbiota is an important factor in the anti-NAFLD effect of RSV.


[image: image]

FIGURE 7. Spearman’s correlation coefficient heat map showing the association between the changes in the gut microbiota and (A) metabolic biomarkers and (B) molecules, followed by FDR correction. Red represents a positive correlation; blue represents a negative correlation. Deeper color indicates an increased correlation coefficient. Significance threshold: *p < 0.05; **p < 0.01; and ***p < 0.001.




RSV Changed the Composition of the Gut Microbiota in vitro

To verify whether RSV had the ability to directly change the gut microbiota, we cultured the gut microbiota in GAM and then fermented the microbiota with RSV dissolved in ethanol (RSV group), with an equal dose of ethanol (control group) or with no additional treatment (empty group). The fermented samples were collected at 48 h, after which 16S rRNA sequencing was performed. The results showed that the sequence numbers had no significance in all the groups (Figure 8A) and that the Shannon indexes of control and rsv groups were lower than those of the empty group (Figure 8B). At the same time, we measured the β diversity by PCoA and found that RSV significantly changed the community composition during fecal fermentation (Figure 8C). Subsequently, we analyzed the changes in taxa at different levels between the control and RSV groups (Figures 8D,E). At the phylum level, RSV increased the relative abundance of Firmicutes and decreased that of Bacteroidetes. At the family level, we observed decreasing abundance of Porphyromonadaceae, Bacterioidaceae, Enterococcaceae, Streptococcaceae. At the genus level, we found increases in Olsenella, Oscillibacter, and Clostridium_IV and decreases in Bacteroides, Streptococcus, and Enterorhabdus. The above results confirmed that RSV can independently change the composition of the gut microbiota in vitro.
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FIGURE 8. RSV changed the composition of the gut microbiota in vitro. Representative alpha diversity analysis factors: (A) Observed sequence numbers. (B) Shannon index. Representative β-diversity analysis factor: (C) Principle coordinate analysis (PCoA) of the microbiome at the OTU level. (D) Changes in the composition of the microbiome at the genus level; stacked bar charts represent the relative abundance of taxa. (E) The relative abundance of the microbiome differed between the control and RSV groups at the phylum, families, and genus levels. Data are shown as the mean ± SEM. The α- diversity were measured by Tukey’s test; β-diversity were measured by ANOSIM; differences between taxa were measured by Welch’s test followed by FDR correction, **p < 0.01; and ****p < 0.0001.





DISCUSSION

Currently, there is no reliable medical treatment for non-alcoholic fatty liver (Sumida and Yoneda, 2018). In our study, we verified the therapeutic effect of RSV on NAFLD mice and explored the underlying mechanism. The results showed that RSV can significantly improve liver steatosis and insulin resistance in mice. We also observed a downward trend in body weight and blood indicators after RSV treatment, suggesting that RSV exerted a specific effect on improving NAFLD.

The gut microbiota is a new emerging target of RSV. We detected the gut microbiota of the three groups by 16S rRNA sequencing and observed significant changes. In terms of α-diversity, we noted that the Shannon index was increased in the HFD group and decreased in both low and high dose RSV group. However, some studies have indicated that patients with NAFLD exhibit lower α-diversity (Murphy et al., 2010; Wilmanski et al., 2019), which could be caused by the complicating lifestyle factors of patients; in addition to consuming a HFD, they also consume high carbohydrate levels and exhibit a lack of exercise. Subsequently, we analyzed the specific differences in taxa among the gut microbiota and evaluated their correlation with metabolic indicators. Consistent with some previous studies, we found that HFD significantly increased Firmicutes and reduced Bacteroidetes at the phylum level, but low dose RSV treatment didn’t reverse the changes on these phyla (Yang et al., 2019), the high dose RSV further elevated the Firmicutes level. However, other studies have suggested that RSV can restore Firmicutes and Bacteroidetes (Zhao et al., 2017). These differences may be caused by the timing of the medication. In our study, mice were treated with RSV after NAFLD model is established to verify the therapeutic effect, other previous studies treated mice with RSV at the beginning of HFD feeding, and the duration of medication is different between the studies. In the low dose RSV experiment, RSV caused a significantly increase in the Actinobacteria phylum, along with the Olsenella and Enterorhabdus genera (Coriobacteriaceae family). Olsenella can produce SCFAs, which are related to the tight junctions of the intestinal barrier. One study showed that pectin can increase Olsenella and ameliorate fatty liver (Li et al., 2018). We found that most of the altered genera belonged to Firmicutes, but the correlation with metabolic indicators differed among genera. Allobaculum (Erysipelotrichaceae family) was negatively correlated with the oil red O staining area and fasting blood glucose. RSV could increase the proportion of Allobaculum. Previous studies have proven that increases in Allobaculum are beneficial to HFD mice (Raza et al., 2017; Li et al., 2019). Allobaculum shows increases when dietary fiber is taken and is negatively related to the concentration of leptin (Ravussin et al., 2012). In contrast, the Lachnospiraceae family (Clostridium XlVb genus) and Ruminococcaceae family (Anaerotruncus, Clostridium IV, Flavonifractor, Intestinimonas, and Oscillibacter genus) were all positively correlated with the severity of the disease, and RSV caused decreases in these genera. Clostridium XlVb is an anaerobic bacterium that was found to be reduced in mice receiving fruit extracts rich in polyphenols. It is related to the improvement of the obesity phenotype (Xu et al., 2019). Many experiments have shown that the Ruminococcaceae family is downregulated in NAFLD (Safari and Gérard, 2019; Chen et al., 2020), but in articles focused on severe stages of NAFLD, such as NASH and HCC, the Ruminococcaceae family has been reported to be upregulated in the disease group (Machado and Cortez-Pinto, 2016; Byrne and Targher, 2020), indicating that dynamic changes in the Ruminococcaceae family might occur in the process of disease development. The members of the Anaerotruncus and Oscillibacter genera are conditional pathogenic bacteria that in in high-fat and high-sugar diet-fed mice (Kong et al., 2019). Clostridium IV is positively correlated with a high-carbohydrate diet (Yamaguchi et al., 2016) and was found to be downregulated after bariatric surgery and probiotic treatment (Seganfredo et al., 2017). Flavonifractor has also shown a positive correlation with TG levels in some studies (Li et al., 2019). Intestinimonas is believed to increase in obese rats and is related to an increase in deoxycholic acid (Lin et al., 2019). In the high dose RSV study, we still observed the composition of microbiota is totally different in the three groups, however, the altered microbiota were not totally in consistent with the low dose group, the interaction between microbiota is very complex, we always seen various results in studies using different dosage and duration of RSV (Charytoniuk et al., 2017), meanwhile, the different batch of mice would also affect our result. However, we still notice some similar changes, the Allocaculum were increased in different dose group compared with the HFD group, and Olsenella genus were increased in different dose group compared with NC group, indicating these two genus might be an important target of RSV. Our data confirmed that RSV supplementation can indeed alter the gut microbiota of NAFLD mice. According to the correlation analysis, the altered gut microbiota is associated with the phenotype of NAFLD, and such alterations in the gut microbiota have been proven to cause beneficial changes in NAFLD in previous studies. Due to the limitation of sequencing depth, we can only distinguish the genera related to the disease, and more advanced sequencing is needed to identify the relevant functional species.

To further explore the underlying mechanisms, we tested tight junction proteins (zo-1 and occludin) in the colon and found that RSV can repair the damage to tight junctions caused by HFD. Recently, it has come to be generally believed that the “gut-liver axis” is a vital route whereby the gut microbiota affect liver metabolism. Previous studies have shown that changes in the composition and metabolites of the gut microbiota directly affect tight junctions (Lee et al., 2018). Our results also suggested that RSV modifies the intestinal immune response. It is generally believed that gut microbiota triggers innate and adaptive immunity and maintains the stability of the intestine (Hooper and Macpherson, 2010). In previous studies about Inflammatory Bowel Disease and Diabetic Nephropathy, the transplantation of fecal microbiota from RSV gavage mice directly affected the intestinal inflammation and gut barrier of the recipient mice (Alrafas et al., 2019; Cai et al., 2020), indicating the RSV might alter the intestinal inflammation by gut microbiota. We also observed reductions in liver inflammation and oxidative stress after RSV treatment. According to previous studies, the gut microbiota produces numerous immunogens, such as LPS, during metabolic processes. Damage to tight junctions causes excessive levels of LPS and other immunogens to enter the liver, stimulates the immune response, produces excessive inflammatory factors, and increases oxidative stress (Zhang et al., 2000; Kim et al., 2012). Another study demonstrated that HFD-induced damage to intestinal permeability leads to insulin resistance (Cani et al., 2007). Similar to a previous study, our experiments showed the recovery of fasting blood glucose and insulin levels, and the enrichment of glucose metabolic pathways was impaired after RSV treatment; therefore, we examined the insulin signaling pathway. The results showed that the effects on IRS1, p-IRS1, mTor and p-mTor resulting from HFD feeding can be repaired by RSV treatment. This may result from a decrease in liver inflammation because the inflammatory state of the liver can affect the insulin signaling pathway (Tilg and Moschen, 2008). In addition, we conducted correlation analysis and found that the tight junction and insulin signaling pathways were significantly related to the altered gut microbiota. In accordance with our results, previous studies have shown that RSV ameliorates insulin resistance in obese mice fed a high-fat and high-sugar diet; when the gut microbiota was transferred from RSV-treated mice to non-treated mice, the normalization of insulin resistance was observed in recipient mice, indicating that gut microbiota mediates the effects of RSV (Abbasi Oshaghi et al., 2017; Sung et al., 2017). Furthermore, we detected fatty acid metabolism genes and found that RSV reduced the expression of lipogenesis and fatty acid uptake genes, which can directly prevent steatosis. Previous studies had found that RSV can regulate fatty acid metabolism in the liver and adipose tissue (Alberdi et al., 2011; Andrade et al., 2014), moreover, the transplantation of feces microbiota from RSV gavage mice still had the ability to change the fatty acid metabolism in the recipient mice (Wang et al., 2020), indicating gut microbiota can alter the fatty acid metabolism independently. What’s more, we found that RSV can affect the insulin signaling pathway and the changes is associated with altered gut microbiota, previous findings showed that changes in the insulin signaling pathway can affect liver steatosis by altering the lipid metabolism process (Leavens and Birnbaum, 2011; Smith et al., 2020), suggesting that RSV may also reduce fatty acid metabolism genes by improving the insulin signaling pathway. The specific mechanisms need further studies. These results suggest that RSV may benefit NAFLD by repairing tight junctions and improving the insulin signaling pathway.

Although many studies have focused on the effects of RSV on the gut microbiota in various diseases (Chaplin et al., 2018), it is not clear whether the improvement of the disease causes changes in the gut microbiota or RSV directly triggers changes in the gut microbiota. Previous studies showed RSV can direct affect specific bacteria in vitro (Dos Santos et al., 2019), our experiment is the first to ferment RSV with a bacterial solution in vitro to observe the changes in the gut microbiota. The results showed that RSV can significantly change the composition of the gut microbiota in vitro. Although there are many differences in the in vitro and in vivo culture environments, we observed that some of the same changes, such as increases in the Firmicutes phylum were observed in the in vitro study and in vivo HRSV group, the low dose RSV group also have a trend to increase it. the Allocaculum genus were upregulated by both low dose and high dose studies, and the in vitro study also showed high amount of Allocaculum in the rsv group. Olsenella genus were increased in both three studies, but controversial results still existed. The contradictions may have resulted from the interaction between the gut microbiota and disease. As previous studies have reported, RSV can also ameliorate NAFLD in other ways, and the state of the disease may in turn influence the gut microbiota (Charytoniuk et al., 2017). The above results confirmed that RSV is an independent influencing factor of the gut microbiota.

At present, some clinical studies found that RSV had beneficial effects on various metabolic-related diseases. In type 2 diabetes researches, RSV was capable of decreasing blood glucose and improving insulin resistance (Brasnyo et al., 2011; Movahed et al., 2013). Meanwhile, RSV increased serum adiponectin and inhibited atherothrombotic signals in patients with coronary heart disease (Tome-Carneiro et al., 2013). Previous studies also found that RSV could lower cardiovascular risk by reducing cholesterol, systolic blood pressure, and diastolic blood pressure in obese people (Huang et al., 2016). As for the clinical studies of NAFLD, some results suggested that RSV was able to alleviate liver steatosis, downregulated the BMI and serum bilirubin (Faghihzadeh et al., 2015). However, there were still studies that didn’t observe significant beneficial effects. Considering that the efficiency of the drug can be influenced by gut microbiota (Wilson and Nicholson, 2017), the diversity of human gut microbiota might be an important factor (Lozupone et al., 2012). Exploring the effect of RSV on the gut microbiota can help it to become a therapeutic drug for NAFLD.

Although we found that RSV exerted an obvious therapeutic effect on NAFLD and changed the composition of the gut microbiota, to further explore the effect of the altered gut microbiota on NAFLD, fecal microbiota transplantation (FMT) experiments are needed. Our research group is currently conducting FMT-related experiments. Additionally, there are numerous different species belonging to each genus, and individual species often have different functions (Walker et al., 2014). Hence, we will also need more advanced sequencing methods, such as metagenomics, to study the relationship between species and NAFLD.

In conclusion, this article verified the potential of RSV as a therapeutic regimen for NAFLD. Moreover, RSV can change the gut microbiota, and the altered microbiota is significantly related to improved liver steatosis and insulin resistance. Our study provides new evidence regarding the potential use of RSV as an effective medical treatment for NAFLD.
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Hashimoto thyroiditis (HT) is the most common autoimmune disease worldwide, characterized by chronic inflammation and circulating autoantibodies against thyroid peroxidase and thyroglobulin. Patients require hormone replacement with oral levothyroxine, and if untreated, they can develop serious adverse health effects and ultimately death. There is a lot of evidence that the intestinal dysbiosis, bacterial overgrowth, and increased intestinal permeability favor the HT development, and a thyroid–gut axis has been proposed, which seems to impact our entire metabolism. Here, we evaluated alterations in the gut microbiota in Brazilian patients with HT and correlated this data with dietary habits, clinical data, and systemic cytokines and zonulin concentrations. Stool samples from 40 patients with HT and 53 controls were analyzed using real-time PCR, the serum cytokine levels were evaluated by flow cytometry, zonulin concentrations by ELISA, and the dietary habits were recorded by a food frequency questionnaire. We observed a significant increase (p < 0.05) in the Bacteroides species and a decrease in Bifidobacterium in samples of patients with HT. In addition, Lactobacillus species were higher in patients without thyroid hormone replacement, compared with those who use oral levothyroxine. Regarding dietary habits, we demonstrated that there are significant differences in the consumption of vegetables, fruits, animal-derived proteins, dairy products, saturated fats, and carbohydrates between patients and control group, and an inverse correlation between animal-derived protein and Bacteroides genus was detected. The microbiota modulation by diet directly influences the inflammatory profile due to the generated microbiota metabolites and their direct or indirect action on immune cells in the gut mucosa. Although there are no differences in systemic cytokines in our patients with HT, we detected increased zonulin concentrations, suggesting a leaky gut in patients with HT. These findings could help understand the development and progression of HT, while further investigations to clarify the underlying mechanisms of the diet–microbiota–immune system axis are still needed.

Keywords: intestinal dysbiosis, inflammatory cytokines, dietary habits, gut microbiota, Hashimoto thyroiditis, autoimmune disease, intestinal permeability


INTRODUCTION

The Hashimoto thyroiditis (HT) is an organ-specific autoimmune disease and one of the most common diseases worldwide (1). HT is characterized by chronic inflammation, with tertiary lymphoid follicles development and increased concentrations of circulating autoantibodies against thyroid peroxidase (anti-TPO) and thyroglobulin (anti-Tg) (2). The thyroid parenchyma is replaced by the lymphocytes infiltration, inducing organ enlargement, gland fibrosis, and destruction (3). The progressive thyrocyte depletion leads to decreased thyroid hormone function and clinical hypothyroidism, a condition marked by a reduced metabolic activity in several tissues. The disease is correlated with decreased cardiovascular contractility, coronary artery disease, infertility, dementia, neurosensory and musculoskeletal changes, and reduced colonic activity and orocecal time transit (4, 5). Patients require hormone replacement with oral levothyroxine, and if untreated, they can develop serious adverse health effects and ultimately death (6, 7).

Hashimoto thyroiditis has become a global public health concern, and the worldwide prevalence reaches 10–12%, affecting 10 times more women, and the peak incidence is between 30 and 50 years old (5, 6). In the United States of America, HT affects ~4% of women aged 18–24 years and 21% of women older than 74 years (6). In Europe, the prevalence varies between 0.2 and 5.3% in the general population, and 7.5% of women in the United Kingdom presented elevated thyroid-stimulating hormone (TSH) concentrations (8). In Brazil, the prevalence of elevated TSH in adult women in Rio de Janeiro was 12.3%, reaching 19.1% among those over 70 years old. In the metropolitan region of São Paulo, the HT prevalence reached 8.0%, and in an elderly population, the prevalence was 6.5 and 6.1% for women and men, respectively (9). The economic impact can be significant taking into account the direct effects of the disease, with the HT side effects, which range from depression and to a greater propensity to develop differentiated thyroid cancer and extra-thyroidal cancers (5, 10–13).

Although the HT etiology remains unknown, epidemiological studies suggest that HT is caused by an interaction between genetic and environmental factors (14). The genetic predisposition plays a crucial role in the loss of tolerance to self-antigens and loci linked to immune-modifying genes such as human leukocyte antigens (HLA class I and II) and cytotoxic-T-lymphocyte-associated protein 4 (CTLA-4) could be involved in the autoimmune process. The interactions between these loci and environmental factors might influence disease phenotype and severity (3). The environmental factors that may be involved in the HT triggering include excessive iodine consumption; selenium, iron, zinc, and vitamin D deficiencies; bacterial infections, such as Helicobacter pylori and Yersinia enterocolitica; viral infections, such as hepatitis C, Epstein–Barr virus, and enteroviruses; smoking; pollutants; and chemical agents, and also, factors such as stress, climate, age, and gender (15). More recently, it is hypothesized that gut microbiota might play an important role in triggering HT (16).

There is a lot of evidence that the intestinal dysbiosis, bacterial overgrowth, and increased intestinal permeability (leaky gut) favor HT development, and a thyroid–gut axis has been proposed which seems to impact our entire metabolism (17, 18). The commensal gut bacteria influence the innate, cellular, and humoral immunity by interacting with epithelial cells and mucosal immune cells via pattern recognition receptors. Depending on the generated metabolites, microbiota can activate a proinflammatory or anti-inflammatory program (19). Moreover, gut microbiota can affect the thyroid hormone concentrations by controlling iodine uptake, degradation, and enterohepatic recycling of these hormones, and the levothyroxine bioavailability (L-thyroxine). There is a prominent effect of minerals on microbiota–host interactions, mainly by zinc, selenium, and iron. In addition, the microbiota may play role in thyroid disorders by influencing neurotransmitters, the hypothalamus–pituitary axis, the dopamine production, and consequently the TSH secretion (17).

The short-chain fatty acids (SCFAs), metabolites from anaerobic microbiota fermentation, function as an energy source for enterocytes and, together with thyroid hormones, mainly T3, induce enterocyte differentiation, and strengthen the epithelial barrier integrity (20). In addition to SCFAs, the microbiota produce secondary bile acids in the colon, which present systemic effects and interfere with TSH levels (21). Secondary bile acids can regulate type 2 iodothyronine deiodinase (D2) in the gut, molecules involved in thyroid metabolism, and the lipopolysaccharides (LPS) derived from Gram-negative bacteria inhibits intestinal D2 and hepatic D1, and decreases the expression of thyroid hormones in the liver (22).

In animal models, the association between the gut microbiota and thyroid functions has been proposed since 1970s. The depleted microbiota in antibiotic-treated rats induced a decrease in thyroid functions, when evaluated by radioactive iodine uptake (23). In the same line, the germ-free mice present an increase in TSH levels when compared with the conventionally raised mice (22).

In humans, few studies have been carried out in order to understand the relationship between intestinal microbiota and HT. Some recent studies have demonstrated the existence of intestinal dysbiosis in patients with HT and showed an increase in the Bacteroides, Escherichia-Shigella, and Parasutterella genera and a decrease in the Bifidobacterium, Lactobacillus, Prevotella, and Dialister genera in the gut microbiota in patients with HT (23). Another study showed an increase in the relative abundance of Blautia, Roseburia, Ruminococcus, Romboutsia, Dorea, Fusicatenibacter, and Eubacterium genera and a decrease in Bacteroides, Faecalibacterium, Prevotella, and Lachnoclostridium genera in the gut microbiota in patients with HT (24).

On the basis of this background and the fact that there are no studies evaluating the gut microbiota in Brazilian patients with HT, the aim of this study was to evaluate the presence of some specific bacteria in stool samples of patients with HT and to correlate these data with dietary habits, clinical data, and systemic cytokines and zonulin concentrations.



MATERIALS AND METHODS


Patients With HT and Control Subjects

Patients diagnosed with HT, with increased TSH and decreased free thyroxine levels (FT4), associated or not associated with elevated anti-TPO and anti-Tg antibodies, were enrolled for this study. The Barretos Cancer Hospital Ethics Committee (Process number 1,359/2017) approved this study, and all participants signed the informed consent form.

About 40 patients with HT aged 23–82 years (mean age ± SD = 48.9 ± 13.3 years) were enrolled. Fifty-three healthy controls aged 18–79 years (mean age ± SD = 45.6 ± 16.7 years) were recruited for the study. Exclusion criteria, for both groups, include the use of anti-inflammatories, immunosuppressant drugs, antibiotics, and vaccination in the last 30 days, with gastrointestinal surgeries, inflammatory bowel diseases, and chronic diarrheas.

After the informed consent, patients and controls answered a food frequency questionnaire (FFQ), containing questions about frequency and consumption of vegetables, fruits, animal-derived proteins, dairy products, carbohydrates, and saturated fat. After that, the peripheral blood was collected, and stool samples were collected within 3–5 days. Table 1 summarizes demographic data and clinical parameters in patients with HT.


Table 1. Demographic data and clinical parameters from patients with Hashimoto thyroiditis (HT).
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DNA Extraction From Stool Samples and Real-Time PCR

DNA was obtained from 200 mg of stool samples of patients with HT and controls by using QIAamp Fast DNA Stool Mini Kit (QIAGEN Inc., Hilden, Germany), according to the instructions of the manufacturer. The composition of the gut microbiota was determined by specific primers for Bacteroides (Bac), Bifidobacterium (Bif), Clostridium coccoides (Ccoc), Clostridium coccoides–Eubacterium rectale (CIEub), Clostridium leptum (Clept), Lactobacillus (Lac), Prevotella (Prev), and Roseburia (Ros). The primers were described previously and designed by using the 16S rRNA gene sequences from the Ribosomal Database Project (25). PCR was performed by using 7.5 μl of Power SYBR Green PCR Master Mix (Applied Biosystems, Life Technologies, Carlsbad, CA, USA), 4.0 μl of ultrapure water (Uniscience Corporation, Hialeah, FL, USA), 1.0 μl of each primer (2 μM), and 1.5 μl of DNA (5 ng). The normalization was performed by dividing the DNA copy numbers obtained for target primers (Bac, Bif, Ccoc, CIEub, Clept, Lac, Prev, and Ros) and for the copy numbers of universal primer (Univ). The relative abundance was quantified by using cycle threshold (Ct) values and was expressed in relative expression units (REUs) per 200 mg of stool (26).



Cytokine Serum Quantification by Flow Cytometer

Approximately 8.5 ml of peripheral blood were collected from patients with HT and healthy individuals in gel tube with clot activator (BD Vacutainer SST II Advance, BD Biosciences, Franklin Lakes, NJ, USA). After collection, samples were incubated at room temperature for 1 h and centrifuged at 1.372 × g for 5 min. The supernatant was withdrawn, and the serum was used for cytokine quantification that was performed by cytometric bead array assay (Human Th1/Th2/Th17 Kit, BD Biosciences, San Jose, CA, USA). The levels of interleukin (IL)-2, IL-4, IL-6, IL-10, IL-17A, interferon-gamma (IFN-γ), and tumor necrosis factor (TNF) were detected by a flow cytometer (FACSCanto™ II, BD Biosciences, Franklin Lakes, NJ, USA). Results were analyzed by BDFCAP array™ software and were expressed in pg/ml.



Zonulin Serum Quantification by Sandwich-ELISA

After peripheral blood collection, samples were incubated in gel tube with clot activator for 50 min and then centrifuged at 1.372 × g for 5 min. The serum samples were used for zonulin quantification by using the Human Zonulin ELISA Kit (Elabscience, Bethesda, MD, USA). Standards and samples were added to plates precoated with specific antibodies to human zonulin and incubated for 1 h at 37°C. Then, a biotinylated detection antibody specific for human zonulin and avidin–horseradish peroxidase conjugate was added and incubated for 30 min. Unbound and free molecules were washed away. The substrate solution was added to each well and incubated for 15 min. When the enzyme–substrate reaction was blocked by stop solution, the color turned to yellow. The optical density was measured in a spectrophotometer at 450 nm. The standard curve was constructed, and the zonulin concentrations were calculated by converting the obtained optical density in ng/ml.



Statistical Analysis

The data extracted from the surveys on dietary habits of patients with HT and controls were analyzed by the Pearson chi-square test, the REUs of the gut microbiota were analyzed by the non-parametric Mann–Whitney U-test, and the serum concentrations of cytokines and zonulin were performed by unpaired t-test with the Welch's correction. Correlations of the gut microbiota, clinical data, cytokines, and zonulin concentrations were performed by the Spearman's rank correlation coefficient. Values of p < 0.05 were considered statistically significant.




RESULTS


Increased Bacteroides and Decreased Bifidobacterium in the Gut Microbiota in Patients

To analyze the composition of the gut microbiota in patients with HT, we investigated some bacterial species in stool samples by real-time PCR. We detected an increase in the REUs of Bacteroides species in the samples derived from patients (median Bac: 2,344 REU/200 mg stool; p < 0.0001) compared with control subjects (median Bac: 221.3 REU/200 mg stool) (Figure 1A). A significant decrease in the REUs of Bifidobacterium species was observed in the stool samples isolated from patients with HT (median Bif : 70.86 REU/200 mg stool; p = 0.005) when compared with controls (median Bif : 830.6 REU/200 mg stool) (Figure 1B). There are no significant differences (p > 0.05) in the REU/200 mg stool obtained from Clostridium coccoides (median Ccoc: 43.51), Clostridium coccoides-Eubacteria rectale (median CIEub: 48.03), Clostridium leptum (median Clept: 1.060), Lactobacillus (median Lac: 0.974), Prevotella (median Prev: 12.53), and Roseburia species (median: 385.8) in stool samples of patients with HT, when compared with the healthy individuals (median Ccoc: 51.21; CIEub: 78.04; Clept: 1,762; Lac: 4.933; Prev: 0.530; and Ros: 635.9, respectively) (Figures 1C–H).
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FIGURE 1. Relative expression units (REU) of the intestinal microbiota found in stool samples from patients with Hashimoto thyroiditis (HT) and healthy controls (CTRL). (A) Bacteroides, (B) Bifidobacterium, (C) Clostridium coccoides, (D) Clostridium coccoides-Eubacterium-rectale, (E) Clostridium leptum, (F) Lactobacillus, (G) Prevotella, and (H) Roseburia species. Bars represent the median with interquartile range of REU per 200 mg of stool.




Dietary Habits and Correlations With the Gut Microbiota

To evaluate the dietary habits from patients and controls, we applied an FFQ regarding the frequency of consumption of vegetables, fruits, animal-derived proteins, dairy products, saturated fats, and carbohydrates. The interviewed subjects reported the daily ingestion of vegetables [patients (HT) = 59%; controls (C) = 53.3%; fruits (HT = 38.5%; C = 43.3%), proteins (HT = 51.3%; C = 30%), dairy products (HT = 48.7%; C = 60%), saturated fats (HT = 17.9%; C = 16.7%), and carbohydrates (HT = 38.5%; C = 43.3%)]. When we compared the dietary habits between patients with HT and controls, we observed a significant difference (p < 0.05) in the consumption of vegetables, fruits, proteins, dairy products, saturated fats, and carbohydrates. The results concerning the dietary habits from patients and controls were shown in Table 2.


Table 2. Dietary habits of the patients with HT and control subjects.

[image: Table 2]

In order to detect correlations between diet and gut microbiota composition in patients with HT, we used the consumption frequencies and the REUs of Bacteroides, Bifidobacterium, Clostridium coccoides, Clostridium coccoides-Eubacteria rectale, Clostridium leptum, Lactobacillus, Prevotella, and Roseburia. We found an inverse correlation (p = 0.002; r = −0.61) between animal-derived protein consumption by patients and the REUs of Bacteroides species.



Correlations Between the Gut Microbiota and Clinical Data

To evaluate the connection between gut microbiota composition and clinical parameters, we correlated the REUs of Bacteroides, Bifidobacterium, Clostridium coccoides, Clostridium coccoides-Eubacteria rectale, Clostridium leptum, Lactobacillus, Prevotella, and Roseburia with concentrations of TSH, FT4, TPO, and Tg autoantibodies. We detected positive correlations among the REUs of Clostridium coccoides (p = 0.023; r = 0.40) and Clostridium coccoides–Eubacteria rectale (p = 0.010; r = 0.45) and in the TSH levels (Figure 2A). The REUs of Roseburia species inversely correlated (p = 0.015; r = −0.49) with FT4 levels (Figure 2B). We also found a positive correlation between Clostridium coccoides (p = 0.040; r = 0.30) and disease duration (Figure 2C). There are no correlations (p > 0.05) among gut microbes and TPO and Tg autoantibodies. Besides that, we observed significant differences in the REUs of Lactobacillus between patients who did thyroid hormone replacement therapy (N = 28) and those who did not (N = 8) (median Lac LT4: 0.8065 REU/200 mg stool; median Lac NR: 47.73; p = 0.020; Figure 2D).
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FIGURE 2. Spearmans' correlation between the relative expression units (REU) of the intestinal microbiota and clinical data. (A) REU of Clostridium coccoides and Clostridium coccoides-Eubacterium-rectale with TSH concentrations, (B) REU of Roseburia with FT4 levels, (C) REU of Clostridium coccoides with disease duration, and (D) REU of Lactobacillus species in treated patients (LT4) and patients with no hormone replacement (NR).




Systemic Cytokine Profile in Patients With HT Was Similar to Controls

To investigate whether the alterations of intestinal microbiota impacted on systemic cytokine profile in patients with HT, we analyzed the serum concentrations of IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-γ, and TNF by flow cytometer. Significant differences in these cytokines were not detected (p > 0.05) (mean ± SE for IL-2: 0.3369 ± 0.0638 pg/ml; IL-4: 0.4081 ± 0.0542 pg/ml; IL-6: 1.121 ± 0.1599 pg/ml; IL-10: 0.3192 ± 0.0333 pg/ml; IL-17A: 0.5835 ± 0.2388 pg/ml; IFN-γ: 0.4473 ± 0.1023 pg/ml; and TNF: 1.154 ± 0.1090 pg/ml) when compared with controls (mean ± SE for IL-2: 0.3800 ± 0.0527 pg/ml; IL-4: 0.3791 ± 0.0541 pg/ml; IL-6: 1.375 ± 0.2492 pg/ml; IL-10: 0.2884 ± 0.0414 pg/ml; IL-17A: 0.3981 ± 0.1985 pg/ml; IFN-γ: 0.3438 ± 0.0951 pg/ml; and TNF: 1.317 ± 0.1711 pg/ml) (Figures 3A–G).


[image: Figure 3]
FIGURE 3. Cytokine profile in HT patients and control subjects (CTRL). Serum concentrations of (A) IL-2, (B) IL-4, (C) IL-6, (D) IL-10, (E) IL-17A, (F) IFN-γ, and (G) TNF. Statistical analyses were performed by Mann-Whitney. Significance was set at P < 0.05.




Detection of Increased Intestinal Permeability in Patients With HT

In order to find out whether patients with HT were presented with a leaky gut, since alterations in the gut microbiota were detected, we evaluated the serum zonulin concentrations in patients with HT and controls. The zonulin serum concentrations were significantly increased (p = 0.002) in samples of patients with HT (mean ± SE: 30.92 ± 2.36 ng/ml) when compared with controls (mean ± SE: 19.01 ± 2.98 pg/ml) (Figure 4A). Besides that, the zonulin concentrations positively correlated with systemic IFN-γ levels (p = 0.042; r = 0.52; Figure 4B) and inversely correlated with IL-2 concentrations (p = 0.042; r = −0.51) in patients with HT (Figure 4B).
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FIGURE 4. Zonulin concentrations and correlations with systemic cytokine levels. (A) Serum zonulin concentrations in HT patients and controls (CTRL), (B) Correlations among zonulin levels with IFN-γ and IL-2 concentrations.





DISCUSSION

There is a lot of evidence that alterations in the gut microbiota are associated with autoimmune diseases development (16, 27–29). Researchers suggested that the molecular mimicry, bystander T-cell activation, post-translational modification of luminal proteins by altered microbiota, a shift to proinflammatory milieu in the gut mucosa, intestinal dysbiosis, bacterial overgrowth, and leaky gut could contribute to autoimmunity and HT trigger in genetically susceptible individuals (17, 18, 30, 31). The commensal microbiota play an important role in our physiological processes, influencing the mucosal innate and adaptive immunity and host metabolism, including carbohydrate digestion and fermentation, vitamin synthesis, hormones production and secretion, secondary bile acid synthesis, absorption of micronutrients, including iron, zinc, and iodine, which directly affect thyroid function (22, 32). In the present study, we investigated the alterations in the gut microbiota in Brazilian patients with HT and correlated these data with dietary habits, clinical data, and systemic cytokines and zonulin concentrations.

There are four studies that compared the gut microbiota from patients with euthyroid and hypothyroid HT in Chinese population, and researchers detected intestinal dysbiosis when compared with healthy controls (23, 24, 33, 34). Ishaq et al. (23) investigated the microbial composition in 29 patients with HT and 12 healthy controls by PCR-DGGE, real-time PCR, and 16S pyrosequencing (17, 19). Authors showed a reduction in Firmicutes and Bacteroidetes, and increased Proteobacteria and Cyanobacteria phyla in HT samples. Findings of the DGGE analysis showed a different fingerprint between patients and controls and the predominance of pathogenic microbes, such as Bacteroides uniformis, B. pyogenes, B. vulgates, Shigella dysenteriae, B. intestinalis, Escherichia coli, Sporomusa ovate, Shigella flexneri, and Bacillus species. By real-time PCR, authors observed a significant decrease in copy numbers of Bifidobacterium and Lactobacillus, and an increase in E. coli in patients with HT. By the 16S pyrosequencing, researchers detected a predominance of Bacteroides, Escherichia–Shigella, and Parasutterella genera, and a reduction in Prevotella and Dialister genera in patients with HT (23).

Another study examined the intestinal microbiota in 28 patients with euthyroid and 16 controls by 16S sequencing and showed that Firmicutes/Bacteroidetes ratio was increased and the Lachnospiraceae family was prevalent in stool of patients with HT. The abundance of Bacteroides, Faecalibacterium, Prevotella, and Lachnoclostridium genera was lower in patients with HT, and Blautia, Ruminococcus, Roseburia, Fusicatenibacter, Romboutsia, Dorea, and Eubacterium genera were higher in samples derived from patients with HT. Furthermore, the authors reported positive correlations between Firmicutes members and anti-TPO or anti-Tg autoantibodies, while Bacteroidetes members inversely correlated with these antibodies. The abundance of Alloprevotella positively correlated with FT4 levels, while Romboutsia negatively correlated with TSH concentrations (24).

In a more recent cross-sectional work, Liu et al. (33) investigated the gut microbiota in 45 patients with euthyroid, 18 patients with HT hypothyroid, and 34 controls by 16S sequencing. Compared with healthy controls, intestinal microbiota richness and diversity were significantly decreased in subjects with HT, with predominance of Bacteroidetes phylum members, Prevotella and Phascolarctobacterium species. In patients with euthyroid, some microbes, such as Lachnospiraceae incertae sedis, Lactonifactor, Alistipes, and Subdoligranulum genus, were enriched in stool samples. The authors concluded that there is a different microbiota profile in patients with diverse thyroid function, and they suggest that Phascolarctobacterium genus could be involved in HT progression in humans (33). Phascolarctobacterium species, mainly Phascolarctobacterium faecium, can produce acetate and propionate and influence the metabolic status of the host (35).

In accordance with the previous study, significant differences in richness and diversity of the gut microbiota were observed in 52 patients with primary hypothyroidism, compared with 40 healthy controls. The abundance of Bacteroidetes phylum members, Veillonella and Paraprevotella were significantly decreased, while Neisseria and Rheinheimera were increased in patients with hypothyroid. Veillonella and Paraprevotella genera positively correlated with FT3 and FT4 levels and were inversely associated with TSH concentrations. Researchers also showed that mRNA from enzymes involved in SCFAs production was decreased in the gut, and LPS serum levels were increased, suggesting a leaky gut in these patients. Additionally, mice that received fecal microbiota transplantation from patients with hypothyroid presented lower serum total thyroxine levels, decreased tight junction mRNA in the colon, and increased serum LPS (34).

There are neither any studies evaluating the gut microbiota in Brazilian patients with HT, nor are these data correlating with dietary habits, clinical data, and cytokines and zonulin concentrations. Here, we evaluated the gut microbiota in 40 Brazilian patients with HT and 53 healthy controls, and we observed a HT-associated microbiota imbalance, with an increase in Bacteroides and a significant decrease in Bifidobacterium genus. Our data concerning the decreased abundance of Bifidobacterium are in agreement with real-time PCR results from Ishaq et al. (23). Bifidobacterium is the first microbial colonizer of the intestines in newborns, and it plays key roles in immune system maturation and dietary metabolism (36). Some Bifidobacterium strains are considered probiotic because of their beneficial effects, and some studies demonstrated the beneficial role of Bifidobacterium species in inflammatory conditions (37, 38). The discrepancies in relation to other studies and between studies may be due to different methodologies or even due to geographic location, lifestyle, and dietary habits.

In our study, we also observed significant differences in Lactobacillus abundance between patients who realized thyroid hormone replacement therapy and those who did not. Lactobacillus are acid-lactic producing bacteria and belong to the Firmicutes phylum, the second most prevalent in the human gut (39). Recently, a study showed that Lactobacillus promote gut barrier integrity by producing L-Ornithine from arginine amino acid (40). We suggest that this increase in Lactobacillus in patients with no hormone replacement could be associated with the small intestinal bacterial overgrowth (SIBO) in patients with HT (41). Lauritano et al. studied 50 patients with HT and 40 controls and found that 54% of patients presented SIBO, in contrast with the control group (4). A clinical trial conducted by Yao et al. (42) demonstrated that the intestinal microbiota in patients with hypothyroidism, randomly divided to receive L-thyroxine (N = 49) or no treatment (N = 68), did not show significant differences with respect to alpha diversity. However, the relative abundance of Enterococcus and Odoribacter genera varied slightly depending on the dosage of L-thyroxine (42).

There are no studies correlating dietary components and gut microbiota in patients with HT. In our study, we found significant differences in dietary habits between patients with HT and controls regarding the frequency of the consumption of vegetables, fruits, animal-derived proteins, dairy products, saturated fats, and carbohydrates. Furthermore, we found an inverse correlation between animal-derived protein consumption and the abundance of Bacteroides genus. The main role of diet in microbiota modulation and its role in the host metabolism regulation can be exemplified by the establishment of the resident microbiota in early childhood, through the oligosaccharides ingestion from the breast milk, and also by the increase in the microbiota diversity associated with the solid food introduction (43, 44). The gut bacteria overgrowth can be directly affected by the nutrients, and these, in turn, affect both relative and absolute microbiota abundances and bacterial kinetics (45). Alterations in the ingestion of macronutrients, including proteins, carbohydrates, and fats, induce a significant shift in the gut microbiota (46). The microbiota modulation by diet directly influences on the inflammatory profile due to the generated microbiota metabolites and their direct or indirect action on immune cells from the mucosal immune system (47–51). From fermentation of dietary fibers, the intestinal microbes can generate metabolites or SCFAs with anti-inflammatory properties and preserve gut homeostasis (47). In a recent study, Sepahi et al. showed that SCFAs produced by gut microbes in response to dietary fibers influence the expansion on innate lymphoid cells in the gut through G-protein-coupled receptors and can impact the immune responses in the distant tissues depending on the host condition (51). On the other hand, dietary fats are involved in decreased microbiota diversity and richness, which increased intestinal permeability and low-grade systemic inflammation (48).

In the present study, although we demonstrated significant differences in the dietary habits and alterations in the gut microbes in patients with HT, we did not observe significant differences in the cytokine profile in patients when compared with controls. We suggest that this factor can be related to patients' diet, lifestyle, or hormone replacement and disease control. In a recent study, Tabasi et al. (52) evaluated the gut microbiota by real-time PCR and cytokine concentrations in 23 patients with obese hypothyroid and 79 obese control subjects. Researchers reported no significant differences in the gut microbes between patients with hypothyroid and controls. However, similar to our findings, the serum cytokine concentrations, including IL-1β, IL-6, IFN-γ, and TGF-β, were similar in patients and controls (52).

Finally, although there are no differences in systemic cytokines in patients with HT, we detected an increased intestinal permeability, seen by the higher zonulin concentrations in the serum of patients, when compared with controls. Similar to our study, a case–control work investigated the leaky gut in 30 patients with HT (children and adolescents), and 30 patients with congenital hypothyroidism, and reported a significant increase in serum zonulin in patients with HT. Moreover, zonulin levels positively correlated with levothyroxine dose, suggesting a connection between the increased intestinal permeability and disease severity (53). Zonulin is a physiological modulator of intercellular tight junctions, involved in macromolecules trafficking, epithelial and endothelial barrier integrity, and immune tolerance in the gut mucosa (54). Intestinal dysbiosis can activate the zonulin pathway and stimulate their release and allow the traffic of luminal contents through the epithelial barrier. The leaky gut induces inflammatory cytokines release that themselves promote an increased permeability, a vicious circle favoring the entry of antigens derived from diet and gut microbes, triggering the activation of innate and adaptive immunity in the gut mucosa (55). The main factors involved in zonulin release are the bacterial overgrowth and gluten, and the increased intestinal permeability can induce a tolerance breakdown, and then, activated immune cells can remain in the gut mucosa or migrate to distant organs, participating in chronic inflammatory and autoimmune diseases (55–57).



CONCLUSIONS

We concluded that there are alterations in the microbiota and intestinal permeability in Brazilian patients with HT. In addition, we suggest that diet might have played an important role in modulating the gut microbiota in patients with HT. These findings could help understand the HT development and progression, while further investigations to clarify the underlying mechanisms of the diet–microbiota–immune system axis are still needed.
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Salmonella typhimurium DT104 infection causes the death of Caenorhabditis elegans, which can be prevented by certain Lactobacillus isolates. However, the molecular mechanisms of both the host response to the infection and the protection by Lactobacillus are largely unclear. The present study has investigated the life-span and gene expression of both wild-type (WT) and mutants in some key components of cell signaling in response to S. typhimurium infection and protection from Lactobacillus zeae. The results indicated that the gene expression of daf-16 in the DAF/ insulin-like growth factor (DAF/IGF) pathway, ced-3 and ced-9 in the programmed cell death (PCD) pathway, lys-7, spp-1, and abf-3 for antimicrobial peptide production, and bar-1 involved in the production of other defense molecules was all significantly upregulated when the wild-type (WT) was subjected to DT104 infection. On the contrary, the gene expression of tir-1, sek-1, and pmk-1 in the p38 mitogen-activated protein kinase (MAPK) pathway and clec-60, sod-3, and skn-1 for the production of other defense molecules was significantly suppressed by DT104. Pretreatment of the worms with L. zeae LB1 significantly upregulated the expression of almost all the tested genes except for ced-3, ced-9, abf-2, age-1, and dbl-1 compared with the nematode infected with DT104 only. Mutants defective in the cell signaling or other defense molecules of C. elegans were either more susceptible (defective in nsy-1, sek-1, pmk-1, ced-3, ced-9, skn-1, or daf-16) or more resistant (defective in age-1 or dbl-1) to DT104 infection than the WT except for the mutant defective in sod-3. Mutants defective in antimicrobial peptides (lys-7 or abf-3) were also more susceptible than the WT. In contrast, the mutant defective in spp-1 became more resistant. When all the mutants were pretreated with L. zeae LB1, five mutants that are defective in nsy-1, sek-1, pmk-1, abf-3, or lys-7 showed no response to the protection from LB1. These results suggest that L. zeae LB1 can regulate C. elegans cell signaling including the p38 MAPK pathway and downstream production of antimicrobial peptides and defense molecules to combat Salmonella infection.
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INTRODUCTION

Probiotics have long been used to improve animal/human health. Antagonizing enteric infections and enhancing host immune responses are among the crucial benefits of probiotics (1, 2). Probiotics are normally commensal bacteria in the mammalian gastrointestinal tract. Probiotics and their products have important roles in gut homeostasis and the functions of innate and adaptive immune systems (3, 4). Salmonella is a well-known enteric pathogen that causes human food- and water-borne illnesses and even death. Development of effective control strategies and technologies, including the use of probiotics, has been extensively studied in the past (5–7). A highlight from these studies is the application of Caenorhabditis elegans as an animal model for efficient selection of probiotic candidates (8–10).

Caenorhabditis elegans is a small soil nematode that can consume bacteria as its food. It has been used extensively as an experimental model to study bacterium and host interactions due to its short reproductive life cycle, clear genetic background, ease of culturing and genetic manipulation, and availability of mutants (11–13). Although the nematode lacks many defense mechanisms presented in higher organisms, it still has complexity and specificity responding to different bacteria at the level of immune regulation, innate immunity in particular, which makes it suitable for elucidating the molecular mechanisms between bacterium and host interactions (14). Previous studies have shown that the worms can be infected and killed by different bacterial pathogens, including Pseudomonas aeruginosa (11), Salmonella enterica (15, 16), Staphylococcus aureus (17), Enterococcus faecalis (12), and enterotoxigenic Escherichia coli (ETEC; 18). In addition, a broad overlap of the bacterial virulence factors required for pathogenesis has been found between mammals and C. elegans (12, 18). Thus, C. elegans has increasingly been used to help screen the efficacy of probiotics for pathogen control (8, 9, 19, 20). By using C. elegans, we have previously identified several Lactobacillus isolates with the ability to antagonize Salmonella infection to the nematode (9). The protection offered by one of the isolates, named Lactobacillus zeae LB1, has been found to be mediated by a neurotransmitter dopamine through regulation of cell signaling in C. elegans (21). Furthermore, this isolate has demonstrated the ability to attenuate Salmonella infection in the spleen and liver of broiler chickens and reduce Salmonella SPI-1 virulence gene expression in the chicken cecum (22). However, the molecular mechanisms underlying the protective effects, including the regulation of cell signaling, remain to be further elucidated.

It is known that C. elegans immune defense mechanisms are evolutionarily conserved, including the DAF/insulin-like growth factor (DAF/IGF) pathway, p38 mitogen-activated protein kinase (p38 MAPK) pathway, the transforming growth factor-β (TGF-β) signaling pathway and the programmed cell death (PCD) pathway (23–27). The C. elegans innate immune response consists of the production of numerous antimicrobial proteins, many of which are produced from genes that are induced upon pathogen infection (28–30). Moreover, the expression of different putative antimicrobials involved in the defense of both nematodes and mammals against infection by different pathogens can be regulated by signaling pathways (28, 29, 31). By investigating the life-span of C. elegans and the corresponding gene expression of key components in its cell signaling and defense pathways, including the production of antimicrobial peptides and other defense molecules when exposed to Salmonella typhimurium DT104 and Lactobacillus, this study has determined that L. zeae LB1 regulates C. elegans cell signaling pathways to combat Salmonella infection. The results are reported herein.



MATERIALS AND METHODS


Caenorhabditis elegans and Bacteria

Caenorhabditis elegans N2 Bristol wild-type and mutants that are defective in lys-7 (mutant ok1384), nsy-1 (mutant ag3), pmk-1 (mutant km25), sek-1 (mutant ag1), skn-1 (mutant zu67), dbl-1 (mutant nk3), spp-1 (mutant ok2703), abf-3 (mutant ok3366), daf-16 (mutant mu86), age-1 (mutant hx546), sod-3 (mutant gk235), ced-9 (mutant n1950), or ced-3 (mutant n717), and the double mutant ced-9;ced-3 (mutant n2812/n717) were obtained from Caenorhabditis Genetics Center (CGC), University of Minnesota, Minnepolis, USA. Caenorhabditis elegans strains were routinely maintained on nematode growth medium (NGM) plates seeded with E. coli OP50 using standard procedures (32).

S. typhimurium DT104 is a porcine multiantibiotic-resistant isolate (33). This strain was cultured on tryptic soy broth (TSB) or tryptic soy agar at 37°C for 16 h. Following three washes with M9 medium, 200 μl of cell suspension (108 CFU/ml) was spread on a NGM plate (100 mm in diameter) and dried for 3 h at 22°C before beginning of the life-span assay. L. zeae LB1 was grown in de Man Rogosa Sharpe (MRS) broth or on MRS agar at 37°C for 18–24 h in an anaerobic chamber (Coy Laboratory Products, Grass Lake, MI) with an atmosphere of 85% N2, 10% CO2, and 5% H2 (9). After three washes with M9 medium, 200 μl cell suspension of L. zeae LB1 (108 CFU/ml) was spread on a NGM plate (100 mm in diameter) and dried for 3 h at 22°C prior to the use.



Life-Span Assay of C. elegans

The life-span assays of C. elegans were performed using the published methods with some modifications (8, 19, 34). Briefly, the synchronized C. elegans were transferred to NGM agar with E. coli OP50 and incubated at 25°C for 48–60 h until they reached the L4 stage. In the assays to evaluate the protective effect of L. zeae LB1 on nematodes, 50 of L4 stage worms were transferred onto the agar plates seeded with either E. coli OP50 or LB1 followed by incubation at 25°C, which was designated as day 0. After 18 h incubation worms on each plate were transferred to a fresh NGM plate daily that were seeded with DT104 and incubated at 25°C. In parallel, worms within the control group were transferred to a fresh NGM plate daily that had been seeded with E. coli OP50 after the 18 h incubation with the same bacterium. The survival of nematode was examined at 24-h intervals up to 15 days. To determine the survival of C. elegans, the number of live worms was recorded daily, and the percentage of surviving worms was calculated by the following formula: survival (%) = (live worms/total worms used) × 100. A worm was considered to be dead when it failed to respond to touch. In assays where a mutant was examined, the procedure remained unchanged. Each assay was repeated at least twice unless it is otherwise indicated.



RNA Extraction

Approximately 150 worms were sampled from each treatment on day 2 of the life-span assays and were then subjected to RNA extraction. The nematodes were washed and disrupted using the method described previously (34) before RNA extraction with the mirVana miRNA Isolation Kit. The RNA integrity was determined by visualization in an agarose gel after treating with DNase I (Ambion, TX) followed by verified as DNA-free by PCR assays. The RNA concentration was determined with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).



Reverse Transcription and Quantitative PCR Analysis

Caenorhabditis elegans gene expression was determined by quantitative PCR (QPCR) analysis after reverse transcription using SuperScript first-strand synthesis system (Invitrogen, Carlsbad, CA, USA). Two housekeeping genes Gapdh and Act-1 were used as internal controls. QPCR assays were performed using 7,500 Real Time PCR System (Applied Biosystems, Foster, CA, USA) and brilliant SYBR green QPCR master mix (Bio-Rad Laboratories, Richmond, VA) following the program: 5 min at 95°C and 40 cycles of 95°C for 30 s, 56°C for 1 min, and 72°C for 30 s. For QPCR assays, each tube contained 12.5 μl Master Mix, 3.75 μl each of the primers at 150 nM, 1 μl cDNA sample, and 4 μl irradiated and double autoclaved dH2O. The PCR primers are listed in Table 1.


Table 1. Primers of QPCR assay*.
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The target gene expression was calculated using the 2−ΔΔCt method (35). The ΔCt represents the difference between the Ct value with the primers to a target gene and the Ct value to the housekeeping genes. The ΔΔCt represents the difference between the ΔCt value of treatment group (either treated with Lactobacillus or Salmonella) and the ΔCt value of control group (treated with E. coli OP50). The values derived from 2−ΔΔCt represent fold changes of samples in abundance relative to the reference samples. The reference samples (treated with E. coli OP50) had the 2−ΔΔCt value of 1.




RESULTS


Enhancement in the Resistance of C. elegans to DT104 Infection by LB1

Figure 1 shows the effect of isolate LB1 on the life-span of C. elegans infected with S. typhimurium DT104. Although pretreatment of the WT nematode (N2) with isolate L. zeae LB1 did not eliminate death caused by DT104, LB1 pretreatment significantly extended (P ≤ 0.05) the life-span of the worms infected with DT104 only. These results were similar to our previously reported observations with a temperature-sensitive mutant (SS104) of C. elegans for preselection of probiotic candidates (9).
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FIGURE 1. Effect of pretreatment with isolate Lactobacillus zeae LB1 on the survival of Caenorhabditis elegans infected with Salmonella typhimurium DT104. The worms were first fed either Escherichia coli OP50 or LB1 at 108 CFU/mL for 18 h and then DT104 for the remaining days. Treatments: ■, E. coli OP50 and then DT104; •, LB1 and then DT104; ×, E. coli OP50 only. All the groups showing different letters were significant different (P ≤ 0.05) in their survival curves.




Response of the WT C. elegans in Gene Expression to DT104 Infection With or Without LB1 Pretreatment

To examine the host immune response against S. typhimurium DT104 infection, the WT worms on day 2 of the life-span assay were selected based on the observation that the numbers of viable worms started to decrease on days 3–5 (Figure 1). The major components in the p38 MAPK (tir-1, nsy-1, sek-1, and pmk-1), DAF/IGF (daf-16 and age-1), PCD (ced-3 and ced-9) pathways, previously identified antimicrobial peptides (lys-7, spp-1, abf-2, clec-85, clec-60, and abf-3), and other reported defense molecules (sod-3, dbl-1, skn-1, and bar-1) were used as indicators for host response at the level of signaling transduction.

As shown in Figure 2, while the gene expression of nsy-1, age-1, abf-2, clec-85, and dbl-1 in the nematode infected with DT104 showed no significant changes (P > 0.05), the expression of daf-16, ced-3, ced-9, abf-3, lys-7, spp-1, and bar-1 genes was upregulated (P ≤ 0.05) compared with uninfected worms. In contrast, the expression of most selected genes associated with the p38 MAPK pathway (tir-1, sek-1, and pmk-1), clec-60 for antimicrobial peptide production, and skn-1 and sod-3 for other defense molecules was decreased (P ≤ 0.05). Compared with the nematode infected with DT104 only, pretreatment of the worms with L. zeae LB1 significantly upregulated (P ≤ 0.05) the expression of almost all the selected genes except for age-1, ced-3, ced-9, abf-2, and dbl-1.
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FIGURE 2. Expression of selected genes in C. elegans relevant to the host response to Salmonella infection and the protection from L. zeae LB1. The worms were sampled on day 2 of the life-span assay. The baseline is the level of gene expression of C. elegans on OP50. Relative expression was determined using the 2−ΔΔCt method as the ratio of transcription level of the treatment group to control group and expressed as fold changes. Data are presented as mean ± S.D. The bar border labeled with red color had no significant difference (P > 0.05) for the same gene between the treatment group (DT104 infected) and the control group (OP50 fed), while the remaining without red color differed significantly between the DT104 infected group and the OP50 fed group (P ≤ 0.05). Means marked with “a”, “b” were significantly different (P ≤ 0.05) for the same gene between the treatment group (LB1 + DT104) and the group infected with DT104 only.




Involvement of Cell Signaling and Production of Antimicrobial Peptides and Other Defense Molecules in the C. elegans Resistance to DT104 Infection

To determine how cell signaling and production of antimicrobial peptides and other defense molecules affect the resistance of C. elegans to DT104 infection, the life-span of 14 different mutants infected with DT104 was investigated in comparison with the WT. The mutants included ag3 (defective in nsy-1), ag1 (sek-1), and km25 (pmk-1) defective in the p38 MAPK pathway; mu86 (daf-16) and hx546 (age-1) defective in the DAF/IGF pathway; mutants n717 (ced-3), n1950 (ced-9), and the double mutant n2812/n717 (ced-9;ced-3) defective in the PCD pathway; ok3366 (abf-3), ok1384 (lys-7), and ok2703 (spp-1) defective in antimicrobial peptide production; and nk3 (dbl-1), gk235 (sod-3), and zu67 (skn-1) defective in the production of other molecules with a defense function.

The results showed that the life-span of the tested mutants ag3, ag1, and km25 defective in the p38 MAPK pathway was all significantly shorter than that of the WT nematode when exposed to DT104 (Figure 3A). Mutants n717, n1950, and n2812/n717 defective in the PCD pathway became more susceptible to DT104 infection (Figure 3C). The life-span of these mutants with one gene mutation was reduced by more than 30% compared to the WT. Furthermore, the mutant (n2812/n717) with two mutations (defective in both ced-3 and ced-9) had only a half of life-span of the WT. For the remaining mutants, mutants mu86 (defective in daf-16), ok3366 (defective in abf-3), ok1384 (defective in lys-7), and zu67 (defective in skn-1) showed a shorter life-span (P ≤ 0.05) than the WT (Figures 3B,D,E). In contrast, the life-span of the mutants that are defective in age-1 (hx546), spp-1 (ok2703), or dbl-1 (nk3) were more resistant to DT104 infection with an increased life-span compare with the WT nematode (Figures 3B,D,E). Mutant gk235 (defective in sod-3) was an exception, which had a similar life-span of the WT when exposed to DT104 (Figure 3E).
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FIGURE 3. The life-span assay of C. elegans mutants in comparison with the WT that are infected with S. typhimurium DT104. (A) Survival curves of p38-MAPK pathway mutants: nsy-1(ag3), sek-1(ag1), pmk-1(km25); (B) Survival curves of DAF/IGF pathway mutants: daf-16(mu86), age-1(hx546); (C) Survival curves of PCD pathway mutants: ced-9(n1950), ced-3(n717), or ced-9;ced-3(n1950;n717); (D) Survival curves of the mutants defective in antimicrobial peptide genes: abf-3(ok3366), lys-7(ok1384), or spp-1(ok2703); (E) Survival curves of other mutants with a defense function: dbl-1(nk3), skn-1(zu67), sod-3(gk235). All treatments were feed with salmonella DT104 as food instead of E. coli OP50. All the groups showing different letters were significant different (P ≤ 0.05) in their survival curves.




Regulation of Cell Signaling and Production of Antimicrobial Peptides in C. elegans by LB1

To determine the role of L. zeae LB1 in regulating the cell signaling of C. elegans to resist S. typhimurium DT104 infection, 7 mutants were examined for their resistance to DT104 infection after pretreatment with LB1. Interestingly, only the three mutants that are defective in nsy-1, sek-1, or pmk-1 demonstrated no changes to DT104 infection even though they were pretreated with LB1 (Figures 4A–C), suggesting no protection from the isolate. These three mutants were shown to be more susceptible to DT104 infection than the WT in the life-span assay without LB1 pretreatment (Figure 3A). The mutants that are defective in daf-16, ced-3, or ced-9 and were also shown to be more susceptible to DT104 infection than the WT in the previous life-span assay without LB1 pretreatment (Figures 3B,C), however, the mutants exhibited a significantly increased life-span (P ≤ 0.05) after the pretreatment with LB1 (Figures 4D,F,G). The pretreatment with LB1 also significantly increased (P ≤ 0.05) the life-span of the mutant defective in age-1 (Figure 4E) that was more resistant to DT104 infection compared to the WT in the previous assay without LB1 pretreatment (Figure 3B).
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FIGURE 4. Effects of L. zeae LB1 on the resistance to S. typhimurium DT104 infection of C. elegans mutants that are defective in the genes for cell signaling. The life-span of different types of C. elegans mutants, including nsy-1 (A), sek-1 (B), pmk-1 (C), daf-16 (D), age-1 (E), ced-3 (F), and ced-9 (G), responding to DT104 infection were evaluated with or without the pretreatment of L. zeae LB1. All the assays were treated with 108 CFU/ml LB1 or E. coli OP50 (control group) for 18h and then with DT104 for remain days. Comparisons were made between the worms pre-exposed to L. zeae LB1 prior to DT104 infection (LB1 + DT104) and those exposed to DT104 only (DT104). The P value for each comparison is indicated inside of each panel.


To determine if L. zeae LB1 regulates the production of antimicrobial peptides and other defense molecules in C. elegans responding to DT104 infection, the life-span of mutants ok3366 (defective in abf-3), ok1384 (defective in lys-7), ok2703 (defective in spp-1), zu67 (defective in skn-1), gk235 (defective in sod-3), and nk3 (defective in dbl-1) were investigated with or without LB1 pretreatment. As shown in Figure 5, both mutants defective in abf-3 or lys-7 had no changes in the life-span regardless of LB1 pretreatment, suggesting no protection from LB1 (Figures 5A,B). However, pretreatment with LB1 significantly increased (P ≤ 0.05) the life-span of the mutants that are defective in sod-3, skn-1, or dbl-1 (Figures 5D–F) and showed no change, decreased or increased resistance to DT104 infection in the previous assay without LB1 pretreatment, respectively (Figure 3E). In contrast to these observations, the mutant defective in spp-1 became more susceptible to DT104 infection after LB1 pretreatment (Figure 5C), which was more resistant to the infection without LB1 pretreatment (Figure 3D). In all the life-span assays with the mutants, the WT behaved similarly as in the previous assays with or without LB1 pretreatment.
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FIGURE 5. Effect of L. zeae LB1 on the resistance to S. typhimurium DT104 infection of C. elegans mutants that are defective in the genes encoding antimicrobial peptides or other molecules with a defense function. The life-span of different types of C. elegans mutants, including abf-3(ok3366) (A), lys-7(ok1384) (B), spp-1(ok2703) (C), dbl-1(nk3) (D), skn-1(zu67) (E), sod-3(gk235) (F), responding to DT104 infection were evaluated with or without the pretreatment of L. zeae LB1. All the assays were treated with 108 CFU/ml LB1 or E. coli OP50 (control group) for 18h and then with DT104 for remain days. Comparisons were made between the worms pre-exposed to L. zeae LB1 prior to DT104 infection (LB1 + DT104) and those exposed to DT104 only (DT104). The P value for each comparison is indicated inside of each panel.





DISCUSSION

The suitability of C. elegans for the studies of host immune response to bacteria including both foodborne pathogens and probiotics was further demonstrated recently (14, 34, 36–38). The nematode innate immune system is highly conserved and can be quickly activated through several immune regulatory pathways to protect the host against bacterial infection (7). Among them, the p38 MAPK and DAF/IGF signaling pathways play a vital role in combating bacterial infection in the intestine. For example, these two pathways were shown to be important in controlling Salmonella infection (10, 20). In addition, the PCD pathway was also found to have a role in the host resistance to Salmonella infection (23). Interestingly, we recently identified the positive role of both serotonin and dopamine in the host defense of C. elegans to S. typhimurium infection through regulation of the p38 MAPK and DAF/IGF pathways (21). To further elucidate this regulation, the present study has investigated the role of particular members in those pathways and provided new insight into the regulation of both cell signaling and production of antimicrobial peptides and other defense molecules in C. elegans.

In the present study, four genes (tir-1, nsy-1, sek-1, and pmk-1) in the p38 MAPK pathway, two genes (daf-16 and age-1) in the DAF/IGF pathway, two genes (ced-3, ced-9) in the PCD pathway, six genes (abf-2, abf-3, lys-7, spp-1, clec-60, and clec-85) encoding antimicrobial peptides, and four other genes (dbl-1, skn-1, sod-3, and bar-1) reported previously with a defense function (26, 39, 40) were initially investigated for the possible involvement in the immune response of the WT nematode by examining their expression. When infected with S. typhimurium DT104, the expression of daf-16, ced-3, ced-9, abf-3, lys-7, spp-1, and bar-1 genes was upregulated (P ≤ 0.05), whereas others such as clec-60, skn-1, and sod-3 were suppressed. In particular, the expression of all the selected genes associated with the p38 MAPK pathway except for nsy-1 was downregulated (P ≤ 0.05). These results suggested that the p38 MAPK pathway was one of the major targets by DT104 while the PCD and DAF/IGF pathways were also affected. The results from the life-span assay with various mutants supported the notion. The mutants that are defective in nsy-1, sek-1, or pmk-1 (the major components in the p38 MAPK pathway), in ced-3 or ced-9 (the major components of PCD pathway), or in daf-16 (a major component of DAF/IGF pathway) all became more susceptible to DT104 infection with over 20–30% reduction in the life-span compared to the WT (Figures 3A–C). Furthermore, the life-span of the double mutant defective in both ced-3 and ced-9 had only half of the life-span of the WT. Based on the data described above, it appears that the response of C. elegans to DT104 infection is mediated mainly through the regulation of the p38 MAPK, DAF/IGF, and PCD pathways.

Although many important innate immune pathways and effectors have been identified in C. elegans, there are differences in the host responses to different bacterial pathogens especially in the regulation of antimicrobial peptide production (28, 29, 31, 41). Analyses of mutations in different genes associated with the responses have identified downstream proteins involved in pathogen defense, such as LYS (lysozyme) family, ABF (Ascaris suum antibacterial factor) family, SPP (Caenopores are the saposin-like proteins) family, and C-type lectins family (29, 30). However, the role of these antimicrobial peptides in response to bacterial infection is yet to be fully elucidated (7, 14, 42). In the present study, the transcription of genes that encode for antimicrobial peptides including abf-3, lys-7, and spp-1 was all significantly upregulated in the WT nematode when it was exposed to DT104. This suggests a vital role for antimicrobial peptides in the defense of C. elegans against Salmonella infection. This notion is also supported by the fact that C. elegans with a mutation in an antimicrobial peptide gene (lys-7, or abf-3) showed significant shorter life-span than the WT when the mutants were subjected to DT104 infection (Figure 3D). In our previous report, the mutant defective in spp-1 showed shorter life-span than the WT when the nematode was subjected to ETEC infection only, but no changes in the life-span regardless of the pretreatment with L. zeae LB1 (34). However, in the current study the same mutant had significantly longer life-span than the WT when exposed to S. typhimurium DT104 only (Figure 3D), but a shorter life-span than the WT after the pretreatment with L. zeae LB1 (Figure 5C). While the reason underlying these observations is unclear, it provides another piece of evidence that the role of antimicrobial peptides can vary in the host response to different pathogens.

There were several reports recently that Lactobacillus can confer health benefits to C. elegans including life-span extending, protection against pathogen infection, and prevention from abiotic stress (20, 43–45). Park et al. (38) reported that probiotic L. fermentum strain JDFM216 stimulated the longevity and immune response of C. elegans through a nuclear hormone receptor (NHR) family and PMK-1 signaling (38). Pediococcus acidilactici P25 strain affected expression of the genes related to innate immune response and upregulated the abundance of transcripts in multiple pathways of C. elegans, including peroxisome, longevity, and MAPK pathways (42). Nevertheless, these reports have not yet identified immunomodulatory effects of Lactobacillus on the targeting sites downstream of the p38 MAPK and DAF/IGF pathways. Our previous study found that a selected strain L. zeae LB1 could provide protection by regulating C. elegans cell signaling through the p38-MAPK and DAF/IGF pathways to control the production of antimicrobial peptides and defense molecules (34). The same strain was also investigated for its immune-regulatory effects against S. typhimurium DT104 infection in the present study. The data from both the gene expression and life-span studies indicate that the protection offered by L. zeae LB1 against Salmonella-caused death also involved the p38 MAPK, DAF/IGF, and PCD pathways as well as the production of antimicrobial peptides and other defense molecules in C. elegans. In particular, five genes including nsy-1, sek-1, pmk-1, abf-3, and lys-7 in the p38 MAPK pathway or for antimicrobial peptide production appear to be the sites regulated by LB1 as LB1 pretreatment provided no protection to the corresponding mutants (Figures 4A–C, 5A,B). Kim et al. (20) reported that L. acidophilus NCFM activates the p38 MAPK pathway (via TIR-1 and PMK-1) and the β-catenin signaling pathway (via BAR-1) against Gram-positive bacteria while it has no effect on Gram-negative (P. aeruginosa or S. typhimurium) (20). Very recently, we demonstrated that the protection of L. zeae LB1 against S. typhimurium DT104 infection was mediated by dopamine through both the p38 MAPK and DAF/IGF pathways (21). These observations with the data described in the present study suggest that the protection offered by Lactobacillus can be species or even strain-specific with different immunomodulation mechanisms.

In conclusion, the present study has revealed: [1] the host response of C. elegans to S. typhimurium DT104 infection mainly involves the p38 MAPK, DAF/IGF, PCD pathways and production of antimicrobial peptides and defense molecules; [2] Nsy-1, Sek-1, and Pmk-1 (MAPK pathway) as well as Lys-7 and Abf-3 (antimicrobial peptides) appear to be the sites regulated by L. zeae LB1, leading to the protection; [3] L. zeae LB1 can induce different immune responses in C. elegans when the nematode is infected by different pathogens. To summarize the findings from the present study, a schematic diagram has been generated (Figure 6), which also proposes a possible immunomodulatory mechanism by L. zeae.


[image: Figure 6]
FIGURE 6. Schematic diagram speculating the immunomodulatory mechanism by L. zeae. The hypothesis was based on the data from both life-span assays and gene expression experiments of various C. elegans mutants either pretreated or not with L. zeae LB1 before S. typhimurium DT104 infection in the present study and on the data published previously on the regulation of C. elegans cell signaling by L. zeae LB1 against ETEC infection (34).
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Orally administered probiotics encounter various challenges on their journey through the mouth, stomach, intestine and colon. The health benefits of probiotics are diminished mainly due to the substantial reduction of viable probiotic bacteria under the harsh conditions in the gastrointestinal tract and the colonization resistance caused by commensal bacteria. In this review, we illustrate the factors affecting probiotic viability and their mucoadhesive properties through their journey in the gastrointestinal tract, including a discussion on various mucosadhesion-related proteins on the probiotic cell surface which facilitate colonization.




Keywords: probiotics, colonization, adhesion, colonization resistance, gut microbiota



Introduction

Probiotics are defined by the FAO/WHO as “live microorganisms that, when administered in adequate amounts, confer a health benefit on the host” (Hill et al., 2014). Probiotics are gaining increasing acceptance and are now commonly used as consumer food and food supplemental products. The global market for probiotics is increasing at a compound annual growth rate of approximately 13%. Between 2010 and 2014, the global market capacity increased from US$ 25.4 billion to US$ 36.9 billion.

The effects of probiotics in disease prevention and treatment have been frequently studied. An increasing body of evidence suggests that probiotics play an active role in alleviating a variety of conditions including chronic diseases (Leung et al., 2016), infectious diseases (Shen et al., 2017), autoimmune diseases (Esmaeili et al., 2017), and pediatric diseases (Guo et al., 2019). Clinically, therapies to modulate the gut microbiota include oral administration of probiotics and fecal microbial transplantation (FMT). FMT has been proved to be an effective treatment for patients with Clostridium difficile infections (CDI), inflammatory bowel disease (IBD), and recurrent hepatic encephalopathy, but the applications of FMT are relatively limited compared with oral administration of probiotics (Britton and Young, 2014; Browne and Kelly, 2017; Bajaj et al., 2018). Moreover, FMT remains controversial due to the risk of the transmission of drug-resistant microorganisms which could lead to adverse infectious events (DeFilipp et al., 2019).

Compared to FMT, oral administration of probiotics has a wider range of applications and is considerably more convenient and safer. However, the viability of orally administrated probiotics is greatly challenged by harsh conditions including gastric acid, bile salts, and degrading enzymes, before they arrive at their functional site in the gastrointestinal tract (GIT) (Yao et al., 2020). Furthermore, viable probiotics reaching the colon must also manage to colonize the intestinal mucosa in competition with the indigenous bacteria (Zmora et al., 2018). Interestingly, several reports demonstrated that many of the effects obtained from viable cells of probiotics can also be realized from the dead probiotics (Adams, 2010; Li et al., 2016; Warda et al., 2019; Warda et al., 2020). Since this review mainly concentrate on the adhesion-associated surface molecules, the detailed part of dead probiotics and their function will not be described here. Although the harsh conditions in the upper GIT have been discussed in previous publications (Charteris et al., 1998; Saarela et al., 2000; Yao et al., 2020), the purpose of this review is to comprehensively illustrate the journey of probiotics from oral administration to the GIT followed by colonization of the gut, with a particular focus on the adhesion process of probiotics on the mucosa or intestinal epithelial cells.



Transit of Probiotics Through the Gastrointestinal Tract

After oral administration, probiotics pass through the GIT, from the mouth, through the stomach, to the small intestine and colon. In this section, a range of physicochemical factors (Figure 1), which may impact the viability of probiotics, will be described.




Figure 1 | Various factors affect the viability of probiotics during gastrointestinal transit, including gastric acid, digestive enzymes, bile acids in the upper gastrointestinal tract, and colonization resistance caused by commensal bacteria in the colon.




Mouth

When probiotics are ingested, they will first be exposed to saliva in the mouth. Saliva is a clear and mildly acidic, mucoserous, exocrine secretion, consisting of immunologic and nonimmunologic components which protect teeth and mucosal surfaces (Humphrey and Williamson, 2001). The immunologic contents include secretory Immunoglobulin A (IgA), Immunoglobulin G (IgG), and Immunoglobulin M (IgM). The non-immunologic contents include proteins, mucins, peptides, and enzymes. Saliva has an antibacterial effect, however, it is selective and can support the growth of non-cariogenic microflora (Humphrey and Williamson, 2001). In vitro studies on multiple Lactobacillus, Pediococcus, and Bifidobacteria strains have shown no significant loss of cell count when exposed to saliva, compared with the control group (Haukioja et al., 2006; Garcia-Ruiz et al., 2014). While the transit of probiotics through the mouth and their exposure to saliva are transient after oral administration, the influence of saliva on the survival rates of probiotics seems to be minimal.



Stomach

After passing through the esophagus, the probiotics arrive in the stomach where they are exposed to the acidic gastric fluid. The acidic environment is extremely lethal to most bacteria, especially to bacteria non-resistant to acid, which can cause a reduction of bacterial cytoplasmic pH. The influx of hydrogen ions (H+) leads to a decrease in activity of glycolytic enzymes, which further affects the F1F0-ATPase proton pumps. The reduction of F1F0-ATPase proton pump activity in low pH is responsible for the survival of probiotics (Yao et al., 2020). The transit through the stomach takes between 5 min and 2 h and prolonged exposure to the acidic environment is a huge challenge for the probiotics (Cook et al., 2012; Yao et al., 2020). In addition, other adverse conditions present in the stomach including ionic strength, enzyme activity (pepsin), and mechanical churning have been shown to have an impact on the viability of probiotics (Sarao and Arora, 2017; Surono et al., 2018). For example, the viable cells of Bifidobacterium longum and Bifidobacterium breve became undetectable in simulated gastric juice within an hour (Cook et al., 2012).



Small Intestine

After passing through the pylorus, the probiotic bacteria will reach the small intestine where abundant pancreatic juice and bile are present. Under the neutralizing effect of intestinal fluid, the pH in the small intestine is about 6.0–7.0, much milder than gastric fluid (Cook et al., 2012). However, bile acids and digestive enzymes (including lipases, proteases, and amylases) can also impact probiotic viability through cell membrane disruption and DNA damage (Hamner et al., 2013; Yao et al., 2018; Yao et al., 2020). In vitro studies have demonstrated that the viability of Lactobacillus salivarius Li01 and Pediococcus pentosaceus Li05 is reduced in simulated intestinal fluid (Yao et al., 2017; Yao et al., 2018). To enhance the tolerance of probiotics to gastric juice and bile in the GIT, the probiotics can be coated with a protective shell, a technique known as microencapsulation. In recent years, great progress has been made in increasing the survival rate and guaranteeing that sufficient number of viable probiotics reach the colon via microencapsulation-based methods (Martin et al., 2015; Yao et al., 2017; Yao et al., 2018).



Colon

The colon has the largest bacterial density (1011 to 1012 CFU/ml) where probiotics will encounter colonization resistance from commensal bacteria (O’Hara and Shanahan, 2006; Zmora et al., 2018). Probiotics must compete with the host microbiota for nutrients and adhesion sites to be able to colonize the colonic mucosa and proliferate (Zmora et al., 2018; Yao et al., 2020). Due to the colonization resistance, most probiotics are excreted out of the colon with stool after oral administration and shortly after consumption ceases so that the probiotics cannot be detected (Sierra et al., 2010; Wang et al., 2015). The mechanisms which engender the colonization resistance are illustrated in detailed in the section below.




The Gut Microbiota and Colonization Resistance

The human body contains a huge microbiome consisting of microorganisms including bacteria, fungi, archaea, viruses, and protozoa (Shukla et al., 2017). According to previous studies, each individual contains about 10–100 trillion symbiotic microbial cells, most of which are bacteria residing in the intestines (Gilbert et al., 2018). The gut microbiota plays a symbiotic role during the development of the human body and participates in the process of maintaining health and resisting diseases (Fan and Pedersen, 2020). In this section, the composition of gut microbiota and the mechanism of colonization resistance will be discussed.


Composition of the Gut Microbiota

The human gut microbiota consists of more than 1,000 phylotypes (Gilbert et al., 2018). In healthy individuals, most phylotypes of bacteria can be roughly classified into Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria, and Verrucomicrobia (Lozupone et al., 2012). Among them, Bacteroidetes and Firmicutes usually dominate the microbiota whereas Actinobacteria, Proteobacteria, and Verrucomicrobia are usually minor constituents. The concentration of microorganisms in the stomach and proximal small intestine is less than 104 CFU/ml due to the harsh conditions in the GIT. Majorities of microorganisms inhabit in distal small intestine and colon, where the bacterial density ranges from 1011 to 1012 CFU/ml (O’Hara and Shanahan, 2006). The distribution of bacteria in the intestinal mucosa has certain ecological characteristics. Along the longitudinal axis of the intestine and colon, the oxygen concentration gradually decreases. More anaerobes such as Clostridium and Faecalibacterium reside in the lower GIT while the upper gastrointestinal tract is enriched in Gram-positive cocci (eg, Gemella, Streptococcus) (Engevik and Versalovic, 2019). Along the horizontal axis of the intestine and colon, the antimicrobial molecules and oxygen secreted from the epithelium cells accumulate at high local concentrations within the inner mucus layer, where few microbial inhabitants can colonize (Donaldson et al., 2016). The mucus layer in the colon has two different structures: a loose outer layer and a tight inner layer. The former is colonized by Bacteroides acidifaciens, Bacteroides fragilis, Bifidobacteriaceae, and Akkermansia muciniphila which can degrade mucin. The latter is penetrated at low density by a more restricted community including Bacteroides fragilis and Acinetobacter spp. (Donaldson et al., 2016).

The composition of the gut microbiota is not static. Instead, it is highly variable and its normal variation in diversity is affected by factors including age, genetics, environment, and diet (Lozupone et al., 2012; David et al., 2014; Goodrich et al., 2014; Rothschild et al., 2018). In the early years of life, especially during the first three years, the composition and function of microbes colonized in the intestine are continuously changed until a relatively stable microbial community is established. Previous studies have shown that the microbiota composition of twins and mother-daughter pairs is more similar than unrelated individuals, suggesting that genetics may play a role in the microbiota composition (Dicksved et al., 2008; Turnbaugh et al., 2009). In contrast, a recent study further showed that the microbiota composition of people living together without kinship had many significant similarities, demonstrating that host genetics had a minor role in determining microbiota composition in this case (Rothschild et al., 2018). The microbial composition is considerably different between people in different geographic locations and with different diets, indicating that the gut microbiome is significantly associated with diet and environment (Rothschild et al., 2018; Partula et al., 2019; Scepanovic et al., 2019).



Colonization Resistance

The normal gut microbiota forms a stable bacterial community that resists the invasion of foreign bacteria and the expansion of pathogens. This phenomenon, which was discovered in 1950s, is known as “colonization resistance” (Bohnhoff et al., 1954; Freter, 1955). The mechanisms of colonization resistance can be divided into two broad categories: direct and indirect mechanisms. Among both categories, direct colonization resistance refers to restriction of exogenous microbial colonization strictly through factors associated with the gut microbiota, independently of any interaction with the host, and includes inhibition and competition for resources (Pickard et al., 2017). Indirect colonization resistance is dependent on host-derived factors, including production of antimicrobial peptides, maintenance of the epithelial barrier, and modulation of bile acid concentrations through interaction with host (Gibson et al., 2017). For example, bacteriocins are proteinaceous compounds which are synthesized in the ribosomes of both Gram-positive or Gram-negative bacteria and are able to inhibit closely related species or species that utilize similar nutrients or niches (Klaenhammer, 1993; Gibson et al., 2017). It has been found that bacteriocin-producing Enterococcus faecalis can inhibit the colonization of vancomycin-resistant enterococci (VRE) (Kommineni et al., 2015).

Probiotics are adversely affected by the colonization resistance exerted by the commensal gut microbiota. Some studies demonstrate that the probiotics which human beings ingest are globally shed in stool in the period confined to the time of administration and shortly thereafter (Sierra et al., 2010; Lahti et al., 2013; Wang et al., 2015). Related experiments further demonstrate that probiotics cannot change intestinal microbiota community structure or diversity (Kristensen et al., 2016; Bazanella et al., 2017; Laursen et al., 2017). Colonization resistance may be one of the important reasons for the limitation of the long-term effects of probiotics. Zmora et al. administered a combination consisting of 11 probiotic strains to adult, male specific pathogen-free (SPF) mice and germ-free (GF) mice. Stool samples were analyzed at indicated time points, followed by a dissection of the GI tract on day 28 after supplementation. Significantly higher viable counts of bacteria were observed in GF mice compared to that in SPF groups. An explanation for the results could be that the probiotics encounter a higher degree of mucosal colonization resistance in the SPF mice compared to in the GF mice (Zmora et al., 2018). Another interesting study indicated that the efficacy of probiotic colonization varies among different persons. Volunteers were divided into two groups, “permissive” and “resistant.” People in the permissive group had a significant increase in probiotic strains in their intestinal mucus membrane, whereas probiotics were not detected in the intestine of people in the “resistant” (Zmora et al., 2018).




Probiotic Colonization of the Intestinal Mucosa

Successful colonization of the gastrointestinal tract is a key factor for probiotics to be able to exert a sufficient host-interaction to confer health benefits (Alp and Kuleasan, 2019). Mucosal adhesion is considered a critical step in probiotic colonization; however, the mechanisms of adhesion still require exploring. In this section, we discuss the composition of the intestinal mucus layer and specific proteins related to probiotic adhesion.


Intestinal Mucosa and Mucus Layer

The intestinal mucosa is composed of epithelial layer, lamina propria, and muscularis mucosa. Small intestinal villi, which are formed by the epithelium and lamina propria protruding into the intestinal cavity, cover the surface of the mucosa and are responsible for the absorption of nutrients in the intestine. The epithelial cells are composed of absorptive cells, goblet cells and endocrine cells. Goblet cells are scattered between absorptive cells, secreting mucus which covers the entire small intestinal cavity, composed of carbohydrates, lipids, salts, protein, bacteria, and cellular debris (Ensign et al., 2012). The thickness of mucus varies from approximately 30 to 300 μm; the thickness increases from the intestine to the rectum (Van Tassell and Miller, 2011). The main proteins are glycoproteins called mucins which polymerize to form a continuous gel matrix, providing a structural basis for the mucosal layer, protecting the intestine from pathogens, enzymes, toxins, dehydration, and abrasion. At the same time, exogenous nutrients such as vitamins and minerals are present in the intestinal mucus, which provide a huge ecologic growth advantage for bacteria colonized in the intestinal mucus (Sicard et al., 2017). It can be said that the mucus is an excellent niche for both of probiotics and pathogen.



Adhesion

The process of bacterial adhesion to the mucosa includes reversible and stable stages (Kos et al., 2003). Initially, probiotics bind to the mucosa through non-specific physical contact, including spatial and hydrophobic recognition, establishing reversible and weak, physical binding (Van Tassell and Miller, 2011). Subsequently, with the specific interactions between adhesins (usually proteins anchored on the cell surface) and complementary receptors, probiotics establish a stable binding to the mucus or intestinal epithelial cells (IECs), thereby successfully colonizing the GIT (Van Tassell and Miller, 2011).

Probiotics can encode numerous cell-surface factors which are involved in adherence to mucin or IECs. Buck et al. inactivated and knocked out several specific cell surface factors in the Lactobacillus acidophilus NCFM, including mucin-binding protein (Mub), fibronectin-binding protein (FbpA), and surface layer protein (SlpA). Significant decrease in adhesion to Caco-2 cells was observed in the each separate protein mutant, showing that the genes which encode FbpA, Mub, and SlpA all contribute to L. acidophilus NCFM adhesion to IECs in vitro (Buck et al., 2005). Another similar in vitro study found that mutations in luxS in L. acidophilus NCFM, which encodes autoinducer (AI)-2, caused a decrease in the adhesion to IECs (Buck et al., 2009). Additional work demonstrated the involvement of myosin cross-reactive antigen (MCRA) of L. acidophilus NCFM in adhesion to Caco-2 cells (O’Flaherty and Klaenhammer, 2010) and the deletion of the gene encoding sortase from L. salivarius resulted a significant reduction in adhesion to human epithelial cell lines (van Pijkeren et al., 2006). In addition to the proteins, there are also non-protein molecules present in probiotics, including teichoic acids (TA) and exopolysaccharides (EPS) which can interact with host cells to influence the adhesion. It can be inferred from current publications that there is no fixed molecule that can be applied to all strains of probiotics, despite of the wide range of adhesion-related molecules. Many adhesins seem to be specie or strain dependent. These adhesion-associated surface molecules of probiotics and mechanisms related to adhesion are discussed in detail below (Table 1 and Figure 2).


Table 1 | Adhesion-related molecules in probiotics.






Figure 2 | The composition of the mucus layer and association with probiotic surface proteins. Goblet cells are scattered between absorptive cells, which can secret mucus that cover the entire small intestinal cavity. The mucus is mainly composed of mucins which are rich in cysteine. The extensive disulfide bonds between mucins form the characteristic viscoelastic properties of mucus. The specific proteins on the surface of probiotics play an important role in probiotic adhesion to mucus. Mucus-binding proteins for example, can bind to the mucus layer through interactions with glycosyl modifications of mucin.




Mucus-Binding Proteins

Mucus-binding proteins (MUBs) are cell surface proteins with a typical signal peptide and C-terminal LPxTG motif in the C-terminus which establish a covalent binding to the bacterial cell wall (Juge, 2012). MUBs are usually found in lactic acid bacteria, especially Lactobacillus reuteri, which is one of the most dominant probiotic bacteria in the human GIT (Roos and Jonsson, 2002; MacKenzie et al., 2009; Jensen et al., 2014). MUBs contain multiple Mub repeats (Mub domains, ~200 residues) which share homology to the mucin-binding protein repeats (MucBP domains, ~50 residues) (Mercier-Bonin and Chapot-Chartier, 2017). Mub domains can be found in proteins of numerous Lactobacillus spp., including L. acidophilus, L. plantarum, L. brevis, and L. fermentum (Van Tassell and Miller, 2011). The amino acid sequence of Mub is highly repetitive and contains two types of related repeats, Mub1 and Mub2. Single antibodies against Mub1 and Mub2 ​​had no inhibition on adhesion experiments, demonstrating that the repetitive structure of both is important for the progress of adhesion (Roos and Jonsson, 2002). Experiments have also suggested that Mub interacts with carbohydrate components on the mucus, particularly with the glycosylic bond of mucins (Van Tassell and Miller, 2011). The distribution of MucBP domains in bacterial proteins is more extensive than that of Mub (Juge, 2012). Similarly, MucBPs in Lactobacillus have been demonstrated to be able to bind to mucus (Radziwill-Bienkowska et al., 2016).



Fibronectin-Binding Proteins

The extracellular matrix is a complex network of large molecules outside the cells in which the extracellular glycoprotein fibronectin is ubiquitously present. Fibronectin-binding proteins, which are anchored on the bacterial surface, belong to the microbial surface components recognizing adhesive matrix molecules (MSCRAMM) family of adhesins (Schwarz-Linek et al., 2006). It has been shown that fibronectin-binding proteins present on the surface of L. acidophilus can bind to the exposed fibronectin and anchor the IECs (Schillinger et al., 2005). Munoz-Provencio et al. showed that purified fibronectin-binding protein, encoded by fbpA of Lactobacillus casei BL23, could bind to immobilized fibronectin. They also observed that mutants with inactivated fbpA showed a lower adhesion rate to immobilized fibronectin (Munoz-Provencio et al., 2010).



Surface-Layers Proteins

The outermost strata of the bacterial cell wall consist of the surface (S-) layers, non-covalently bonded semi-porous crystal arrays comprised of self-assembling proteinaceous subunits called S-layer proteins (SLPs) (Sara and Sleytr, 2000). The lattices of the S-layer exhibit oblique, square, or hexagonal symmetry when observed with an electron microscope. Most S-layers are 5 to 25 nm thick and have a molecular weight of almost 40–200 kDa. S-layers have been found in hundreds of species in almost every taxonomic group of walled bacteria (Sleytr et al., 2014). S-layers have been shown to be involved in a number of processes including maintaining cell shape, protecting the murein sacculus from lysozyme attack, acting as molecular sieves and antifouling coating, serving as binding sites, and promoting bacterial adhesion (Sleytr et al., 2014). SLPs of probiotics also have many benefits to the host. Recent studies found that SLPs purified from Lactobacillus exerted immunomodulatory effects, which attenuated intestinal barrier dysfunction and inflammation, and protected intestinal epithelial barrier (Prado Acosta et al., 2016; Zhang et al., 2017; Wang et al., 2019).

Surface-layer protein A (SlpA) is a S-layer protein specifically found in L. acidophilus NCFM. Knockout of SlpA engendered decreased adhesive capability of the bacteria (Buck et al., 2005). Ashida et al. compared adhesive capabilities of eight L. acidophilus strains to Caco-2 cells and found that the adhesive capability of L. acidophilus L-92 was highest and that of L. acidophilus CP23 was lowest among the compared strains (Ashida et al., 2011). Further research showed that the expression levels of SlpA on the surface of L. acidophilus L-92 was about 40-fold higher than that of L. acidophilus CP23 (Ashida et al., 2011). In Propionibacterium freudenreichii CIRM-BIA 129, another protein called surface-layer protein B (SlpB), have also been shown to play a key role in adhesion to human intestinal cells. Significant inhibition of adhesion to HT-29 cells was observed when blocking SlpB with specific antibodies or when inactivating slpB in P. freudenreichii CB129 (do Carmo et al., 2017).

Johnson et al. identified proteins covalently, co-localized to the outermost stratum of the cell surface within the S-layer of L. acidophilus NCFM, designated as S-layer associated proteins (SLAPs) (Johnson et al., 2013). SLAPs have subsequently been characterized in several Lactobacillus spp. (L. helveticus, L. crispatus, L. amylovorus, and L. gallinarum) (Johnson et al., 2016). Both SLPs and SLAPs are important mediators of adhesion to host IECs and mucins (Buck et al., 2005; Hymes et al., 2016; Johnson and Klaenhammer, 2016; Klotz et al., 2020). Interestingly, one of the most prevalent SLAPs in L. acidophilus NCFM, PrtX, acts as a serine protease homolog, and has been shown to be negatively correlated with adhesion in in vitro experiments (Johnson et al., 2017). In the study by Johnson et al. the gene prtX, was deleted from the chromosome of L. acidophilus NCFM and it was discovered that the PrtX-deficient strain (ΔprtX) showed an enhanced cell binding ability to mucin and fibronectin compared to the wild type strain (Johnson et al., 2017). More effects of SLPs and SLAPs on the adhesion are still waiting for exploring.



Moonlighting Proteins

Moonlighting proteins are defined as multifunctional proteins which can exhibit more than one biological function (Jeffery, 1999). Almost 400 moonlighting proteins have been discovered which can be found at MoonProt Database (http://www.moonlightingproteins.org). Moonlighting proteins including enolase (ENO), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), elongation factor-Tu (EF-Tu), and molecular chaperones have been demonstrated to be involved in adhesion of probiotics to human intestinal mucins or IECs (Bergonzelli et al., 2006; Siciliano and Mazzeo, 2012). A more detailed description of the involvement of specific moonlighting proteins in adhesion follows below.


Enolase

Enolase is a multifunctional protein which plays a key role in variety of pathophysiological processes such as glycolysis, fibrinolysis, and DNA transcription (Pancholi, 2001). As a moonlighting protein, enolase was discovered on the L. plantarum LM3 and B. bifidum S17 cell surface and it was shown that the protein could bind specifically to the extracellular matrix, thus facilitating the adhesion of bacterial cells to the host (Castaldo et al., 2009; Wei et al., 2016). Castaldo et al. also compared the differences between wild type strains and mutant strain which carried the enolase null mutation and showed the adhesion ability of mutant strain was less efficient than that of wild strain (Castaldo et al., 2009).



Glyceraldehyde-3-Phosphate Dehydrogenase

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an enzyme involved in the glycolysis. GAPDH is considered as a moonlighting protein because it has diverse functions in different processes, including in regulation of apoptosis (Hara et al., 2005), iron homeostasis (Rawat et al., 2012), and transcription activation (Zheng et al., 2003). GAPDH catalyzes enzymatic reactions mainly in the cytosol. Moreover, it has also been indicated that GAPDH is able to bind the cytoskeletal and extracellular matrix proteins on the cell surface of group B streptococci (Seifert et al., 2003). GAPDH lacks an extra-cytoplasmic sorting sequence, and it is interesting how the GAPDH transfers from cytosol to the cell surface (Siciliano and Mazzeo, 2012). One study showed that L. plantarum LA 318 adheres to human colonic mucin by GAPDH which is expressed on the cell surface (Kinoshita et al., 2008). Similarly, Patel et al. (2016) cloned the gene encoding GADPH from L. acidophilus, and expressed, purified, and obtained a recombinant product (r-LaGAPDH). It was discovered that the recombinant protein was in tetramer form in solution, and it showed mucin binding and hemagglutination activity. Several studies have found that in addition to binding to mucin, GAPDH of L. plantarum also has a highly specific adhesive capacity to plasminogen and fibronectin (Sanchez et al., 2009; Glenting et al., 2013).

The stress response of probiotics when exposed to gastric juice and bile will have an effect on the adhesive capacity to mucins and IECs. Agustina et al. reported that the adhesion of L. paracasei strains to mucin and IECs increased after gastrointestinal acid and bile stress. It is demonstrated that the increased adhesive capacity was attributed to the positive modification of GAPDH biosynthesis (Agustina Bengoa et al., 2018). However, bile or acid stress does not always result in increased adhesion capacity. For example, L. delbrueckii subsp. lactis 200 and L. delbrueckii subsp. lactis 200+ grown in medium containing bile showed a decrease in adhesion to IECs (Burns et al., 2010).



Elongation Factor Tu

Elongation factor Tu (EF-Tu) is an intracellular protein which serves several functions in protein synthesis and protein folding, including facilitating protein synthesis and increasing translation accuracy (Beck et al., 1978). EF-Tu is comprised of three domains known as domains I, II, and III, forming different sites for binding of guanosine triphosphate (GTP) and aminoacyl-tRNA (Harvey et al., 2019). This structure enables EF-Tu to transport aminoacyl-tRNAs to the ribosome during protein synthesis. Interestingly, EF-Tu is a highly conserved protein which can be found on both cell surfaces of pathogens and probiotics (Kunert et al., 2007; Espino et al., 2015; Thofte et al., 2018). The role of EF-Tu on the cell surface involves the processes of bacterial adhesion to host cells, invasion, and immune evasion (Ramiah et al., 2008; Lopez-Ochoa et al., 2017). Zhang et al. used 5 M LiCl to remove the surface proteins (EF-TU and surface antigen) of L. paracasei and L. casei. After treatment, their adhesion force to HT-29 cells significantly reduced (Zhang et al., 2016). Nishiyama et al. found that B. longum can release particles into the extracellular environment and relevant proteomics analysis identified several mucin-binding proteins, including EF-Tu (Nishiyama et al., 2020).



Molecular Chaperones

Molecular chaperones are a large class of proteins which facilitate binding and stabilization of unstable conformations of other proteins, and promote correct folding of intracellular proteins (Ellis, 1987). GroEL is a molecular chaperone which assists the folding of nascent or stress-denatured polypeptides through binding and encapsulation (Clare et al., 2012), and has additionally showed moonlighting functionality, including binding activity to mucins and IECs (Bergonzelli et al., 2006). It has also been indicated in in vitro studies that GroEL plays a critical role in the binding process of L. johnsonii La1 to mucus and intestinal cells in the host environment. Interestingly, the binding process of GroEL to mucins or intestinal cell lines was pH-dependent and the binding capacity varied with the pH; the binding capacity was higher at pH 5.0 compared to that at pH 7.2 (Bergonzelli et al., 2006). Small heat shock proteins as ATP-independent chaperones (sHsps) act by binding unfolding proteins, thereby delaying the formation of harmful protein aggregates (Janowska et al., 2019). sHSPs contribute to cellular defense against harsh conditions under physiological conditions and the GIT stress responses of most bacteria involving the upregulation of sHSPs (Guzzo, 2012; Haslbeck and Vierling, 2015; Khaskheli et al., 2015). Nishiyama et al. compared the adhesion ability of 31 L. pentosus strains to mucin and discovered a highly adhesive L. pentosus strain, which over-produced four moonlighting proteins including sHSPs (Pérez Montoro et al., 2018). A recent study investigated the impact of knockout of the sHSP genes (including HSP1, HSP2, and HSP3) on adhesion of L. plantarum WCFS1 to human enterocyte-like cells, demonstrating that sHSP genes deletion lowered GIT stress resistance and adhesion capacity (Longo et al., 2020).




Aggregation-Promoting Factors

Aggregation-promoting factors (Apf) are secreted proteins which induces self-aggregation and facilitates the maintaining of cell shape. These proteins have mainly been found among Lactobacillus spp. (Nishiyama et al., 2015). It has been found that Apf-deficient mutants of L. acidophilus NCFM showed a significant reduction of adherence to Caco-2 cells and mucins compared with the wild type strain, suggesting Apf acts as an adhesion factor which participates in the interaction with the host mucus layer and IECs (Goh and Klaenhammer, 2010). Similar results have been shown in L. gasseri SBT2055 (Nishiyama et al., 2015).



Pili

Pili are short, straight, and filamentous structures stretching from the cell surface of bacteria. Pili are mostly characterized among Gram-negative bacteria. However, pili-like structures are also found in probiotics like Bifidobacterium spp. and Lactobacillus spp. (Alp and Kuleasan, 2019). Unlike those in Gram-negative bacteria, these pili have a narrow diameter (~1–10 nm) and every pilus consists of multiple pilin subunits which are coupled to each other covalently (Kankainen et al., 2009). Lankainen et al. discovered three LPXTG-like pilins (SpaCBA) in L. rhamnosus GG (LGG) (Kankainen et al., 2009). Each of the three pilins has its own location and function in the pilus: backbone SpaA for length, basal SpaB for anchoring, and tip SpaC for adhesion (Kant et al., 2020). Study showed the adhesion to human intestinal mucus was destroyed by SpaC antibody and blocked in a mutant of LGG which carried the inactivated SpaC gene, demonstrating the SpaC is essential in the interaction with mucus (Kankainen et al., 2009; Lebeer et al., 2012). Subsequently, another type of LGG pilus called SpaFED was phenotypically characterized. Similar to SpaCBA, SpaFED pilus can also mediate the adhesion to mucin (Rintahaka et al., 2014). Meyrand et al. detected one adhesion-associated pilin on the surface of L. lactis which was plasmid-encoded, suggesting the possibility of spread of adhesion effect among L. lactis through horizontal gene transfer (Meyrand et al., 2013). Type Via pili, type IVb tight adherence (Tad) pili, and sortase-dependent pili have been found in the genomes of almost Bifidobacterium spp., including B. bifidum, B. breve, B. longum, and B. adolescentis, and have been demonstrated to play important roles in the adhesion to IECs or the extracellular matrix (Westermann et al., 2016). A recent study showed that acid stress could enhance the adhesion ability of GG to intestine epithelium through the induction of pili-related genes including spaC and spaF (Bang et al., 2018).



Exopolysaccharides

Exopolysaccharides (EPS) are surface carbohydrate polymers existing in most bacteria and fungi. They have various bioactivities functions, including lowering cholesterol, immunomodulating, anti-oxidation, anti-virus, counteract colonization of enteropathogens, and anti-coagulant (Fanning et al., 2012; Zivkovic et al., 2015; Zhou et al., 2019). As a protective surface layer, EPS play a positive role in helping probiotics enhance the tolerance to harsh condition of GIT by forming biofilms and communicating with other microorganisms or with host cells (Arena et al., 2017). However, there has been no conclusive conclusions so far about whether EPS can promote adhesion. According to existing references, EPS can not only participate in the adhesion process, but also reduce the adhesion efficiency of probiotics. Since the EPS on the probiotic surface, especially those with high molar mass and large volume, may shield other adhesion proteins. One previous report estimated the adhesive properties of several lactic acid bacteria (LAB) strains to Caco-2 cells, and found EPS may facilitate probiotic adhesion (Garcia-Ruiz et al., 2014). The effect of EPS on bacterial adhesion seems to be dependent on probiotic specie and strain. A previous study investigated three EPS depletion mutant strains of L. plantarum. Lp90 mutant strain showed improved adhesion to Caco-2 cells compared to the Lp90 wild-type strain. Interestingly, the depletion of EPS genes for WCFS1 and SF2A35B strains did not influence their mucoadhesion (Lee et al., 2016). For B. animalis, higher proportion of high molecular weight of EPS showed lower mucoadhesion, indicating that different EPS on bacterial surface might confer variable adhesion characteristics (Castro-Bravo et al., 2017). Although the contribution of EPS to the probiotic colonization process is controversial, it can be confirmed that the presence of EPS plays a significant role in the interaction of probiotics with the host.



Teichoic Acids

Teichoic acids (TAs) are important components of the Gram-positive bacterial cell wall, which are composed of alditol phosphate repeating units, contributing to the hydrophobic character and electrostatic charge of the bacterial cell surface (Arena et al., 2017; Wu et al., 2020). TA can be divided into lipotheicoic acid (LTA) and wall teichoic acid (WTA). In early 1980s, the role of both TA on binding to host cells was raised (Beachey, 1975; Aly et al., 1980). One study found that LTA could inhibit the adhesion of L. johnsonii La1 to Caco-2 cells in a concentration-dependent way (Granato et al., 1999).





Conclusions

We discussed various unfavorable conditions which influence the viability and mucoadhesion of probiotics during GI transit. Colonization of probiotics on the mucus layer could be achieved when adhesive proteins from each side bind together, on the premise of overcoming the colonization resistance. Thus, the characteristics and functions of different proteins of were specifically reviewed. However, most of current research on mucoadhesion-related molecules of probiotics are limited to lactic acid bacteria. Adhesive proteins and mucoadhesion mechanisms of probiotics such as Bifidobacterium, Enterococcus, Pediococcus are still waiting for exploring. Besides, how probiotics communicate with commensal bacteria and some are successfully introduced to gut microbiota is also of great interest. Understanding these factors will facilitate the employment of effective delivery strategies designed for probiotics to overcome colonization resistance and achieve health benefits.
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Exposure to adverse events in early life increases the risk of chronic metabolic disease in adulthood. The objective of this study was to determine the significance of milk fat globule membrane (MFGM)-mediated alterations in the gut microbiome to the metabolic health of offspring in the long-term. Female C57BL/6 mice were fed either a high-fat diet (HFD) or a control diet for 3 weeks before pregnancy and throughout pregnancy and lactation. During lactation, pups from the HFD group were breast-fed with or without 1,000 mg/kg BW/day MFGM supplementation (HFD and HFD-MS group, respectively). After weaning, the offspring in each group were divided into male and female subgroups. The weaned mice were then shifted to a control diet for 8 weeks. At the eleventh week, stool samples were collected for 16S rRNA gene sequencing. Serum biochemical parameters were analyzed, and intraperitoneal glucose and insulin tolerance tests were performed. Neonatal supplementation with MFGM ameliorated metabolic disorder and improved glucose tolerance in offspring exposed to maternal HFD in a sex-specific manner. Furthermore, maternal HFD induced gut microbiota perturbation in offspring in adulthood. Neonatal MFGM supplementation significantly enriched g-Parabacteroides, g-Bifidobacterium, g-Faecalibaculum, and g-Lactobacillus in male offspring exposed to maternal HFD, while significantly enriched g-Parabacteroides and g-Alistipes in female offspring exposed to maternal HFD. These bacteria may be associated with the favorable changes in metabolism that occur in adulthood. Sex differences in the changes of metagenomic pathways related to oxidative phosphorylation, citrate cycle, electron transfer carries, and ubiquinone biosynthesis were also observed in the offspring. Maternal HFD has an adverse effect on the metabolism of offspring in later life. Neonatal MFGM supplementation could modulate the structure of gut microbiota communities and may have long-term protective effects on lipid and glucose metabolism, but these effects are sex dimorphic.
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Introduction

Childhood obesity remains a major public health problem and is associated with metabolic disorders later in life, including insulin resistance, cardiovascular disease (CVD), and non-alcoholic fatty liver disease (NAFLD). Clinical and experimental studies have linked maternal obesogenic environments to the development of obesity and related metabolic disorders in offspring (Keleher et al., 2018). The prenatal and infancy stages are considered particularly critical time windows in determining the individual risk of developing obesity in later life. The theory of the developmental origins of health and disease (DOHaD) proposed by David Barker states that fetal or infant exposure to adverse factors, such as poor nutrition and adverse intrauterine environment, could increase the risk of chronic diseases, including obesity, diabetes, and CVD, in adulthood (Barker and Osmond, 1986; Barker, 2007). Both maternal overnutrition and malnutrition are considered risk factors for offspring obesity. Maternal obesity or excessive weight gain during pregnancy has been associated with adiposity in children. Maternal gestational hyperglycemia and diabetes can affect fetal glucose control and increase the risk of adolescent adiposity and metabolic disorders (Arenz et al., 2004). The impact of maternal nutrition on offspring metabolic health has also been studied extensively in animal models. A large number of animal studies have shown that a maternal high-fat diet (HFD) during gestation and lactation could “program” offspring toward metabolic diseases and have lasting effects on their long-term health (Ribaroff et al., 2017; Mann et al., 2018).

Although many factors are involved in the transmission of metabolic diseases from mother to child, such as genetic, epigenetic factors, and environmental influence, early life microbial symbiosis has been considered a crucial factor for the long-term metabolic health issues (Hoffman et al., 2017; Milani et al., 2017). The route of mother-to-fetus microbial transmission is still controversial, with opinions ranging from in-utero to postpartum colonization. Numerous studies have demonstrated that gut microbiota dysbiosis caused by maternal transmission could result in obesity and other metabolic diseases (Zhou and Xiao, 2018), which may be passed to subsequent generations. Maternal obesity was found to modulate the gut microbiota of offspring and affect their nutrient acquisition and energy homeostasis, indicating that an obesogenic trait is transmitted from mother to child. A follow-up study showed that obese or overweight pregnant women and women with excessive gestational weight gain had a more proinflammatory gut microbiome than their lean counterparts (Collado et al., 2008). In a murine model, a previous study showed that dams fed HFD throughout gestation and lactation produced offspring with gut microbiota dysbiosis and metabolic disorder, which persisted into adulthood (Guo et al., 2018). Gut microbiota dysbiosis in early life due to maternal HFD exposure may have consequences on metabolic health later in life. Therefore, reshaping the infant gut microbiome using dietary agents is a promising strategy to break this cross-generational transmission of obesity-related outcomes.

Breast milk contains many biologically active ingredients that are important for the development of infants, such as oligosaccharides, probiotics, immunoglobulins, and growth factors. Breast milk is also a source of live bacteria and contains energy sources for colonizing bacteria (Milani et al., 2017). Milk fat is an important component of milk, usually found in the form of milk fat globule (MFG). During the process of milk fat secretion, MFG is surrounded by a triple phospholipid and cholesterol layer, known as the milk fat globule membrane (MFGM). MFGM envelops the triacylglycerol core of the MFG, playing an emulsifying and stabilizing role in milk and preventing MFG aggregation and degradation (Jukkola and Rojas, 2017).

The MFGM in breast milk is composed of several bioactive ingredients, including phospholipids, glycoproteins, and enzymes. MFGM is the sole source of phospholipids in breast milk and is primarily comprised of sphingomyelins, phosphatidylcholines, and phosphatidylethanolamines (Timby et al., 2017). It has been demonstrated that the dietary administration of phospholipids or sphingomyelins may prevent body weight gain, improve lipid metabolism, and alter gut microbiota composition in HFD-fed adult mice (Norris et al., 2016; Milard et al., 2019). Furthermore, Li et al. found that the supplementation of phospholipid-enriched MFGM to HFD dams during pregnancy and lactation promoted brown/beige adipogenesis and provided protection against maternal HFD-induced adiposity in offspring. However, MFGM is a milk-derived nutrient supply. A better mimic of its physiological role would be to supply MFGM to pups during suckling and observe its protective effects against maternal-transmitted metabolic disorders. Although a previous study showed a direct connection between MFGM supplementation and the neonatal gut microbiome (Bhinder et al., 2017), no study has investigated whether neonatal MFGM consumption has long-term effects on the composition of the adult gut microbiota.

In a previous study, we found that MFGM supplementation during suckling exerted long-term protective effects against a predisposition to maternal HFD-induced hepatic steatosis in offspring. However, the exact mechanism is not well understood. Further research is needed to define the significance of neonatal MFGM supplementation on the long-term metabolic health of offspring. Therefore, we continued to explore the influence of neonatal MFGM supplementation on lipid and glucose metabolism in adult offspring mice. In addition, we investigated the role of MFGM supplementation on modulating adult gut microbiota and the correlation between metabolic outcomes and altered bacteria.



Materials and Methods


Animals and Diets

All animal experiments were approved by the Institutional Review Board and the Animal Care and Use Committee of Shanghai Xinhua Hospital. Five-week-old virgin female C57BL/6 mice were purchased from SLAC Laboratory Animal Co. (China). All mice were housed in ventilated cages with a 12:12 h light-dark cycle at a constant temperature (21–23°C) and with free access to food and water. After acclimatizing for 1 week, the mice were randomly divided into two groups. The mice in the different groups were fed a control diet (16.7% kcal from fat, 64% kcal from carbohydrate, and 19.3% kcal from protein; LAD3001G, TROPHIC Animal Feed High-Tech Co. LTD, China) or a high-fat diet (60% kcal from fat, 20.6% kcal from carbohydrate, and 19.4% kcal from protein; TP23300, TROPHIC Animal Feed High-Tech Co. LTD, China) for 3 weeks before mating. Details of dietary differences are shown in Supplementary Table 1. Female mice were subsequently mated with 10-week-old male C57BL/6 mice, fed a control diet, at a ratio of two females to one male for approximately 1 week. During pregnancy and lactation, the mice in each group were fed their corresponding diet. Mating success was confirmed by checking for vaginal plug formation. Upon pregnancy, the breeding pairs were separated and the female mice were housed individually until the end of lactation stage. The first appearance of a litter from primiparous dams was recorded as postnatal day (PD) 1. Offspring were not handled until postnatal day 3 (PD3) for fear of being bitten by dams. At PD3, each litter was adjusted to six pups to ensure similar milk intake.

Pups exposed to a maternal HFD were randomly placed into two groups: breast-fed without MFGM supplementation (HFD group) and breast-fed with 1,000 mg/kg BW/day MFGM supplementation (HFD-MS group). The MFGM concentration used in this study was calculated based on the amount of phospholipids in rodent breast milk. This concentration was close to the dosage reported by Bhinder et al. (2017). The bovine MFGM was prepared using the protocol described in our previous study (Zhang et al., 2019). From PD3 to PD21, a 100 mg/ml suspension of MFGM dispersed in ddH2O was administered daily in the HFD-MS group by oral gavage, while the offspring from the control diet-fed dams (CD group) and HFD group received the same volume of vehicle (ddH2O) daily. After weaning, the offspring were divided based on sex in all groups and the number of offspring in each group is eight. A male suffix was added after the original group names in the male groups, while the female suffix was added to distinguish them from male groups. All mice consumed a control diet for 8 weeks until they were sacrificed at 11 weeks of age. A schematic diagram of the experimental design is shown in Scheme 1.




Scheme 1 | Experimental groups. Five-week-old C57BL/6J mouse dams were fed CD or HFD 3 weeks before mating and throughout pregnancy and lactation. During suckling, offspring from HFD dams were supplemented without or with 1,000 mg/kg body weight/day MFGM. After weaning at 3 weeks, all offspring were fed CD for 8 weeks. Male and female offspring were sacrificed and assessed at 11 weeks of age. CD, control diet; HFD, high-fat diet; MS, milk fat globule membrane supplementation.



On the day before the end of the experiment, fresh stool samples were collected for gut microbiota analysis and then frozen in liquid nitrogen. At the end of the experiment, the offspring were anesthetized with 1% pentobarbital and euthanized via cervical dislocation. Blood samples were obtained from the retro-orbital sinus after fasting overnight, and then incubated at room temperature for 2 h. Serum was collected by centrifugation at 5,000 rpm for 30 min at 4°C and stored at ‒80°C.



Intraperitoneal Glucose Tolerance Test (IPGTT) and Intraperitoneal Insulin Tolerance Test (IPITT)

IPGTT and IPITT were performed either 1 or 2 weeks before euthanasia, respectively. For IPGTT, 14–16 h fasted mice were administered 50% glucose solution (2 g/kg BW) by intraperitoneal injection. Blood was collected from the tail vein at 0, 15, 30, 60, and 120 min after administration, and the blood glucose level was measured with a glucometer (Bayer Healthcare LLC, Germany). For IPITT, mice fasted for 6 h were injected intraperitoneally with insulin (Sigma-Aldrich, USA) at a dose of 0.75 U/kg BW. The time points of blood collection and the methods of estimation were identical to those of the IPGTT. The glucose response was evaluated using the area under the curve (AUC).



Serum Biochemical Analysis

Total serum cholesterol (TC), triglyceride (TG), alanine aminotransferase (ALT), aspartate aminotransferase (AST), fasting blood glucose (FBG), low-density lipoprotein cholesteryl ester (LDL-C), and high-density lipoprotein cholesteryl ester (HDL-C) were estimated using an automatic biochemistry analyzer (Sysmex CHEMIX-180, Japan). The fasting insulin levels were determined using a commercial insulin enzyme-linked immunosorbent assay kit (Crystalchem, USA). All procedures were conducted according to the manufacturer’s instructions.



Microbial DNA Extraction and Gene Sequencing

The stool samples of 11-week-old mice in all groups were sent to the Shanghai OE Biotech. Co., Ltd. (Shanghai, China) for 16S rRNA gene sequencing. Bacterial DNA was extracted from the fecal contents according to the manufacturer’s instructions (DNeasy PowerSoil Kit; Qiagen, Germany). The quality and quantity of DNA were verified by NanoDrop and agarose gel electrophoresis. The extracted DNA was diluted to a concentration of 1 ng/μl and stored at ‒20°C until further processing. The diluted DNA was used as a template for the PCR amplification of bacterial 16S rRNA genes with the barcoded primers and Takara Ex Taq (Takara, Japan). For bacterial diversity analysis, the V3-V4 variable regions of the 16S rRNA genes were amplified using the universal primers 343F-5’-TACGGRAGGCAGCAG-3’, and 798R-5’- AGGGTATCTAATCCT-3’. The amplicon quality was visualized using gel electrophoresis, purified with Agencourt AMPure XP beads (Beckman Coulter, USA), and amplified for another round of PCR. After purifying again with AMPure XP beads, the final amplicon was quantified using a Qubit dsDNA assay kit (Thermo Fisher Scientific, USA). Equal amounts of purified amplicon were pooled for sequencing using the Illumina MiSeq platform.

Raw sequencing data were obtained in FASTQ format. Paired-end reads were then preprocessed using Trimmomatic (version 0.35) software to detect and remove ambiguous bases (N) (Bolger et al., 2014). Low-quality sequences with an average quality score below 20 were also removed using a sliding window trimming approach. After trimming, the paired-end reads were assembled using FLASH (version 1.2.11) software (Reyon et al., 2012). The parameters of assembly were as follows: minimal overlapping, 10 bp; maximum overlapping, 200 bp; maximum mismatch rate, 20%. The sequences were subjected to further denoising as follows: reads with ambiguous, homologous sequences, or sequences below 200 bp were abandoned. Reads with 75% of bases above Q20 were retained. Thereafter, any reads with chimera were detected and removed. These two steps were performed using QIIME (version 1.8.0) software (Caporaso et al., 2010). Clean reads were subjected to primer sequence removal and clustering to generate operational taxonomic units (OTUs) using Vsearch (version 2.4.2) software with a 97% similarity cut-off (Rognes et al., 2016). The representative read of each OTU was selected using QIIME. All representative reads were annotated and blasted against the Silva database (version 123) using the RDP classifier (confidence threshold, 70%) (Wang et al., 2007).



Bioinformatic Analysis

To clarify the similarities between the composition of fecal microbiota among all the experimental groups in adult male and female offspring, the estimators of α-diversity, including community richness (Chao 1) and diversity (Simpson and Shannon index), were calculated based on rarefied OTU tables. Principal coordinates analysis (PCoA) and unweighted pair group method with arithmetic mean (UPGMA) on unweighted UniFrac distance matrix were displayed as the β-diversity. The results of linear discriminant analysis coupled with effect size measurements (LEfSe) revealed different gut microbiota from the phylum level down to the genus level among the experimental groups. Phylogenetic investigation of communities by reconstruction of unobserved states (PICRUST) was used to predict the 16S rRNA-based high-throughput sequencing data for functional features from the phylogenetic information. The predicted functional composition profiles were then collapsed into level 2 and 3 of KEGG (Kyoto Encyclopedia of Genes and Genomes) database pathways. The correlations between the significantly different bacteria at the genus level and the serum parameters among the mice offspring were determined by RDA (redundancy analysis) and CCA (canonical correspondence analysis) and the related heatmap figures.



Statistical Analysis

The data are expressed as the mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) was performed to compare the biochemical parameters, body weight, AUC, and α-diversity indices among multiple groups. Two-way ANOVA was performed to compare the blood glucose levels of IPGTT and IPITT at different time points among multiple groups. Tukey’s test was used to assess the statistical significance between groups following ANOVA tests. Differences in the relative abundance of gut microbiota were analyzed using the Kruskal–Wallis test with post-hoc analyses. Correlation analyses between the relative abundance of bacterial taxa at the genus level and metabolic parameters were performed using the Spearman correlation coefficient test. P-value <0.05 was considered statistically significant. Prism version 7.0 (GraphPad Software Inc., San Diego, CA, USA) was used for statistical analysis.




Results


Neonatal Supplementation of MFGM Does Not Alter Body Weight of Adult Male and Female Offspring Exposed to Maternal HFD

Changes in the body weight of male and female offspring were measured weekly from the weaning day (PD21) until 11 weeks of age. As shown in Figure 1, the body weight in the HFD group was significantly higher compared to the CD group in both male (HFD-male: 10.15 ± 0.42 g vs CD-male: 8.42 ± 0.19 g; P < 0.01) and female (HFD-female: 9.67 ± 0.35 g vs CD-female: 8.09 ± 0.17 g; P < 0.01) offspring at weaning. By contrast, MFGM supplementation reduced the body weight of male (HFD-male: 10.15 ± 0.42 g vs HFD-MS-male: 8.78 ± 0.31 g; P < 0.05) and female (HFD-female: 9.67 ± 0.35 g vs HFD-MS-female: 8.25 ± 0.30 g; P < 0.01) offspring in the HFD-MS group compared to the HFD group at weaning. Further comparison was conducted on the body weight of adult offspring at 11 weeks of age, which showed no significant difference among the CD, HFD, and HFD-MS groups in either male or female offspring (Figures 1A, B).




Figure 1 | Body weight of adult male and female offspring. (A) Body weight of male mice at 3 or 11 weeks. (B) Body weight of female mice at 3 or 11 weeks. Data are expressed as the mean ± SEM. N = 6–8/group. **p < 0.01 vs the CD group; #p < 0.05 and ##p < 0.01 vs the HFD group. CD, control diet; HFD, high-fat diet; MS, milk fat globule membrane supplementation.





Neonatal Supplementation of MFGM Ameliorates Metabolic Disorders in Adult Male and Female Offspring Exposed to Maternal HFD

Although no significant difference was observed in body weight at 11 weeks among the three groups in both male and female offspring, the serum biochemical parameters related to lipid and glucose metabolism were examined in the adult mice offspring. The serum parameters of adult male and female offspring are summarized in Table 1. In the adult male offspring, there were no significant changes in serum TC and LDL-C in the HFD group compared to the CD group. However, the TG content in the HFD group was much higher than that in the CD group (P < 0.01). MFGM supplementation during suckling attenuated the increase in serum TG caused by maternal HFD (P < 0.01). The HDL-C levels in the HFD group were significantly lower than those in the CD group (P < 0.05), whereas MFGM supplementation slightly increased the HDL-C levels (P = 0.06). Glucose metabolism showed that the concentration of FBG in the HFD group was significantly higher than that in the CD group (P < 0.01), and MFGM supplementation during suckling normalized FBG in the HFD-MS group (P < 0.01). Exposure to HFD is known to increase the accumulation of lipid droplets in the liver, and subsequent hepatic injury. Therefore, we measured the levels of ALT and AST in the serum of all groups. As a result, the serum ALT and AST levels were found to be significantly higher in the male offspring from the HFD group than in those from the CD group (P < 0.01), whereas neonatal MFGM supplementation resulted in significant improvements (P < 0.01).


Table 1 | Serum biochemistry parameter.



In the adult female offspring, maternal HFD exposure did not alter the levels of TG, TC, or LDL-C, but decreased the level of HDL-C (P < 0.01). Change in the HDL-C levels caused by maternal HFD were recovered by neonatal supplementation with MFGM (P < 0.01). Additionally, maternal HFD was found to increase the level of AST but not ALT in the HFD group (P < 0.01), and MFGM supplementation alleviated the injury (P < 0.01). Unlike male offspring, there was no significant difference in fasting blood glucose and insulin levels between the HFD and CD groups. Despite this, neonatal MFGM supplementation still reduced the FBG in female offspring (P < 0.05).



Neonatal Supplementation of MFGM Improves Glucose Tolerance and Insulin Sensitivity in Adult Male Offspring Exposed to Maternal HFD

Since a higher level of FBG was observed in the HFD group compared to the CD group, IPGTT and IPITT were performed to determine the effect of MFGM on glucose metabolism in offspring mice. As shown in Figure 2A, according to the IPGTT, the blood glucose levels were higher at 30 min (P < 0.01), 60 min (P < 0.05), and 120 min (P < 0.05), and the AUC was significantly larger in adult male offspring from the HFD group than in those from the CD group (P < 0.01). In the HFD-MS group, the glucose tolerance impaired by maternal HFD was found to be improved by MFGM supplementation (P < 0.01). According to the IPITT (Figure 2B), there was no significant difference at different times after administering insulin among groups in the adult male offspring. Correspondingly, there was also no significant difference in the AUC of IPITT.




Figure 2 | Glucose metabolism of adult male and female offspring. (A) IPGTT and AUC of adult male mice. (B) IPITT and AUC of adult male mice. (C) IPGTT and AUC of adult female mice. (D) IPITT and AUC of adult female mice. Data are expressed as the mean ± SEM. N = 5–7/group. *p < 0.05 and **p < 0.01 vs the CD group; #p < 0.05 and ##p < 0.01 vs the HFD group. IPGTT, intraperitoneal glucose tolerance test; IPITT, intraperitoneal insulin tolerance test; AUC, area under the curve; CD, control diet; HFD, high-fat diet; MS, milk fat globule membrane supplementation.



According to IPGTT and IPITT, the glucose tolerance and insulin sensitivity in adult female offspring were resistant to maternal HFD exposure (Figures 2C, D). Notwithstanding the lack of differences in the tolerance and sensitivity tests between the HFD and CD groups, the neonatal supplementation of MFGM was found to reduce the AUC of IPGTT curve (P < 0.05).



Neonatal Supplementation of MFGM Alters Fecal Microbiota in Adult Male and Female Offspring Exposed to Maternal HFD

To explore the mechanism by which maternal HFD induced offspring metabolic disorders and MFGM supplementation during suckling prevented metabolic disorders, we performed 16s rRNA sequencing of the fecal flora of adult male and female offspring. The OTUs were annotated, and the shared and unique OTUs among groups were indicated by flora plots (Figures 3A, D). As a result, the α-diversity indices Chao 1, Simpson, and Shannon were found to not be significantly different among the three groups in either male or female offspring (Supplementary Figure 1). β-diversity analysis of the fecal communities using PCoA (Figures 3B, E) and UPGMA (Figures 3C, F) based on unweighted Unifrac distance revealed that the overall microbial compositions of the CD, HFD, and HFD-MS groups separated from each other in the male and female offspring.




Figure 3 | Different microbial diversity indices in different groups. (A) Flower plots of OTUs in adult male mice. (B) β-diversity analysis of microbial communities using PCoA based on unweighted Unifrac distance in the adult male. (C) β-diversity analysis of microbial communities using UPGMA based on unweighted Unifrac distance in the adult male mice. (D) Flower plots of OTUs in adult female mice. (E) β-diversity analysis of microbial communities using PCoA based on unweighted Unifrac distance in the adult female offspring. (F) β-diversity analysis of microbial communities using UPGMA based on unweighted Unifrac distance in the adult female mice. N = 5/group. CD, control diet; HFD, high-fat diet; MS, milk fat globule membrane supplementation; OTU, operational taxonomic unit; PCoA, principal coordinate analysis; UPGMA, unweighted pair group method with arithmetic mean.



We compared the relative abundance of the bacterial communities among the groups by measuring the number of observed OTUs. At the phylum level, p-Bacteroidetes and p-Firmicutes were found to be the two most predominant taxa in both male and female offspring (Figures 4A, 5A). In the adult male offspring, we found that maternal HFD reduced the Firmicutes/Bacteroidetes (F/B) ratio relative to the CD group (P < 0.01) (Figure 4C). Figure 4B shows the proportions of the top 10 most abundant genera in the three groups. The relative abundance of Bifidobacterium and Faecalibaculum was significantly decreased in the HFD group compared to the CD group (P < 0.01), while MFGM supplementation during suckling reversed these altered genera (P < 0.01) (Figure 4C). The relative abundance of g-Bacteroides was distinctly lower and that of g-Parabacteroides and g-Lactobacillus was distinctly higher in the male offspring from the HFD-MS group than in those from the HFD group (P < 0.01), notwithstanding no differences in these two genera between the CD and HFD groups (Figure 4C). LEfSe analysis demonstrated significantly different microbiota among the groups of male offspring at the phylum, class, order, family, and genus levels (Figure 4D).




Figure 4 | Changes in the gut microbiota of adult male offspring. (A) Relative abundance of bacterial taxa at the phylum level in each male mouse and among three groups. (B) Relative abundance of bacterial taxa at the genus level among three groups. (C) Significantly different genera and F/B ratio. (D) LEfSe analysis of the different gut microbiota from the phylum level to the genus level among three groups. N = 5/group. **p < 0.01 vs the CD group; and ##p < 0.01 vs the HFD group. CD, control diet; HFD, high-fat diet; MS, milk fat globule membrane supplementation; F/B, Firmicutes/Bacteroidetes; LEfSe, linear discriminant analysis (LDA) coupled with effect size measurements.






Figure 5 | Changes in the gut microbiota of adult female offspring. (A) Relative abundance of bacterial taxa at the phylum level in each female mouse and among three groups. (B) Relative abundance of bacterial taxa at the genus level among three groups. (C) Significantly different genera and F/B ratio. (D) LEfSe analysis of the different gut microbiota from the phylum level to the genus level among three groups. N = 5/group. *p < 0.05 and **p < 0.01 vs the CD group; #p < 0.05 vs the HFD group. CD, control diet; HFD, high-fat diet; MS, milk fat globule membrane supplementation; F/B, Firmicutes/Bacteroidetes; LEfSe, linear discriminant analysis (LDA) coupled with effect size measurements.



In the adult female offspring, maternal HFD increased the F/B ratio relative to the CD group (P < 0.05). However, neonatal MFGM supplementation shifted the F/B ratio in the HFD-MS group close to that in the CD group (P < 0.05) (Figure 5C). The proportions of the top 10 most abundant genera in the three groups are shown in Figure 5B. We found that the relative abundance of g-Bacteroides decreased (P < 0.05) and that of g-Ileibacterium increased (P < 0.01) in the HFD group compared with the CD group (Figure 5C). Furthermore, when compared with the HFD group, the relative abundance of g-Alistipes and g-Parabacteroides increased (P < 0.05), whereas that of g-Ruminiclostridium decreased in the HFD-MS group (P < 0.05) (Figure 5C). LEfSe analysis demonstrated significantly different microbiota among the groups of female offspring at the phylum, class, order, family, and genus levels (Figure 5D).



Functional Prediction of Gut Microbiota Among Groups in Adult Male and Female Offspring

In the enrichment analysis of KEGG-derived pathways based on high-throughput sequencing data, significant differences were found among the three groups in both male and female adult offspring. In the male offspring, we found a lower abundance of pathways related to the metabolism of nutrients, including carbohydrate, lipid, amino acid and nucleotide, and some systems such as endocrine and digestive system in the HFD group compared with the CD group. Neonatal MFGM supplementation increased the abundance of these pathways to various degrees in the HFD-MS group (Figure 6A). Furthermore, maternal HFD decreased the abundance of some functional pathways in the HFD group in the level 3 category relative to the CD group. These functional pathways are mainly involved in biological processes related to lipid and energy metabolism, such as unsaturated fatty acid biosynthesis, linoleic acid metabolism, sphingolipid metabolism, glycosphingolipid metabolism, adipocytokine signaling transduction, glycolysis/gluconeogenesis, oxidative phosphorylation, citrate cycle, and electron transfer carries. However, the attenuated richness of these pathways in the HFD group was recovered in the HFD-MS group (Figure 6A).




Figure 6 | Microbial functional features and correlation analysis between the altered genera with the serum parameters in adult male offspring. (A) KEGG (Kyoto Encyclopedia of Genes and Genomes) database pathways were used to predict the microbial functional features at levels 2 and 3 among three groups in the adult male offspring. (B) Heatmap of Spearman correlation analysis between the significantly different germs at the genus level with serum biochemical parameters among different groups in the adult male offspring. N = 5/group. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate significant Spearman correlation. CD, control diet; HFD, high-fat diet; MS, milk fat globule membrane supplementation.



In the female offspring, the gut microbiota of the HFD group was characterized by low-representation of pathways involved in the digestive, endocrine, and excretory systems, transport and catabolism, metabolic diseases relative to the CD group. In contrast, neonatal MFGM supplementation shifted the profile of these functional pathways towards those observed in the CD group (Figure 7A). On the level 3 of KEGG, compared with the CD group, the low represented KEGG pathways in the HFD group were mainly in biological processes associated with lipid metabolism. These pathways included sphingolipid metabolism, linoleic acid metabolism, glycosphingolipid biosynthesis, and bile acid metabolism. However, the reduced richness of these pathways in the HFD group was increased in the HFD-MS group (Figure 7A). Notably, pathways involved in energy metabolism, such as glycolysis/gluconeogenesis, oxidative phosphorylation, citrate cycle, and electron transfer carries, have not been observed as high represented in female offspring as in male offspring.




Figure 7 | Microbial functional features and correlation analysis between the altered genera with the serum parameters in adult female offspring. (A) KEGG (Kyoto Encyclopedia of Genes and Genomes) database pathways were used to predict the microbial functional features at levels 2 and 3 among three groups in the adult female offspring. (B) Heatmap of Spearman correlation analysis between the significantly different germs at the genus level with serum biochemical parameters among different groups in the adult female offspring. N = 5/group. *p < 0.05 and **p < 0.01 indicate significant Spearman correlation. CD, control diet; HFD, high-fat diet; MS, milk fat globule membrane supplementation.





Correlation Between Gut Microbiota and Serum Biochemical Parameters in Adult Male and Female Offspring

To analyze the relationship between gut microbiota and biochemical metabolism in adult offspring, we performed a correlation analysis between the serum biochemical parameters and significantly different microbiota at the genus level. In the adult male offspring, TG and AST were found to be positively correlated with the relative abundance of g-Bacteroides, g-Rikenella, g-Alloprevotella, and g-Muribaculum (P < 0.05), but were negatively correlated with the relative abundance of g-Parabacteroides, g-Bifidobacterium, g-Faecalibaculum, and g-Lactobacillus (P < 0.05 or P < 0.001). TC and ALT were negatively correlated with the relative abundance of g-Bifidobacterium, g-Faecalibaculum, and g-Prevotella (P < 0.05 or P < 0.01). In contrast, the relative abundance of g-Bifidobacterium and g-Faecalibaculum was positively correlated with HDL-C in adult male offspring (P < 0.05) (Figure 6B). In the adult female offspring, AST was positively correlated with the abundance of g-Rikenella and g-Ruminiclostridium (P < 0.05 or P < 0.01). HDL-C was negatively correlated with g-Rikenella and g-Ileibacterium (P < 0.05) (Figure 7B). Collectively, we found that the characteristic bacteria in adult male offspring played a significant role in regulating lipid metabolism. However, the association between the characteristic bacteria and serum parameters did not appear to be prominent in the adult female offspring.




Discussion

Gut microbiota, which is transmitted from mother to offspring, can affect the host’s energy homeostasis, nutrient acquisition, and metabolism. Thus, the influence of maternal HFD during gestation and lactation on the offspring gut microbiota may be an important factor regulating metabolism. Compelling evidence has demonstrated that gut microbiota dysbiosis plays an important role in linking adverse early life environments and metabolic disorders in later life (Codagnone et al., 2019). In accordance with a previous study (Zhou et al., 2019), the present study showed that maternal HFD during pre-pregnancy, pregnancy, and lactation results in significant glucose intolerance, insulin resistance, disorders of serum lipid profiles, and microbiota dysbiosis in adult mice offspring even when offspring are switched to a control diet after weaning.

MFGM contains large amounts of bioactive ingredients, such as unique polar lipids and membrane-specific proteins, and contributes to the growth and development of infants (Hernell et al., 2016). In a rodent model, the supplementation of polar lipid-enriched MFGM to obese dams was demonstrated to increase energy expenditure and alleviate obesity in adult offspring exposed to maternal HFD and an obesogenic environment post-weaning (Li et al., 2020). Although several groups have focused on the relationship between prenatal/postnatal MFGM supplementation and adult metabolic health, we are committed to identifying the mechanism behind it. In this study, we found that neonatal supplementation with MFGM during suckling improved glucose and lipid metabolism in both male and female adult offspring challenged with maternal HFD during pregnancy and lactation. Given the crucial role of gut microbiota in metabolic health, we performed 16s rRNA sequencing of fecal flora in adult male and female offspring and compared the microbiota among the groups. The results revealed that maternal HFD induced fecal microbiota dysbiosis in the HFD group, and that MFGM supplementation during suckling could partially restore the dysbiosis caused by maternal HFD. Of note, the adult offspring in our study demonstrated remarkable sexual dimorphism in metabolism and gut microbiota.

Sex is an important biological variable that can markedly impact multiple physiological and pathological processes (Arnold et al., 2017). Recently, more and more attention has been paid to explore differences based on sex, with male and female infants having been demonstrated to respond differently to the same environmental stimuli, with different growth and developmental trajectories in many cases (Cheng et al., 2016; Chowen et al., 2018). In terms of the metabolism, sex differences are usually observed in the form of greater insulin sensitivity, higher fatty acid oxidation, and lower serum TG levels in female mice compared to male mice (Yokomizo et al., 2014). Some clinical and experimental evidence has confirmed that male offspring are more likely to develop obesity and insulin resistance than female offspring in response to maternal overnutrition. Reliable evidence has demonstrated that during critical periods of development, changes in the sex steroid environment have long-term effects on body weight and metabolism in both male and female mice (Nohara et al., 2013; Carrillo et al., 2016). More specifically, estrogen has been reported to have a protective effect on the predisposition of offspring exposed to early life adverse environments to metabolic diseases. In the present study, we found that the levels of serum TG in the male offspring from dams fed a HFD were significantly higher than in those from dams fed a control diet, which was subsequently greatly ameliorated by MFGM supplementation. However, there was no significant difference in the TG levels among the three groups in the adult female offspring.

To determine the effects of maternal HFD and MFGM supplementation on glucose metabolism in offspring, we measured the FBG and insulin levels in male and female offspring at the eleventh week after birth. Exposure to maternal HFD was found to have little effect on the fasting serum insulin levels in the male and female offspring, but increased the FBG levels in the male offspring. Upon stress resulting from extra glucose, male but not female offspring showed impaired glucose tolerance, which indicated the impaired function of beta cells in adult male offspring exposed to maternal HFD. However, the insulin sensitivity, which was indicated by IPITT, was found to be normal in both male and female offspring exposed to maternal HFD. These evidences suggested that maternal HFD exposure exhibited more detrimental effects on the function of pancreatic beta cells, rather than on the insulin sensitivity in peripheral organs. For neonatal interventions preventing the outcomes of maternal overnutrition, MFGM showed beneficial effects on glucose metabolism in both male and female offspring, although maternal HFD exposure only exhibited mild but not significant impact on glucose metabolism in the female offspring. Thus, whether the long-term effect of MFGM on glucose metabolism is gender-dependent or not cannot be deduced from our results, but one may speculate that MFGM could have shown beneficial effects if the female mice had been exposed to a more extreme environment.

The gut microbiota represents the collection of microorganisms that live in the gastrointestinal tract. The gut microbiome plays a pivotal role in host metabolism and is depicted by global ecological parameters, including the richness, diversity, and evenness of its microbial communities. Several studies have found that the consumption of HFD directly decreases the richness and diversity of the gut microbiome (Jing et al., 2018). However, in the present study, no significant differences in the α-diversity indices were observed among the three groups in both male and female offspring. We speculated that maternal HFD exposure rather than direct HFD consumption could be the main reason of evenness of gut microbiome among groups. Moreover, offspring have been shifted to a control diet for 8 weeks after weaning, which could also lead to the recovery of reduced bacterial diversity. Although there was no difference in microbial diversity among groups in either male or female offspring, the relative abundance of specific bacteria varied greatly among the groups. In healthy adults, the intestinal microbiome characteristics of the bacterial phylum showed that Firmicutes and Bacteroidetes were the two most predominant bacterial phyla, while Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia were less represented phyla (Quigley, 2013). Additionally, perturbations in the proportional composition of Firmicutes and Bacteroidetes may provide insights into host health status (Gómez-Zorita et al., 2019). Bacteroidetes are the most common Gram-negative bacteria in the human gastrointestinal tract, and are considered to play an important role in the metabolism of dietary fiber due to functional capability of degrading polysaccharides and regulating calorie absorption (Wexler, 2007). With regards to Firmicutes, most of the gut bacteria representing this phylum are Gram-positive and can produce multiple short-chain fatty acids, which promote the health of the gastrointestinal tract and provide resistance to infection (den Besten et al., 2013). HFD has been commonly reported to alter the composition of microbiota by increasing Firmicutes and decreasing Bacteroidetes, resulting in a significantly higher F/B ratio (De Filippo et al., 2010; Gómez-Zorita et al., 2019). However, several studies have been unable to confirm these observations, and even showed that the F/B ratio was reduced in obese rodents (Tung et al., 2016; Zhou et al., 2017). Our study showed a notable sexual dimorphism in the changes of F/B ratio in response to maternal HFD, which illustrated that the F/B ratio of the HFD group was increased relative to the CD group in the female offspring, but that the ratio relative to the CD group was decreased in the male offspring. In line with our results, the sex-dimorphic response of F/B ratio to HFD exposure has been reported in human studies as well, which demonstrated that the increment of body mass index (BMI) caused an induction of F/B ratio in women, but a reduction in men (Haro et al., 2016). Therefore, sex differences cannot be ignored in the analysis of gut microbiota. Lastly, in the present study MFGM was found to attenuate the perturbation of bacterial composition induced by maternal HFD in a sex-specific manner.

Multiple microbial taxa have been implicated in maintaining proper physiological function. Previous studies have shown that the distinctive benefit of Bifidobacterium is its ability to modulate host defense responses and provide protection against infectious diseases (Saulnier et al., 2009). Faecalibacterium, an anaerobic and important butyrate-producing bacterium in the human colon, plays a crucial role in producing energy for colonocytes, as well as anti-inflammatory metabolites for mucosal defense (Ferreira-Halder et al., 2017). In our study, the relative abundances of the genera Bifidobacterium and Faecalibacterium were found to be significantly decreased in the male offspring of the HFD group, and MFGM supplementation moderately increased their abundance. Evidence has demonstrated the probiotic effects of some genera, such as Lactobacillus and Parabacteroides, on body weight and metabolism (Crovesy et al., 2017; Brusaferro et al., 2018). Some strains of Lactobacillus can modulate gut microbiota, resulting in weight loss and metabolic homeostasis (Crovesy et al., 2017). Moreover, Parabacteroides plays a predominant role in preventing obesity and ameliorating metabolic disorders and systemic inflammation (Wu et al., 2019). Our results showed that MFGM, an important active ingredient in milk, greatly increased the abundance of Parabacteroides in the HFD-MS group in both male and female offspring. However, for modulating Lactobacilli, the MFGM intervention most likely worked better in increasing its abundance in males than in females. Overall, neonatal MFGM supplementation was found to increase the number of favorable species in the gut microbiome of adults, which may contribute to the improvement of lifetime metabolism.

By analyzing the correlation between the metabolic parameters and the featured genera, we found that the genera Bifidobacterium and Faecalibacterium were strongly associated with favorable changes in lipid metabolic indices in male offspring, whereas these associations were absent in female offspring. These correlations indicate that Bifidobacterium and Faecalibacterium contributed greatly to improvements in lipid metabolism in response to MFGM intervention in male offspring. However, this contribution was limited in the female offspring. Other genera, such as Lactobacillus and Parabacteroides, showed a weaker association with favorable changes in lipid metabolism in the male offspring. In contrast, some bacteria, such as Rikenella, Bacteroides, Alloprevotella, and Muribaculum, were found to be positively correlated with the serum TG and AST levels. The tendency of Bacteroides and Alloprevotella in response to maternal HFD in our study was inconsistent with that reported by Zheng et al. (2016), which was repressed in response to maternal HFD. The male offspring in their study did not exhibit the phenotypes of glucose tolerance after exposure to maternal HFD, indicating that the metabolic status in their offspring was not comparable to that in our offspring. This metabolic difference may explain the microbiome disparity linked to maternal HFD between these studies. In addition, no featured genus was associated with changes in glucose metabolic indicators, FBG and insulin, in either male or female mice. This result implies that gut microbiota contributed less to the changes in glucose metabolism caused by maternal HFD and MFGM intervention compared to changes in lipid metabolism. The sex differences in the correlation analysis also suggested that the gut microbiota in the female offspring contributed less to the changes in serum metabolic traits caused by maternal diet and neonatal intervention compared to that in male offspring.

According to the functional prediction of fecal microbiota in the context of KEGG, we found several common metabolic pathways associated with lipid metabolism and energy regulation in both male and female mice. However, the KEGG prediction in the male offspring exhibited several unique metabolic pathways, including oxidative phosphorylation, citrate cycle, electron transfer carries, and ubiquinone biosynthesis, which are involved in maintaining mitochondrial function. These results prompted us to consider that fetal sex may influence mitochondrial metabolism, thus contributing to the divergent metabolic programming of male and female offspring challenged with maternal HFD. Numerous studies have shown that male infants are more likely to be disadvantaged when subjected to an adverse environment, in which mitochondrial dysfunction has been suggested to play a crucial role. John et al. reported higher levels of protein expression of mitochondrial complexes in the hearts of females compared to males (John et al., 2018). They went on to show that male but not female mice developed cardiac dysfunction in a model of type 2 diabetes. Larsen et al. have also shown that the mitochondria of cardiomyocytes in male offspring were more susceptible to excess circulating maternal fuels than that in female offspring (Larsen et al., 2019). They even proved that exposure to maternal HFD or diabetic pregnancy could persistently impair the mitochondrial fusion and fission balance in the developing hearts of male offspring.



Conclusions

In conclusion, the results presented in this study suggest that a transmissible and modifiable interaction exists between gut microbiome and metabolism of offspring exposed to maternal HFD. Neonatal MFGM supplementation was demonstrated to improve metabolism in adult offspring and modulate the structure of gut microbiome. Intriguingly, the metabolic outcomes and the alteration of gut microbiome in offspring show sex dimorphism. However, further study with a larger sample size will be needed to elucidate the precise mechanism through which MFGM improves metabolism and regulates microbiota composition, as well as to determine specific genera play roles in this interaction.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCBI BioProject; PRJNA699440.



Ethics Statement

The animal study was reviewed and approved by the institutional review board and the animal care and use committee of Shanghai Xinhua Hospital.



Author Contributions

YD and LQ: designed the research. YD and LQ: provided essential reagents and materials. QZ, LY, and LQ: performed research and analyzed the data. FX and BC bred the mice. LY and LQ wrote the paper. YD and LQ had primary responsibility for final content. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by Shanghai Key Laboratory of Pediatric Gastroenterology and Nutrition (grant number 17DZ2272000); Shanghai Natural Science Foundation (grant numbers 19ZR1442000, 18ZR1431100); National Natural Science Foundation (grant number 81630039); Foundation of Science and Technology Commission of Shanghai Municipality (grant number 19495810500); Foundation of Shanghai Municipal Health Commission (grant numbers shslczdzk05702, 2019ZB0101).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.621957/full#supplementary-material

Supplementary Figure 1 | Comparison of estimator indices of α-diversity among groups. (A) Indices of α-diversity of the adult male offspring. (B) Indices of α-diversity of the adult female offspring. Data are expressed as the mean ± SEM. N = 5/group. CD, control diet; HFD, high-fat diet; MS, milk fat globule membrane supplementation.



References

 Arenz, S., Rückerl, R., Koletzko, B., and von Kries, R. (2004). Breast-feeding and childhood obesity–a systematic review. Int. J. Obes. Relat. 28, 1247–1256. doi: 10.1038/sj.ijo.0802758

 Arnold, A. P., Cassis, L. A., Eghbali, M., Reue, K., and Sandberg, K. (2017). Sex Hormones and Sex Chromosomes Cause Sex Differences in the Development of Cardiovascular Diseases. Arterioscler. Thromb. Vasc. Biol. 37, 746–756. doi: 10.1161/ATVBAHA.116.307301

 Barker, D. J., and Osmond, C. (1986). Infant mortality, childhood nutrition, and ischaemic heart disease in England and Wales. Lancet 1, 1077–1081. doi: 10.1016/s0140-6736(86)91340-1

 Barker, D. J. (2007). The origins of the developmental origins theory. J. Intern. Med. 261, 412–417. doi: 10.1111/j.1365-2796.2007.01809.x

 Bhinder, G., Allaire, J. M., Garcia, C., Lau, J. T., Chan, J. M., Ryz, N. R., et al. (2017). Milk Fat Globule Membrane Supplementation in Formula Modulates the Neonatal Gut Microbiome and Normalizes Intestinal Development. Sci. Rep. 7, 45274. doi: 10.1038/srep45274

 Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/bioinformatics/btu170

 Brusaferro, A., Cozzali, R., Orabona, C., Biscarini, A., Farinelli, E., Cavalli, E., et al. (2018). Is It Time to Use Probiotics to Prevent or Treat Obesity? Nutrients 10, 1613. doi: 10.3390/nu10111613

 Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D., Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336. doi: 10.1038/nmeth.f.303

 Carrillo, B., Collado, P., Diaz, F., Chowen, J. A., and Pinos, H. (2016). Exposure to increased levels of estradiol during development can have long-term effects on the response to undernutrition in female rats. Nutr. Neurosci. 19, 414–422. doi: 10.1179/1476830515Y.0000000012

 Cheng, T. S., Loy, S. L., Cheung, Y. B., Chan, J. K., Pang, W. W., Godfrey, K. M., et al. (2016). Sexually dimorphic response to feeding mode in the growth of infants. Am. J. Clin. Nutr. 103, 398–405. doi: 10.3945/ajcn.115.115493

 Chowen, J. A., Argente-Arizon, P., Freire-Regatillo, A., and Argente, J. (2018). Sex differences in the neuroendocrine control of metabolism and the implication of astrocytes. Front. Neuroendocrinol. 48, 3–12. doi: 10.1016/j.yfrne.2017.05.003

 Codagnone, M. G., Spichak, S., O’Mahony, S. M., O’Leary, O. F., Clarke, G., Stanton, C., et al. (2019). Programming Bugs: Microbiota and the Developmental Origins of Brain Health and Disease. Biol. Psychiatry 85, 150–163. doi: 10.1016/j.biopsych.2018.06.014

 Collado, M. C., Isolauri, E., Laitinen, K., and Salminen, S. (2008). Distinct composition of gut microbiota during pregnancy in overweight and normal-weight women. Am. J. Clin. Nutr. 88, 894–899. doi: 10.1093/ajcn/88.4.894

 Crovesy, L., Ostrowski, M., Ferreira, D. M. T. P., Rosado, E. L., and Soares-Mota, M. (2017). Effect of Lactobacillus on body weight and body fat in overweight subjects: a systematic review of randomized controlled clinical trials. Int. J. Obes. 41, 1607–1614. doi: 10.1038/ijo.2017.161

 De Filippo, C., Cavalieri, D., Di Paola, M., Ramazzotti, M., Poullet, J. B., Massart, S., et al. (2010). Impact of diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc. Natl. Acad. Sci. U. S. A. 107, 14691–14696. doi: 10.1073/pnas.1005963107

 den Besten, G., van Eunen, K., Groen, A. K., Venema, K., Reijngoud, D.-J., and Bakker, B. M. (2013). The role of short-chain fatty acids in the interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 54, 2325–2340. doi: 10.1194/jlr.R036012

 Ferreira-Halder, C. V., Faria, A. V. S., and Andrade, S. S. (2017). Action and function of Faecalibacterium prausnitzii in health and disease. Best Pract. Res. Clin. Gastroenterol. 31, 643–648. doi: 10.1016/j.bpg.2017.09.011

 Gómez-Zorita, S., Aguirre, L., Milton-Laskibar, I., Fernández-Quintela, A., Trepiana, J., Kajarabille, N., et al. (2019). Relationship between Changes in Microbiota and Liver Steatosis Induced by High-Fat Feeding—A Review of Rodent Models. Nutrients 11, 2156. doi: 10.3390/nu11092156

 Guo, Y., Wang, Z., Chen, L., Tang, L., Wen, S., Liu, Y., et al. (2018). Diet induced maternal obesity affects offspring gut microbiota and persists into young adulthood. Food Funct. 9, 4317–4327. doi: 10.1039/c8fo00444g

 Haro, C., Rangel-Zuniga, O. A., Alcala-Diaz, J. F., Gomez-Delgado, F., Perez-Martinez, P., Delgado-Lista, J., et al. (2016). Intestinal Microbiota Is Influenced by Gender and Body Mass Index. PloS One 11, e0154090. doi: 10.1371/journal.pone.0154090

 Hernell, O., Timby, N., Domellof, M., and Lonnerdal, B. (2016). Clinical Benefits of Milk Fat Globule Membranes for Infants and Children. J. Pediatr. 173 Suppl, S60–S65. doi: 10.1016/j.jpeds.2016.02.077

 Hoffman, D. J., Reynolds, R. M., and Hardy, D. B. (2017). Developmental origins of health and disease: current knowledge and potential mechanisms. Nutr. Rev. 75, 951–970. doi: 10.1093/nutrit/nux053

 Jing, C., Wen, Z., Zou, P., Yuan, Y., Jing, W., Li, Y., et al. (2018). Consumption of Black Legumes Glycine soja and Glycine max Lowers Serum Lipids and Alters the Gut Microbiome Profile in Mice Fed a High-Fat Diet. J. Agric. Food Chem. 66, 7367–7375. doi: 10.1021/acs.jafc.8b02016

 John, C., Grune, J., Ott, C., Nowotny, K., Deubel, S., Kühne, A., et al. (2018). Sex Differences in Cardiac Mitochondria in the New Zealand Obese Mouse. Front. Endocrinol. (Lausanne) 9, 732. doi: 10.3389/fendo.2018.00732

 Jukkola, A., and Rojas, O. J. (2017). Milk fat globules and associated membranes: Colloidal properties and processing effects. Adv. Colloid Interface Sci. 245, 92–101. doi: 10.1016/j.cis.2017.04.010

 Keleher, M. R., Zaidi, R., Shah, S., Oakley, M. E., Pavlatos, C., El Idrissi, S., et al. (2018). Maternal high-fat diet associated with altered gene expression, DNA methylation, and obesity risk in mouse offspring. PloS One 13, e0192606. doi: 10.1371/journal.pone.0192606

 Larsen, T. D., Sabey, K. H., Knutson, A. J., Gandy, T. C. T., Louwagie, E. J., Lauterboeck, L., et al. (2019). Diabetic Pregnancy and Maternal High-Fat Diet Impair Mitochondrial Dynamism in the Developing Fetal Rat Heart by Sex-Specific Mechanisms. Int. J. Mol. Sci. 20, 3090. doi: 10.3390/ijms20123090

 Li, T., Gong, H., Yuan, Q., Du, M., Ren, F., and Mao, X. (2020). Supplementation of polar lipids-enriched milk fat globule membrane in high-fat diet-fed rats during pregnancy and lactation promotes brown/beige adipocyte development and prevents obesity in male offspring. FASEB J. 34, 4619–4634. doi: 10.1096/fj.201901867RRR

 Mann, P. E., Huynh, K., and Widmer, G. (2018). Maternal high fat diet and its consequence on the gut microbiome: A rat model. Gut Microbes 9, 143–154. doi: 10.1080/19490976.2017.1395122

 Milani, C., Duranti, S., Bottacini, F., Casey, E., Turroni, F., Mahony, J., et al. (2017). The First Microbial Colonizers of the Human Gut: Composition, Activities, and Health Implications of the Infant Gut Microbiota. Microbiol. Mol. Biol. Rev. 81, e0036–e0017. doi: 10.1128/mmbr.00036-17

 Milard, M., Laugerette, F., Durand, A., Buisson, C., Meugnier, E., Loizon, E., et al. (2019). Milk Polar Lipids in a High-Fat Diet Can Prevent Body Weight Gain: Modulated Abundance of Gut Bacteria in Relation with Fecal Loss of Specific Fatty Acids. Mol. Nutr. Food Res. 63, e1801078. doi: 10.1002/mnfr.201801078

 Nohara, K., Liu, S., Meyers, M. S., Waget, A., Ferron, M., Karsenty, G., et al. (2013). Developmental androgen excess disrupts reproduction and energy homeostasis in adult male mice. J. Endocrinol. 219, 259–268. doi: 10.1530/JOE-13-0230

 Norris, G. H., Jiang, C., Ryan, J., Porter, C. M., and Blesso, C. N. (2016). Milk sphingomyelin improves lipid metabolism and alters gut microbiota in high fat diet-fed mice. J. Nutr. Biochem. 30, 93–101. doi: 10.1016/j.jnutbio.2015.12.003

 Quigley, E. M. (2013). Gut bacteria in health and disease. Gastroenterol. Hepatol. (N. Y.) 9, 560–569.

 Reyon, D., Tsai, S. Q., Khayter, C., Foden, J. A., Sander, J. D., and Joung, J. K. (2012). FLASH assembly of TALENs for high-throughput genome editing. Nat. Biotechnol. 30, 460–465. doi: 10.1038/nbt.2170

 Ribaroff, G. A., Wastnedge, E., Drake, A. J., Sharpe, R. M., and Chambers, T. J. G. (2017). Animal models of maternal high fat diet exposure and effects on metabolism in offspring: a meta-regression analysis. Obes. Rev. 18, 673–686. doi: 10.1111/obr.12524

 Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mahe, F. (2016). VSEARCH: a versatile open source tool for metagenomics. PeerJ 4, e2584. doi: 10.7717/peerj.2584

 Saulnier, D. M., Spinler, J. K., Gibson, G. R., and Versalovic, J. (2009). Mechanisms of probiosis and prebiosis: considerations for enhanced functional foods. Curr. Opin. Biotechnol. 20, 135–141. doi: 10.1016/j.copbio.2009.01.002

 Timby, N., Domellof, M., Lonnerdal, B., and Hernell, O. (2017). Supplementation of Infant Formula with Bovine Milk Fat Globule Membranes. Adv. Nutr. 8, 351–355. doi: 10.3945/an.116.014142

 Tung, Y. C., Lin, Y. H., Chen, H. J., Chou, S. C., Cheng, A. C., Kalyanam, N., et al. (2016). Piceatannol Exerts Anti-Obesity Effects in C57BL/6 Mice through Modulating Adipogenic Proteins and Gut Microbiota. Molecules 21, 1419. doi: 10.3390/molecules21111419

 Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian classifier for rapid assignment of rRNA sequences into the new bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267. doi: 10.1128/AEM.00062-07

 Wexler, H. M. (2007). Bacteroides: the Good, the Bad, and the Nitty-Gritty. Clin. Microbiol. Rev. 20, 593–621. doi: 10.1128/cmr.00008-07

 Wu, T. R., Lin, C. S., Chang, C. J., Lin, T. L., Martel, J., Ko, Y. F., et al. (2019). Gut commensal Parabacteroides goldsteinii plays a predominant role in the anti-obesity effects of polysaccharides isolated from Hirsutella sinensis. Gut 68, 248–262. doi: 10.1136/gutjnl-2017-315458

 Yokomizo, H., Inoguchi, T., Sonoda, N., Sakaki, Y., Maeda, Y., Inoue, T., et al. (2014). Maternal high-fat diet induces insulin resistance and deterioration of pancreatic β-cell function in adult offspring with sex differences in mice. Am. J. Physiol. Endocrinol. Metab. 306, E1163–E1175. doi: 10.1152/ajpendo.00688.2013

 Zhang, D., Wen, J., Zhou, J., Cai, W., and Qian, L. (2019). Milk Fat Globule Membrane Ameliorates Necrotizing Enterocolitis in Neonatal Rats and Suppresses Lipopolysaccharide-Induced Inflammatory Response in IEC-6 Enterocytes. JPEN J. Parenter. Enteral Nutr. 43, 863–873. doi: 10.1002/jpen.1496

 Zheng, J., Xiao, X., Zhang, Q., Yu, M., Xu, J., Qi, C., et al. (2016). The effects of maternal and post-weaning diet interaction on glucose metabolism and gut microbiota in male mice offspring. Biosci. Rep. 36, e00341. doi: 10.1042/bsr20160103

 Zhou, L., and Xiao, X. (2018). The role of gut microbiota in the effects of maternal obesity during pregnancy on offspring metabolism. Biosci. Rep. 38, BSR20171234. doi: 10.1042/BSR20171234

 Zhou, D., Pan, Q., Xin, F. Z., Zhang, R. N., He, C. X., Chen, G. Y., et al. (2017). Sodium butyrate attenuates high-fat diet-induced steatohepatitis in mice by improving gut microbiota and gastrointestinal barrier. World J. Gastroenterol. 23, 60–75. doi: 10.3748/wjg.v23.i1.60

 Zhou, L., Xiao, X., Zhang, Q., Zheng, J., and Deng, M. (2019). Maternal Genistein Intake Mitigates the Deleterious Effects of High-Fat Diet on Glucose and Lipid Metabolism and Modulates Gut Microbiota in Adult Life of Male Mice. Front. Physiol. 10, 985. doi: 10.3389/fphys.2019.00985



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.

Copyright © 2021 Ye, Zhang, Xin, Cao, Qian and Dong. 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.











	
	CLINICAL TRIAL
published: 24 March 2021
doi: 10.3389/fimmu.2021.618150






[image: image2]

A Phase II Randomized Clinical Trial and Mechanistic Studies Using Improved Probiotics to Prevent Oral Mucositis Induced by Concurrent Radiotherapy and Chemotherapy in Nasopharyngeal Carcinoma

Chaofei Xia1†, Chunling Jiang2,3†, Wenyu Li1, Jing Wei1, Hu Hong1, Jingao Li2,3, Liu Feng2,3, Hong Wei4*, Hongbo Xin1* and Tingtao Chen1*


1National Engineering Research Center for Bioengineering Drugs and Technologies, Institute of Translational Medicine, Nanchang University, Nanchang, China

2Department of Radiation Oncology, Jiangxi Cancer Hospital, Nanchang, China

3NHC Key Laboratory of Personalized Diagnosis and Treatment of Nasopharyngeal Carcinoma (Jiangxi Cancer Hospital of Nanchang University), Nanchang, China

4Precision Medicine Institute, The First Affiliated Hospital, Sun Yat-sen University, Guangzhou, China

Edited by:
Ian Marriott, University of North Carolina at Charlotte, United States

Reviewed by:
Degang Song, Janssen Pharmaceuticals, Inc., United States
 Diling Chen, Guangdong Academy of Science, China
 Joshua Gong, Guelph Research and Development Centre, Agriculture and Agri-Food Canada (AAFC), Canada

*Correspondence: Tingtao Chen, chentingtao1984@163.com; chentingtao@ncu.edu.cn
 Hongbo Xin, xinhb@ncu.edu.cn; hongboxin@yahoo.com
 Hong Wei, weihong63528@163.com

†These authors have contributed equally to this work

Specialty section: This article was submitted to Microbial Immunology, a section of the journal Frontiers in Immunology

Received: 16 October 2020
 Accepted: 10 February 2021
 Published: 24 March 2021

Citation: Xia C, Jiang C, Li W, Wei J, Hong H, Li J, Feng L, Wei H, Xin H and Chen T (2021) A Phase II Randomized Clinical Trial and Mechanistic Studies Using Improved Probiotics to Prevent Oral Mucositis Induced by Concurrent Radiotherapy and Chemotherapy in Nasopharyngeal Carcinoma. Front. Immunol. 12:618150. doi: 10.3389/fimmu.2021.618150



Earlier evidence has proven that probiotic supplements can reduce concurrent chemoradiotherapy (CCRT)-induced oral mucositis (OM) in nasopharyngeal cancer (NPC). The incidence of severe OM (grade 3 or higher) was the primary endpoint in this study. We first enrolled 85 patients with locally advanced NPC who were undergoing CCRT. Of them, 77 patients were finally selected and randomized (1:1) to receive either a probiotic cocktail or placebo. To investigate the protective effects and the mechanism of probiotic cocktail treatment on OM induced by radiotherapy and chemotherapy, we randomly divided the rats into the control (C) group, the model (M) group, and the probiotic (P) group. After treatment, samples from the tongue, blood, and fecal and proximal colon tissues on various days (7th, 14th, and 21st days) were collected and tested for the inflammatory response, cell apoptosis, intestinal permeability, and intestinal microbial changes. We found that patients taking the probiotic cocktail showed significantly lower OM. The values of the incidence of 0, 1, 2, 3, and 4 grades of OM in the placebo group and in the probiotic cocktail group were reported to be 0, 14.7, 38.2, 32.4, and 14.7% and 13.9, 36.1, 25, 22.2, and 2.8%, respectively. Furthermore, patients in the probiotic cocktail group showed a decrease in the reduction rate of CD3+ T cells (75.5% vs. 81%, p < 0.01), CD4+ T cells (64.53% vs. 79.53%, p < 0.01), and CD8+ T cells (75.59 vs. 62.36%, p < 0.01) compared to the placebo group. In the rat model, the probiotic cocktail could ameliorate the severity of OM, decrease the inflammatory response, cause cell apoptosis and intestinal permeability, and restore the structure of gut microbiota to normalcy. In conclusion, the modified probiotic cocktail significantly reduces the severity of OM by enhancing the immune response of patients with NPC and modifying the structure of gut microbiota.

Clinical Trial Registration: The Clinical Trial Registration should be the NCT03112837.

Keywords: probiotics, oral mucositis, intestinal microbiota, nasopharyngeal cancer, radiotherapy and chemotherapy


INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a prevalent malignant neoplasm in southern China, and concurrent chemoradiotherapy (CCRT) is the standard treatment for locally advanced NPC worldwide (1). Toxic side effects caused by CCRT occur during and after the treatment, and oral mucositis (OM) is probably the most common complication in patients with head-and-neck cancer (accounting for ~80%) (2). OM not only interferes with the quality of the life of the patient but also gives rise to a 19% interruption rate in radiotherapy or CCRT (3). Though topical agents, such as palifermin, chlorhexidine, actovegin, kangfuxin, royal jelly, zinc supplement, benzydamine, cryotherapy, laser therapy, and professional oral hygiene, are used for CCRT-induced OM, there is still no accepted standard therapy for the prevention and treatment of OM (4). Therefore, a feasible and effective method to prevent OM during cancer treatment is urgently required.

The intestinal microbiota has become an important regulator of host immunity and may affect the outcome of cancer immunotherapy (5–7). Cancer treatments, such as radiotherapy and chemotherapy, might cause a decrease in the immunity of patients with cancer, eventually aggravating immunotherapy-induced mucosal toxicity (8). Evidence from studies on humans and experimental animals suggested that intestinal microbiota, such as probiotics, could modulate the anti-cancer immune response and attenuate cancer treatment-related toxic side effects (9–11). Oral supplementation of Bifidobacterium, alone or with anti-programed cell death of protein 1 ligand 1 (PDL1), in mice had promoted CD8+T cell-induced anti-tumor immunity (12). In line with this study, Vetizou et al. (10) also found that Bacteroidales played an important role in the immunostimulatory effects of cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) blockade by promoting the maturation of intratumoral dendritic cells and with a TH1 response detected in the lymph nodes of the draining tumor.

In a previous study, the probiotic drugs, such as Bifidobacterium longum, Lactobacillus lactis and Enterococcus faecium, exerted a therapeutic effect and could reduce the severity of OM in patients with NPC, who underwent CCRT, and greatly increased the number of immune cells (13). However, all of the probiotic drugs in China were approved 10–20 years ago, and some problems, such as the misidentified bacteria on the label or the use of potential pathogens, such as E. faecium and Bacillus cereus, in drugs, hindered their further development. For example, E. faecium has been considered as a probiotic and is used in more than 75% of probiotic drugs, while the latter strain is considered as an opportunistic pathogen other than as a probiotic due to its multi-drug resistance and virulent factors (14).

Therefore, in the present study, we first isolated Lactobacillus plantarum from the feces of a healthy crowd living in the cancer-free village through high-throughput sequencing analysis. Then, the above L. plantarum and Bifidobacterium animalis, which were isolated from Bama Changshou Village 30 years ago, were mixed with Lactobacillus rhamnosus and Lactobacillus acidophilusto form a probiotic cocktail. Next, the effectiveness of the probiotic cocktail on OM in patients with NPC was investigated via the randomized, double-blind, placebo-controlled trial. Finally, the possible protective mechanism of the probiotic cocktail on OM was further investigated through the OM rat model.



MATERIALS AND METHODS


Screening Bacteria From Cancer-Free Village Residents

Fecal samples from healthy people (HP) (n = 5, healthy employees from the Jiangxi Cancer Hospital), tumor patients (TP) (n = 5, tumor patients from the Jiangxi Cancer Hospital), and non-cancer people (NT) (n = 5, healthy residents from the cancer-free village, Wuyuan, Jiangxi, Nanchang, PR, China) were collected in June 2016, and high-throughput sequencing analysis was used to compare the microbial diversity among these samples. A viable counting method was used to isolate bacteria with the de Man–Rogosa–Sharpe (MRS) medium by mainly screening for Lactobacillus spp. from the feces of cancer-free village residents, and the isolates were identified using a gene sequencing technology (15).



Evaluation of the Probiotic Characteristics of the Selected Probiotics in vitro

The L. plantarum MH-301 was isolated from cancer-free village residents, and B. animalis subsp. Lactis LPL-RH (Harbin Meihua Biotechnology Co., Ltd., Harbin, Heilongjiang, PR China and Isolated from Changshou Village, Bama Town in Guangxi Province, China), L. rhamnosus LGG-18 (Harbin Meihua Biotechnology Co., Ltd., Harbin, Heilongjiang, PR China), and L. acidophilus (Harbin Meihua Biotechnology Co., Ltd., Harbin, Heilongjiang, PR China) were selected to make a probiotic cocktail, and the acid tolerance test (16), the anti-oxidative test (17), the antimicrobial test (18), the adherence assay test (19), and the adherence assay test (19) were conducted to evaluate the probiotic characteristics of the selected strains.



Evaluation of the Probiotic Cocktail on Reducing the Side Effects Induced by CCRT in Patients With NPC

Male and female patients (18–70 years old) diagnosed with locally advanced NPC were enrolled for the randomized, double-blind, placebo-controlled trial at the Jiangxi Cancer Hospital in China. The clinical stage of the patient was determined according to the 8th edition of the International Union Against Cancer/American Joint Committee on Cancer TNM staging system, and patients diagnosed with NPC without distant metastasis and who had a Karnofsky score were enrolled. Patients with a previous history of cancer or co-existing tumors, who were unable to take oral medicine and/or absorb drugs in the digestive tract, who had a high risk for antimicrobial agents, who had OM or recurrent OM before CCRT, and who had serious and/or uncontrollable infections, or other diseases were excluded.

We first enrolled 85 patients with locally advanced NPC who were undergoing CCRT. About 77 patients were finally selected and randomized (1:1) to receive either a probiotic mixture or a placebo. The process of random allocation is as follows: the random allocation sequence was performed at a ratio of 1:1 using nQueryAdvisor®v7.0 software, which uses a pseudo-random number generator. The randomization sequence was produced before the first enrollment. The executor performed inclusion following the inclusion and exclusion criteria. Then, patients with NPC were assigned to the probiotic cocktail group or the control group by the clinical research technician who was also blinded. According to the double-blind method, those who participated in this study did not know the type of treatment that each patient with NPC received.

According to the guidelines of the National Comprehensive Cancer Network (NCCN), all patients underwent cisplatin chemotherapy [32 fractions of 70 Gy radiotherapy (2.19 Gy/d, 5 d/wk) with a total tumor volume and a clinical target volume of 60 Gy] and intensity-modulated radiation therapy (IMRT) [32 fractions for 45 days (6–7 weeks in total) and intravenously infused with cisplatin (100 mg/m2) on days 1, 22, and 43].

Oral probiotic cocktail (containing L. plantarum MH-301109 CFU, B. animalis subsp. Lactis LPL-RH109 CFU, L. rhamnosus LGG-18109 CFU, and L. acidophilus 109 CFU), or placebo were supplied to patients for 7 weeks (one capsule, 2 times a day) from the first day of chemoradiotherapy to the end. The severity, occurrences, and symptoms of OM were evaluated by at least two advanced radiation oncologists [the common terminology of National Cancer Institute for adverse events (version 4.0)]. The short-term efficacy response rates (the Response Evaluation Criteria in Solid Tumors based on MRI) were evaluated for patients with complete and partial radiotherapy responses after the completion of CCRT (20). Patient weights were recorded weekly; their biochemical parameter analysis, determination of lymphocyte immunity, and routine blood analysis were measured.

This study was approved by the local clinical research Ethics Committee and was conducted by following the Declaration of Helsinki (Clinical Trials number, NCT03112837). All patients gave their informed consent before the trial.



Total Bacterial Genomic DNA Extraction and High-Throughput Sequencing of Human Fecal Bacteria

Microbial DNA was obtained from the fecal samples of the HP group (from the employees of Jiangxi Cancer Hospital, n = 10), before the treatment of radiotherapy plus chemotherapy plus a placebo (BRCP) group (n = 10), before the treatment of radiotherapy plus chemotherapy plus the probiotic combination (BRCPM) group (n = 10), after treatment with radiotherapy plus chemotherapy plus a placebo (ARCP) group (n = 10), and after treatment with radiotherapy plus chemotherapy plus the probiotic combination ARCPM group (n = 10). Samples were kept at −80°C until DNA extraction. Bacterial genomic DNA was extracted from fecal samples using the DNA magnetics and extract kit (Tiangen Biotech, Beijing, China), according to the instruction of the manufacturer. Total genomic DNA was amplified with a forward primer, F341 5′-ACT CCT ACG GGR SGC AGC AG-3′, and a reverse primer, R806 5′- GGA CTA CVV GGG TAT CTA ATC-3′ that amplified the regions from V3 to V4 of the 16S ribosomal DNA gene for high-throughput sequencing analysis (PRJNA579226) (21).



Development of OM Rat Model and Treatment

Male Sprague-Dawley rats, aging 8–10 weeks, were purchased from Hunan Si Lake King of Experimental Animal Co., Ltd. (Changsha, Hunan, China). The rats were habituated to the animal facility for 2 weeks before beginning the experiment and kept under a 12 h light/dark cycle, with a temperature of 21 ± 1°C and humidity of 55 ± 10%. Food and water were given ad libitum. Animal care and procedures were followed under the guidelines of the National Institutes of Health and the Care and Use of Laboratory Animals. All experiments were approved by the Ethical Committee of the Nanchang University.

For the mucositis model, both radiation and chemotherapy were used for the induction of OM with busulfan (Sigma-Aldrich, MO, USA) at a dose of 6 mg/kg for 4 days of chemotherapy (22). The rats were anesthetized with an intraperitoneal injection of ketamine (Rotex, Trittau, Germany) before irradiation. Then, the rats were irradiated one at a time in the head region with 20 Gy, using Clinac 600C, a 4-MV therapeutic linear accelerator (Varian Medical Systems Inc., Palo Alto, CA, USA) at a dose rate of 2 Gy/min, to expose the oral mucosa to radiation, where a 1.5 cm bolus was used for the radiation dose buildup (23). The rats were divided into three groups: the control (C) group (n = 13) received an identical volume of gelatine physiological saline (i.g.) for 21 days without radiotherapy and chemotherapy; the model (M) group (n = 13) was treated with an identical volume of i.g. for 21 days with radiotherapy and chemotherapy; and the probiotic (T) group (n = 13) was pretreated with a probiotic combination containing L. plantarum MH-301109 CFU, B. animalis subsp. Lactis LPL-RH109 CFU, L. rhamnosusLGG-18109 CFU, and L. acidophilus 109 CFU, for 7 days (1 ml, 1 time a day) before radiotherapy and chemotherapy. All animals were monitored daily to examine the status of the oral cavity, the amount of oral intake, weight, and survival.



Histopathological Examination

To evaluate the histopathologic changes in the tongue, five rats in each group were sacrificed on the 7th and 14th days, and three rats in each group were sacrificed on the 21st day. The mucosa from the tongue was collected at the end of the experiment. The tongue was exposed and photographed, tongue samples (collected on 7th, 14th, and the 21st days) were divided into two parts separately, and one part was fixed in 10% buffered formalin for 48 h and embedded in paraffin. Then, multiple sections (4 μm thick) were deparaffinized with xylene and stained with H&E. The remaining part of the tongue samples was used for quantitative real-time PCR (qRT-PCR) and Western blot. Samples of blood and feces were obtained for biochemical assays and high-throughput sequencing (PRJNA579226), respectively.



RNA Extraction and qRT-PCR Analysis

Total RNA was extracted from the tongue tissue using the Tri Reagent Kit (Sigma Aldrich, MO, USA) according to the instructions of the manufacturer. Equal amounts of RNA were used to synthesize complementary DNA (cDNA) using the Fast Quant RT Kit (Tiangen, Beijing, China). The cDNA was used for qRT-PCR with the KAPA SYBR FAST Universal 2× qPCR Master Mix (Kapa Biosystems, MA, USA). The expression of IL-1β, IL-6, tumor necrosis factor α (TNF-α), and the housekeeping gene, such as glyceraldehyde 3-phosphate dehydrogenase (GAPDH), was assessed by qRT-PCR. The relative amount of transcripts for target genes was determined for each cDNA sample after normalization against GAPDH. The data were analyzed using the 2−ΔΔCT method. The following primers were used: GAPDH, 5′-AGC CAA AAG GGT CAT CAT CT-3′ (forward) and 5′-GGG GCC ATC CAC AGT CTT CT-3′ (reverse); IL-6, 5′-GAA ATC GTG GAA ATG AG-3′ (forward) and 5′-GCT TAG GCA TAA CGC ACT-3′ (reverse); IL-1β, 5′-GTG TCT TTC CCG TGG ACC TTC-3′ (forward) and 5′-TCA TCT CGG AGC CTG TAG TGC-3′ (reverse); TNF-α, 5′-GTG GAA CTG GCA GAA GAG GCA-3′ (forward) and 5′-AGA GGG AGG CCA TTT GGG AAC-3′ (reverse).



Western Blot Analysis

The protein from the tongue and colon tissues was prepared with the RIPA lysis buffer containing protease and phosphatase inhibitors. Protein (25–30 μg) was loaded on 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF) membrane. After blocking with 5% bovine serum albumin (BSA) (in TBS-T buffer), the membrane was incubated with a primary antibody, followed by incubation with the horseradish peroxidase (HRP)-conjugated IgG (1:5000, CST, USA). Protein bands were detected by an electro chemical luminescence (ECL) reagent and analyzed by the Flurochem System (FluorChemE, Cell Biosciences Inc., CA, USA). The primary antibody includes rabbit anti-GAPDH (1:5000, CST, Cat#5174), rabbit anti-NF-κB (1:1000, CST, Cat# 8242S), rabbit anti-phosphorylated-NF-κB (p-NF-κB; 1:1000, Abcam, Cat# ab86299), mouse anti-toll-like receptor 4 (TLR4; 1:1000, Santa Cruz, Cat# sc-293072), rabbit anti-B-cell lymphoma-2 (BCl-2; 1:1000, CST, Cat# 3498S), rabbit anti-BCl-2-associated-x-protein (Bax; 1:1000, CST, Cat# 14796S), rabbit anti-Claudin-1(1:1000, CST, Cat# 4933S), and rabbit anti-zonula occludens-1 (ZO-1; 1:1000, Cat# 5406S).



Total Bacterial Genomic DNA Extraction and High-Throughput Sequencing of Animal Fecal Bacteria

Deoxyribonucleic acid extraction and high-throughput sequencing of animal fecal bacteria were consistent with the above human experiments. The fecal samples from C group, M group, and the T group were collected before sacrifice and kept at −80°C until DNA extraction. The DNA magnetics and extract kit (Tiangen, Biotech, Beijing, China) was used to extract the fecal bacterial genomic DNA, according to the instruction of the manufacturer. The total genomic DNA was amplified with the forward primer, F341 5′-ACT CCT ACG GGR SGC AGC AG-3′, and the reverse primer, R806 5′- GGA CTA CVV GGG TAT CTA ATC-3′ that amplified the regions from V3 to V4 of the 16S ribosomal DNA gene for high-throughput sequencing analysis (PRJNA579226).



Data Analysis

The reported incidence of severe OM after receiving chemoradiotherapy in NPC is at 70–80% (24). Assuming that an average incidence of OM in the placebo and probiotics groups was at 74% and 34%, respectively, 70 patients were enrolled to ensure statistical significance (two-sided α = 0.05, 1–β = 0.9 and 1:1 ratio). We analyzed data from all randomized patients who received at least one dose of the drug. The most recent observations were used to estimate the missing values of the primary efficacy point, while the primary comparable analysis, secondary efficacy points, and the missing values for safety were not retained, and those values were analyzed to obtain the actual data.

Paired-end reads from the original DNA fragments were joined using FLASH Software (25). The joined pairs were quality filtered with the UPARSE software package, and the UPARSE pipeline was used to cluster the remaining sequences into operational taxonomic units (OTUs) at a minimum pair-wise identity of 97% (26). The annotated taxonomic information for each representative sequence, selected from each OTU, was determined using the ribosomal database project (RDP) classifier (27). The data from the OTUs were then used to calculate the Alpha-diversity (α-diversity) metrics by using QIIME (28). Distances between microbial communities obtained from different samples were calculated with the weighted UniFrac beta-diversity metric via QIIME (29). Non-metric multidimensional scaling (NMDS) analysis and principal coordinate analysis (PCoA) were used to visualize the pairwise UniFrac distances among the samples.

All data were reported as means and SD, and the results were analyzed with SPSS 23.0 software (SPSS, Inc., Chicago, Illinois) by the Student's t-test and the one-way ANOVA. The p < 0.05 was regarded as statistically significant.




RESULTS


Screening of Probiotics From Cancer-Free Village Residents

First, a high-throughput sequencing analysis was used to compare the intestinal-microbial diversity among HP, patients with cancer, and cancer-free village residents. The NMDS analysis showed that samples in HP and NT groups clustered together, while they deviated from the samples of patients with tumor (TP group) (Figure 1A). The Venn diagram indicated that 375 common OTUs were observed from HP, TP, and NT groups (Figure 1B), and the decreased relative abundance of probiotics, such as Lactobacillus (HP: TP: NT = 8: 2: 13%), Bifidobacterium, and Akkermansia, was obtained at the genus level (Figure 1C). The results of qRT-PCR further confirmed that the abundance of probiotics, such as Lactobacillus and Bifidobacterium, in the NT group was higher than that in the HP and TP groups (p < 0.001), while the abundance of harmful bacteria, such as Clostridium, Enterococcus, and Enterobacter, in the NT group was reduced, compared with HP and TP groups (p < 0.001; Figure 1D).
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FIGURE 1. Selection of probiotic strains. (A) The non-metric multidimensional scaling (NMDS) analysis of healthy people (HP) from employees of the Jiangxi Cancer Hospital, tumor patients (TP) from the Jiangxi Cancer Hospital, and non-cancer people (NT) (healthy residents at the cancer-free village). (B) The Venn diagram of the intestinal microbiota among HP, TP, and NT. (C) The relative abundance of the bacteria among groups HP, TP, and NT. (D) The relative abundance of bacteria among the HP, TP, and NT groups with quantitative real-time PCR (qRT-PCR). The data are presented as means ± SD, where ***p < 0.001 and **** p < 0.0001.


Then, the selective MRS medium for Lactobacillus was used to selectively isolate Lactobacilli and 10 strains, namely Clostridium tertium MH282454.1, Weissellacibaria KU555931.1, L. curvatus LC129556.1, W. confusa KC416985.1, L. plantarum KJ779102.1, L. reuteri KX881777.1, L. paracasei MG822869.1, Enterococcus faecium KX267939.1, L. mucosae FJ751778.1, and Pediococcuspentosaceus KJ806297.1, were identified from feces of cancer-free village residents (Supplementary Table 1). Finally, the L. plantarum KJ779102.1 was chosen for further study according to the standard of the China Food and Drug Administration. This strain has been stored as a patent bacterium in the Institute of Microbiology, Chinese Academy of Sciences (L. plantarum MH-301).

To prepare the probiotic cocktail in clinic trial, L. plantarum MH-301, B. animalis subsp. Lactis LPL-RH, L. rhamnosusnosus LGG-18, and L. acidophilus were finally chosen for their acid resistance, high resistance to bile salts, strong oxidation resistance, broad spectrum of antibacterial ability, and high cell adhesion (Supplementary Figure 1).



Probiotic Cocktail Effectively Eliminated the Severity of OM via Improving the Immunity of Patients With NPC Receiving CCRT

A total of 85 patients were assessed for eligibility evaluation, and eight patients were excluded for their failure to meet the inclusion criteria. The remaining 77 patients were randomly assigned to the probiotics (39 patients) or the placebo group (38 patients) in the ratio of 1:1 patients, three patients in the probiotics group were further excluded due to complication, and four patients in the placebo group were excluded for complication (two patients) or withdrawal of consent (two patients). In the end, 34 patients were finally designated as the placebo group, and 36 patients were finally designated as the probiotic group (Figure 2). There was no marked difference of baseline characteristics in patients between the placebo group and the probiotic group, and the details of gender, age, tumor stage, and node stage of patients who completed the treatment were summarized in Supplementary Table 2.
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FIGURE 2. Patients included in the study.


As shown in Figure 3A, probiotic cocktail significantly reduced the severity of OM in patients with NPC who underwent CCRT. The rate of incidence of 0, 1, 2, 3, and 4 grades of OM were 0, 14.7, 38.2, 32.4, and 14.7%, respectively, in the ARCP group, while they were 13.9, 36.1, 25, 22.2, and 2.8%, respectively, in the ARCPM group (p < 0.01). Moreover, probiotic cocktail significantly attenuated the negative impact of CCRT on immunity. Oral administration of probiotic cocktail greatly enhanced the reduction rate of CD3+ T cells (75.5 vs. 81%, p < 0.01), CD4+ T cells (64.53%vs. 79.53%, p < 0.01), and CD8+ T cells (75.59 vs. 62.36%, p < 0.01) compared to patients in the ARCP group (Figures 3B–D). No significant differences of reduction rate of lymphocyte (80.81 vs. 84.44%, p > 0.05), hemoglobin (10.94 vs. 12%, p > 0.05), and body weight (6.53 vs. 6.7%, p > 0.05) were observed between the ARCPM and ARCP groups (Figures 3E–G).
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FIGURE 3. The combination of probiotics reduced oral mucositis (OM) by improving the immunity of patients with nasopharyngeal cancer (NPC). (A) Mucosal index. (B) Reduction rate of CD3+T cells. (C) Reduction rate of CD4+T cells. (D) Reduction rate of CD8+T cells. (E) Reduction rate of lymphocyte. (F) Reduction rate of hemoglobin. (G) Weight loss. The data are presented as means ± SD, where **p < 0.01.




Probiotic Cocktail Altered the Composition of the Intestinal Microbiome in Patients With NPC

In total, 2,936,897 clean tags and 9,941 OTUs were obtained with an average of 196.4 OTUs in each group (Supplementary Table 3). The Venn diagram reflected the difference of OTUs in all groups. In total, 325 common OTUs were identified in all groups and 47 OTUs were identified specifically in the HP group. Notably, eight OTUs belonged only to the RCP groups (BRCP and ARCP groups), and 16 OTUs were identified exclusively in RCPM groups (BRCPM and ARCPM groups) (Figure 4A).
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FIGURE 4. Effects of the combination of probiotics on the composition of bacterial communities in patients with NPC. (A) The relative abundance of bacteria among HP from the employees of the Jiangxi Cancer Hospital, before the treatment of radiotherapy plus chemotherapy plus a placebo (BRCP), after treatment with radiotherapy plus chemotherapy plus a placebo (ARCP), before the treatment of radiotherapy plus chemotherapy plus the probiotic combination (BRCPM), and after treatment with radiotherapy plus chemotherapy plus the probiotic combination (ARCPM). (B) The Venn diagram of the intestinal microbiota among HP, BRCP, ARCP, BRCPM, and ARCPM groups. (C) The NMDS analysis of groups HP, BRCP, ARCP, BRCPM, and ARCPM.


At the phylum level, the data of the top 10 populations of microorganisms were analyzed. Firmicute, Bacteroidetes, Proteobacteria, and Actinobacteria were predominated in HP, ARCP, BRCP, ARCPM, and BRCPM groups (Firmicutes: 66.03, 52.10, 69.41, 63.30, and 63.10%, respectively; Bacteroidetes: 28.02, 27.22, 18.82, 19.01, and 25.30%, respectively; Proteobacteria: 4.45, 11.89, 8.942, 11.13, and 9.45%, respectively; and Actinobacteria: 1.49, 8.18, 2.20, 3.00, and 1.72%, respectively). The abundance of Bacteroidetes and Actinobacteria were increased and the abundance of Firmicutes was decreased in the ARCP group, but probiotic cocktail enriched the abundance of Firmicutes and reduced the abundance of Bacteroidetes and Actinobacteria to the normal level (Figure 4B).

The NMDS analysis found that BRCPM, ARCPM, BRCP, and HP groups were clustered together, while the ARCP group diverged from other groups and showed a scattered distribution, indicating that the probiotic cocktail restored the gut dysbiosis in patients with NPC who underwent CCRT (Figure 4C).



Probiotic Cocktail Attenuated Tongue Tissue Inflammation and Pathological Damage in Rats With OM Caused by Radiotherapy and Chemotherapy

As shown in Figure 5A, the mucosal index was evaluated on the 7th, 14th, and 21st days. The incidence of grade 3 or over was significantly increased in the M group than those in the C group on the 7th, 14th, and 21st days (76.9 vs. 0%, 100 vs. 0%, and 66.7 vs. 0%; p < 0.01; respectively). Otherwise, the incidence of grade 3 or over was significantly decreased in the T group than those in the M group on the 7th, 14th, and 21st day (23.1 vs. 76.9%, 50 vs. 100%, and 0 vs. 66.7%; p < 0.01; respectively). It is worth mentioning that the severity of OM was alleviated on the 21st day both in the M and T groups compared with that on the 7th and 14th days.
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FIGURE 5. The probiotic cocktail relieved tongue tissue inflammatory response in rats with OM caused by radiotherapy and chemotherapy. (A) Mucosal index. (B) The expression of IL-6 in the mRNA level. (C) The expression level of TNF-α in the mRNA level. (D) The expression of IL-1β in the mRNA level. (E) H&E staining of the tongue tissue among the C, M, and T groups on the 7th, 14th, and 21st days. The data are presented as means ± SD, where *p < 0.05, **p < 0.01, and ##p < 0.01.


The hemogram of rats was measured on the 7th, 14th, and 21st days. As shown in Table 1, the concentration of leukocyte was higher in the M group than in the C group on the 7th, 14th, and 21st days (18.39 ± 4.06 vs. 12.38 ± 2.53, p < 0.01; 20.65 ± 3.35 vs. 15.06 ± 2.00, p < 0.01; 16.63 ± 2.05 vs. 13.70 ± 2.45; p < 0.05). However, the concentration of leukocyte was lower in the T group than in the M group (16.32 ± 2.57 vs. 18.39 ± 4.06, p < 0.05; 16.80 ± 3.02 vs. 20.65 ± 3.35, p < 0.05; 15.90 ± 1.90 vs. 16.63 ± 2.05, p < 0.05). This result suggested that probiotic cocktail suppressed peripheral immune response by reducing the level of blood leukocyte in rats that were treated with radiotherapy and chemotherapy.


Table 1. Blood routine test of rats.
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To evaluate the inflammation of oral mucosa, expressions of IL-6, IL-1β, and TNF-α in the mRNA level of the tongue tissue were measured (Figures 5B–D). The M group demonstrated significantly higher expression level than the C group in IL-6 (1.54 vs. 0.71, p < 0.01; 1.87 vs. 0.78, p < 0.01; 1.68 vs. 0.74, p < 0.01, respectively), IL-1β (1.63 vs. 0.73, p < 0.01; 2.14 vs. 0.68, p < 0.001; 1.83 vs. 0.76, p < 0.01, respectively), and TNF-α (1.47 vs. 0.84, p < 0.01; 1.84 vs. 0.75, p < 0.01; 1.63 vs. 0.86, p < 0.01, respectively), on the 7th, 14th, and 21st days. The T group showed remarkably lower expression level than the M group in IL-6 (1.27 vs. 1.54, p < 0.05; 1.52 vs. 1.87, p < 0.05;1.32 vs. 1.68, p < 0.05, respectively), IL-1β (1.30 vs. 1.63, p < 0.05; 1.48 vs. 2.14, p < 0.05; 1.38 vs. 1.83, p < 0.05, respectively) and TNF-α (1.24 vs. 1.47, p < 0.05; 1.46 vs. 1.84, p < 0.05; 1.26 vs. 1.63, p < 0.05, respectively) on the 7th, 14th, and 21st days. The result indicated that probiotic cocktail remarkably attenuated oral inflammation in rats that were treated with radiotherapy and chemotherapy.

The histology samples of the tongue tissue of each group were collected on the 7th, 14th, and 21st days. The H&E staining visually reflected the severity of the tongue and its mucosal thickening in the C, M, and T groups. Severe destruction of tongue epithelium, the erosion of the corneum, and the proliferation of basal cells were found in the M group compared with the C group. However, the damage of the tongue tissue in the T group was observed to be lighter than the M group, which indicated that the probiotic cocktail could relieve the inflammatory response. The structural damage of the tongue tissue was observed on the 7th day, deteriorated on the 14th day, and was partly repaired on the 21st day both in the M and T groups (Figure 5E).

These results indicated that the probiotic cocktail inhibited the peripheral immune response, inflammation, and pathological damage, further to alleviate the severity of OM in rats induced by radiotherapy and chemotherapy.



Probiotic Cocktail Ameliorated Tongue Tissue Apoptosis, Reversed the Upregulation of TLR4/NF-κB, and Improved the Expression of Intestinal Tight Junction in Rats With OM

Inflammation-related proteins, cell apoptosis, and intestinal TJ proteins were measured in the tongue and colon tissue, respectively (Figure 6). Compared with the C group, a higher expression of TLR4 (7th, 14th, and 21st days) and P-NF-κB/NF-κB (7th, 14th, and 21st days) in the M group were observed (p < 0.001). However, the probiotic cocktail markedly downregulated the expression of TLR4 (7th, 14th, and 21st days) and P-NF-κB/NF-κB since the 7th day (p < 0.001) in rats with OM. Also, the probiotic cocktail significantly inhibited the apoptosis caused by radiotherapy and chemotherapy via reducing the ratio of Bax/Bcl-2 (Figure 6B).


[image: Figure 6]
FIGURE 6. The combination of probiotics ameliorated the upregulation of TLR4/NF-κB, tongue tissue apoptosis and improved the expression of intestinal tight junction (TJ) in rats with OM caused by radiotherapy and chemotherapy. (A) Protein expression level of TLR4, P-NF-κB, and NF-κB. (B) Protein expression level of apoptosis-associated factors, Bcl-2 and Bax. (C) The expression level of intestinal TJ proteins, ZO-1 and claudin-1. The data are presented as means ± SD, where *p < 0.05, **p < 0.01, #p < 0.05, and ##P < 0.01.


The integrity of the intestinal barrier was measured with intestinal TJ proteins. The results indicated that the expression of ZO-1 (7th, 14th, and 21st days) and Claudin-1 (7th, 14th, and 21st days) were greatly reduced in rats with OM, and the probiotic cocktail markedly restored the expression of ZO-1 (7th, 14th, and 21st days) and Claudin-1 (7th, 14th, and 21st days) to normal levels (Figure 6C).

In summary, the probiotic cocktail attenuates the severity of OM possibly by downregulating the TLR4/NF-κB signaling pathway, reducing cell apoptosis, and downregulating the intestinal TJ proteins.



Probiotic Cocktail Effectively Restored the Disturbed Microbial Diversity to a Normal Level in Rats With OM

To test whether the probiotic cocktail could reverse the gut dysbiosis induced by radiotherapy and chemotherapy in rats, we analyzed the composition and community structure of bacteria in feces through 16S rRNA gene sequencing. As illustrated in Figures 7A,B, the probiotic cocktail improved the microbial α-diversity, the Shannon index, and the Simpson index, on the 7th and 14th days, which were decreased in rats with OM, although there was no significant statistical difference. The PCoA analysis showed that fecal microbial populations of animals in the C and T groups clustered together and diverged from that of the rats with OM over the study period, indicating that the probiotic cocktail partially shaped the alterations of the microbial community in rats with OM caused by radiotherapy and chemotherapy (Figure 7C).
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FIGURE 7. Effects of probiotic cocktail on the composition of bacterial communities in rats with OM caused by radiotherapy and chemotherapy. (A) Shannon index of intestinal bacterial communities among C, M, and T groups at days 7, 14, and 21. (B) Simpson index of intestinal bacterial communities among C, M, and T groups on the 7th, 14th, and 21st days. (C) Principle coordinate analysis (PCoA) of intestinal bacterial communities among C, M, and T groups on the 7th, 14th, and 21st days. (D) Relative abundance of Bacteroidetes of intestinal bacterial communities at the phylum level among C, M, and T groups on the 7th, 14th, and 21st days. (E) Relative abundance of Firmicutes of intestinal bacterial communities at the phylum level among C, M, and T groups on the 7th, 14th, and 21st days. (F) Relative abundance of Bacteroidetes of intestinal bacterial communities at the genus level among C, M, and T groups on the 7th, 14th, and 21st days. (G) Relative abundance of Lachnospiraceae of intestinal bacterial communities at the genus level among C, M, and T groups on the 7th, 14th, and 21st days. (H) Relative abundance of Ruminococcus of intestinal bacterial communities at the genus level among the C, M, and T groups on the 7th, 14th, and 21st days.


The abundance of Firmicutes was decreased and the abundance of Bacteroidetes showed an increasing trend in the M group on the 7th, 14th, and 21st days. Moreover, anti-inflammation-related bacteria, such as Lachnospiraceae and Ruminococcus, were reduced and inflammation-related bacteria, such as Bacteroides, were enriched in the M group on the 7th, 14th, and 21st days. However, the abundance of Firmicutes, Lachnospiraceae, and Ruminococcus was increased and the abundance of Bacteroidetes and Bacteroides was decreased in the T group than that of the M group, though there was no significant statistical difference (Figures 7D–H). These results suggested that the probiotic cocktail shaped gut dysbiosis and prevented inflammation in radiotherapy and chemotherapy-induced rats.




DISCUSSION

In this study, we investigated the impact of the combination of L. plantarum MH-301, B. animalis subsp. Lactis LPL-RH, L. rhamnosus LGG-18, and L. acidophilus on OM for the first time. As expected, the results showed that 47.1% of the patients in the ARCP group developed ≥grade 3 OM, whereas OM was only 25% developed in the ARCPM group, and this supported the protective effect of the probiotic cocktail against OM. Consistent with the clinical test, the probiotic cocktail also reduced the severity of grade 3 OM (23.1 vs. 76.9%, 50 vs. 100%, and 0 vs. 66.7%) on the 7th, 14th, and 21st days in radiotherapy and chemotherapy-induced rats. In addition, the probiotic cocktail also improved the immunity of patients with NPC and restored gut dysbiosis to normal both in the patients with NPC and rats with OM induced by radiotherapy and chemotherapy.

Recently, a series of studies have indicated that gut microbiota might modulate the response to immunotherapy in cancer treatment (30, 31). It was found that treating mice with probiotic L. plantarum (KC836552.1) significantly reduced tumor volume and activated immune responses, such as enhanced levels of CD8+ T and NK cells in patients with cancer (32). Recently, it has become evident that the ability of gut microbiota to regulate immunity in cancer therapy modulates the susceptibility to toxic side effects (8, 33). Bifidobacterium ameliorated chemotherapy-induced mucositis via promoting the expression of CD4+T cell immunity in rats with cancer (34). Moreover, evidence has suggested that probiotics initiate memory in the T and B cells, trigger adaptive immunity, and activate the immune system which may stimulate the production of salivary glycoproteins and antimicrobial peptides, finally protecting the oral mucosa from damage (35). As reported in an earlier study (13), this study also showed that RCPM significantly enhanced the number of T-cells (CD3+ T, CD8+ T, and CD4+ T cells) and decreased the severity of OM in comparison with those of patients with RCP, which further confirmed that probiotics modulate human immune responses to cancer treatment, eventually reducing the related side effects (36). Besides, it seemed that the effect of this probiotic cocktail on patients with OM and NPC was better than the combination of the previous probiotics (B. longum, L. lactis, and E. faecium).

We used an animal model to verify the assumption that the probiotic cocktail might have beneficial effects on OM induced by radiotherapy and chemotherapy and to make a primary exploration of the mechanisms. In our study, we observed the severity of the oral damage caused by radiotherapy and chemotherapy in rats. The pathogenesis of oral inflammation induced by chemotherapy and irradiation is complex. It had been proposed that radiotherapy and chemotherapy cause DNA and non-DNA damage to the epithelium of cells, tissues, and blood vessels (37). It could also cause reactive oxygen species, followed by the activation of TLR4/NF-κB pathway, which could promote the production of pro-inflammation factors (TNF-α, IL-1β, and IL-6), and accelerate apoptosis (Bax/Bcl-2), and ultimately aggravated tissue damage and lead to bacterial, viral, and fungal infections (38, 39). TNF-α, IL-6, IL-1β, and cell apoptosis played a critical role in the development of mucositis (40). Moreover, evidence has indicated that the IL-6 level positively correlated with the severity of mucositis both in radiation-induced OM mice and in the head and neck of patients with cancer who underwent radiotherapy or radiochemotherapy (41, 42). The results demonstrated that probiotic cocktail administration diminished the upregulation of TLR4/NF-κB and elevated the levels of pro-inflammatory cytokines and cell apoptosis caused by chemotherapy and irradiation.

The intestinal epithelial barrier prevents the entry of exterior antigens from the gut lumen into the host, which may exacerbate both local and systemic immune responses (43). The front line of this barrier is composed of epithelial cells and apical junctional complexes encompassing TJ proteins between the adjacent epithelial cells (44). Previous studies had found that CCRT treatment for cancer also aggravated the dysfunction of the intestinal barrier and caused peripheral immune activation and inflammation (45–47). As expected, the results also showed that TJ proteins (ZO-1 and Claudin-1) were reduced and neutrophils were increased in the M group. Besides, the expression of proteins forming TJ was also influenced by gut microbiota. Probiotics have been shown to increase the expression of TJ protein and restore intestinal permeability, eventually suppressing peripheral neutrophils (48, 49). In line with this study, ZO-1 and Claudin-1 were found to increase in the T group, suggesting that probiotics prevented system-immune activation and inflammation, including an increase in TNF-α, IL-1β, and IL-6 in the oral cavity, which eventually could ameliorate OM.

Radiotherapy and chemotherapy also change intestinal microbiota, which leads to altered colonic epithelial cell homeostasis, impaired barrier function, and increased susceptibility to OM (46, 50, 51). The NMDS analysis was conducted, and our clinical experiments suggested that CCRT had obviously disturbed the diversity of gut microbiota, and the samples from the ARCP group were scattered far from the samples from the HP group, whereas the administration of the mixture of probiotics markedly restored the microbial diversity in the ARCP group than that of the HP and ARCPM groups. Similar to the results of the clinical trial, our rat model also indicated that the bacterial communities had recovered back to normal after being treated with the probiotic cocktail for 21 days with the PCoA. This suggested that the probiotic cocktail had significantly reduced the side effects of CCRT by sustaining the bacterial homeostasis of the intestines.

The gut microbiome of T group rats also reflected enriched species-richness as well as a significant shift in the overall microbial diversity at the phylum and genera level compared to the M group. Recent studies have also revealed that some disadvantage of bacterial strains were increased, while the bacterial strains which were beneficial for health were reduced in patients with cancer who underwent CCRT (52, 53). Accordingly, compared to control, we observed a lower relative abundance of Firmicutes and a higher relative abundance of Bacteroidetes at the phylum level both in patients with NPC and in mice with OM. We also found that a higher abundance of Actinobacillus was observed in patients with NPC than those in HP. In addition, higher Bacteroides, lower Lachnospiraceae, and lower Ruminococcus at the genus level were observed in mice with OM. Based on the previous study, Actinobacillus were usually found to be both an oral symbiotic and an opportunistic pathogen, which were associated with the pathogenesis of meningitis, sinusitis, pleural empyema, and bronchopneumonia (54, 55). Besides, Actinobacillus might seriously affect the homeostasis of oropharyngeal microorganisms, and was one of the susceptible factors for patients with NPC who had severe mucositis (55). Bacteroides have been observed to be a prominent feature in patients with inflammatory bowel disease (56) and are associated with mucus degradation and a pro-inflammatory phenotype (57). Other bacteria in the Firmicutes phylum, such as Lachnospiraceae and Ruminococcaceae, demonstrated an anti-inflammatory process by reducing pro-inflammatory cytokines (IL-12 and IFN-γ) and increasing the anti-inflammatory cytokines (IL-10) (58). In addition to the anti-inflammatory activity, Lachnospiraceae and Ruminococcaceae were also considered to be associated with the butyrate-producing process (59). Butyrate was suggested to be important in ameliorating mucosal inflammation and maintaining the intestinal barrier (60). It is important to emphasize that the intestinal ecosystem is partially important to maintain human health. Specific changes, such as the decrease of Firmicutes and the increase of Bacteroidetes in this ecosystem, may contribute to the development of inflammatory-related disease (61). Taken together, the increase in the abundance of inflammation-related Bacteroidetes and Actinobacillus and a decrease in the abundance of anti-inflammation-related Firmicutes in patients with NPC who were treated with CCRT may have affected the severity of OM to some extent.

Probiotics, such as L. lactis and B. longum, were expected to be useful for intestinal inflammation and OM (62, 63). A recent study also demonstrated that a mix of Bacillus subtilis (2.9 × 108 CFU/g), B. bifidum (2.0 × 108 CFU/g), E. faecium (2.1 × 108CFU/g), and L. acidophilus (1.0 × 108 CFU/g) reduced the histological severity of intestinal mucositis and OM in rats treated with chemotherapy (64). Probiotic-based treatments have proven to be beneficial for chemotherapy- or radiotherapy-induced mucositis, possibly by regulating the microbiome and inhibiting the pro-inflammatory cytokines (65, 66). In the same way, B. bifidum G9-1(BBG9-1) eliminates 5-FU-induced mucositis by inhibiting secondary inflammation through a reduction in the abundance of Bacteroidetes and the corresponding increase in the abundance of Firmicutes (67). In addition, Lactobacillus significantly reversed the chemotherapy- or radiation-disturbed composition of Firmicutes and Bacteroidetes, thereby reducing pro-inflammatory reactions and mucositis (46, 68, 69). Thus, the changed abundance of Firmicutes and Bacteroidetes induced by radiotherapy and chemotherapy were associated with intestinal inflammation, to further induce or increase the incidence of OM, and the probiotic cocktail decreased the severity of OM by regulating the homeostasis of intestinal bacteria.

There are some strengths in our study. First, we isolated L. plantarum from free village residents. Secondly, according to human clinical and rat trials, probiotic combinations, namely L. plantarum, B. animalis subsp. Lactis LPL-RH, L. rhamnosusnosus LGG-18, and L. acidophilus, might reduce the severity of OM in patients with NPC who were treated with radiotherapy and chemotherapy. Finally, our results indicated that the probiotic cocktail might alleviate the severity of OM in patients with NPC who were treated with radiotherapy and chemotherapy by regulating gut microbiota dysbiosis and enhancing immunity. There are some limitations in this study. One disadvantage is that the number of patients with NPC was not large enough and more patients with NPC are needed in the future to confirm the results; another limitation is the need for fecal microbiota transplantation to further identify the role of gut microbiota on the effectiveness of probiotic cocktail on OM of patients with NP.

These results indicated that the probiotic cocktail could significantly reduce the severity of OM in patients with NPC, which might be related to improving the immunity of patients with NPC and regulating gut microbiota homeostasis. The results of the probiotic cocktail on rats with OM induced by radiotherapy and chemotherapy further confirmed that the probiotic cocktail could ameliorate the severity of OM by modulating the gut dysbiosis related to inflammatory responses.
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This study aimed at determining the beneficial effect of Clostridium butyricum (CB) RH2 on ceftriaxone-induced dysbacteriosis. To this purpose, BALB/c mice were exposed to ceftriaxone (400 mg/ml) or not (control) for 7 days, and administered a daily oral gavage of low-, and high-dose CB RH2 (108 and 1010 CFU/ml, respectively) for 2 weeks. CB RH2 altered the diversity of gut microbiota, changed the composition of gut microbiota in phylum and genus level, decreased the F/B ratio, and decreased the pro-inflammatory bacteria (Deferribacteres, Oscillibacter, Desulfovibrio, Mucispirillum and Parabacteroides) in ceftriaxone-treated mice. Additionally, CB RH2 improved colonic architecture and intestinal integrity by improving the mucous layer and the tight junction barrier. Furthermore, CB RH2 also mitigated intestinal inflammation through decreasing proinflammatory factors (TNF-α and COX-2) and increasing anti-inflammatory factors (IL-10). CB RH2 had direct effects on the expansion of CD4+ T cells in Peyer’s patches (PPs) in vitro, which in turn affected their immune response upon challenge with ceftriaxone. All these data suggested that CB RH2 possessed the ability to modulate the intestinal mucosal and systemic immune system in limiting intestinal alterations to relieve ceftriaxone-induced dysbacteriosis.
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Introduction

The intestine is different from the other organs of the human body because it consists of a physical and immunological protective barrier against foreign antigens and pathogens (Curciarello et al., 2019; Liang et al., 2020). Any dysfunction of intestinal barrier may promote and sustain an inflammation of the intestine (Miner-Williams and Moughan, 2016). The gut microbiota has diverse effects on the regulation of many various physiological processes, including nutrient digestion and acquisition, modulation of the gut-specific immune system, and protection from infectious pathogens (Wang et al., 2019). Recently, growing evidences have demonstrated that the interplay between the gut microbiota, the intestinal barrier and the mucosal immune system is profoundly altered in multifarious diseases, such as cardiovascular disease (Lewis and Taylor, 2020), infectious disease (Rosel-Pech et al., 2020), inflammatory bowel disease (Lee et al., 2020), autoimmune disease (Antonini et al., 2019), and a variety of cancers (Yoo et al., 2020).

Antibiotics, a mainstay of modern medicine, have saved many thousands of lives from infectious disorders since their widespread introduction. Unfortunately, the overuse of antibiotics, in particular, β-lactams, has led to intestinal microbiota imbalance, which considerably weaken colonization resistance and result in pathobiont overgrowth (Burdet et al., 2019; Venturini et al., 2021). Ceftriaxone, a β-lactam antibiotic, has high biliary elimination, which may result in a pronounced impact on the intestinal microbiota (Burdet et al., 2019). Ceftriaxone-induced intestinal dysbacteriosis is a growing health concern and a focus of research (Gao et al., 2012; Lama et al., 2019). It was shown that ceftriaxone-induced dysbiosis impacted the integrity of mucosal epithelial layer, which were accompanied by overexpression of mucin-2 (MUC-2) and overproduction of defensins and inflammatory cytokines (Li et al., 2015).

Probiotics supplement is an important way to modulate systemic and mucosal immune function, improve intestinal barrier function, and alter gut microecology. Clostridium butyricum (CB) is a strictly anaerobic gram-positive and endospore-forming probiotic with acid and heat resistant properties (Liu et al., 2020a), which has been widely used for improving gastrointestinal function. Furthermore, CB commonly exists in the gut of normal healthy individuals (humans and animals), which produces acetic and butyric acid, two important components of short chain fatty acids (SCFAs) synthetized by gut microbiota (Detman et al., 2019). Butyrate is known as a primary energy source for colonocytes and functional substances for alleviating colitis (Han et al., 2020). Qiao et al. (2015) observed that butyrate significantly attenuated intestinal ischemia and reperfusion injury via preservation of intestinal tight junction (TJ) barrier function and suppression of inflammatory cell infiltration in the intestinal mucosa. Supplementation with CB has been shown to improve glycemic indexes and normalize blood lipids and inflammatory tone, showing an anti-diabetic effect of CB (Doumatey et al., 2020). CB also plays an important role in providing nutrients for the host and maintaining the balance of the microbial ecosystem in the intestine, while exhibiting a high tolerance to several antibiotics (CB strain: UCN-12; Chen et al., 2018). Therefore, CB has been used to treat several gastrointestinal diseases in clinical, such as diarrhea (Guo et al., 2019) and inflammatory bowel disease (IBD) (Bin et al., 2016) and irritable bowel syndrome (IBS) (Sun et al., 2018). Beyond its protective effects in the digestive tract, CB may have a positive impact on therapeutic efficacy of immune checkpoint blockade in patients with lung cancer, which was impaired by antibiotics-induced dysbiosis (Tomita et al., 2020). It was reported that CBM 588 had contributed to the gut epithelial barrier protection and anti-inflammatory effect in clindamycin-induced dysbiosis (Ariyoshi et al., 2020, Hagihara et al., 2020). However, there are few reports on the potential protect functions of CB in regulating gut microbiota and maintaining intestinal barrier function in ceftriaxone-induced dysbiosis.

In this study, we aimed to explore the mechanism by which CB RH2 intervention could improve the intestinal barrier function and alleviate ceftriaxone-induced dysbiosis. We hope our study can help to understand the capabilities of CB RH2 to enhance the T cells immune response and restore gut epithelial barrier function, which provides a theoretical support for the development of CB RH2 as a functional food ingredient.



Materials and Methods


Animals

All experiments were performed using protocols approved by the committee for animal care and use at Dalian Medical University (SYXK [Liao] 2018-0002). Male BALB/C mice (aged 6–8 weeks, weighing 18–22 g) were gained from the Experimental Animal House of Dalian Medical University, where they were maintained under stress-free and specific pathogen-free conditions (light/dark cycles of 12 h) at a room temperature of 24 ± 1 °C and 65 ± 15% humidity. All mice had free access to food and sterile water.



Bacterial Strain

Freeze-dried bacteria powder of C. butyricum RH2 containing 2.4 × 1010 CFU/g was obtained from Grand Biologic Pharmaceutical (Chongqing) INC. It was cultured anaerobically with Man, Rogosa, and Sharpe (MRS) broth (Merck, Darmstadt, Germany) at 37°C. The growth of the culture was monitored by reading the optical density (OD) at 600 nm. The concentration of the bacteria was adjusted to 1010 and 108 colony forming units (CFU)/ml.



Induction of Intestinal Dysbacteriosis and Experimental Design

A total of 32 BALB/C mice were randomly divided into four groups (n = 8 for each group): one group (CON group) was only provided with physiological saline, mice in CS group and 2 CB groups were administrated by 0.2 ml ceftriaxone sodium (400 mg/ml) intra-gastrically twice a day with an interval of 6 h for 7 days to establish the dysbiosis model. Mice were given 108 CFU/ml (LCB group) and 1010 CFU/ml (HCB group) CB RH2, suspended in 0.2 ml physiological saline once daily for 14 days after CS administration.




DNA Extraction, 16S rDNA Sequencing and Bioinformatics Analysis

Extraction of bacterial DNA from mice feces of four groups was performed using E.Z.N.A.® Stool DNA Kit (Omega Bio-Tek, Norcross, GA, USA) following to the manufacturer’s guidelines. The DNA concentration was assessed using NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, USA). The universal target V3–V4 regions of the 16S rDNA gene were amplified via PCR using barcoded primers 515 F (5’-GTGYCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACNVGGGTWTCTAA-3’). Amplicons were excised from 1.5% agarose gels and purified with the QIAquick Gel Extraction kit (Qiagen, Germany). Then they were sequenced and the data were analyzed on an Illumina HiSeq platform (Novogene Bioinformatics Technology Co., Ltd., Beijing, China) using a method described previously (Li et al., 2017). The Ribosomal Database Project (RDP) Classifier 2.8 was used for exploiting taxonomical information and belief assignment of all sequences at 50% confidence after the raw sequences were identified by their unique barcodes. Operational taxonomic units (OTUs) present in more than 50% of the fecal samples were identified as core OTUs. Community diversity (alpha diversity) was measured by observed species and Shannon index, while community richness was evaluated by Chao1 index. Beta diversity was examined using principal coordinate analysis (PCoA) with weighted UniFrac analysis in R software and Unweighted Pair-Group Method with Arithmetic mean clustering (UPGMA).


Histologic Analysis of Colon

At 22th day, colon tissues were collected and fixed in 10% neutral buffered formalin, dehydrated, and paraffin-embedded. The colon sections were hematoxylin/eosin (HE) stained and analyzed by the same pathologist in a blinded manner to evaluate their morphological characteristics. Histopathology was quantified based on the scoring system, focusing on the following parameters: (1) destruction of normal epithelial architecture; (2) inflammatory infiltration; (3) edema of the mucosa; (4) vascular dilatation and congestion; (5) goblet cell loss and (6) crypt abscesses. The scores for each parameter were then combined with a maximal possible score of 14 according to the method in previous report (Li et al., 2015).



Transmission Electron Microscopy

Fresh colon tissues were separated and fixed with 2.5% glutaraldehyde at room temperature for 2 h and 1% osmium tetroxide for another 2 h. Then the samples were dehydrated in ethanol, passed through propylene oxide, and embedded in Spurr resin. Ultra-thin sections (100 nm) were cut and stained with 4% uranyl acetate for 10 min and Reynold’s lead citrate for 1.5 min. Samples were observed under a transmission electron microscope (JEM-1400, Olympus, Japan) at an accelerating voltage of 80 kV.



Detection of Cytokines

Colon tissues were homogenized in 0.9% physiological saline to obtain a 10% homogenate, and then centrifuged at 8,000×g for 20 min at 4°C. The supernatant was used to quantify defensins using ELISA kits (USCN, USA). Peripheral blood was collected from the heart and centrifuged immediately at 1,500×g for 15 min at 4°C to obtain serum and then stored at −80°C until analyses. The concentrations of serum lipopolysaccharides (LPS) and interleukin-10 (IL-10) were also detected using ELISA kits (USCN, USA) according to the manufacturer’s instructions.




RNA Extraction and Real-Time Semi-Quantitative PCR

Total RNA in mouse colon tissues was extracted using TRIzol Reagent (Bio-Rad Laboratories). The complementary DNA (cDNA) was synthesized using the AffinityScript Multiple Temperature cDNA synthesis Kit (Stratagene, La Jolla, CA, USA). The reactions were carried out in 384-well plates on the QuantStudio 6 Flex real-time PCR system (Life Technologies) using ChamQ Universal SYBR qPCR Master Mix (Vazyme). The sequences of primers are designed by the Primer Premier 5.0 software and summarized in Table 1. The results were analyzed using the 2−△△ct method.


Table 1 | List of PCR primers and amplicon size.





Western Blot

Total protein samples were extracted from murine colon tissues. Equal amounts of protein were fractionated by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes. Following transfer, membranes were blocked with 5% (w/v) milk in TBST buffer for 1 h at room temperature and then incubated with primary antibodies overnight at 4°C. The following specific primary antibodies were used: Mouse anti-ZO-1 (dilution; 1:1,000, Invitrogen, Camarillo, CA, USA), mouse anti-Occludin (dilution; 1:1,000, Invitrogen, Camarillo, CA, USA), rabbit anti-Claudin 1 (dilution; 1:1,000, Abbkine, San Diego, CA, USA), rabbit anti-Claudin 4 (dilution; 1:1,000, Abbkine, San Diego, CA, USA), and rabbit anti-β-actin (dilution; 1:1,000, Proteintech Group, Rosemont, USA). After washing with TBST buffer, the secondary antibodies conjugated with horseradish peroxidase (HRP, USCN, USA) were used to show the bands. The target proteins were detected with WesternBright™ ECL substrate and images were captured by Imager-Bio-Rad (Bio-Rad Laboratories, Inc., Hercules, CA, USA). For the densitometric analysis, the band intensities were quantified using Image J software (NIH).



Flow Cytometry

The fresh spleen and intestinal Peyer’s patches (PPs) of mice was removed and ground in PBS buffer to isolate cells. Cell suspensions (1 × 106) were incubated with anti-mouse CD16/CD32 mAb to block Fcγ receptors for 60 min and then stained on ice with PE-labeled CD4 (H129.19) FITC-labeled CD8 (53-6.7) mAbs for 60 min. The mAbs used in this study are all purchased from BD Biosciences. Flow cytometric analysis was performed with the Accuri C6 flow cytometer (BD Bioscience, USA), and data were analyzed with Flow Plus 1.0.264.15 Software.



Culture of T Cells In Vitro

In order to investigate the effects of CB RH2 on proliferation of T cells in the PPs of mice, total lymphocytes from the PPs of the control mice were isolated and incubated with different concentrations of CB RH2 supernatant and cell lysate, respectively. According to the culture method as described in our previous study (Zhou et al., 2020), 1 mL of the CB RH2 culture broth (OD600 = 1.5) was centrifuged at 2,500 rpm for 5 min, and the culture supernatant was regarded as bacterial secretion. Then the pellet was resuspended in MRS for ultrasonic crushing to release the intracellular components, followed by centrifuging for 5 min at 2,500 rpm. Different dilutions of the supernatant, which was regarded as CB RH2 lysate, were added to the single-cell suspension after filtration through a 0.2 µm-filter. The MRS medium was used as control.



Statistical Analysis

All data were presented as arithmetic mean ± standard error of mean (SEM). Data sets that involved more than two groups were analyzed using one-way ANOVA followed by turkey’s test (compare all pairs of columns); when two groups were compared and data obey normal distribution and even variance, a student’s t test was performed with the assistance of GraphPad Prism Program (Version 7.04; GraphPad Software Inc., La Jolla, CA, USA). The significance for PCoA (beta-diversity) analyses, which was tested with multivariate permutation tests using the nonparametric method “Adonis” included in the package “vegan” of the QIIME-incorporated version of “R”. Results were considered statistically significant with a p-value of less than 0.05.


Accession Number

The sequence data from this study are deposited in the GenBank Sequence Read Archive with the accession number RPJNA689675.




Results


CB RH2 Modulates the Gut Microbiome Composition Under Ceftriaxone-Induced Intestinal Dysbiosis

The experimental design is shown in Figure 1A. During the recovery after administration of ceftriaxone, there were two incidences of mortality in CS group, and only one incidence of mortality in each CB group (Figure 1B). It suggested that CB RH2 could significantly promote the recovery from ceftriaxone-induced dysbiosis. There were no significant changes in the length of colon (Figure 1C). To reveal the impact of CB RH2 on gut microbiota under ceftriaxone treatment conditions, we performed the analysis of the V3–V4 region of 16S rRNA gene sequences. Sequences were classified into 1,006 operational taxonomic units (OTUs) using a 97% similarity. The Venn diagram (Figure 2A) showed that there were 597 shared OTUs among four groups. The OTU number of the control group was 871, which was higher than that of the other groups. The unique OTUs of control, CS, LCB and HCB groups were 23, 29, 16 and 19 respectively. The observed species and Chao1 were used to estimate the community richness, while the Shannon index was used to evaluate the species diversity. The alpha diversity analysis results showed no significant differences between every two groups, except HCB group existed lower community diversity compare with CS group (P = 0.0123; Figures 2B–D). Additionally, the Bray-Curtis dissimilarities were calculated and displayed by PCoA and UPGMA (Figures 2E, F). Results showed a strong clustering of the gut microbiota composition for each group (control vs CS, R = 0.178, P = 0.002; CS vs LCB, R = 0.112, P = 0.141; CS vs HCB, R = 0.199, P = 0.001), which suggested that high concentration of CB RH2 made a certain impact on the gut microbiota composition of the ceftriaxone treated mice.




Figure 1 | Schematic overview of ceftriaxone treatment and CB RH2 administration. (A) Experimental protocol for ceftriaxone treatment with administration of CB RH2 as intervention; (B) Survival rate; (C) Colon length (cm), data are represented as mean ± SEM of eight mice in each group.






Figure 2 | Evaluation of illumina HiSeq sequencing data showing that CB RH2 could modulate the structure and composition of gut microbiota. (A) Venn diagram of shared and independent bacterial OTUs in different experimental groups (n >6); (B–D) Analysis of α-diversity of gut microbiota by Observed species, Chao1 and Shannon index; (E) Principal coordinate analysis (PCoA) based on weighted Unifrac distances among different samples. PC1 and PC2 account for 63.65% of the variation; (F) Multivariate analysis of variance from PCoA matrix scores using UPGMA method based on weighted Unifrac distances; (G) The average abundance of microbial community in different mice groups at phylum level; (H) The ratio of Firmicutes to Bacteroidetes; (I, J) Statistical analysis for Bacteroidetes and Deferribacteres at the phylum level; (K) Bar charts at genus level of gut microbiota in the four groups; (L) Relative abundance of Bacteroides, Oscillibacter, Desulfovibrio, Mucispirillum and Parabacteroides are significantly manipulated by CB RH2 at genus level. Statistical analysis was performed using the t tests method. All values are mean ± SEM (n >6). *p < 0.05, **p < 0.01.



Alterations of the murine gut microbiota at the phylum level were shown in Figure 2G. We found that the ratio of Firmicutes to Bacteroidetes (F/B), an indicator of microbial imbalance (Mulder et al., 2020, Yang et al., 2020), was significantly lower in CB groups when compared with CS group (CS vs LCB, P = 0.0071; CS vs HCB, P = 0.0464; Figure 2H). The Bacteroidetes abundance was increased in LCB group (P = 0.05; Figure 2I), while the Firmicutes abundance was not changed significantly among the four groups (P = 0.174). Moreover, ceftriaxone treatment greatly increased the levels of Deferribacteres compared to the control group (P = 0.003). However, following high dose of CB RH2 supplementation, the proportions of Deferribacteres returned to control levels (P = 0.015; Figure 2J). When differences in the microbiota at the genus level were compared (Figure 2K) and the statistical differences were further tested (Figure 2L). The proportion of Bacteroides significantly increased following CB RH2 supplementation compared to the CS group (CS vs LCB, P = 0.014), while the proportion of Oscillibacter (CS vs HCB, P = 0.024), Desulfovibrio (CS vs LCB, P = 0.031), Mucispirillum (CS vs HCB, P = 0.028) and Parabacteroides (CS vs HCB, P = 0.019) significantly decreased. We also found that CB RH2 tended to decrease the proportion of Intestinimonas, which was enhanced by ceftriaxone treatment (P = 0.016). These results suggested that CB RH2 attenuated intestinal bacteria dysbiosis by regulating the composition of gut microbiota.



Impact of CB RH2 on the Repair of Intestinal Barrier Integrity

H&E-stained colorectal sections showed that the ceftriaxone-treated mice exhibited serious injuries. They had an increase in hyperplasia of the colonic mucosa, distorted tissue architecture, inflammatory infiltration, and more severe vascular dilatation and congestion than that of control mice. In contrast, CB RH2 administration improved the histological structure versus the CS group, albeit not significantly so (Figure 3A). The histological score of the colon in mice treated with ceftriaxone was higher compared with control and CB RH2 administrated mice (P = 0.018; Figure 3B). Although there was no significant difference, two CB groups showed numerically lower scores than that of the ceftriaxone administration group.




Figure 3 | CB RH2 changes the mechanical barriers in intestinal mucosa of ceftriaxone-treated mice. (A) H&E-stained results for the sections of mouse colon; (B) Histopathological analysis of the H&E-stained sections; (C) Transmission electron microscopy (TEM) analysis of colon; (D) LPS of serum were detected by ELISA following the manufacturer’s protocol; (E, F) The concentrations of α-defensin and β-defensin in colon of mice. All data were evaluated as mean ± SEM (n = 5), *p <0.05, **p <0.01, ***p <0.001.



Transmission electron microscopy (TEM) results further confirmed the effect of CB RH2 on the protection of intestinal mechanical barrier. It could be seen very intuitively from Figure 3C that the microvilli in the colonic epithelium of the control group were compact and arranged neatly, forming a complete tight junction. Mice in CS group had disordered arrangement of microvilli and tight junction structure disruption. In contrast, CB RH2-treated mice demonstrated the villi arranged neatly. In addition, CB RH2 significantly decreased the serum level of lipopolysaccharide (LPS) in ceftriaxone-induced dysbiosis, which was the indication of gut permeability (CS vs LCB, P = 0.015; CS vs HCB, P = 0.0017; Figure 3D). Moreover, the effect of CB RH2 treatment in high dose was stronger than that of low dose (P = 0.027; Figure 2D).

The antimicrobial proteins (AMPs), such as α-defensins and β-defensins secreted by intestinal epithelia cells, were also detected. We found that total α-defensin (P = 0.032; Figure 3E) and β-defensin (P = 0.0048; Figure 3F) levels were higher in the CS group compared with the control group, which showed the consistent result with our previous in vivo study with ceftriaxone-induced dysbiosis (Li et al., 2015). Lower concentrations of total α-defensin were detected in mice treated with CB RH2 (CS vs LCB, P = 0.0002; CS vs HCB, P = 0.016; Figure 3E). The level of total β-defensin in the HCB group decreased gradually, but no significant differences were detected compared with the CS group.



CB RH2 Modulates Expression of Tight Junction Proteins and MUC-2 in the Colon of Mice Treated With Ceftriaxone

To further characterize the protective effects of CB RH2 on the epithelial layer after CS administration in mice, the mRNA and protein expression levels of the tight junction (TJ)-related proteins, ZO-1, Occludin, Claudin-1 and Claudin-4 were assessed using real-time PCR and western blot analysis, respectively. The mRNA expression levels of ZO-1 (CS vs LCB, P = 0.0253; CS vs HCB, P = 0.0065; Figure 4A) and Occludin (CS vs LCB, P = 0.0142; CS vs HCB, P <0.0001; Figure 4B) were increased, and those of Claudin-1 (CS vs LCB, P = 0.0218; CS vs HCB, P = 0.0017; Figure 4C) and Claudin-4 (CS vs HCB, P = 0.0053; Figure 4D) were decreased in the CB groups compared with the CS group significantly. The changes in protein expression levels of Occludin, Claudin-1 and Claudin-4 were probably coincided with those of mRNA expression. However, there were no significant differences in ZO-1 protein expression among any of the groups (P >0.05) (Figures 4F, G), which showed the discordant mRNA and protein expression. Moreover, the discordant mRNA and protein expression was also found in Occludin level of LCB group. Furthermore, we investigated the effects of CB RH2 on the MUC-2 mRNA expression. Our data showed that the gene expression level of MUC-2 was decreased in the CS group compared to the control group (P = 0.05) and CB RH2 administration enhanced mucin production (CS vs LCB, P = 0.0414; CS vs HCB, P = 0.0139; Figure 4E).




Figure 4 | CB RH2 enhances intestinal barrier function of ceftriaxone-treated mice. (A–E) The relative RNA expression of genes encoding zonula occludens (ZO-1), Occludin, Claudin-1, Claudin-4, and mucin-2 (MUC-2) in colon tissues of mice, detected by qPCR; (F, G) Representative blots and comparison of protein expression of ZO-1, Occludin, Claudin-1, Claudin-4, and MUC-2 by western blot with β-actin as internal control. All data were evaluated as mean ± SEM (n = 5), *p < 0.05, **p < 0.01, ****p < 0.0001.






Effects of CB RH2 on the Mucosal Immune Barrier and Immune System Under Ceftriaxone-Induced Dysbiosis

To address whether supplementation of CB RH2 could suppress colon inflammation, we investigate the level of mRNA expression of proinflammatory factors, including tumor necrosis factor alpha (TNF-α) and cyclooxygenase-2 (COX-2). We found that CB RH2 administration significantly reduced the expression of TNF-α (CS vs HCB, P = 0.0061; Figure 5A) and COX-2 (CS vs LCB, P = 0.0108; CS vs HCB, P = 0.0008; Figure 5B). To determine the anti-inflammatory effect of CB RH2, the serum levels of interleukin-10 (IL-10) was measured. Low concentration of CB RH2 treatment promoted IL-10 cytokine production (P = 0.0007; Figure 5C). However, high concentration treatment had no effects on serum IL-10. Subsequently, the T cells in the spleen including helper T cells (CD3+CD4+ T cells) and cytotoxic T cells (CD3+CD8+ T cells) were further investigated. The results revealed that the proportions of CD3+CD4+ T cells (P = 0.028; Figures 5D, E) and CD3+CD8+ T cells (P = 0.0086; Figures 5D, F) in the HCB group were observably upregulated in comparison to the CS group. However, CB RH2 could not reverse the higher ratio of CD4+/CD8+ in CS treated mice (Figure 5G). Taken together, ceftriaxone administration caused gut inflammation and CB RH2 may have an effect on epithelial cell tight junctions and may reduce inflammation in colonic tissue.




Figure 5 | Anti-inflammatory effect of CB RH2 on mice with ceftriaxone-induced intestinal dysbacteriosis. (A, B) The relative RNA expression of genes encoding tumor necrosis factor alpha (TNF-α) and cyclooxygenase-2 (COX-2) in colon tissues of mice (n = 5); (C) IL-10 of serum were detected by ELISA following the manufacturer’s protocol (n = 5); (D) Representative flow cytometry plots of CD4+ and CD8+ T cells identified (n = 3); (E, F) Percentage of CD4+ and CD8+ T cells in spleen; (G) The proportion of CD4+/CD8+. All data were evaluated as mean ± SEM, *p <0.05, **p <0.01, ***p <0.001.




CB RH2 Promotes Expansion of CD4+ T Cells Obtained From PPs In Vitro

PP-cells provide the most important defense mechanism for intestinal immunity. To determine whether protective effects of CB RH2 were directly associated with the upregulation of T cells, we further isolated the lymphocytes from the PPs of control mice and incubated them with the supernatant and lysate of CB RH2. We found that the percentages of CD4+ T cells in PPs were significantly higher following stimulation with both the supernatant (P = 0.03) and lysate (P <0.01) of CB RH2, whereas there was no effect on CD8+ T cells and the ratio of CD4+/CD8+ (Figure 6). This suggested that both of CB RH2 and its metabolites had direct effects on CD4+ T cells, but not CD8+ T cells or CD4+/CD8+ ratio in PPs.




Figure 6 | CB RH2 and its metabolites promote expansion of CD4+ T cells. (A) Representative flow cytometry plots; (B, C) Percentage of CD4+ and CD8+ T cells in Payer’s patches (PPs) of mice post stimulation of the supernatant and lysate of CB RH2; (D) The proportion of CD4+/CD8+. The MRS medium was used as control. All data were evaluated as mean ± SEM (n = 3), *p <0.05, **p <0.01.






Discussion

Extensive evidence indicates that treatment with antibiotics has significant effects on the structure of the intestinal microbiota. As a clinical commonly used antibiotic, ceftriaxone can damage the intestinal epithelium barrier and disrupt the equilibrium of intestinal flora (Li et al., 2015). Recently, the effects of probiotics supplement on gut dysbiosis induced by antibiotics have been extensively studied, which can help to improve gastrointestinal barrier function, and affect both the mucosal and systemic immune systems (Marzorati et al., 2020). In the current study, we observed that probiotic CB RH2 supplementation improved intestinal mucosal inflammation and epithelial damage by dysbiosis of administration of ceftriaxone, and then Bacteroides, Oscillibacter, Desulfovibrio, Mucispirillum and Parabacteroides were predominantly changed.

To determine whether supplementation of CB RH2 has an immunomodulatory and metabolic role in regulating gut homeostasis, we administered ceftriaxone to BALB/C mice for 7 days to induce dysbiosis (Figure 1A). We confirmed that CB RH2 could significantly reduce mortality; thereby promote the recovery from ceftriaxone-induced dysbiosis (Figure 1B). Macroscopic findings revealed no significant changes in the length of colon even after ceftriaxone administration (Figure 1C). We predicted the CS group to show shorter colon compared with other three groups. However, this study showed the different result with our previous study with colitis model induced by DSS (Li et al., 2019). Similarly, conflicting results were also found in other studies (Hayashi et al., 2013; Hagihara et al., 2020), whereas the reason was unclear.

Similar to previous work, our studies have revealed that antibiotics induce gut dysbiosis. In this study, OTUs number in four groups showed no significant differences but high concentration of CB RH2 changed α-diversity and β-diversity of gut microbiota in ceftriaxone-treated mice (Figure 2). We analyzed the specific changes in the gut microbiota at the phylum and genus levels. The gut microbiota predominantly composed of four phyla: Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria. The increased Firmicutes/Bacteroidetes (F/B) abundance ratio was seen in CS group, which was in line with previous studies (Kong et al., 2020; Liu et al., 2020b). After the CB RH2 administration, especially in low dose, Bacteroidetes was significantly increased and F/B ratio was significantly decreased relative to the CS group. In a study of a rat model of severe acute pancreatitis with intra-abdominal hypertension, Zhao et al. (2020) reported that C. butyricum or butyrate could increase the relative abundance of Bacteroidetes significantly compare with both of sham and model groups. It was also observed that the proportion of Deferribacteres was significantly decreased following high concentration of CB RH2 treatment compared with CS group. The abundance of Deferribacteres has been previously observed in association with exacerbated intestinal inflammation in previous studies of colitis model (Selvanantham et al., 2016). The analysis in genus level showed application of CB RH2 decreased the proportion of Oscillibacter, Desulfovibrio, Mucispirillum and Parabacteroides (Figure 2L). The genus Oscillibacter was found in human gut microbiota related to a disease or pathologic state (Mondot et al., 2011; Lam et al., 2012). Upregulated abundance of Oscillibacter had been found in stroke and transient ischemic attack patients and closely related to gut permeability and host inflammation (Yin et al., 2015). Desulfovibrio, an endotoxins (such as LPS) producer, were thought to be positively associated with intestinal inflammation (Liu B. et al., 2020). Our previous study showed that a probiotic-enriched dietary intervention could decrease the abundance of Desulfovibrio in high-fat diet-induced obesity in rats (Li et al., 2020). It could be decreased by C. butyricum or butyrate in the study of Zhao et al. (2020). As part of the phylum Deferribacteres, Mucispirillum is a core member of murine gut microbiota, which can colonize the intestinal tract from the stomach to the colon (Xiao et al., 2019). It has been shown to be positively associated with pro-inflammatory MCP-1 (Shintouo et al., 2020). The represented species, namely, Mucispirillum schaedleri, was considered a pathobiont that was increased in DSS-induced colitis (Rooks et al., 2014). Similar as Mucispirillum, Parabacteroides was also positively associated with pro-inflammatory MCP-1 (Shintouo et al., 2020). A recent study showed that Parabacteroides was increased in a zoonotic parasitic disease, which could raise the risk of infections (Hu et al., 2020). These results suggested that CB RH2 might be involved in regulation of the intestinal microbiota by decreasing the pro-inflammatory bacteria (Deferribacteres, Oscillibacter, Desulfovibrio, Mucispirillum and Parabacteroides). It’s worth noting that administration of CB RH2 in high dose promoted the relative abundance of Lactobacillus (P = 0.052, Figure 2K), which were thought to be beneficial to several digestive diseases including IBS and IBD. This result was consistent with other studies (Liu et al., 2020b; Zhao et al., 2020).

Intestinal barrier integrity plays a fundamental role in healthy gut function. The intestinal barrier disruptions that facilitate the uptake of harmful agents are often associated with the alterations of gut microbiome (Grosheva et al., 2020). In current study, histological and ultrastructural abnormalities were detected in the colon of mice treated with ceftriaxone, which were reversed by CB RH2 intervention (Figure 3). Moreover, CB groups showed decreased gut permeability, which was indicated by the demotion of endotoxins such as LPS in the serum. As previous studies reported that defensins could protect the integrity of the epithelial barrier (Han et al., 2015; Ou et al., 2020), we determined whether CB RH2 could upregulate the defensins levels. However, our results showed higher levels of defensins in CS group than other groups, which was consistent with our previous study with ceftriaxone-induced dysbiosis (Li et al., 2015). As described in several recent studies, defensins could also be detrimental to host defense by enhancing adhesion and invasion of certain enteric pathogens (Wilson et al., 2017; Xu et al., 2018). In addition, these increased small peptides may further develop their antimicrobial activity against intestinal microbiota and induce more serious dysbiosis. In the present study, the administration of CB RH2, especially in low dose, could downregulate α-defensin dramatically, which suggesting the intestinal barrier protection.

The tight junction (TJ), which controls the integrity and permeability of intestinal epithelium, is composed of the TJ proteins such as Occludin, zonula occludens-1 (ZO-1), Claudin-1 and Claudin-4 (Bai et al., 2020). Moreover, disruptions in the tight junction barrier lead to impair the gut epithelial barrier function, which are involved in the pathogenesis of many intestinal disorders (Binienda et al., 2020). We found that CB RH2 administration, especially in high dose, upregulated intestinal mRNA levels of Occludin and ZO-1 (Figure 4), which was consistent with previous studies (Xiao et al., 2018; Liu et al., 2020a). Interestingly, the present results suggested that the protein and mRNA expression levels of Claudin-1 and Claudin-4 were significantly decreased in the CB RH2-treated groups. The exact functions of Claudin-1 and Claudin-4 remain debated, with contradicting findings suggesting context-dependent functions and potential roles both as seal and pore formers. As a pore former, Claudin-2 was detected overexpressed in the pathological response, which was reversed by C. butyricum or butyrate (Zhao et al., 2020). Therefore, the pore-forming Claudin-1 and Claudin-4 proteins may also play the role in increasing paracellular permeability. For example, previous study has reported that Claudin-1 expressed in pathological conditions and increase brain endothelial barrier permeability by altering the interactions of other proteins within the TJ complex (Sladojevic et al., 2019). Both silencing and overexpression of Claudin-4 in tubular cell lines were reported to reduce Na+ permeability (Van Itallie and Anderson, 2006; Borovac et al., 2012). The mucus biofilm, which covers the intestinal epithelium and the tight junctions, protects the barrier integrity and function (Wallace et al., 2011). Evidence shows a decrease in the thickness of adherent mucus layer during ulcerative colitis that is linked to genetic changes of MUC-2, the most abundant mucin protein in the intestine (Formiga et al., 2020). Our results indicated that CB RH2 upregulated RNA expression level of MUC-2, which was downregulated by ceftriaxone treated, thereby promoting stronger epithelial barrier integrity.

The gut microbiome is antigen to the immune system and plays a vital role in the development and regulation of the immune system, which is responsible for fighting off infections. Proinflammatory cytokines are known to be mediators during the onset of disease, and they play critical roles in immune status and inflammatory response. Tumor necrosis factor alpha (TNF-α) is one of the major proinflammatory factors relevant to the pathogenesis of IBD (Schultheiss et al., 2019). Popivanova et al. (2008) reported that the combined treatment with Azoxymethane and DSS induced the intracolonic expression of TNF-α and blocking of TNF-α reversed carcinoma progression with less inflammatory infiltrate. Cyclooxygenase-2 (COX-2), an inducible enzyme, drives inflammation and has been found to be highly expressed in patients with IBD (Nair et al., 2011). Interleukin-10 (IL-10), a potent anti-inflammatory cytokine, is capable of suppressing a number of proinflammatory signals associated with intestinal inflammatory diseases, such as ulcerative colitis and Crohn’s disease (Fay et al., 2020). Previous studies have reported that CB administration reduced inflammatory cytokines, including IL-1β, IL-6, COX-2, and TNF-α, while increased IL-10 expression levels in colon tissue (Hagihara et al., 2020; Liu et al., 2020a). Consistent with these reports, our results exhibited that high concentration of CB RH2 decreased the level of proinflammatory cytokines TNF-α and the level of enzyme COX-2. Furthermore low concentration of CB RH2 promoted IL-10 production in serum. However, high concentration of CB RH2 had no effects on serum IL-10, which might be caused by some unknown factors. Besides, proinflammatory cytokines can directly or indirectly disrupt intestinal barrier function (Bruewer et al., 2003; Song et al., 2019). For example, it has been reported that TNF-α increases intestinal epithelial TJ permeability by modulating myosin light chain kinase (MLCK) promoter activity via the NF-κB signaling pathway in Caco‑2 cells (Ye et al., 2006).). The intestinal floras activate the T cells, which enter the blood circulation through lymph circulation, and then they are delivered to immune organs such as spleen (Breslin, 2014). We further examined the T lymphocyte subpopulations in ceftriaxone-induced dysbacteriosis mice. Consistent with a previous study (Guo et al., 2020), we found that significantly lower frequency of splenic CD4+ and CD8+ T cells, and significantly higher CD4+/CD8+ ratio were detected in CS group. Interestingly, treatment with CB RH2 in high dose significantly eliminated the ceftriaxone-mediated decrease in the frequency of splenic CD4+ and CD8+ T cells (Figure 5), which can help to detect and fight off infections (Eberl et al., 2015). Hagihara et al. (2020) also reported that CBM 588 administration resulted in elevation of CD4 cells. However, CB RH2 administration could not affect the CD4+/CD8+ ratio. Unchanged CD4+/CD8+ ratio and a significant increase in CD4+ and CD8+ T cells may indicate that the immune response of ceftriaxone-induced dysbacteriosis mice was maintained by maintaining normal CD4+/CD8+ ratio and by increasing CD4+ and CD8+ T cells. Therefore, the present study verified that CB RH2 could enhance T cells responses and inhibit intestinal inflammation in ceftriaxone-induced dysbacteriosis that associated with a reduction of proinflammatory cytokine expression and an increase in antiinflammatory cytokines. However, the mechanism of protection remains to be elucidated. As a result, we subsequently isolated PPs from mice and incubated it with CB RH2 supernatant and lysates, aiming to determine the direct effects on T cells responses. CB RH2 supernatant was regarded as bacterial secretion, while lysates were regarded as intracellular components of CB RH2. The results of in vitro showed that both of CB RH2 and its metabolites had direct effects on CD4+ T cells, but not CD8+ T cells or CD4+/CD8+ ratio in PPs (Figure 6). We speculated that the role of supernatant was closely associated with changes of pH during the growth of CB RH2, which produced acetic and butyric acid. It is noteworthy that the effect of CB RH2 lysates was stronger than that of supernatant, which indicated that the effect on CD4+ T cells was largely based on the intracellular components of CB RH2, such as intracellular proteins. However, few studies have focused on the role of CB intracellular components. Further research is needed to better understand the effects of CB RH2 on CD4+ T cells. CD4+ T cells can help detect and fight bacterial and viral infections. Our study was therefore consistent with a previous clinical study, which reported that supplement of C. butyricum and Bifidobacterium improved the balance of CD4+/CD8+ T cells by dramatically increasing the percentage of CD4+ T cells (Zhang et al., 2016).

In conclusion, our study suggested that CB RH2 changed the composition of gut microbiota in phylum and genus level, decreased the F/B ratio, and decreased the opportunistic pathogen in ceftriaxone-treated mice. Furthermore, CB RH2 could improve the intestinal health through improving the mucous layer and the tight junction barrier, and modulating the intestinal mucosal and systemic immune system. However, some limitations of this study should be noted. More optimized study design, a larger sample size, and different sampling times would benefit future studies. Further studies are required to fully understand the mechanisms and the effective components in CB RH2 against antibiotics, which would provide further evidence of the anti-inflammatory potentials of CB RH2 for ceftriaxone-induced dysbiosis.
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Several lines of evidence suggest that the intestinal microbiota plays crucial roles in infant development, and that it is highly influenced by extrinsic and intrinsic factors. Prebiotic-containing infant formula may increase gastrointestinal tolerance and improve commensal microbiota composition. However, it remains unknown whether supplementation of milk-formulas with prebiotics and 1,3-olein-2-palmitin (OPO) can achieve feeding outcomes similar to those of breastfeeding. In the present study, we investigated the effects of two kinds of infant formula with different additives on the overall diversity and composition of the fecal microbiota, to determine which was closer to breastfeeding. A total of 108 infants were enrolled, including breastfeeding (n=59) and formula feeding group (n=49). The formula feeding infants were prospectively randomly divided into a standard formula group (n=18), and a supplemented formula group(n=31). The fecal samples were collected at 4 months after intervention. Fecal microbiota analysis targeting the V4 region of the 16S rRNA gene was performed using MiSeq sequencing. The overall bacterial diversity and composition, key functional bacteria, and predictive functional profiles in the two different formula groups were compared with breastfeeding group. We found that the alpha diversity of the gut microbiota was not significantly different between the OPO and breastfeeding groups with Chaos 1 index (p=0.346). The relative abundances of Enhydrobacter and Akkermansia in the OPO group were more similar to those of the breastfeeding group than to those of the standard formula group. The gut microbiota metabolism function prediction analysis showed that the supplemented formula group was similar to the breastfeeding group in terms of ureolysis (p=0.297). These findings suggest that, when formula supplemented with prebiotics and OPO was given, the overall bacterial diversity and parts of the composition of the fecal microbiota would be similar to that of breastfeeding infants.
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Introduction

Breastfeeding is associated with several health benefits in children, including reduced risk of acute otitis media, gastrointestinal and other infections, atopic dermatitis, and asthma (AAP, 2012; Chantry et al., 2015; Fabrizio et al., 2018; WHO, 2018). Infant formula is an alternative to human milk if the mother is unable to breastfeed. Currently, many varieties of infant formula are available. The appropriate infant formula is chosen depending on the specific needs of the infant (Kleinman and Greer, 2014).

It has been supported by some evidences that breastfeeding is beneficial for colonization in human guts after birth (Johnson and Versalovic, 2012; Tanaka and Nakayama, 2017). While, the composition and function of intestinal microbiota play vital roles in development of digestion, metabolism, and activation of the immune system in infants, all of which impact later stages of life (Johnson and Versalovic, 2012; Tanaka and Nakayama, 2017). There is no conclusive evidence to confirm when and how the human gut flora starts to colonize, but it colonizes rapidly after birth and is influenced by a variety of factors (Collado et al., 2016). Feeding type (breastfeeding vs. formula) may have significant effect on gut microbiota shaping (Guaraldi and Salvatori, 2012). In addition to nutrients, human milk contains growth factors, cytokines, immunoglobulins, and digestion enzymes, and these factors influence the proliferation of several bacterial species (Roncada et al., 2012). Breastfed infants showed more stable microbiota than did formula-fed infants (Bezirtzoglou et al., 2011); consumption of even small amounts of infant formula resulted in a wider microbiota spectrum (Guaraldi and Salvatori, 2012). The levels of Bifidobacterium and Lactobacillus species in the intestinal microbiota of breastfed infants were relatively high in the first few months after birth. The intestinal microbiota composition of formula-fed infants was similar to that of older children. Bacteroides, Clostridium, and Enterobacteriaceae constituted the intestinal microbiota in formula-fed infants (Kunz et al., 2000). Apart from maternal impossibility or unwillingness to breastfeed, some infants might require infant formula for health reasons. Therefore, efforts were made to mimic the properties of human milk by adding probiotics and prebiotics in infant formula to improve microbiota maturation, as well as to ensure proper development and functioning of the immune system (Guaraldi and Salvatori, 2012).

Prebiotics are the third most prevalent component of human milk; they are almost absent in cow milk and infant formula (Kunz et al., 2000). They are non-digestible glycan compounds that stimulate the growth and activity of the intestinal microbiome (Johnson and Versalovic, 2012). Feeding infant formula supplemented with prebiotics led to a more adult-like microbiota diversity, alleviated atopic eczema, and decreased the occurrence of inflammatory bowel diseases in adulthood (Borewicz et al., 2019). Prebiotics such as galacto-OS, fructo-OS, and polydextrose can be added to the infant formula to improve its effects on the digestive system and immunity (Kolida and Gibson, 2007; Roberfroid et al., 2010; Sangwan et al., 2011; Miqdady et al., 2020). Studies have shown that these prebiotics stimulated the growth of specific strains of Bifidobacterium (also dominant in the gut of breastfed infants) and Lactobacillus and reduced growth of Escherichia coli, Clostridium, and other bacteria. The addition of these prebiotics resulted in colonic metabolic activity similar to that of the gut microbiota of infants who were fed human milk (Boehm et al., 2002; Knol et al., 2005; Kapiki et al., 2007; Costalos et al., 2008; Holscher et al., 2012; Srinivasjois et al., 2013). The most abundant triacylglycerol in human milk is 1,3-olein-2-palmitin (OPO) (Zou et al., 2013; Giuffrida et al., 2018), which can be synthesized from palm oil for supplementation to infant formula (Chen et al., 2004). Infants who were fed OPO had greater amounts of Lactobacillus and Bifidobacterium (Yaron et al., 2013).

Savino et al. (2003) showed that infant formula containing prebiotics and OPO decreased the frequency of colic. Other studies showed that supplementing prebiotics and OPO to infants in sufficient amounts softened the stool and increased the stool frequency but without diarrhea, and increased the ratio of Bifidobacterium to total stool bacteria (Schmelzle et al., 2003; Sherman et al., 2009; Closa-Monasterolo et al., 2017). Nevertheless, the effects of prebiotics and OPO in infant formula to achieve feeding outcomes similar to those associated with human milk remain unknown. Therefore, this study aimed to determine whether the gut microbiota composition in infants fed infant formula containing OPO and other prebiotics was similar to that of breastfed infants. The results in terms of different feeding methods and related intestinal microbiota might help in promoting better growth of infants and young children.



Materials and Methods


Study Design and Subject Selection

This was a multicenter, double-blind, randomized controlled trial. The infants were recruited between August 2015 and June 2017 at the Xihu District Maternal and Child Health Hospital, Jianggan District Maternal and Child Health Hospital, Lin’an District Maternal and Child Health Hospital, and Yuhang District Maternal and Child Health Hospital (Zhejiang, China). The inclusion criteria were: 1) ≤1 month of age; 2) singleton; 3) full-term (gestational age ≥37 weeks and <42 weeks); 4) birth weight: 2.5–4 kg; 5) either exclusively breastfed or the amount of formula feeding was >80% of the total intake within 72 h before enrollment; 6) no congenital anomalies, birth defects, genetic metabolic diseases, or chromosomal diseases; 7) no family history of genetic metabolic diseases; 8) no history of infectious diseases; 9) no antibiotics had been used since birth; and 10) the legal guardians of the infants agreed to participate in this clinical trial and provided written informed consent. The exclusion criteria were as follows: 1) either parent had a history of severe allergy; 2) diseases or high-risk factors that affected the growth and development of the infants, e.g., 5-min Apgar score <8, neonatal hypoxic-ischemic encephalopathy, intracranial hemorrhage, purulent meningitis, intrauterine infection, neonatal convulsions, hypoglycemia, and hospital stay >2 weeks in the neonatal period, among others; 3) other severe primary diseases of the cardiopulmonary, digestive, nerve, kidney, or circulatory systems; 4) participation in other clinical trials in the previous month; 5) use of antibiotics, probiotics, prebiotics, or synbiotics in the previous month; or 6) the investigators considered the newborn was inappropriate to participate in this clinical trial for any other reasons. Withdrawal criteria were as follows: 1) the infant was obviously intolerant to formula milk; or 2) the infant was treated with antibiotics, probiotics, prebiotics, or synbiotics during the trial. The study was approved by the ethics committee of all participating hospitals. The ethical approval was granted by the Ethics Committee of the Children’s Hospital, Zhejiang University School of Medicine (2015-IRB-035). Informed written consent was obtained from all parents or guardians before enrollment. The study was registered in the Resman Research Manager with the number ChiCTR2000039422.



Intervention

All infants were enrolled at 1 month of age when they had their first health care check after birth in the maternal and child health hospital. The infants who were exclusively breastfed within 72 h before enrollment were assigned to the breastfeeding group. The infants whose intake of formula milk was >80% of the total milk intake within 72 h before enrollment were assigned to the standard formula group or the supplemented formula group using a random number table method. Both formulas were produced by Beingmate Baby & Child Food Co., Ltd. (Zhejiang, China). When leaving the factory, the formulas were deidentified. The outer packaging was the same, except that the labels ‘a’ and ‘b’ were affixed to the bottom of the bottle. The person in charge of the project team at each site randomly assigned each patient to bottles ‘a’ and ‘b’ using Excel. The staff at each project site matched the project number according to the time sequence of the baby’s entry into the group and distributed the milk powder according to randomization. The supplemented formula included OPO 4.0 g/100 g, fructooligosaccharide 0.8 g/100 g, and galactooligosaccharide 0.6 g/100 g, all other ingredients were the same in the two formulas. No probiotics and other prebiotics were included in two formula. For infants in the standard or supplemented formula groups, guardians and the researchers were all blinded to the grouping.



Collection of Infant Information and Feces Collection

Demographic data and stool samples were collected. Breastfeeding was continued, or the infant formula specified in this trial was used for feeding. Follow-up visits to the outpatient clinic were conducted every 1 month to record feeding, defecation, crying, and spitting. If the baby cried for more than 5 minutes at a time and was difficult to comfort, and the reasons such as hunger, urination and drowsiness were excluded, one time of crying was recorded. Stool colorimetric card was used to help parents to judge the color of infant’s stool which including six degree as light yellow, golden yellow, green, brown, dark and white. Fecal samples were collected at 4 months of age. Follow-up ended in September 2017. The feces were collected during the outpatient follow-up using anal swabs (Zhang et al., 2018). The samples were stored at –80°C immediately after collection. If the parents refused to provide the anal swabs, they collected the stool at home and put it in a freezing tube, which was stored at –20°C, and the samples were transferred to the hospital in an icebox within 3 days. All samples in the hospital were stored under –80°C before further analysis.



DNA Isolation, Amplicon Library Construction and Sequencing

DNA extraction was performed using the SDS lysate freeze-thaw method. Fecal bacterial genomic DNA was extracted using the PowerMax extraction kit (MoBio Laboratories, Carlsbad, CA), according to the manufacturer’s instructions, and stored at –80°C until further use. The amount of bacterial genomic DNA was analyzed using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The V4 region of bacterial 16 S rRNA gene was amplified by PCR using forward primer 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and reverse primer 806R (5’-GGACTACHVGGGTWTCTAAT-3’). PCR products were purified using AMPure XP Beads (Beckman Coulter, Indianapolis, IN, USA) and were quantized using a PicoGreen dsDNA, Assay Kit (Invitrogen, Carlsbad, CA, USA). The purified amplicons were then pooled in equimolar concentrations, and the final concentration of the library was determined using Qubit (Invitrogen). After quantification, an Illumina HiSeq 4000 pair-end 2 × 150 bp platform was used for sequencing.



Bioinformatic Analysis

After sequencing, QIIME (version 1.9) was used for the quality control of FASTQ data. The reads were removed according to the following criteria: sequences <150 bp, average quality value less than 20, sequences with ambiguous bases, and single-nucleotide repeat sequences containing >8 bp. After removing the chimera sequences, clean reads were obtained. UCLUST was used for clustering the clean reads into 16S rRNA operational taxonomic units (OTUs) with a 97% similarity. The OTUs were annotated based on the SILVA128 database through VSEARCH (version 2.4.4). The alpha-diversity metrics and the beta-diversity metrics were performed by R package. The linear discriminant analysis (LDA) effect size (LEfSe) method was used for the specific characterization of the gut microbiota. The alpha parameter of LEfSe was set to 0.05, and the threshold on the logarithmic score of LDA analysis was set to 2.0. The prediction of metabolic function of gut microbiota was based on 16S rRNA maker gene sequences and analyzed using Faprotax 1.1. (http://www.zoology.ubc.ca/FAPROTAX).



Statistical Analysis

Statistical analyses were performed using SAS 9.2 (SAS Institute, Cary, NY, USA). Continuous variables with normal distributions were expressed as means ± standard deviations (SD) and were compared using one-way analysis of variance (ANOVA). Non-normally distributed continuous variables were expressed as medians (interquartile range, IQR) and were analyzed using non-parametric tests. Categorical variables were expressed as numbers (percentages) and were analyzed using the chi-square test. A principal component analysis was performed to examine the differences in OTUs among the three groups. To determine the growth of the infants, the z-scores were calculated as (actual weight-standard weight)/standard deviation according to the WHO reference standard for children below two years old.



Accession Number

The sequence data from this study were deposited in the GenBank Sequence Read Archive under accession number SRP (298825).




Results


Infant Characteristics

We prospectively enrolled a total of 108 infants; 59 infants were assigned to the breastfeeding group, and 49 infants were assigned to the supplemented formula group (n=31) or the standard formula group (n=18). Twelve infants were excluded due to antibiotic use, probiotic use, or being premature, with nine in the breastfeeding group, two in the supplemented formula group, and one in the standard formula group. There were five, four, and one were lost to follow-up in the supplemented formula, standard formula, and breastfeeding groups, respectively. Finally, 86 participants completed the trial (24, 13, and 49 in the supplemented formula, standard formula, and breastfeeding groups, respectively) (Figure 1). Table 1 displays their characteristics. Parity was higher in the supplemented formula and standard formula groups (P=0.006), the father’s and mother’s educational levels were higher in the breastfeeding group (P<0.001), and family income was higher in the breastfeeding group (P=0.020). Table 2 shows that there were no differences in weight-for-age (p=0.421), height-for-age (p=0.913), weight-for-height (p=0.258), or head circumference-for-age (p=0.109) among the three groups at 1, 2, 3 and 4 months of age. Significant difference had been found between three groups for stool characteristics and the color of stool at 4 months of age (P=0.017 and P=0.017). Infants fed with breastmilk had higher rate of shapeless stool and golden yellow stool comparing with formula groups. There was no significant difference between three groups for cry, occurrence of spitting and daily frequency of stool (P=0.260, P=0.937 and P=0.674) (Table 3).




Figure 1 | Study flowchart.




Table 1 | Baseline characteristics of the participants.




Table 2 | Growth conditions of the participants.




Table 3 | Changes in the characteristics of the stool.





Gut Microbial Diversity Analysis

We analyzed bacterial diversity to determine the effects of supplemented formula and standard formula on the gut microbiota. A Venn diagram showed that, compared with standard formula, supplemented formula produced bacteria similar to those of the breastfeeding group (Figure 2A). The abundance grade curve showed that OTUs of the supplemented formula group and the breastfeeding group were both around 1200, and that the OTUs of the standard formula group were around 800, which shows the detection depth is sufficient in three groups. (Figure 2B). The mean Chaos 1 index showed that there were no significant differences between the supplemented formula group and the breastfeeding group (297.2 ± 71.9 vs. 286.8 ± 63.3, respectively, p=0.346), while there were significant differences between the standard formula group and the breastfeeding group (357.1 ± 29.6 vs. 286.8 ± 63.3, respectively, p=3.40×10-5). These findings suggest that the supplemented formula group was closer to the breastfeeding group in terms of gut microbial richness (Figure 2C). The Shannon and the Simpson indexes showed that both the supplemented formula group and the standard formula group had significant differences with the breastfeeding group in terms of diversity (Figures 2D, E).




Figure 2 | Analysis of gut microbial diversity. (A) Common and unique number of OUTs in the three groups. (B) Rank abundance curve of the three groups. (C) Community richness analysis by Chao 1 index. (D) Community diversity analysis by Shannon index. (E) Community diversity analysis by Simpson index. fs, supplemented formula group (n = 22); f, standard formula group (n = 13); m, breastfeeding group (n = 48). **(p < 0.01); ***(p < 0.001); ****(p < 0.0001); ns, no significant.





Gut Microbial Composition Analysis

We analyzed the community structure to assess alterations due to supplemented formula or standard formula in the fecal microbiota. The compositions of the fecal microbiota in the two formulas were assessed at various taxonomic levels. Using the SILVA128 database, the sequences were classified as 20 phyla, 123 families, and 183 genera. LEfSe analysis identified 26 signature bacterial taxa that were differentially altered, with an LDA score >2, showing that there was significant structural difference among the three groups. There was a greater enrichment of veillonellaceae and verrucomicrobiae genus akkermansia in the breastfeeding group than in the formula feeding groups, of streptococcaceae genus streptococcus and ruminococcus in the supplemented formula group, but of vacilli genus lactobacilales in the standard formula group (Figures 3A, B).  Generally, the gut microbiota was dominated by Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, verrucomicrobia, in descending order. Notably, the abundant phylum, such as proteobacteria was enriched in the supplemented formula group (p=0.015), actinobacteria was enriched in the standard formula group (p=0.011), while verrucomicrobia were enriched in the breastfeeding group (p=0.0003) (Figure 3C). A principal component analysis for beta diversity showed that the intestinal microbial community structure in the supplemented formula group was closer to the breastfeeding group. The differences between the supplemented formula group and the breastfeeding group were not significant for PCoA1 (p=0.055) or PCoA2 (p=0.087), The differences between the standard formula group and the breastfeeding group were significant for PCoA1 (p<0.001) or PCoA2 (p=0.047), and the differences between the supplemented formula group and the standard formula group were also significant for PCoA1 (p=0.013) but not significant for PCoA2 (p=0.601) (Figure 3D).




Figure 3 | Analysis of gut microbial community structure. (A) A cladogram representation of data in the three groups. (B) LDA differential contribution analysis. (C) Species composition abundance in the three groups. (D) PCoA analysis. fs, supplemented formula group (n = 22); f, standard formula group (n = 13); m, breastfeeding group (n = 48). *(p < 0.05); ****(p < 0.0001); ns, no significant.



We used bacterial markers to classify the species and receiver operating characteristic curves to determine classification accuracy. The areas under the curve of the supplemented formula group, the standard formula group, and the breastfeeding group were 0.84, 0.91 and 0.95, respectively. This suggests that the bacterial classification method was reliable (Figure 4A). We analyzed the bacteria that had been reported in the literature to affect the development of newborns and found that the relative abundance of Enhydrobacter showed no significant difference between the supplemented formula group and the breastfeeding group (p=0.324); however, the standard formula group was significantly different from the breastfeeding group (p=0.0063) (Figure 4B). The relative abundance of Akkermansia also showed no significant difference between the supplemented formula group and the breastfeeding group (p=0.374); however, in the standard formula group, abundance was significantly lower than in the breastfeeding group (p=1.40×10-5) (Figure 4C). These results suggest that the supplemented formula group was closer to the breastfeeding group in terms of specific strains that affect the development of newborns. Collectively, these changes in the fecal microbiota revealed that prebiotics and OPO might improve parts of the gut microbiota of formula-fed infants, bringing it closer to the effects of breast milk.




Figure 4 | Analysis of intestinal bacteria that affect the health of newborns. (A) Accuracy of bacterial classification assessment by ROC curve. (B) Relative abundance of Enhydrobacter in three groups. (C) Relative abundance of Akkermansia in three groups. fs, supplemented formula group (n = 22); f, standard formula group (n = 13); m, breastfeeding group (n = 48). *(p < 0.05); **(p < 0.01); ****(p < 0.0001); ns, no significant.





Inferred Functional Changes Related to Infant Health

We analyzed the function of the intestinal microbes related to the health of infants and found that, in terms of the abundance of bacteria associated with pneumonia, both the supplemented formula (p=0.0094) and the standard formula (p=0.0142) were different from the breastfeeding groups (Figure 5A). Interestingly, the supplemented formula group was very close to the breastfeeding group in terms of ureolysis (p=0.297) (Figure 5B). This suggests that prebiotics and OPO might improve parts of the function of the gut microbiota of formula-fed infants, bringing it closer to the effects of breast milk.




Figure 5 | Analysis of the function of intestinal bacteria that affect newborns health. (A) Relative abundance of intestinal bacteria related to septicemia in three groups. (B) Relative abundance of intestinal bacteria related to ureolysis in three groups. fs, supplemented formula group (n = 22); f, standard formula group (n = 13); m, breastfeeding group (n = 48). *(p < 0.05); **(p < 0.01); ns, no significant.






Discussion

The colonization of intestinal microbiota in the early stages of human life plays a major role in the neurodevelopmental processes and growth of the infant. Studies have investigated the positive impacts of breastfeeding on the economy and on immunology and nutrition. The inverse association of sudden infant death syndrome, lower respiratory tract infections, otitis media, and gastroenteritis with breastfeeding is well known (Rouw et al., 2018). Elements such as genetic factors, age, delivery and feeding modes, and environment, affect the development of intestinal microbiota during infancy (Bäckhed et al., 2015).

Recently, studies have demonstrated the role of breastfeeding on the infant gut microbiota. A large multicenter study reported that breastfeeding was the most significant factor associated with microbiome structure in early life. Cessation of breastfeeding was shown to result in faster maturation of the gut microbiome, as marked by the presence of the phylum Firmicutes (Bäckhed et al., 2015). In the first month, the species Bifidobacterium dominates the intestinal microbiota of both breastfed and formula-fed infants. However, proportion of Bifidobacterium is higher in breastfed infants. Moreover, higher proportions of Enterobacter, Bacteroides, and Clostridium were found in formula-fed infants (Rautava et al., 2016).

Having recognized the importance of human breastmilk in shaping the gut microbiome, researchers have made numerous attempts to mimic the composition of human breast milk by supplementing infant milk formulations with live bacteria (probiotics), non-digestible fibers, nucleotides and oligosaccharides (prebiotics), and bovine lactoferrin with the aim of establishing gut microbiota in formula-fed infants (Fanaro et al., 2003; Singhal et al., 2008; Guaraldi and Salvatori, 2012). several studies reported benefits of feeding neonates milk fat globule membrane and probiotic-supplemented formula (He et al., 2019a; He et al., 2019b). Mah et al. attempted to administer a probiotic formula to Asian infants during the first 6 months of life and found that the supplemented strains colonized the gut but did not persist once administration ceased (Mah et al., 2007). Other researchers fed infants formula milk supplemented with prebiotics after the infants were treated with antibiotics, found that the prebiotic-supplemented formula increased fecal Bifidobacterium without producing any gastrointestinal symptoms (Brunser et al., 2006). Which emphasizing the need for supplemented formula milk that mimics human breast milk.

The most optimal doses of prebiotics and OPO in infant formula to achieve feeding outcomes similar to those of human milk remain unknown. In this study, we investigated the effect of infant formula supplemented with prebiotics and OPO on the composition of intestinal microbiota in infants and determined the type of supplement that would make infant formula more similar to human milk.

In our study, the number of bacterial species was found to be similar in the supplemented formula and breastfeeding groups and fewer in the standard formula group. The structure of the intestinal microbial community in the supplemented formula group was closer to that of the breastfeeding group. The number of aerobic species in the standard formula group was higher than those of the supplemented formula and breastfeeding groups. However, the number of Gram-negative species was the highest in the breastfeeding group and the lowest in the standard formula group; the number of Gram-positive species was the lowest in the breastfeeding group and the highest in the standard formula group. It is not clear whether these changes are beneficial to the infant or not as this question was beyond the scope of the present pilot study. We found no significant differences in the overall growth of the infants in the three groups; however, this study was conducted only up to the age of 4 months. Hence, future studies with a follow-up to the age of 12 months are recommended. Nevertheless, supplementation of prebiotics or probiotic strains showed conflicting results, as highlighted by Vandenplas and Savino (2019), probably because of the different underlying conditions, strains, and prebiotics tested (Wopereis et al., 2018; Vandenplas and Savino, 2019; Miqdady et al., 2020).

Enhydrobacter and Akkermansia play important roles in infant health and the development of immunity to diseases. Enhydrobacter is a gas-vacuolated, facultative anaerobic rod which is a major taxon in humans, found on human skin (Lee et al., 2012)and in the ocular microbiome. It is also found in high abundance in human colostrum, where it is involved in the use of the nutrients and immune development (Toscano et al., 2017).

A. muciniphila is a member of the phylum Verrucomicrobia. It was first isolated in 2004 in a study identifying new mucin-degrading bacteria from human feces. Akkermansia is considered a true symbiont for humans, and it has been found in the majority of tested individuals (Collado et al., 2007). It is one of the most frequent enterotypes in the human gut microbiome (Arumugam et al., 2011). Neonatal dysbiosis is characterized by a lower abundance of Akkermansia, and it has been associated with atopy and development of asthma (Fujimura et al., 2016).

In the present study, we found that the supplementation of infant formula with prebiotics and OPO increased amounts of Enhydrobacter and Akkermansia in the gut. Significant differences were observed in terms of relative abundance of Enhydrobacter in the standard formula group compared with the breastfeeding group. Similar results were observed in terms of the relative abundance of Akkermansia. These results suggest that supplementation of the infant formula induces changes in the microbiota compared with that of human milk.

Studies showed that prebiotics and OPO in sufficient amounts soften the stool in infants and increase the stool frequency, but without diarrhea (Schmelzle et al., 2003; Sherman et al., 2009). The infant formula used in the supplemented formula group and standard formula group improved the shapeless stool of infants but had lower occurrence of golden yellow stool. In addition, given the small sample size in this study, there were no significant differences in terms of defecation frequency and occurrence of spitting. The supplemented formula group had lower ratio of cry, but there were no significant differences between three groups. A larger sample-size study is needed for further exploration of these conditions.

The supplementation of prebiotics and OPO in infant formula promoted ureolysis. Human milk contains about 15% of its nitrogen in the form of urea, and an appropriate ureolytic capacity is likely necessary to meet the requirements of proper growth (Fuller and Reeds, 1998; Mora and Arioli, 2014). Specific strains of gut microbes possess ureolytic capacity and participate in nitrogen recycling for use by the host (LoCascio et al., 2010; Mora and Arioli, 2014). In the present study, the supplemented formula group exhibited intestinal microbial functions, especially ureolysis, similar to those of the breastfeeding group. There is crosstalk between the gut and the lung, the so-called gut-lung axis (Marsland et al., 2015; Bingula et al., 2017; Frati et al., 2018). Gut microbiota dysbiosis leads to dysregulation of the immune system that can affect the development of autoimmune diseases such as asthma, chronic pulmonary obstructive disease, cystic fibrosis, and lung cancer later in life (Chunxi et al., 2020). In particular, the gut-lung axis plays a major role in lung infection by distally driving responses to lung pathogens in pneumonia (Gray et al., 2017). An animal study showed that the depletion of gut microbiota favored the development of pneumonia and that fecal microbiota transplantation reversed enhanced host defenses against pneumonia (Schuijt et al., 2016). The presence of Enterococcaceae in the gut has been associated with the development of community-acquired pneumonia (Ren et al., 2020), and the use of probiotics contributes to protection against bacterial pneumonia (Vieira et al., 2016) and to recovery from viral respiratory infections (Waki et al., 2014). A study showed that gut Proteobacteria and Firmicutes dysbiosis is involved in lung inflammation and lower respiratory tract infections (Li et al., 2019). These findings suggest that promoting the gut microbiota in newborns using prebiotics might be conducive to reduce the occurrence of pneumonia.

This study has a few limitations. The sample size was small, and very few exclusively formula-fed infants were available. Most of the infants received mixed feeding, and parents held some misconceptions about the infant formula provided in this study; therefore, they were reluctant to participate in the study, making it difficult for the infant formula group to attain an adequate number of participants. Moreover, no block randomization was made at any center when recruiting the participants, resulting in differences in the number of participants between the supplemented formula and standard formula groups. Follow-up was conducted only for a limited age of the participants, and the effect of long-term consumption of infant formula was not explored.

In conclusion, the findings of this study suggest that the supplementation of prebiotics and OPO in infant formula shapes the structure and function of the gut microbiota. The overall diversity and composition of the intestinal microbiota in infants who were fed infant formula supplemented with prebiotics and OPO were closer to those of human milk than to those of standard formula.
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Gut microbiota and their influence on metabolites are receiving increasing attentions in autoimmune diseases including rheumatoid arthritis (RA). Probiotics become a promising manipulator to prevent or attenuate the progression of arthritis, some evidences suggesting that lactobacilli treatment influence the responses to RA therapy but the underlying mechanisms are limited. By using a collagen-induced arthritis (CIA) rats, the study assessed the effects of two L. casei strains (CCFM1074, CCFM1075) on the immune responses, gut microbiota and plasma metabolites via an integrated cross-omics approach including fecal 16S rRNA high-throughput sequencing and plasma metabolomics. The genome of the two strains was analyzed and compared using whole-genome sequencing approach to further confirm biology functions. CCFM1074 reduced arthritic symptoms while CCFM1075 did not, though both strains down-regulated the plasma IL-6 and Th17 cells proportion. CCFM1074 enhanced the proportion of Treg cells in mesenteric lymph nodes which was significantly associated with SCFAs upregulation, as well as with genomic evidence that CCFM1074 possesses more functional genes involved in carbohydrate metabolism. Moreover, CCFM1074 regulated the gut microbiota, including modulating community structure, decreasing the abundance of Alistipes and Parabacteroides and increasing the abundance of Oscillibacter. The differential metabolites modulated by CCFM1074 including eicosapentaenoic acid and docosapentaenoic acid which involved in unsaturated fatty acids metabolism. Furthermore, alterations of gut microbial community were correlated with the plasma metabolome. In summary, L. casei CCFM1074 alleviated arthritis via rebalancing gut microbiota, immune responses and plasma metabolites.
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Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune-mediated inflammatory disorder characterized by synovitis and joint destruction. In addition to genetic and environmental factors responsible for the development of RA, there is clear and strong evidence for an involvement of gut microbiota in RA progression. This is supported by facts that dysbiosis of gut microbiota preceded RA symptoms, particularly Prevotella copri strongly correlated with disease, and the perturbation was normalized after methotrexate treatment (1–3). Recent numerous studies found significant alteration in gut microbiota in RA patients, which correlated with serologic features in clinical (4). Remarkably, transplantation of fecal microbiota from RA patients aggravates arthritis in collagen-induced arthritis (CIA) mice, further demonstrating that dysbiosis in gut microbiota are not only a result of the disease, but also a reason for the progression of RA (5). Investigations on gut microbiota suggest probiotics might be an alternative therapeutic target to prevent or attenuate arthritis.

More recently, several animal and clinical studies supported the benefits of probiotics in alleviating arthritis. Of note, oral administration of L. casei ATCC 334, a type strain for L. casei, significantly suppressed the induction of arthritis, restored the gut microbiota and reduced oxidative stress (6–8). And another commercial strain, L. casei 01, exhibited considerable capacity to alleviate inflammation, which was associated with suppressing Th1 immune response and the oral tolerance in mice model of arthritis (9). Additionally, it has been reported that some non-commercial L. casei strains also exerted suppressive effects on arthritis, for instance, the mixture of CCFM1074 and CCFM1075 was reported in our previous study (10, 11). Regardless of the usage and dosage of L. casei strains and the heterogeneity across the studies, the previous findings highlighted the similar immunoregulative properties of various L. casei strains. Given probiotics are generally accepted to host- and strain-specific, it is therefore important to have an in-depth understanding of the specified crosstalk between probiotics, gut microbiota and mucosa immune in the host.

The present study aimed to compare the effects of L. casei in relieving arthritis. In hence, two strains of L. casei (CCFM1074, CCFM1075) on immune responses, gut microbiota and plasma metabolites were compared using a CIA rats. Furthermore, genomic comparison among the two strains and ATCC334 was performed to gain better insight of the functional characteristics, which may provide a novel theory for rapidly screening of anti-arthritis candidate probiotics.



Materials and Methods


Animals

Six-week-old female Wistar rats (purchased from Beijing Vitalstar Biotechnology Co., Ltd) were housed in a specific pathogen-free conditions at 23 ± 2°C, 50% to 60% humidity, and at a 12/12 h light/dark rhythm. Rats received water and standard chow ad libitum across the trial. After the animals were anesthetized with isoflurane, the blood was taken from the heart, and then the animals were killed by breaking their necks. Animal experimentation was approved by the Ethics Committee of the Jiangnan University [JN.No20190315W1040527(17)].



L. casei Strains and Treatment Protocols

CCFM1074 and CCFM1075, isolated from human feces, were deposited at Culture Collection of Food Microbiology (CCFM) at Jiangnan University. The two strains were cultured in DeMan-Rogosa-Sharpe (MRS) medium at 37°C. The culture was centrifuged at 5000 g for 10 min; the cell pellets were washed twice with saline and re-suspended at 8.5 × 109 CFU/mL in 30% (w/w) sucrose solution, and stored at –80°C prior to use; the bacterial suspensions were re-centrifuged (5000 g, 10 min) and re-suspended in saline to get oral preparation before daily oral treatment. After a one-week habituation period, rats were randomly divided into five groups: control (vehicle-treated with saline 1.5 mL/day) group, CIA (vehicle-treated with saline 1.5 mL/day) group, methotrexate (MTX)-treated (6 mg/kg/week) group (6), CCFM1074 (treated with CCFM1074, 8.5 × 109 CFU/day) group and CCFM1075 (treated with CCFM1075, 8.5 × 109 CFU/day) group, eight rats per group. In addition, the rats in MTX group were fed with 1.5 mL saline per day before induction of arthritis.



Induction and Assessment of Collagen-Induced Arthritis

CIA was induced and assessed following the method described previously (12). Briefly, bovine type II collagen solution (20 mg/mL, Chondrex, Redmon, WA, USA) were emulsified with incomplete Freund’s adjuvant (0.05M, Chondrex, Redmon, WA, USA) at a ratio of 1:1, and 150 μl emulsion were subcutaneously injected into the rat tail base at day 1. After seven days, rats received a booster immunization with 150 μl emulsion at tail. The control rats were subcutaneously injected with same volume of sterile saline. Arthritic symptoms developed at paw and joint, the paws thickness was measured using calipers and the severity of symptoms was assessed by a quantitative clinical score as following: 0, no redness and swelling signs; 1, mild erythema and swelling limited to individual digits, or mild swelling of ankle or wrist; 2, moderate erythema and swelling of ankle or wrist; 3, severe erythema and swelling of the entire paw; 4, maximally erythema and swelling of limb.



Histological Assessment

The joints were fixed in 10% formalin for 48 h and decalcified in 10% EDTA-2Na, embedded in paraffin, and sliced into 5-μm-thick sections. The sections were staining with hematoxylin and eosin (H&E) to assess the histologic changes. Slides were qualitatively evaluated using the following parameters: synovial hyperplasia (pannus formation), cell exudate, depletion of cartilage and bone erosion.



Micro-Computed Tomography (Micro-CT) Scanning

The entire hind limb was scanned using Quantum GX2 micro-CT scanner (PerkinElmer, Shelton, Connecticut, USA) to capture anatomical images with high resolution to assess bone health. The projections were obtained using a high resolution scan mode that 144 μm voxel size, 90 kV tube voltage, 88 μA current and 4 min scan time. Analyze software (AnalyzeDirect, Overland Park, Kansas, USA) was used to reconstruct the 3-dimensional (3D) structure of joints, and the same anatomic location of ankle joint were cropped to verification of bone destruction and the joint damage be visualized.



Quantified Cytokines

After sacrificing the rats, blood was collected and centrifugated (3000g, 15 min) for plasma collection. Interleukin-10 (IL-10), Interleukin-6 (IL-6), Interleukin-1β (IL-1β), and tumor necrosis factor-α (TNF-α) in plasma were determined using commercial ELISA kits (R&D Systems, MN, USA) according to the manufacturer’s protocols.



Flow Cytometry Analysis

Mesenteric lymph nodes (MLN) were dissected and collected. For preparation of a single-cell suspension, MLN were mechanically mashed and filtered through a 100-μm nylon strainer in PBS containing 0.1% NaN3. Cell staining was performed as previously described (13). Briefly, cells were incubated with FITC-conjugated anti-rats CD4 monoclonal antibody (mAb) and APC-conjugated anti-rats CD25 mAb for surface staining at 4°C for 30 min. For Tregs detection, the cells were fixed and permeabilized at room temperature for 1 h, and then stained with PE-conjugated anti-rats/mouse Foxp3 mAb in Foxp3/Transcription staining buffer. For Th17 cell detection, MLN single-cell resuspended in complete RPMI1640 medium with cell activation cocktail for 5 h in a CO2 incubator. Stimulated cells were washed twice with staining buffer and performed surface staining protocol, and then carried out intracellular cytokine staining with PE-conjugated anti-rats IL17A mAb for 1 h at room temperature. PE-conjugated rat IgG2a was used as the isotype control for Foxp3 and IL-17A staining. All those conjugated antibodies and reagents were purchased from eBioscience (San Diego, CA, USA). Cells were acquired using Attune NxT Acoustic Focusing Cytometer (Model AFC2 Thermo, CA, USA) and the data were analyzed using FlowJo software (Tree Star, Ashland, OR, USA).



16S rRNA V3-V4 High-Throughput Sequencing and Bioinformatic Analyses

The DNA were extracted from 500-mg fecal samples using the FastDNA Spin Kit (MP Biomedical, Irvine, CA, USA) in accordance with manufacturer’s protocol. Each DNA sample was amplified for V3-V4 regions of the bacterial 16S rRNA using 341/806 primer pairs. The PCR amplification was carried out according to protocol descried previously (14). The amplified products were purified through 1% agarose gel using Gel Extraction kit (Tiangen, Beijing, China). The purified samples were quantified using the Qubit 2.0 (Life Technologies, CA, USA) and amended to equimolar solution, pooled and library preparation, followed by sequenced in Illumina MiSeq platform as per the manufacturer’s instructions.

Sequenced raw data were demultiplexed and filtered using QIIME2 pipeline with DADA2 (15, 16). The representative sequences were picked to taxonomic categories against to the Silva database with a 97% threshold. PICRUSt2 were applied to infer the functional characterizers of the gut microbiota (17). Alpha diversity was evaluated by Simpson and Shannon indexes, evenness and Faith’s phylogenetic diversity (Faith_PD). Beta diversity was assessed by weighted UniFrac distances and visualized with principal coordinate analysis (PCoA), and the difference were assessed by PERMANOVA test. Linear discriminant analysis (LDA) Effect Size (LEfSe) analysis was performed to mine the discriminatory taxa among groups (LDA > 3.0, p < 0.05). Spearman’s correlation analyzes were performed to evaluate the potentially relevant associations on gut microbiota with responses in plasma. The correlation-network was plotted using Cytoscape (|r| > 0.3).



Quantified Short-Chain Fatty Acids in Feces

Fecal samples were vacuum freeze-dried and short-chain fatty acids (SCFAs) were extracted using the method described by Wang et al. (18). Briefly speaking, after digesting the sample, the supernatant is collected after centrifugation. After the water is removed, the gas phase vial is added to the machine for analysis. The SCFAs were analyzed using a GC-MS system and the chromatographic conditions were set up as previous method (18).



Preparation of Plasma Samples for Untargeted Metabolomics Analysis

Plasma were stored at –80°C and thawed at 4°C before analysis. Three times volume of methanol were added to plasma samples to precipitate protein, vortexed for 30 s, ultrasonicated at 4°C for 10 min, placed at –20°C for 1 h, and centrifugated for 15 min (15,000g, 4°C). The supernatant (80 μl) was transferred to a new Eppendorf tube and dried in a centrifugal vacuum evaporator. The samples were reconstituted dissolved in 80% methanol and analyzed in a random way. Quality control (QC) samples were prepared by pooling an equal volume of reconstitution from every plasma sample and were analyzed after every 10 plasma samples. QC samples can monitor the system stability and reproducibility. Blank sample (80% methanol) was used for background subtraction and noise removal.




Liquid Chromatography (LC) and Mass Spectrometry (MS)

The metabolites in plasma were analyzed using a ItiMateU-3000 UPLC system (Thermo Fisher Scientific, MA, USA) coupled with a high-resolution Q-Exactive mass spectrometer in full scan mode (Thermo Fisher Scientific, MA, USA). A 2.1 × 100 mm reverse-phase Waters Acquity UPLC T3 column (Waters, MA, USA) was used for chromatographic separation at 35°C. The mobile phase consisted of 0.1% aquenous formic acid (A) and 0.5 mM ammonium acetate-acetonitrile (B) with a gradient elution: 0–1.0 min (5%, B); 1.0–10 min (5–99%, B); 10–12 min (99%, B) and 12–15 min (5%, B). The flowrate was 0.3 mL min−1 and the injection volume was 2 μl. The MS system with a heated electrospray ionization (ESI) source was operated in the positive and negative ion modes with a full-scan range covered 151 to 2000 m/z and 70 to 1050 m/z, respectively. And the parameters were set as follows: 1.50 kV source voltage and 250°C capillary temperature. Capillary voltages for negative and positive ionization modes were set at 2500 and 3500 V, respectively.


Data Processing

MS data were processed by Compound Discovery 3.1 (Thermo Fisher Scientific, MA, USA) using untargeted metabolic workflow with default parameters, which included data extraction, background features filtered out, peak identification, deconvolution, alignment and integration, and metabolite identification assignment via mzCloud, HMDB, KEGG, and ChemSpider databases. The data processing filtrated out metabolic features that appeared < 50% of the QC samples and that >30% RSD of the QC samples, and the mass tolerance was 5 ppm. Metabolic features that whose m/z ratios could not match the masses in the above databases were filtrated out. The processed data including peak area, retention time (RT), molecular weight (MW), and identified or unknown compound were integrated in an excel. Multivariate analysis was performed in SIMCA software (Umetrics, Umea, Sweden). After normalized peak area with the method of unit vector scaling, the unsupervised principal component analysis (PCA) were performed to investigate the overview of metabolome variation among groups and drew by the ggbiplot package of R software, and supervised orthogonal partial least-squares discriminant analysis (OPLS-DA) models were introduced to probe the features that responsible for classifying groups (19). Permutation test with 200 were used to check for overfitting of the models. Metabolic features with variable important in projection (VIP, VIP>1 and p < 0.05) were considered as potential differential biomarkers. Metabolic pathway analysis was performed in MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/) with rattus norvegicus pathway library.



Bacterial Genome Sequencing, Assembly and Annotation

The genomic DNA of each strain was extracted and purified using a bacterial DNA extraction kit (OMEGA, Biotech, Doraville, GA, USA). The complete genomes of CCFM1074 and CCFM1075 were sequenced in Illumina Hiseq × 10 platform by Shanghai Majorbio Bio-pharm Technology Co., Ltd (Shanghai, China). Genomic sequence of L. casei ATCC334 was achieved from NCBI. The genome assembly and annotation were performed as previously reported (20). In briefly, genome assembly was carried out using SOAPdenovo v3.04 with default options and the corresponding functional genes were annotated by blast against cluster of KEGG database using Diamond (e-value ≤ 1e -5).



Statistical Analysis

Comparison between community composition and alpha-diversity was determined by Kruskal-Wallis non-parametric test followed by Dunn’s multiple comparisons using GraphPad Prism 8 (Graphpad Software Inc., San Diego, CA, USA). The nonparametric multivariate analysis of variance was performed to assess the differences in beta-diversity of gut community among groups using Vegan package (R, version 3.6.5). Mann-Whitney U test was performed between two groups in Metabolomic analysis. Visualization of the correlation network in Cytoscape (version 3.6.0). The absolute value of Spearman correlation coefficient > 0.3 were plotted. Two-tailed p < 0.05 were considered significant. Data are expressed as mean ± SEM or median with interquartile range, with p value less than 0.05 considered statically significant.




Results


L. casei Treatments Alleviated the Development of CIA

Responding to immunization with bovine type II collagen, rats exhibited arthritis-associated symptoms such as erythema, swollen in paw and joints and weight loss (Figures 1A–D). The changes of body weight prior to paw swelling and the inflammatory clinical feature maintained during the whole progress. After 8-week intervention, the rats orally administered with CCFM1074 or MTX revealed less aggravated redness and swollen in paw, while rats in CCFM1075 group showed an indistinctive phenotype comprised with those in model group, particularly in the changes of body weight.




Figure 1 | Effects of L. casei on CIA in rats. (A) Change of body weight, (B) Thickness of the paws, (C) arthritis score. Representative photographs of paw (D) and representative microCT images of paw (E). control (vehicle-treated with saline 1.5 mL/day) group, CIA (vehicle-treated with saline 1.5 mL/day) group, methotrexate (MTX)-treated (6 mg/kg/week) group, CCFM1074 (treated with CCFM1074, 8.5 × 109 CFU/day) group and CCFM1075 (treated with CCFM1075, 8.5 × 109 CFU/day) group, eight rats per group. The representative histopathological sections of knee were determined by H&E staining (scale bar 500 μm) (F). *p<0.05, **p<0.01 (two-way ANOVA with Dunnett’s multiple comparisons test). Blue *, CIA vs. Control; purple *, CIA vs. MTX.



The results of micro-CT showed that both CCFM1074 and CCFM1075 reduced the bone erosion in ankles, the micro-CT image showed an intact joint architecture and smooth bone surface in CCFM1074 and CCFM1075 treated rats, whereas the joint in CIA rats presents with compromised joint integrity (Figure 1E). H&E staining analysis further validated the suppressive effects of L. casei. Compared with CIA group, the knee joint of rats in CCFM1074 and CCFM1075 groups exhibited significantly pathological improvements regarding to less inflammatory cells infiltrate in synovial tissue and less destruction in cartilage in L. casei treated groups, as well as in rats treated with MTX group (Figure 1F).



L. casei Treatments Regulated Systemic and Local Immune Response

Cytokines in plasma were measured to assess the systemic immune response to inflammation, and pro-inflammatory cytokines (IL-6, TNFα, and IL-1β) play a key inductive role, whereas IL-10 is a resistive anti-inflammatory cytokine. CIA rats showed a significant higher level of IL-1β and TNFα (Figures 2A, B), while IL-6 and IL-10 only exhibited a mild increase compared with control rats (Figures 2C, D). Oral treatment with CCFM1074 and CCFM1075 significantly inhibited the production of IL-1β, but not significance in reducing IL-6 and TNFα. In addition, CCFM1074 effectively impeded the increase of IL-10 induced by articular inflammation and the suppressive effects of the two L. casei strains on systemic inflammation were comparable to drug MTX.




Figure 2 | Effects of L. casei on inflammatory responses in rats. The levels of IL-1β (A), TNFα (B), IL-6 (C) and IL-10 (D) in plasma were determined by ELISA. The percentage of Treg cells (E) and Th17 cells (F) in MLN were determined by flow cytometry. control (vehicle-treated with saline 1.5 mL/day) group, CIA (vehicle-treated with saline 1.5 mL/day) group, methotrexate (MTX)-treated (6 mg/kg/week) group, CCFM1074 (treated with CCFM1074, 8.5 × 109 CFU/day) group and CCFM1075 (treated with CCFM1075, 8.5 × 109 CFU/day) group, eight rats per group. *p<0.05, **p<0.01 (one-way ANOVA test with Tukey’s multiple comparisons test).



Immune responses in extra-intestinal were partly driven by proliferation and differentiation of immunocyte in intra-intestinal. To investigate the functional effects of L. casei on local immune cells in intestinal niche, the T cells subpopulation in MLN were analyzed by flow cytometry. Treg frequency in CD4+ T cells tended to decrease and yet the fraction of Th17 cells was significantly increased in CIA rats compared with rats in control group (Figures 2E, F). CCFM1074 treatment significantly enhanced the expansion of Treg cells in MLN, but the increase of Treg was imperceptible in CCFM1075 treated rats. Th17 cells in MLN from the rats treated with CCFM1074 and CCFM1075 significantly recovered to the lower interval which was similar to that in control rats. In addition, similar but weaker effects were observed for alteration of subpopulation of CD4+ T cells in MTX treated rats compared with rats in CCFM1074 group.



L. casei Affected Gut Microbiota With Strain-Dependence

Gut dysbiosis is a risk factor for arthritis, this study attempted to clarify whether the perturbed gut microbes could be recovered by L. casei administration. The sequence counts ranged from 12174 to 55463. Differences of gut microbial taxon within-samples were analyzed by alpha diversity and phylogenetic diversity. Species richness (observed species) and alpha-diversity (Shannon and Evenness indexes) showed no significant differences between the model and control groups (Supplementary Figures 1A–C), and the phylogenetic diversity (Faith’s phylogenetic diversity) was 1.34-fold increase in model group (p = 0.073) (Figure 3A). Compared with model group, the phylogenetic diversity was 83.25% (p > 0.05) and 73.24% (p = 0.024) lower in CCFM1074 and CCFM1075 groups, respectively. PCoA suggested that the microbial composition in model group was significantly distinguished from others (Figure 3B). Moreover, the distribution of samples from rats treated with MTX overlapped with that from CCFM1074 group (p = 0.447), and the cluster for CCFM1075 was tend to that of control group. In addition, there was a significant difference in cluster for CCFM1074 and CCFM1075 (p = 0.027). This evidence suggested that the microbial structure changed after arthritis development, and CCFM1075 partly normalized the microbial community.




Figure 3 | Effects of L. casei on gut microbiota in CIA rats. The effects of L. casei on alpha diversity of Faith_pd (A) and PCoA of beta diversity (B) after L. casei treatment. The gut microbial compositions profiles at the phylum level (C). The differential microbial taxa among groups were shown as cladogram by LEfSe analyze (D). Changes of the relative abundance at the genus level (E). control (vehicle-treated with saline 1.5 mL/day) group, CIA (vehicle-treated with saline 1.5 mL/day) group, methotrexate (MTX)-treated (6 mg/kg/week) group, CCFM1074 (treated with CCFM1074, 8.5 × 109 CFU/day) group and CCFM1075 (treated with CCFM1075, 8.5 × 109 CFU/day) group, eight rats per group. *p < 0.05 (Kruskal-Wallis test with Dunn’s multiple comparisons test). *, vs. CIA.



At the phylum level, Bacteroidetes significantly increased in both CIA and CCFM1074 treated rats compared to control rats, which only showed a negligible increase in CCFM1075 group (Figure 3C). Other main phylum taxa (Actinobacteria, Firmicutes, and Tenericutes) showed a recovery after oral administration with CCFM1075. In addition, compared to MTX, CCFM1075 significantly altered the relative abundance of Epsilonbacteraeota and Tenericutes. 26 genera were identified as specific differences by LEfSe analysis among groups, and among which six genera were uncultured bacteria (Figure 3D). Both CCFM1074 and CCFM1075 treatments significantly decreased the relative abundance of Alistipes and Parabacteroides, while neither of them normalized the abundance of Prevotellaceae Ga6A1 group, Ruminococcus 2 and Marvinbryantia (Figure 3E).

PICRUSt2 were used to further explore the functional pathways associated with gut taxa. Twelve functional pathways were significantly altered when the rats were challenged with arthritis (Figure 4A). The functions of drug metabolism, other glycan degradation, folate biosynthesis, glycosaminoglycan degradation, protein digestion and absorption, peroxisome, biosynthesis of siderophore group nonribosomal peptides, apoptosis and steroid hormone biosynthesis were enriched in CIA group, while lysine biosynthesis and sulfur relay system were decreased. Twenty-four and four referred pathways changed after CCFM1074 and CCFM1075 treatments, respectively. (Figures 4B, C). And some pathways such as secondary bile acid biosynthesis, histidine metabolism and vitamin B6 metabolism were resumed at both CCFM1074 and MTX groups (Supplementary Figure 1D). Specifically, steroid hormone biosynthesis pathway was significantly diminished in the two L. casei groups.




Figure 4 | Effects of L. casei on predicted metabolic pathways in CIA rats. The predicted metabolic pathways in Control (A), CCFM1074 (B) and CCFM1075 (C) compared with CIA. control (vehicle-treated with saline 1.5 mL/day) group, CIA (vehicle-treated with saline 1.5 mL/day) group, methotrexate (MTX)-treated (6 mg/kg/week) group, CCFM1074 (treated with CCFM1074, 8.5 × 109 CFU/day) group and CCFM1075 (treated with CCFM1075, 8.5 × 109 CFU/day) group, eight rats per group. Significant differences were tested using Welch’s t test.





L. casei Treatments Modulated the SCFAs in Fecal Samples

SCFAs, especially butyrate and propionate, were well studied in the alleviating arthritis in murine models. It was expected that CIA rats had lower concentration of SCFAs compared to control rats, among which iso-butyrate was reduced significantly (Figure 5). The alterations of SCFAs were strain-dependent. CCFM1074 could significantly recovered total fecal SCFAs to normal levels, in contrast, CCFM1075 had no remarkable effects on SCFAs production although butyrate was 1.78 fold than that in CIA rats.




Figure 5 | Effects of L. casei on SCFAs production in CIA rats. control (vehicle-treated with saline 1.5 mL/day) group, CIA (vehicle-treated with saline 1.5 mL/day) group, methotrexate (MTX)-treated (6 mg/kg/week) group, CCFM1074 (treated with CCFM1074, 8.5 × 109 CFU/day) group and CCFM1075 (treated with CCFM1075, 8.5 × 109 CFU/day) group, eight rats per group. *p<0.05, **p<0.01, ##p<0.01 (one-way ANOVA test with Dunnett’s multiple comparisons test). Black *, vs. CIA; white *, vs. Control; ##, vs. CIA (total SCFAs).





L. casei Treatments Modulated the Plasma Metabolism

Untargeted metabolomic with two ionization modes (ESI+ and ESI-) were used to analyze the metabolomic profiles of plasma. PCA of all the detected features showed a close clustering of QC samples indicating stability and repeatability of the instrument system, as well as a visual separation between CIA and L. casei groups in either ESI+ or ESI- model, suggesting that administration of L. casei remarkably influenced the metabolic features in plasma (Figure 6A). In total, 1270 features were yielded in ESI+ and 611 features were obtained in ESI-. OPLS-DA were applied to discriminate the differential features, and the results showed a clear segregation between the control rats and CIA rats, and between L. casei treated rats and CIA rats (Figure 6B), as well as between MTX treated rats and CIA rats (Supplementary Figure 2A). The 200-test permutation test further validated good predictabilities of OPLS-DA (Supplementary Figure 2B). Based on accurate masses, MS/MS fragments and matched from self-built commercial databases mzCloud, there were 41, 17, and 51 features identified as differential biomarkers (VIP > 1 and p < 0.05) in MTX, CCFM1074, and CCFM1075 groups, respectively, compared with model rats (Supplementary Table S1).




Figure 6 | The PCA and OPLS-DA score plots of plasma samples among groups. (A) PCA score plots in ESI+ model (left panel) or ESI- model (right panel). (B) OPLS-DA score plots between two groups in ESI+ model (left panel) and ESI- model (right panel). control (vehicle-treated with saline 1.5 mL/day) group, CIA (vehicle-treated with saline 1.5 mL/day) group, methotrexate (MTX)-treated (6 mg/kg/week) group, CCFM1074 (treated with CCFM1074, 8.5 × 109 CFU/day) group and CCFM1075 (treated with CCFM1075, 8.5 × 109 CFU/day) group, eight rats per group.



Compared with control rats, the differential metabolites D-pantothenic acid, glycochenodeoxycholic acid, taurodeoxycholic acid, LysoPC(18:3(9Z,12Z,15Z)), and LysoPC(22:4(7Z,10Z,13Z,16Z)) were involved in pantothenate and CoA biosynthesis, glycerophospholipid metabolism and primary bile acid biosynthesis in model rats (pathway impact < 0.1) (Figures 7A and 8A). After administration with CCFM1074, the altered metabolites (pyroglutamic acid, eicosapentaenoic acid, glycochenodeoxycholic acid) were involved in glutathione metabolism, biosynthesis of unsaturated fatty acids, primary bile acid biosynthesis (pathway impact < 0.1) (Figures 7B and 8B). Differently, the altered important metabolic pathways of CCFM1075 group were phenylalanine, tyrosine and tryptophan biosynthesis, phenylalanine metabolism, arachidonic acid metabolism, nicotinate and nicotinamide metabolism, tyrosine metabolism and tryptophan metabolism (Figures 7C and 8C).




Figure 7 | Analyzes of differential metabolites in plasma between groups. Heat map of metabolites between CIA and Control (A), between CIA and CCFM1074 (B), between CIA and CCFM1075 (C). control (vehicle-treated with saline 1.5 mL/day) group, CIA (vehicle-treated with saline 1.5 mL/day) group, methotrexate (MTX)-treated (6 mg/kg/week) group, CCFM1074 (treated with CCFM1074, 8.5 × 109 CFU/day) group and CCFM1075 (treated with CCFM1075, 8.5 × 109 CFU/day) group, eight rats per group. The differential metabolites were identified as VIP >1 and p<0.05.






Figure 8 | Pathway analyzes of the differential metabolites in CIA (A), in CCFM1074 (B) and in CCFM1075 (C). control (vehicle-treated with saline 1.5 mL/day) group, CIA (vehicle-treated with saline 1.5 mL/day) group, methotrexate (MTX)-treated (6 mg/kg/week) group, CCFM1074 (treated with CCFM1074, 8.5 × 109 CFU/day) group and CCFM1075 (treated with CCFM1075, 8.5 × 109 CFU/day) group, eight rats per group.





Correlation of Microbial Community, Metabolites and Immune Responses

Spearman’s correlation analyzes were used to further assess the potentially relevant correlation on immunological reactions, microbial taxa and plasma metabolites. 44 genera were significantly correlated with immunological indexes, of which Rodentibacter, [Eubacterium] xylanophilum group, Parabacteroides and Blautia showed inverse correlation in immune activated or immunosuppressive responses (Figure 9). Specifically, Peptococcus and Defluviitaleaceae UCG-011 were the most significantly genera correlated with immunological responses. Compared with immunological reactions, more gut taxa were correlated with plasma metabolites although only eight bacterial genera correlated significantly with metabolites, suggesting the correlation between microbial community and immunological reactions was stronger and more significant than that between microbiota and plasma metabolites, while the later was more complex. Furthermore, D-pantothenic acid mainly negatively correlated with gut microbiota.




Figure 9 | Construction of correlation-network diagram. Correlation analyze of gut microbial genus (relative abundance > 0.1%), cytokines and identified differential metabolites that involved in pathway analyzes. The edge colors indicate positive (red) or negative (green) correlations. Thickness of edge represents correlations and the color indicate positive (green) and negative (red) correlations, and dotted line indicated significant correlations.





Genomic Functional Differences and Similarities Among L. casei

In the present study, CCFM1074 potentially alleviated the arthritis. L. casei ATCC334 was reported to significantly suppress the induction and progression of arthritis in rats (6). It is reasonably speculated that L. casei strains with the ability to suppress arthritis may have some similar functional genes. Though genes coding carbohydrate metabolism were the most different categories on KEGG annotation, the number of associated genes in CCFM1074, CCFM1075 and ATCC334 were 215, 191 and 210, respectively. In addition, the main subsystems of carbohydrate metabolism were listed in Table 1. Furthermore, Table 2 lists the 14 genes shared by CCFM1074 and ATCC334 which absenting in CCFM1075.


Table 1 | Genes number of carbohydrate metabolism subsystems.




Table 2 | The description of main subsystems in carbohydrate metabolism.






Discussion

In recent years, insights into the pathogenesis in RA has advanced considerably, supporting the substantial improvements with the biologic and small molecules drugs in clinical therapies. In fact, it is non-negligible that no or suboptimal therapeutic effects appeared in a considerable part of patients (21). Current research suggests that targeting the gut microbiota might be a strategy to optimize the therapeutic efficacy in arthritis, and previous studies found some lactobacilli were effective in treating RA. Therefore, understanding of the regulatory mechanism of Lactobacillus in RA is urgent to optimize the pharmacotherapy in clinical. Multiple lactobacilli species have been proposed for inhibiting RA development, including L. casei (6), L. reuteri, L. rhamnosus (22), and L. acidophilus (13), but the details of the species- and strain-based discrimination have not been studied. Our previous results showed that a L. casei cocktail alleviated arthritis through suppressing Th1 associated immune responses and modulating gut microbiota. Herein, multi-omics approaches were applied to assess the effects of the individual L. casei strain on modulating local and system immune responses, gut microbiota, SCFAs and plasma metabolites, as well as annotated the genes functions of L. casei attempt to clear the genomic characteristic of anti-arthritis lactobacilli.

To data, a great advances in mechanisms of L. casei in alleviating arthritis have been proven, including down-regulating Th1 effector functions, inhibiting proinflammatory cytokines generations, modulating gut microbiota and exerting antioxidant properties (7, 8, 23, 24). However, it is still a challenge to understand the shared or strain-specific characteristic of different L. casei strains against arthritis. Our current study showed that CCFM1074 and CCFM1075 exerted a non-distinctive and weak effects on systemic cytokines in plasma, with shared characteristics in inhibiting IL-1β and Th17 cells. IL-6 and TNFα are considered as key mediators in activating and recruiting macrophages, osteoclasts, chondrocytes and fibroblasts, and inducing the release of IL-1β, which directly mediates the synovial hypertrophy and cartilage damage during the development and maintenance of RA (25). IL-10, an anti-inflammatory effector cytokine, showed an augmented concentration in model rats, which was consistent with the clinical results that the concentration of IL-10 increased in both the plasma and synovia of RA patients (26). These results suggested that both CCFM1074 and CCFM1075 can inhibit the downstream cytokines of the cascaded inflammatory activities. Th1 cells and Th17 cells regarded as arthritogenic and autoreactive immunocytes which predominately promoted the inflammatory responses, while the Foxp3-expressing Treg cells exhibited an essential suppressive role on the development of arthritis (27). Specifically, the activation of Treg cells was much stronger in CCFM1074 compared with that in CCFM1075, supporting the positive effects in mitigating arthritic clinical symptoms of CCFM1074. Therefore, L. casei primarily influenced the local immunity in gut rather than plasma system immunity, which was consistent with the finding by Gopalakrishnan et al. that probiotic therapy can alter immunity locally (28). Commensals themselves and their metabolites profoundly influence the localized immune responses within the gut mucosa, and allow T cells skew to an altered T subsets (Th1/Th2 cells and Treg/Th17 cells). The SCFAs produced by commensals can shape local and systemic immunity responses, which, among diverse biological activities, have been shown to induce the differentiation and proliferation of Treg cells (29). The significant expansion of Treg cells in CCFM1074 group might be induced largely by the significant higher SCFAs, particularly butyrate. The SCFAs are produced by diverse microbes such as Clostridium butyricum, Lacnospiraceae, and Ruminococcaceae rather than L. casei per se. Furthermore, CCFM1074 and ATCC334 had more genes involved in carbohydrate metabolism, and made the strains easier to degrade saccharides and fibers which can provide the substrates for SCFAs-producing bacteria in the gut. The cross-feeding actions of ATCC334 also avail SCFAs increased in vivo and in vitro (30, 31). These results suggested abundant carbohydrate metabolism genes may be a genomic characteristic to screen Treg-promoted L. casei strains to alleviate arthritis.

The knowledge of distinct gut microbiota in RA patients from healthy individuals is an accepted truth in clinical. The bacterial community structure and composition altered significantly among groups although the two L. casei strains showed feeble effects on alpha diversity. A vast number of taxa changed differently after the two strains intervened, among which Lactobacillus showed a reduced trend in both CCFM1074 and CCFM1075 groups. The diminished Lactobacillus occurred in L. casei administrating groups may be due to their poor persistent colonization in gut. Similar results were reported by Pan et al., L. casei species was not enriched after oral administration of L. casei ATCC334, but other lactobacilli species were upregulated or downregulated. In addition, Lactobacillus expended in early RA patients. Therefore, the results suggested that Lactobacillus sensitive to the disease activities though it is difficult to clear whether the alteration was a cause or a result of arthritis. In general, gut microbiota structure in rats from CCFM1074 group trended to MTX-treated rats while CCFM1075 made it similar to control group. In addition to the alterations in community structure, there were similar changes in metabolome. Several altered pathways were overlapped between CCFM1074 and MTX groups, for instance, amino acid metabolism pathways (histidine metabolism and phenylalanine, tyrosine and tryptophan biosynthesis) and lipid metabolism (fatty acid metabolism and secondary bile acid biosynthesis), pantothenate and CoA biosynthesis and vitamin B6 metabolism, biosynthesis of ansamycins. Notedly, steroid hormone biosynthesis was changed in CCFM1074 group, as well as in CCFM1075 group.

Understanding the role of gut microbiota on the pathogenesis and development in RA is in its infancy. Several mechanisms on microbiota or its metabolites exerting nutritionally beneficial or toxic effects on immunity system have been reported. For instance, Porphyromonas gingivalis aggravated arthritis through activating Th17 immune responses and encoding peptidyl arginine deiminase that facilitated the generation of RA-related autoantigens citrullinated peptides (32, 33). Untargeted metabolomic approach, a strength and promising technology to identify and quantify the metabolites produced during cell and organisms’ activities, was applied to analyze the plasma metabolic profiles among groups. The concentration of docosapentaenoic acid (DPA) and eicosapentaenoic acid (EPA), typical long chain polyunsaturated fatty acid (PUFA), were increased in model group and normalized after CCFM1074 treatment. Previously literature reported that the increased omega-3 PUFA associated with the decreased risk of RA, and DPA in plasma might be a potentially screening marker for RA (34–36). DPA and EPA was considered as a new player to resolve inflammation although its limited concentration in various tissues. The explanation for the unexpected increase was that some mediators derived from omega-3 PUFA can promote and/or accelerate the inflammation resolution during acute inflammatory response (37). Plasma metabolites might be influenced by the inflammatory physiological status per se and the altered gut microbiota community. Therefore, the mediating mechanisms of gut microbiota in system metabolites was the key to manipulate the functions of probiotics in various gut environments, and health conditions among individuals.

In summary, CCFM1074 ameliorated arthritis by down-regulating the pro-inflammatory cytokines, rebalancing the ratio of Treg/Th17 cells, modulating gut microbiota and plasma metabolites (especially unsaturated fatty acids eicosapentaenoic acid and docosapentaenoic acid). CCFM1075 could not mitigating arthritis though down-regulating pro-inflammatory responses and normalizing gut microbiota, but without promoting anti-inflammatory Treg cells and mediating focused metabolites in plasma. Comprehensive data provided by multi-omics approach revealed that the alterations of gut microbiota intervened by L. casei were insufficient to prevent from arthritic inflammation, Treg cells in MLN and metabolites in plasma were pivotal to anti-arthritis of L. casei. The current study provided in-depth insights into the probiotics strategy in treating RA.
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Atopic dermatitis (AD) is a public health concern and is increasing in prevalence in urban areas. Recent advances in sequencing technology have demonstrated that the development of AD not only associate with the skin microbiome but gut microbiota. Gut microbiota plays an important role in allergic diseases including AD. The hypothesis of the “gut-skin” axis has been proposed and the cross-talk mechanism between them has been gradually demonstrated in the research. Probiotics contribute to the improvement of the intestinal environment, the balance of immune responses, regulation of metabolic activity. Most studies suggest that probiotic supplements may be an alternative for the prevention and treatment of AD. This study aimed to discuss the effects of probiotics on the clinical manifestation of AD based on gut microbial alterations. Here we reviewed the gut microbial alteration in patients with AD, the association between gut microbiota, epidermal barrier, and toll-like receptors, and the interaction of probiotics and gut microbiota. The potential mechanisms of probiotics on alleviating AD via upregulation of epidermal barrier and regulation of immune signaling had been discussed, and their possible effective substances on AD had been explored. This provides the supports for targeting gut microbiota to attenuate AD.
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Introduction

Atopic dermatitis (AD) is an inflammatory skin disease characterized by recurrence, dry skin, erythema and itchiness. The incidence of AD gradually increases with the development of industrialization and urbanization, affecting 15-30% of children and 10% of adults all over the world (1, 2). The clinical symptoms will disappear with growing up in some children with AD, but about 1/2 of children may develop into allergic asthma and 2/3 of children have a risk of allergic rhinitis in the future. The process is called the “atopic march” (3). The scratching induced by intense itchiness leads to skin barrier destruction, which disturbs the immune responses and microbial ecology in the local area and makes patients fall into the circle of “itch-scratch-severe itch”. The itch and recurrence of AD result in a poor quality of sleep, which may be closely associated with the inferiority complex, anxiety, depression, and other psychological diseases in patients with AD based on the brain-skin connection (4). Additionally, it brings a great economic burden to patients due to the long-term treatment for AD and significantly decreases the life quality of their families (5).

The causes of AD are complex and include genetic and environmental factors. Genetic linkage analysis has been identified AD locus on chromosomes 1q21, 17q25 and 20p (6). Furthermore, evidence has been shown that loss and mutations in the gene encoding filaggrin are closely related to AD onset and development (2). Although genetics play an important role in the onset of AD, changes in environmental factors are significantly associated with the increase in prevalence in recent years. Individuals with AD are commonly stimulated by allergens including pollen, dust mite and animal dander around them (7, 8). Skin flora, especially, Staphylococcus aureus and Malassezia blooms in the lesions results in more severe AD clinical symptoms (9, 10). The pathogenesis mechanism of atopic dermatitis has not been fully demonstrated but T helper type 2 (Th2) - and Th17-skewed immune dysregulation is predominant in the acute phase and chronic phase, respectively (11). Air pollutions, such as polycyclic aromatic hydrocarbons, have been reported to cause Th2 cell-related skin disorders including atopic dermatitis (1). Interleukin (IL) 4 and IL-13 are excessively released after Th2 cell activation and increase immunoglobulin (Ig) E class switching and specific IgE production in B cells (12). The specific IgE binds with the high-affinity receptor FcϵRI expressed by mast cells and basophils, resulting in degranulation of these cells and release of inflammatory mediators and inducing clinical symptoms of AD (13). IL-31, as the product of Th2 cells and immature dendritic cells, activates IL-31 receptor A/oncostatin M receptor to stimulate itch and neuronal outgrowth (14). It has been identified as a critical cytokine involving neuroimmune communication and thus affects the development of pruritus closely associated with nerves in AD patients. The humanized monoclonal antibody against IL-31 receptor A, Nemolizumab, has been reported to result in a significant decrease in pruritus in patients after a 16-week intervention (15). These studies suggest that immune response balance is a critical factor to protect the host from suffering AD. Therefore, regulation for immune response is an effective approach to alleviate atopic dermatitis in patients.

Intestinal microecology is a dynamic and unique ecosystem and affected by diet, living habits and mental stress. The imbalance of gut microbial diversity and composition causes intestinal microecological disorder and results in the shifts of gut microbial metabolism and immune responses. These alterations are closely associated with physiological and pathological activities and important for human health. The maintenance for structural diversity of gut microbiota resists the invasion of pathogen bacteria and reduces the nutritional competition between the potentially harmful bacteria and commensal bacteria. Gut microbiota involved in short-chain fatty acid (SCFA), amino acid, vitamin and bile acid metabolism induces the mature of the innate and adaptive immune system (16). Therefore, the gut microbiota is a potential target for regulating immune responses in the host. With the development of sequencing technology, the correlation between gut microbiota and human diseases including allergic asthma, atopic dermatitis, is revealed in many studies (17–19). The “gut-skin” axis has been proposed and is recognized as a new target to prevent and treat AD. Gut and skin have several similar characteristics and are parts of the overall immune and endocrine systems (20). They are the major compositions of mucosal immunity and directly contact the environmental antigens including foods, commensal bacteria and pathogens. The development of gut diseases is commonly accompanied by cutaneous lesional manifestations and this implies the association between them may affect each other’s states (21). Therefore, targeting gut microbial alterations may be an alternative to regulate immune responses and ameliorate cutaneous health in AD patients. Probiotics and/or prebiotics, as the common regulator for gut microbiota, have been used to alleviate AD clinical symptoms, but with controversial outcomes (positive or ineffective). This is related to the complex interaction between immune response, gut microbiota, and metabolic activity in the host. With a focus on gut microbial alteration, this review discusses the beneficial role of probiotics in the prevention and treatment of AD and the possible underlying mechanisms.



The Association Between Gut Microbial Diversity, Composition, and AD

Numerous studies have shown that the development of allergic diseases such as asthma and AD is closely associated with changes in gut microbial diversity and composition (22–25). Over 1000 different species reside in the gastrointestinal tract (26), and the number of bacterial cells is about 10 times larger than that of eukaryotic cells in the human body (27). The bacteria have evolved with the human, and it becomes a mutualistic relationship. Therefore, gut microbiota may involve in the development of certain diseases, and the role of gut microbiota is worth exploring in the development of AD. Before birth, microbial compositions have been found in the placenta and meconium, suggesting microbial colonization in early life (28). Following birth, gut microbiota and mucous membranes begin to establish and have been affected by delivery modes such as natural birth or caesarean section (29). Lactobacillus, Prevotella and Sneathia spp. are dominant bacterial communities in the gut of naturally delivered infants, resembling their own mother’s vaginal microbiota, but the microbial communities in caesarean delivery infants are similar to skin microbiota, dominated by Staphylococcus, Corynebacterium and Propionibacterium spp (30), implying the shaping role of delivery mode in the diversity and structure of the initial microbiota. After that, the gut microbial diversity increases rapidly and dietary factors including breast- and formula-fed become the important perturbations for shaping gut microbial diversity and composition. Lactobacillus and Bifidobacterium are dominant gut microbiota in breast-fed infants at 12 months of age, but Roseburia, Clostrium and Anaerostipes, that belonging to Clostirdia, are enriched in the gut microbiota of no longer breast-fed children (31). Lactobacillus, Bifidobacterium and Bacteroides can degrade oligosaccharides from breast milk into small sugars and utilize them to obtain an advantage for growth (32). Therefore, they are the most abundant bacterial communities in the gut of breast-fed infants. Enterococci and Clostridia are dominant bacteria in formula-fed infants (33), and the intestinal tract contains fewer bacterial cells and more species than in breast-fed infants (34). At 3 years of age, gut microbial composition toward a more stable shift and resemble that of the adult (31).

Bacterial diversity and composition are closely associated with the onset and development of various diseases such as acute infective diarrhea, constipation, obesity, and depression (35–38), underlining the importance of bacterial diversity and colonization in early life for future health. Table 1 shows gut microbial alteration in patients with AD. Compared to healthy individuals, gut microbial diversity decreased, and the relative abundances of the beneficial microbes such as Lactobacillus, Bifidobacterium significantly reduced but the proportions of Escherichia coli, Clostridium difficile and Staphylococcus aureus increased in patients. Especially, gut microbial colonization and alteration were demonstrated prior to any clinical manifestations in early life, indicating gut microbial dysbiosis as one of the causes of AD (54). Infants with less gut microbial diversity seem to be susceptible to atopic dermatitis. A cross-sectional study among 1440 children showed that the α diversity of gut microbiota was closely associated with a decreased risk of eczema (55). The α diversity was not different in adult patients suffering from allergic asthma comparing the healthy controls (56). Although the relative abundance of bifidobacteria was reduced, Bifidobacterium adolescentis species prevailed within the bifidobacterial population (56). The results showed bifidobacterial composition, especially the proportion of B. adolescentis, had special effects on the development of allergic disease. A clinical trial showed that the diversity of Bifidobacterium species in allergic infants was similar to non-allergic infants (57). However, in a study from rural Japan infants, allergic infants had a higher abundance of B. catenulatum and B. bifidum than healthy controls in different stages of age (58). These controversial outcomes further show that the association between allergic disease and gut microbiota is complex and maybe not be restricted to Bifidobacterium species. In early life, regulation of gut microbial diversity and composition may reduce the onset and development of allergic symptoms including AD. Therefore, this is an alternative to reduce the adverse reactions of drugs for AD.


Table 1 | Changes in the gut microbiota of patients with atopic dermatitis.





Regulation of Gut Microbiota on Immune Responses in AD

The “hygiene hypothesis” suggesting that decreased early life microbial exposure and diversity result in loss of immunological tolerance and this is being linked to an increased prevalence of allergic diseases in the urban environment (59, 60). Gut microbiota is the most important component of microbial exposures. Therefore, gut microbial communities affect shaping the host immune development, and dysbiosis of gut microbiota is closely associated with immune disorders (61–63). Throughout the lifespan, the host’s immune system is constantly regulated by gut microbiota. The maternal gut microbial alterations in pregnancy affect the early postnatal immunity of offsprings. Comparing to the offsprings of germ-free mice, gestation colonization with Escherichia coli HA107 significantly altered the numbers of postnatal intestinal leukocytes in offsprings and regulated the development of the innate immune system in early life (64). Furthermore, the interactions of gut microbiota with T cells and B cells can lead to systemic outcomes that are distal to the site of the gut. For example, the strains belonging to Clostridia induce expansion and differentiation of regulatory T cells (Treg) and alleviate the clinical symptoms of colitis and allergic diarrhea in mice (65). Segmented filamentous bacteria induce the T helper 17 cells (Th17) in the small intestinal lamina propria to drive autoimmune arthritis (66).

A human intervention trial of manipulating urban environmental biodiversity showed that skin and gut microbial diversity of children in nature-oriented daycare centers were increased and this was closely associated with an overall more healthy immune system (67). The ratio of IL-10:IL-17A was increased in plasma samples of these children. The decrease in IL-17A expression was related to and decreased Romboutsia and Dorea, increased Anaerostipes, and higher Faecalibacterium Otu00007 in the gut. Gut microbial diversity contributes to the education of the immune system and decreases the prevalence of immune-mediated diseases such as allergies. Additionally, gut microbial colonization promoted the development of microbiota-T cells in the thymus via migration of microbial antigens from the gut to the thymus by intestinal dendritic cells (DCs) (68). This not only expanded T cells but increased the capability of thymic T cells to identify gut microbiota and pathogens. It further indicates that gut microbial colonization affects the development of adaptive immune responses and educates the immune system. Therefore, gut microbial alterations are closely associated with the immune responses and play a crucial role in the development of diseases involved in aberrant immune functions.


Role of Epidermal Barrier in AD

As a systemic disease, AD may have the aberrant barrier function across multiple organ sites including skin, lung and gut. In an epithelial barrier dysfunctions study in AD, epidermal barrier disruption led to allergen sensitization and pathogens colonization. This induced inflammatory response and increased barrier breakdown at distant sites such as the gut and respiratory tract (69). It is suggested that there is a crosstalk mechanism between skin and gut, and thus gut microbial alteration may be associated with epidermal barrier function in AD. In AD, the epidermal barrier may be an important component of the innate immune system because it protects from the invasion of pathogens and allergens and prevents water loss in the skin. Filaggrin (FLG) is an important epidermal protein, and FLG deficiency results in the epidermal barrier defect and increases the risk of the microbiome and virus invasions. It has been demonstrated that FLG deficiency is closely associated with AD and plays a crucial role in the pathogenesis of AD (70). In FLG-deficient (flg-/-) mice model, AD symptoms were induced using calcipotriol. Comparing to wild-type mice, the flg-/- mice exerted severer clinical symptoms characterized by increased ear thickness, mast cells and CD3+ T cells infiltration, and the level of thymic stromal lymphopoietin, interleukin (IL)-4, IL-6 and IL-13 (71). This is implied that FLG is an important predisposing factor in the pathogenesis of AD. In a genetic correlation study consisting of 386 whole-genome sequencing samples, there was a significant association between FLG function mutation and age of onset of AD (72). L. plantarum LM1004 significantly improved the AD-like symptoms, decreased Th2 and Th17 cell transcription factor levels, and increased the transcription factors of Treg and Th1 cells, galactin-9 and FLG (73). This is implied that there is an interaction between probiotics, gut microbiota, and the epidermal barrier. Furthermore, the important feature of AD is an itch, which contributes to damage of the epidermal barrier. Surfaces of skin, lung and gut can act as a shared immunological interface, and environmental stimulation such as gut microbial alteration affects interactions of immune responses among them. This immunological interface as part of the mucosal membrane is the first line to combat infection. Innate lymphoid cells (ILCs) play a key role in the homeostasis and pathology of mucosal membranes and affect the interactions of the “gut-lung” axis. It has been identified that inflammatory type 2 ILCs from the intestine are recruited to the lung by IL-25 and mediate type 2 immune responses (74). Gut inflammation and gut barrier leakage increased the activation of skin epithelial cells and recruitment of T cells to the skin in patients with Omenn syndrome, and this exacerbated the skin inflammation (75). This had been verified in Rag2R229Q mice which simulated the clinical symptoms of Omenn syndrome. These results further identify skin, lung and gut share the immunological interface and it mainly consists of the mucosal membrane from these sites. Therefore, the integrity of the epidermal barrier is essential for maintaining the immune responses in the skin.



Toll-Like Receptors Signaling in AD

Toll-like receptors (TLRs), a superfamily of pattern-recognition receptors bridge innate and adaptive immunity (Figure 1). TLRs are a class of transmembrane non-catalytic proteins and can recognize molecules with conserved structures from microorganisms. These molecules are known as the pathogen-associated molecular pattern (PAMP) such as lipopolysaccharide, peptidoglycan and zymosan. When TLRs bind PAPM, they initiate a signal transduction cascade to activate innate immune responses to eliminate pathogens that break through the skin or mucosa barrier (76). Most TLRs (TLR1, TLR2, TLR4, TLR5, TLR6, TLR10, TLR11 and TLR12) are expressed on the cell surface to recognize PAMPs, but TLR3, TLR7, TLR8 and TLR9 are intracellular to detect nucleic acids (77). As yet, 13 and 10 members of TLRs have been identified in mice and humans, respectively, and their respective ligands also have been revealed (78). The skin harbors various cells expressing TLRs and directly expose to microbes and pathogens in the environment. Therefore, invading pathogens-inducing aberrant TLRs responses may result in skin diseases including AD (79). S. aureus colonizes skin lesions of AD patients and can be recognized by TLR2 due to its cell wall components. Compared to healthy volunteers, the expression of TLR2 was decreased on Langerhans cells (LC) in AD patients with high colonization by in situ analysis. TLR2 ligand induced maturation and migratory activity of LC and decreased IL-6 and IL-10 production of skin samples from AD patients (80). This suggested that TLR2-mediated immunoregulation signal pathways had been impaired in AD patients. Additionally, macrophages are known to express TLR2 and accumulate in acute and chronic stages of AD in skin lesions. Compared to healthy controls, macrophages from peripheral blood monocytes of AD patients expressed decreased TLR2 and pro-inflammatory cytokines including IL-6, IL-8 and IL-1β after TLR2 ligands intervention (81). In primary human keratinocytes, TLR2 agonists such as S. aureus-derived peptidoglycan and Pam3CSK4 significantly improved the tight junction barrier and increased the expression of tight junction proteins. Therefore, the epidermal barrier in AD patients was restored after a TLR2 agonist intervention. TLR2-/- mice also exerted a delayed barrier recovery indicating that TLR2 signaling played a critical role in epidermal barrier integrity (82).




Figure 1 | The association of toll-like receptor signaling and immune responses in the intestine and skin. TLR ligands from bacteria, viruses, and pathogens were recognized and activated TLR signaling pathways, which bridged the innate and adaptive immunity in the intestine and skin. TLR, toll-like receptors; MyD88, myeloid differentiation factor 88; P, phosphorylation.



It has been studied that TLR2 rs5743708 and TLR4 rs4986790 polymorphisms are associated with susceptibility to AD (83). In neonates, the incidence of AD was significantly associated with twofold lower TLR4-mediated IL-10 production and resulted in an impaired Th1 type polarizing immune response (84). Furthermore, the single nucleotide polymorphisms (SNPs) related to oxidative stress and inflammation indicating that there was a close association between TLR2, TLR4, and TNF and traffic-related air pollution, and this revealed the gene-environment interactions in the development of AD (85). In TLR4-/- mice, hapten (2,4-dinitrochlorobenzene)-induced AD symptoms and Th2-type inflammatory responses were more severe than wild-type mice and increased the migration of DCs into draining lymph nodes (86). This indicated that TLR4 mediated immune responses associated with AD development. TLR4 ligands increased IL-23 production in skin lesions and resulted in the migration of skin DCs that induced IL-22 expression by naïve CD4+ T cells. IL-22 increased keratinocyte proliferation and inflammatory infiltration from Th22 cells in AD mice (87). These studies suggest TLR4 activation contributes to the balance between Th1- and Th2-type immune responses and is one of the targets to treat AD symptoms.

Itch is an important symptom of AD and is associated with TLRs signaling pathways. TLR3 is expressed by small-sized primary sensory neurons and plays a role in modulating sensory neuronal excitability and central sensitization. TLR3 knockdown alleviated pruritus in wild-type mice. In TLR3-/- mice, excitatory synaptic transmission was impaired, and scratching behaviors were significantly decreased after histamine and pruritogens challenges (88). This demonstrated the potential anti-itch role of TLR3 in AD. House dust mite (HDM) is a common allergin and is related to exacerbation of AD. HDM-induced Th2-type immune responses were closely associated with the expressions of IL-25 and IL-33 via activation of TLR1 and TLR6 signaling (89). Additionally, in a total of 1063 children cohort study, prenatal contact with farm animals and cats significantly decreased the risk of incidence of AD. This was closely associated with increased expression of TLR5 and TLR9 in cord blood (90). Collectively, TLRs signaling pathways play a critical role in innate immune responses in the development of AD, and impaired TLRs signaling leads to an aberrant balance between Th1- and Th2-type immune responses.



Association Between TLRs and Gut Microbiota

Gut microbiota and their metabolites can be recognized by TLRs, and the interactions between bacteria and TLRs contribute to systemic immune homeostasis (Figure 1) (91). Perturbations in gut microbiota lead to the invasion of microbes and their metabolites into circulation and affect pathological symptoms of the distant site organs such as the brain, liver, kidney, lung, and skin via TLRs signaling pathways. In a cohort study with 957 children, there was a significant multiplicative interaction between TLR4 SNP rs10759932 and E. coli regarding allergic sensitization in the first 2 years of life (92). It demonstrated the effect of TLR4 genetic variations on allergy development in early life and the modulating role of gut microbe in immune responses in relation to TLRs signaling. An evaluation of gut microbiota and innate immune responses in IgE-associated eczema showed that Ruminococcaceae in fecal samples was lower in atopic eczema infants than that in healthy controls and was negatively related to TLR2-induced IL-6 and TNF-α. Enterobacteriaceae (a genus of Proteobacteria phylum) was negatively related to TLR4-induced TNF-α, and α-diversity of Bacteroidetes and Actinobacteria were lower in atopic eczema infants versus the controls (93). The administration of a food allergen increased specific IgE and histamine levels and induced allergic symptoms in TLR4-mutant or -deficient mice. However, after antibiotic treatment, gut microbial composition and structure were disturbed in TLR4 wild-type mice, and they were susceptible to the induction of food allergy like the TLR4-mutant mice (94). It indicated that microbes and TLRs signaling were necessary for the development of the immune system. Dysbiosis of gut microbiota results in immune disorder and increases the risk of allergy. TLRs are not only able to recognize invading pathogens and provoke immune responses but play a critical role in the cross-talk between commensal bacteria that inducing immune tolerance and host. Therefore, these studies provide a potential approach to improve immune-mediated diseases such as allergy, based on gut microbial alteration.




Alleviation of Probiotics on AD Clinical Manifestation

As mentioned earlier, the onset and development of AD are closely associated with gut microbial alterations, and beneficial bacteria such as Bifidobacterium and Lactobacillus are in shortage in patients. Probiotics consumption may be an effective alternative to supply beneficial bacteria and restore intestinal dysfunction. The gut microbial environment can be reshaped with long-term consumption of probiotics and contributes to the balance of gut microbiota and systemic immune responses. Probiotics promote the synthesis of nutrients such as amino acids and vitamins in the host and increase the content of SCFA in the intestinal lumen. Especially, SCFA including acetate, propionate, and butyrate leads to an intestinal environment with a low pH value to inhibit the growth of pathogens. Additionally, probiotics compete against pathogens including competition for the nutrient substrates and ecological niches, and these interactions contribute to suppression for the excess proliferation of pathogens in the intestine. Therefore, probiotics may alleviate AD clinical manifestation via affecting the gut microbial composition, metabolic functions, and immune responses. Table 2 shows the effects of probiotics on clinical manifestations of patients from pregnant, infant, children to adult and the potential to alleviate AD, although there are some controversial outcomes. Most probiotics reduced the SCORAD (scoring atopic dermatitis index) scores and even decreased the risk of developing AD. The controversial conclusions are associated with many factors such as environment and diet, and in the future, larger samples and more precise experimental design are necessary for clinical trials to verify the effectiveness of probiotics on AD.


Table 2 | Effects of probiotics on the clinical manifestations of AD in the different crowd.




Regulation of Probiotics on Immune Responses in AD

Based on the “hygiene hypothesis”, bacterial stimulation is required for the maturation of the gut immune system in early life. Most probiotics, derived from the commensal bacteria in the intestine, have been demonstrated to contribute to education for immune tolerance and maintenance of the intestinal immune responses. Immunoglobulin (Ig) A is a crucial antibacterial protein in the intestinal mucosal defense. It blocks pathogens to adhere the intestinal epithelium and increases bacterial entrapment in mucus (110). Bifidobacterium is known to stimulate Peyer’s patches to induce IgA production and maintain the integrity of the gut barrier. Administration of Lactobacillus GG and Saccharomyces boulardii affects the cytokine release and mucosal milieu, and this increases IgA production in the intestine (111). Regulation of the balance between Th1- and Th2-type immune responses is one way to improve clinical symptoms in allergic diseases. B. animalis subspecies lactis Bb12 increased IgA response in serum and IgG1 and IgG2 response in the ileal fluid in Ascaris suum infected pigs (112). B. animalis subspecies lactis Bb12 treatment improved expression of genes related to Th1/Th2 cells, inflammatory cells, Treg, and physiological function in the gut and reduced Th2 type immune responses. In β-lactoglobulin-induced allergic mice, L. plantarum ZDY2013, L. plantarum WLPL04 and L. rhamnosus GG increased Th1 cells differentiation and inhibited the Th2-biased immune response (113). Furthermore, Treg differentiation not only regulates Th1/Th2 immune balance but suppresses Th17-biased response. L. paracasei KBL382 significantly improved the pathological features and altered the gut microbial composition in AD mice (114). It regulated immune balance via increasing the expression of IL-10 and transforming growth factor-β and enhancing the differentiation of CD4+ CD25+ Foxp3+ Treg in mesenteric lymph nodes. L. sakei WIKIM30 enhanced Treg differentiation in mesenteric lymph nodes via inducing DCs tolerance and ameliorated AD-like skin lesions (11). It increased the proportion of Ruminococcus, which was positively associated with Treg-related immune responses and might contribute to the alleviation of AD.

Probiotics also contribute to the reduction in the expression of pro-inflammatory cytokines such as IL-13, thymic stromal lymphopoietin (TSLP), and IL-5. The differentiation of eosinophils is closely associated with allergic diseases such as AD, but IL-5 is the critical cytokine to increase the development and survival of eosinophils (115). L. chungangensis CAU 28(T) significantly reduced the expression of IL-5, TNF-α, and thymus- and activation-regulated chemokine and alleviated the inflammatory infiltration in AD mice (116). IL-13, like the IL-4, is the key driver to activate Th2-type immune response and shares a common receptor subunit with IL-4. IL-13 and IL-4 bind receptors to activate JAK -STAT6 (Janas kinase-signal transducers and activators of transcription 6) pathways and lead to the decrease in the expression of structural protein such as FLG, involucrin, and lipid composition in the skin (117). Tralokinumab, a monoclonal antibody to neutralize IL-13, had been reported to improve the clinical in adults with AD in randomized, double-blind, multicenter, and placebo-controlled phase III trials (118). Pediococcus acidilactici intake reduced the mRNA expression of IL-4, TNF-α, and IL-13 in dorsal skin and improved the clinical severity of AD (119). Levels of TSLP are high in the lesions of AD patients and TSLP is a key protein in the development of AD (120). TSLP is expressed by epithelial cells of the gut, lung, and skin and increases Th2 cell differentiation and Th2-type inflammation through interacting with immune cells such as DCs, natural killer T cells, and CD4+ T cells (121). In a murine model with AD, skin-specific overexpression of TSLP led to the increases in Th2 CD4+ T cells and serum IgE levels (122). Tezepelumab is a monoclonal antibody targeting TSLP and has been reported to treat AD. In a phase 2a study, tezepelumab plus topical corticosteroids (TCS) treatment resulted in a 64.7% reduction in the eczema area and severity index versus 48.2% of that in the placebo plus TCS treatment (123). L. rhamnosus Lcr35 significantly reduced the expression of IL-4 and TSLP and prevented the development of AD (124). Collectively, probiotics have the great potential to modulate the immune function in AD and may be a microbial alternative strategy to improve AD.



The Potential Effective Substances of Probiotics to Attenuate AD

Probiotics alter the gut microbial composition and simultaneously affect their metabolic activities that may lead to a decreased risk for allergy (Figure 2). The metabolites of B. breve C50 and Streptococcus thermophilus 065 increased the proportion of CD4+ and CD8+ T cells secreting Th1-type cytokine IFN-γ and restored Th1/Th2 immune balance in IL-10-deficient mice (125). Bacteriocins of B. animalis subspecies lactis Bb12 and B. longum Bb46 significantly inhibited the growth of S. aureus and E. coli in the intestine (126), and these harmful bacteria were associated with the development of AD and the proportion of them was increased in patients. SCFA is produced by the gut microbial fermentation of indigestible carbohydrates and is closely associated with the alleviation of AD clinical manifestations. Furthermore, SCFA has been demonstrated to regulate the size and function of the Treg pool in the intestine (127). In a cohort study, the severity of AD was negative with the proportion of butyrate-producing bacteria in infants and suggesting that butyrate had a potential role in improving AD symptoms (128). High levels of propionate and butyrate in feces reduced atopic sensitization in early life and administration of butyrate decreased the severity of allergic inflammation in mice (129). Antibiotics-induced gut microbial dysbiosis resulted in a decrease in SCFA production and an increase in the levels of inflammatory cells, and these alterations were highly associated with aggravated AD-like skin lesions (130). However, fecal microbial transplantation significantly reduced the clinical score of AD-like lesions via increasing SCFA levels and regulating the numbers of immune cells. SCFA contributes to the balance of gut microbiota and is closely associated with levels of immune cells. Therefore, increasing SCFA production in the intestine via probiotics consumption may be an effective way to alleviate AD-like symptoms.




Figure 2 | The diagram of the potential effective substances for suppressing Th2-type immune responses. CLA, conjugated linoleic acid; SCFA, short-chain fatty acid; Treg, regulatory T cells.



D-tryptophan, as a metabolite of Bifidobacterium, Lactobacillus and Lactococcus, suppressed the expression of Th2-associated CCL17 in KM-H2 cells (131). It significantly increased IL-10 production and decreased IL-12, IL-5 and IFN-g in human DCs. After supplementation with D-tryptophan in mice with allergic airway inflammation, the clinical manifestations were alleviated and Th2-biased immune responses were significantly reversed. Conjugated linoleic acid (CLA), as a natural unsaturated fatty acid, can inhibit the release of histamine, which induces an increase in vascular permeability and is associated with the development of AD. Bifidobacterium, Lactobacillus and Roseburia spp. metabolize polyunsaturated fatty acids including omega-3 and omega-6 fatty acids to CLA (132). B. breve and B. pseudocatenulatum are CLA-producing bacteria and have been reported to alleviate colitis via modulating gut microbiota and TLR4/NF-κB signaling (133, 134). It is suggested that probiotics consumption increases CLA production in the intestine and affects the systemic immune responses. L. plantarum JBCC105645 and JBCC105683, isolated from the salted fermented seafood according to CLA-producing activity, significantly alleviated the pathological symptoms of AD via reducing IL-4 levels and increasing IFN-γ levels (135). This suggested that CLA might be the material basis of probiotics to alleviate AD. Oral administration of CLA significantly attenuated AD-like skin lesions via inhibition of COX-2/5-LOX and TLR4/NF-κB signaling pathways (136). The results showed with the anti-inflammatory effect of CLA had a strong potential to alleviate AD.

Aryl hydrocarbon receptor (AHR) has been reported to be closely associated with the development of AD (137). Indole-3-aldehyde (IAld), a metabolite of tryptophan, was lower in AD lesional skin than that of healthy controls and significantly alleviated skin inflammation via activating AHR (138). Coal tar is usually used to improve the clinical symptoms of AD. In the skin models with primary keratinocytes, it activated AHR to induce epidermal differentiation and interfered with Th2 cytokine signaling (139). These results suggest the activation of AHR plays an important role in the treatment of AD. Indole derivatives including IAld, tryptamine, indole acetic acid, indole-3-acetaldehyde, indole acrylic acid, and indole-3-propionic acid, are metabolites from tryptophan metabolism of gut microbiota and have been demonstrated as the ligands to activate AHR (140). In a study involving the gut-brain axis, gut microbial metabolites of tryptophan affected the activation of microglia and modulated the central nervous system inflammation via a mechanism mediated by AHR (141). Additionally, the metabolites of tryptophan such as indoxyl sulfate and indole-3-propionic acid have been found in blood circulation (142). This suggests that gut microbiota-produced ligands of AHR have the potential to regulate systemic inflammation, including skin inflammation. In a meta-analysis, probiotics consumption significantly regulated the ratio of kynurenine: tryptophan and mediated the tryptophan metabolism (143). Therefore, these studies imply that probiotics regulate tryptophan metabolism in the intestine, and the metabolites as AHR ligands may mediate skin inflammation via AHR signaling.

There are some limitations about the effects of probiotics on the alleviation of AD in this review. The effectiveness of probiotics on the improvement of clinical symptoms of AD needs the larger scale and more rigorous clinical trials to demonstrate in different groups of patients stratified by age, sex, and concurrent diseases. The interactions between probiotics and gut microbiota are complex and lead to difficulties in revealing the precise alleviating mechanisms on AD. Furthermore, the immunomodulation of probiotics is strain-specific and they may activate different signaling pathways to improve the clinical manifestations of AD. The substance basis of probiotics to alleviate AD is still to be elucidated whether it is from the component of probiotic itself and the metabolites from probiotic or gut microbiota.




Concluding Remarks

In summary, although the cross-talk mechanism between gut microbiota and skin needs to be explored, the gut microbiota is closely associated with dermatology and may serve as a target for the prevention and treatment of AD. Probiotics supplementation alters the intestinal environment, including modulating gut microbial composition, preventing pathogens colonization, affecting bacterial metabolism, and restoring immune balance. These alterations may contribute to the decrease in inflammation and improvement of clinical manifestation in AD. Although the effects of probiotics on AD have been investigated in numerous clinical trials, the effective substance basis of probiotics to alleviate AD remains unclear. To precisely manipulate gut microbiota to attenuate clinical manifestation of AD, the mechanism of interactions between probiotics, gut microbiota, and skin needs to be elucidated. Combination with metatranscriptomics, metagenomics and metabolomics, effects of probiotics on functional gene alteration, specific gut microbe, metabolic pathway, and specific metabolite could be revealed in the future and overall analyze the alleviating mechanism of probiotics targeting the gut microbiota. Future results of probiotic clinical trials on AD may support a microbiome replacement strategy.
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Obesity has increased at an alarming rate over the past two decades in the United States. In addition to increased body mass, obesity is often accompanied by comorbidities such as Type II Diabetes Mellitus and metabolic dysfunction-associated fatty liver disease, with serious impacts on public health. Our understanding of the role the intestinal microbiota in obesity has rapidly advanced in recent years, especially with respect to the bacterial constituents. However, we know little of when changes in these microbial populations occur as obesity develops. Further, we know little about how other domains of the microbiota, namely bacteriophage populations, are affected during the progression of obesity. Our goal in this study was to monitor changes in the intestinal microbiome and metabolic phenotype following western diet feeding. We accomplished this by collecting metabolic data and fecal samples for shotgun metagenomic sequencing in a mouse model of diet-induced obesity. We found that after two weeks of consuming a western diet (WD), the animals weighed significantly more and were less metabolically stable than their chow fed counterparts. The western diet induced rapid changes in the intestinal microbiome with the most pronounced dissimilarity at 12 weeks. Our study highlights the dynamic nature of microbiota composition following WD feeding and puts these events in the context of the metabolic status of the mammalian host.
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Introduction

The obesity rate has almost tripled since 1975 in the United States (World Health Organization, 2016). Nearly 40% of the adult population was considered obese as recently as 2016 (Hales et al., 2015; World Health Organization, 2016). A contributing cause for this rapid rise is the prevalence and popularity of foods high in saturated fats and added sugars (Popkin and Gordon-Larsen, 2004; Popkin et al., 2012). Individuals consuming a high-fat western diet (WD) are prone to developing diseases comorbid with obesity such as Type-II Diabetes Mellitus, metabolic dysfunction-associated fatty liver disease, cardiovascular disease, irritable bowel disease and colon cancer  (Klein et al., 2004; Goodwin and Stambolic, 2015; Singh et al., 2017; Polyzos et al., 2020). The comorbidity of gastrointestinal (GI) disease and obesity have prompted investigations into potential links between the two disorders. Among the potential connections that have received a lot of attention are diet-induced alterations within the intestinal microbiota.

The intestinal microbiome is a diverse and dynamic microbial ecosystem residing within the GI tract. It consists primarily of organisms from the domain Bacteria, as well as populations of Archaea, Eukaryota, and numerous Viruses (Lewis et al., 2015; Hsu et al., 2019). Healthy diets, such as those high in plant polysaccharides, drive a colonic microbiota profile dominated by the phylum Bacteroidetes (Duncan et al., 2008). Members of the Firmicutes, Proteobacteria and Actinobacteria phyla are also common components of the intestinal microbiota (Human Microbiome Project Consortium, 2012). Resident commensal bacteria carry out important functions for the host such as synthesis of vitamins and short chain fatty acids, degradation of host dietary oxalates, and many other metabolic functions (Cantarel et al., 2012; Hollister et al., 2014). However, the microbiota can negatively impact the host when the balance of microbial populations becomes disrupted, a condition generally known as dysbiosis (Hollister et al., 2014). For example, the dysbiotic profile of the intestinal microbiota in obesity consistently reflects an increased abundance of Firmicutes, reversing the Bacteroidetes : Firmicutes ratio (Duncan et al., 2008; Howe et al., 2016). However, while consistent across numerous studies, this finding has been reported primarily at the endpoint of obesity. Thus, the kinetics with which microbial dysbiosis progresses during the development of obesity remains poorly defined.

Whereas much is known about the bacterial constituents within the microbiome (bacteriome), there is a substantial gap in our understanding of how other microbiome constituents, such as bacteriophage populations, change in abundance or composition during the development of obesity (Duncan et al., 2008; Sonnenburg et al., 2016). Bacteriophages are viruses that target bacteria and enter one of two lifecycles: lysogenic or lytic. Temperate bacteriophages may reside within the bacteria as a lysogen, or quickly replicate and lyse the host in a lytic cycle (Ul Haq et al., 2012). Virulent phages, however, do not possess the genes necessary to carry out lysogeny and are purely lytic (Hepworth et al., 2015). Given the predator:prey relationship of bacteriophage and their host bacteria, diet-induced changes in intestinal environment are likely to drastically alter bacteriophage populations, and vice versa. One study utilizing gnotobiotic mice demonstrated that introduction of specific bacteriophage can induce compositional changes, in both bacteria and bacteriophage populations, shaping the intestinal microbiome and metabolome (Reyes et al., 2013). Bacteriophage populations, collectively known as the phageome, have also displayed diet-induced disturbances (Minot et al., 2011; Howe et al., 2016). However, our understanding of diet-induced longitudinal changes in bacteria:bacteriophage dynamics remains incomplete. Bacteriophages represent an attractive agent for tailoring the gut bacteriome, targeting specific bacteria, leaving other beneficial commensals unaffected. Therefore, it is critical to understand their role in the development and progression of metabolic disease.

In the current study, we explore microbial population dynamics in a mouse model of diet-induced obesity. We collected fecal samples and metabolic readouts from animals across 12 weeks on a chow or high-fat Western Diet (WD) to determine how these populations changed as parameters of metabolic disease developed. Metabolic disruptions were apparent in animals after two weeks of WD feeding while microbial population shifts were detected rapidly with the most dissimilarity seen at 12 weeks. At 12 weeks, bacterial and bacteriophage communities were examined in the context of the metabolic data, revealing correlations between bacteria, phage, and metabolic profiles characteristic of obese or lean. Interestingly, the correlations between most bacteriophage populations and their putative hosts were similar, but this was not always evident. Our study highlights novel connections between diet-induced metabolic changes and constituents of the intestinal microbiome.



Materials and Methods


Animals and Diets

Male C57BL/6J mice (n = 8 per diet group) from Jackson Laboratories (Bar Harbor, ME) were singly housed in standard microisolator cages at the Veterinary Research Building, College of Veterinary Medicine, Auburn University (Protocol reference number 2014-2547). The room was maintained at an ambient temperature of 22°C ± 2°C on a 12:12 light:dark cycle with zeitgeber time (ZT) 0 representing lights on and ZT12 representing lights off. All experimental procedures were approved by the Auburn University Animal Care and Use Committee. Animals were fed standard rodent chow for 1 week during acclimation to the facility. After which, animals were split into groups receiving either the standard chow diet with tap water (Chow) or a High-Fat Western Diet with tap water (WD). The chow diet (Teklad Global Rodent Diet) contained 24% of calories from protein, 18% from fat, and 58% from carbohydrate. The WD diet was based on the AIN-93G diet and consisted of 44% carbohydrate, 16% protein, and 40% fat, 30% of which was provided from lard, 30% from butterfat, 30% from Crisco, 7% from soybean oil and 3% from corn oil (Reeves, 1997). All dietary groups were given food and water ad libitum.



Metabolic Phenotyping

Promethion Metabolic Mouse Cages (Sable Systems, Las Vegas, NV) were used to house animals for metabolic screening and phenotyping. Animals were transferred from their home cages and singly housed in the metabolic cages at three time points (2, 4 and 12 weeks after diets began). The animals (n=8 per treatment group) were singly housed in the cages for 3 consecutive days with the 1st day committed to environment acclimatization and the 2nd and 3rd days for data collection. All animals were returned to their home cage after completion of metabolic phenotyping. Animal activity was measured by the Promethion XYZ Beambreak Activity Monitor. Food, water, and body weight were measured by Promethion precision MM-1 Load Cell sensors. The amount food and water withdrawn from the hoppers was measured and analyzed. The body mass monitors were plastic tubes that also functioned as in-cage enrichment and nesting devices. Water vapor, CO2, and O2 were analyzed by the Promethion GA-3 gas-analyzer to provide detailed respirometry data. Energy expenditure (EE) was calculated in kilocalories (kcal) by utilizing the Weir equation: 60*(0.003941*VO2 (n) +0.001106*VCO2 (n)) in which VO2 is the oxygen uptake and VCO2 is the carbon dioxide output, both of which are measured in ml/min. Respiratory exchange ratio (RER) was determined by measuring gas exchange within the metabolic cages to identify the substrate being primarily utilized for energy within the body. Specifically, RER is the ratio of CO2 produced to the volume of O2 consumed (RER = VCO2/VO2) where a RER ~ 0.7 indicates lipid utilization and a RER ~ 1.0 indicates carbohydrate utilization. All metabolic phenotyping data were analyzed using ExpeData software (version 1.8.2; Sable Systems) with Universal Macro Collection (version 10.1.3; Sable Systems).



Fecal Sample Collection

Collection of fecal matter was performed at the initiation of diet change (Day 0) as well at four other time points following WD feeding: 2 days, 2, 8, and 12 weeks. These timepoints were selected to evaluate microbiome composition prior to WD feeding and to allow for early (2 day and 2 weeks) and late (8 weeks and 12 weeks) profiling of the microbiome prior to the estimated timeline for diet induced obesity (16 weeks). Animals (n=8) were removed from their home cages and placed in sterile microisolator cages without bedding for 3 hours. Food and water were provided to the animals during this time. Mice were then returned to resident cages and feces were collected from the sterile cages for DNA extraction and shotgun metagenomic sequencing. Six random mice fecal samples from each treatment group were used to create the 3 samples for microbiome analysis. The comprehensive timeline of the experimental procedures and sampling periods are depicted in Figure S6 (SMART - Servier Medical ART).



Tissue Collection and Analysis

Upon completion of the study, all animals were fasted and then sacrificed via CO2 asphyxiation and quickly decapitated by guillotine to allow trunk blood collection. Tissues including the liver and visceral (epididymal and retroperitoneal) and subcutaneous (inguinal) white adipose depots were excised and weighed. Final blood glucose was measured by an Accu-Chek blood glucose meter. Serum insulin levels were determined by an insulin ELISA assay (Crystal Chem, Inc., Downers Grove, IL) and data were analyzed for insulin resistance using the HOMA-IR score (HOMA-IR = 26 * fasting serum insulin * fasting blood glucose)/405).



Shotgun Metagenomic Sequencing-Based Microbiome Profiling

Immediately following collection, DNA was extracted from fecal samples using the Omega E.N.Z.A. Stool DNA kit according to manufacturer’s guidelines. Extracted DNA samples were pooled (2/sample) and shotgun metagenomic sequencing was performed by Hudson Alpha (Huntsville, AL). Whole genome sequencing was performed using an Illumina HiSeq v4 with a 2 x 125 paired-end sequencing 200 million reads. Metagenomic sequences were evaluated for quality using FastX toolkit (FASTX-Toolkit). Raw sequences can be found on the NCBI repository under the BioProject PRJNA730805 1. Low quality sequences (Q-score less than 30) and sequencing adapters were removed using Trimmomatic (Bolger et al., 2014). Sequences were then uploaded to the Metagenomic Rapid Annotation Server (MG-RAST) version 4.0.3 for taxonomic and functional annotation (Meyer et al., 2008). Briefly, sequences were paired, filtered for quality, dereplicated, filtered for host-specific sequences (Mus musculus, UMD v3.0), and annotated. Annotated profiles of each sample are publicly available at the MG-RAST repository (MG-RAST Project ID: mgp81921) 2. Taxonomic classifications were annotated using the GenBank repository with the minimum cutoff parameters of 1x10-5 e-value and alignment length of 15. Density plots, calculated by total annotated hits, were used to set stringent uniform percent identity thresholds while maintaining an accurate measurement of the microbial populations. The percent identity was set to a minimum of 80% identity for bacterial and functional annotations and 70% identity for bacteriophage (Order Caudovirales) annotations. At these parameters, we were able to provide a conservative estimate of taxa while excluding ambiguous sequences. Current databases are not complete for viral genera classification due to variations in taxonomic classification strategies. Therefore, species within the order Caudovirales, as annotated by MG-RAST, were cross-referenced with the International Committee on Taxonomy of Viruses taxonomic database or other documentation detailing classification of the bacteriophage (International Committee on Taxonomy of Viruses. and King, 2011)3 (Table S8). From this, we were able to update viral species into current taxonomic genera in order to describe the types of bacteriophage present and how they fluctuate following dietary change. Descriptions of genera present in our samples are outlined in Appendix 1. Taxonomic classification hits were then normalized based on the total hit count. Rarefaction curves depicting alpha diversity were generated using the MG-RAST server.



Statistical Analysis

Final body and tissue weights along with serum measures were analyzed using a one-way ANOVA with a Newman-Keuls post-hoc test. The percent body weight change and 24-hour cycle data were assessed by a repeated measures two-way ANOVA so that animals in one diet group could be compared with animals in ;another diet group across dietary weeks or circadian time points The above statistical analyses were performed using SigmaPlot with significance determined at p < 0.05. The National Mouse Metabolic Phenotyping Centers (MMPC) Energy Expenditure analysis page 4 was used for multiple linear regression analysis (ANCOVA) to assess body weight as a covariate on energy expenditure with significance determined at p < 0.05. Significance for all measures was determined at p < 0.05 and all data are presented as Mean ± SE.



Microbiome Statistical Analysis

Three pooled samples for each diet group at each collection point were used to calculate changes of relative abundance in the microbiome. Relative abundance was used to calculate means and standard deviations of each treatment groups at each time point using the statistical program GraphPad Prism v4. Using the R studio statistical platform (R Core Team, 2014), t-tests were performed to identify significant difference in relative abundance of microbial taxa. Non-metric multidimensional scaling (nMDS) ordination was generated in R studio using the vegan package (Dixon, 2003). To generate the nMDS, raw bacterial hits were used to compute a sample dissimilarity matrix using the Bray-Curtis dissimilarity index. This matrix was then used to compute an ordination of the samples in two dimensions. The vegan package was also used to calculate Shannon’s Diversity Index scores. Then, the Pielou’s Evenness Index was calculated by dividing the Shannon’s Diversity Index score by the log of unique species amount. Mann-Kendall Trend tests were performed on diversity and evenness scores separately using the randtest package (Pohlert, 2018). Pearson correlation coefficients were calculated using relative abundance and metabolic readouts at 12 weeks following dietary exposure in R studio using the package psych (Revelle, 2017). Pearson correlation plots were generated in R studio using the package ggcorplot (Kassambara, 2015) using a correlation coefficient threshold of an absolute value of 0.6.




Results


Diet-Induced Obesity Pathophysiology

Body weight was tracked over the course of the 12 week experiment (Figure 1). Prior to the experiment, the average body mass of the chow group was 20.9 +/- 1.8 g and the WD group was 20.8 +/- 1.7 g. By week 2 on different diets, animals fed the WD had a significantly higher percent body weight change compared to chow (p < 0.01) and persisting throughout the duration of the 12 week experiment (p < 0.001). The change in body weight was mainly due to an increase in body fat as the WD-fed group had significantly heavier visceral and subcutaneous (Sub-Q) fat pad weights at the 12 week endpoint of the experiment (Table 1, visceral: p < 0.001; Sub-Q: p < 0.01). There was no effect of WD on fasting blood glucose by 12 weeks, yet serum insulin levels were significantly elevated in the WD-fed group (Table 1, p < 0.01). Insulin resistance, as calculated using the Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) method, revealed insulin resistance in the WD-fed animals compared to the Chow-fed animals also at 12 weeks (Table 1, p < 0.01).




Figure 1 | Percent body weight change. Weekly percent weight change over time is shown for the Chow and WD groups. Group differences over the course of dietary treatment were analyzed by ANOVA. All data points are shown as group mean ± SE. (**p < 0.01, ***p < 0.001 compared to Chow).




Table 1 | Final body weight, tissue weights normalized to body weight and serum measures for the three dietary groups.





Metabolic Rhythm and Flexibility

To examine how diet impacted average energy expenditure (EE) within the light and dark phases, we measured EE at each ZT over a 24-hour cycle. Although diurnal rhythmicity was observed in both dietary groups, the WD induced significant disruptions evident as early as 2 weeks. The WD-fed group exhibited elevated average EE when compared to Chow-fed group during the inactive (day) period from ZT4-ZT11 (Figure 2A, p < 0.01). At 4 weeks, the WD-fed group continued to demonstrate elevated average EE during the day, specifically at ZT3 and ZT8-11 (Figure 2B, p < 0.05), as well as ZT20 (Figure 2B, p < 0.01). By 12 weeks, the WD-fed group exhibited significantly elevated average EE for the entirety of the day cycle (Figure 2C, p < 0.01). Additionally, we observed a dip in the average EE in from ZT18-22, which was not as pronounced in the WD-fed group. Consequently, the EE of the WD-fed group was significantly elevated during that time (Figure 2, p < 0.05).




Figure 2 | Energy expenditure at 2-, 4- and 12-weeks. (A) Mean circadian analysis of energy expenditure at each hour in the 24-hour cycle in the Chow and WD groups after 2-weeks of dietary exposure. (B) Mean circadian analysis of energy expenditure at each hour in the 24-hour cycle in the Chow and WD groups after 4-weeks of dietary exposure. (C) Mean circadian analysis of energy expenditure at each hour in the 24-hour cycle in the Chow and WD groups after 12-weeks of dietary exposure. All data points are shown as group mean ± SE. (*p < 0.05, **p < 0.01, ***p < 0.001 compared to Chow).



Across all three experimental time points, a diurnal rhythm was observed in the respiratory exchange ratio (RER) of Chow-fed mice: greater metabolism of lipids during the inactive, day phase and more carbohydrate utilization during the active, night phase (Figures 3A–C). At week 2 and persisting through week 12, this rhythm of metabolic flexibility was significantly dampened in the WD-fed group with near constant lipid utilization across the time points. At 2 weeks, WD-fed animals demonstrated a significantly elevated RER from ZT4-ZT7 and a significantly decreased RER from ZT13-17 and ZT22-ZT24 (Figure 3A, p < 0.05). Four weeks after diets began, RER in the WD-fed group was significantly decreased from Chow-fed animals starting at ZT12 and continuing to ZT24 (Figure 3B, p < 0.05). Lastly, after 12 weeks of dietary exposure, we observed results similar to week 4 during ZT13-ZT18 with the WD-fed animals exhibiting a significantly decreased RER (Figure 3C, p <0.05). These data suggest that the WD significantly impacted metabolic diurnal rhythms as well as metabolic flexibility. These effects were observed as early as 2 weeks and persisted through 4 and 12 weeks of WD feeding.




Figure 3 | Respiratory exchange ratio at 2-, 4- and 12-weeks. (A) Mean circadian analysis of respiratory equivalent ratio at each hour in the 24-hour cycle in the Chow and WD groups after 2-weeks of dietary exposure. (B) Mean circadian analysis of respiratory equivalent ratio at each hour in the 24-hour cycle in the Chow and WD groups after 4-weeks of dietary exposure. (C) Mean circadian analysis of respiratory equivalent ratio at each hour in the 24-hour cycle in the Chow and WD groups after 12-weeks of dietary exposure. All data points are shown as group mean ± SE. (*p < 0.05, **p < 0.01, ***p < 0.001 compared to Chow).





Diurnal Activity and Feeding Behavior

We observed a typical murine diurnal rhythm in our animals with elevated activity during the night phase and decreased activity during the day (Figures S1A–C). Diet did not appear to have an effect on activity at the 2 week time point (Figure S1A). Similarly, 4 weeks of WD consumption did not induce large-scale changes in diurnal activity (Figure S1B). However, at the 12 week experimental time point, we observed a significant reduction activity in the WD-fed group from ZT13-ZT15 (Figure S1C, p < 0.05). However, this did not result in a significant decrease in activity when averaged across the entire night cycle.

After 2 weeks on the diets, the WD-fed group consumed significantly more food and water by weight than the Chow-fed group during the day (Figure S2A, p < 0.05). Kilocalorie consumption was found to be significantly greater in the WD-fed group during all three time points (Figure S2A, p < 0.05). At the 4 week time point, the WD-fed group consumed more grams of food during the day, but less food during the night than the Chow-fed groups (Figure S2B, p < 0.01). This translated into greater kilocalorie consumption in the WD-fed animals during the day and total (Figure S2B, p < 0.01). Twelve weeks after diets began, the WD-fed group did not consume more food by weight than the Chow-fed animals. However, kcal consumption was significantly elevated in the WD-fed group compared to Chow-fed group for the day, night and 24-hour total data points due to caloric density of the food (Figure S2C, p < 0.05). There was not a significant difference in water consumption between the Chow-fed and WD-fed groups at 4 or 12 weeks.



Diet-Induced Changes in the Enteric Microbiota

To identify WD-induced changes in the enteric microbiota, we used shotgun metagenomic sequencing of freshly isolated feces at each indicated timepoint. First, to ensure that we had adequate depth of sequencing, estimates of alpha diversity and depth of sampling were assessed using rarefaction curves (Figures S3A–E). Each sample at each time point reached a plateau, (indicating more sequences than OTUs) signifying adequate depth of sampling and alpha diversity.

We next assessed global changes in the enteric microbiome in the WD-fed vs. Chow-fed mice. To achieve this, we analyzed the composition of the enteric microbiota over time by means of non-metric dimensional scaling (nMDS) ordination plots based on the Bray-Curtis dissimilarity index (Figure 4). This method provides a similar visualization of the data as a principle component analysis (PCA) without the biases associated with a PCA concerning low abundance organisms (Zhu and Yu, 2009). The fit or stress of the nMDS denotes how well the ordination consolidates the observed distances among the samples where a value less than 0.3 would indicate a good fit. The fit associated with our analysis was 0.156. In Figure 4A, the nMDS ordination plot factored by diet revealed one predominant central cluster (Chow diet) with the other diet (WD) scattered in a radiating pattern, indicating increasing dissimilarity. Thus, the composition of the microbiome was much more stable in the chow group over time, than in the WD group. To examine how dissimilarity progressed over time between the two diet groups, an nMDS ordination plot factored by diet and time was constructed (Figure 4B). This analysis highlighted the progression of increasing changes within the intestinal microbiome over time in those animals fed a WD (Figure 4B, Figure S5). This trend of increasing dissimilarity continued throughout the duration of the experiment in which greater body weight and metabolic changes overtime were observed between the WD- and Chow-fed mice. We also observed a significant decrease in bacterial diversity and evenness in the WD-fed group compared to Chow-fed group, primarily at 12 weeks (p = 0.006; p = 0.008) (Figures S4A, B and Tables S6,  S7). Using Pearson’s correlation we also noted that bacterial diversity and evenness were inversely related to parameters that increased during the development of obesity including HOMA-IR, body weight, visceral fat weight, and Day EE (Figure S4E and Table S10). In summary, decreases in enteric bacterial diversity and evenness, indicators of dysbiosis, were observed in mice fed a WD and correlated strongly with the metabolic phenotype of obesity.




Figure 4 | An nMDS ordination of the microbiota samples (A) by diet and (B) over time. The taxonomic profiles of the samples were used to compute the sample dissimilarity matrix using Bray-Curtis dissimilarity index. The matrix was used to compute an ordination of the samples in two dimensions (MDS1 and MDS2). The stress associated with this ordination is 0.156. The shapes in plot B denote the diet (Chow and WD), where the color denotes the time point (0 days, 2 days and 2, 8 and 12 weeks on the diets).



Our next goal was to determine which microbial populations most significantly contributed to the dissimilarity seen in WD-associated microbiota. Relative abundance plots illustrate the composition of the microbiota in each group over time (Figure 5A and Table S1) (Shreiner et al., 2015). Prominent in the Chow-fed group were members of four well known bacterial phyla: Firmicutes (60 ± 8.5%), Bacteroidetes (33.460 ± 7.1%), Proteobacteria (1.675 ± 0.2%), and Actinobacteria (1.012 ± 0.2%), at day 0, consistent with previous reports (David et al., 2014; Ziętak et al., 2016). The microbial composition remained relatively stable throughout the 12 week experiment for mice fed a Chow diet. On the other hand, shifts in relative abundance profiles of WD-fed mice samples were detected as early as day 2 (Figure 5A and Table S1). For example, Proteobacteria showed a significant reduction in abundance in the WD-fed group vs. Chow-fed group (p = 0.02), while Verrucomicrobia began to increase after 2 days from 1.467 ± 2.4% to 9.182 ± 4.6% in the WD-fed group. The increase in Verrucomicrobia abundance was transient and returned to pre-diet abundance levels by 12 weeks. Notably, significant increases were observed in Firmicutes (p = 0.04) at 12 weeks in the WD group (Figure 5A and Table S1).




Figure 5 | Changes in relative abundance of microbial composition after administration of the Western diet. (A) Phylum, (B) Class and (C) Family level bacterial composition in mice fed Chow or WD after 2 days, 2, 8 and 12 weeks of dietary exposure. The mean relative abundance (%) of bacterial phyla are shown. Statistical results outlined in Tables S1–S3.



To more precisely resolve shifts in bacterial communities, we next evaluated class-level and family-level community profiles (Figures 5B, C and Tables S2, S3). The composition of the bacterial classes and families in the Chow-fed group were relatively stable throughout the experiment (Figures 5B, C and Tables S2, S3). In contrast, we observed significant changes in bacterial abundance/composition in the WD-fed group over the experimental timeline.

Most notable among the WD-induced changes was an increase in class Bacilli at 12 weeks (p = 0.04). Bacilli have been previously shown to be elevated in the intestinal microbiota in obese individuals (Ziętak et al., 2016). Enterococcaceae, specifically the Genera Enterococcus, appeared to be the major contributor to this increase at 12 weeks in the WD group (p = 0.04). Additionally, the increase seen in the class Bacilli was also due to a bloom in Streptococcaceae abundance at 2 weeks (p = 0.005), 8 weeks (p =0.01) and 12 weeks (p =0.02). Other notable increases in bacterial composition included Verrucomicrobiae. Starting as early as 2 days, we observed an increase in the class Verrucomicrobiae in the WD-fed group that peaked at 2 weeks and returned to roughly baseline levels by 12 weeks (Figure 5B and Table S2). This increase could be attributed to an increase in the family Verrucomicrobiaceae (Figure 5C and Table S3), primarily from the genera Akkermansia (data not shown).

We also observed decreases in class Clostridia starting at 2 weeks and becoming significant at 12 weeks (p = 0.01) (Figure 5B and Table S2). These decreases were accounted for primarily by members of the family Clostridiaceae beginning at 2 days on WD (p = 0.008) (Figure 5C and Table S3). Other significant decreases in the WD-fed group were observed in class Bacteroidia at 2 weeks (p = 0.04) and 12 weeks (p = 0.0007) and many members of the phylum Proteobacteria. Together, the reduction of overall diversity and evenness within the intestinal microbiota could be attributed to over-growth of Bacilli and Verrucomicrobiae family members along with reductions in Clostridiaceae and several other bacterial constituents on WD.



Diet-Induced Changes in the Enteric Phageome

We next wanted to determine how other constituents of the microbiome, namely bacteriophage populations, were impacted by the WD. First, we assessed the degree of the dissimilarity by analyzing bacteriophage diversity and evenness (Figures S4B,  D and Table S6). Similar to the trends observed in bacterial populations, we observed a reduction in the diversity and evenness of the enteric phageome over the course of the experiment in WD-fed mice. The Mann-Kendall trend analysis revealed a downward trend over the course of the experiment in both diversity (S = -65, p = 0.008) and evenness (S = -75, p = 0.003) in WD-fed groups (Table S7). Moreover, the reduction in the diversity and evenness of the enteric phageome preceded similar changes in bacteria following dietary exposure (Figures S4A, B). Bacteriophage diversity and evenness were also inversely related to metabolic parameters that increased during obesity development, specifically HOMA-IR, body weight, visceral fat weight, and Day EE (Figure S4E and Table S11). Thus, changes in bacteriophage populations preceded changes in bacterial composition, but both had similar overall trends of decreasing diversity on WD. Also, both changes correlated with changes in metabolic phenotype.

We next evaluated the relative abundances of bacteriophage at the family and genus levels. It is important to note here that phage taxonomy classifications are not as complete as those for bacteria, especially at the genus level (Kuhn, 2020). Thus, many of the bacteriophages in our analysis remain unclassified beyond the family annotation. The enteric phageome of Chow-fed mice remained relatively consistent throughout the experiment at the family and genus levels (Figures 6A, B). In contrast, mice fed a WD demonstrated an increase in Siphoviridae at 2 weeks (p = 0.0001) coupled with a reduction in Myoviridae at 2 weeks (p = 0.001) and 8 weeks (p = 0.05), and Podoviridae as early as day 2 (Figure 6A and Table S4). The increase in Siphoviridae in the WD-fed group could be largely attributed to increases in P335-like viruses starting at 2 days, which were maintained at elevated abundance through 12 weeks (Figure 6B and Table S5), with significant increases at 2 weeks (p = 1.78 x 10-5) and 8 weeks (p =0.0001). Additionally, we observed an increase in phiFL-like viruses at 12 weeks. phiFL-like viruses are primarily temperate bacteriophage that target members of the Enterococcaceae family (Adriaenssens et al., 2015), and this increase could be attributed to an increase in host species containing a prophage (Table S8).




Figure 6 | Changes in relative abundance of bacteriophage composition after administration of the Western diet. (A) Family and (B) Genus level viral composition derived from the order Caudovirales in mice fed Chow or WD at 2 days, 2, 8 and 12 weeks of dietary exposure. Data shown are based on those families belonging to the order Caudovirales. The mean relative abundances (%) of viral families are shown. Statistical results outlined in Tables S4, S5.



Myoviridae family abundance decreased significantly as early as 2 weeks and continued to decline in WD-fed mice at 12 weeks (2.297 ± 0.5%) (Figure 6A and Table S4). This reduction was due in part to a significant depletion of the bacteriophage genus phiCD119-like viruses at 2 weeks (p = 0.004) in WD-fed mice (Figure 6B and Table S5). Though not significant, phiCD119-like viruses remained reduced in relative abundance in the WD-fed group at 8 weeks and 12 weeks. Taken together, WD feeding increased the abundance of the Siphoviridae family and reduced abundance in the Myoviridae family compared to Chow-fed mice, further, WD-induced alterations in the enteric phageome occurred as early as 2 days on diet (Figure 6B and Table S5), preceding changes in their bacterial host abundance (Figure 5B).



Correlations Between Diet-Induced Changes in the Bacterial and Bacteriophage Consortia

To obtain a more comprehensive picture of how diet affects the relationship between specific phage genera and bacterial families, we calculated Pearson correlation coefficients between the Caudovirales genera and the 55 most abundant bacterial families at the final time point of 12 weeks (Figure 7 and Table S9). The correlation coefficients were sorted into negatively and positively correlated groups which resulted in: 1) a large group of bacteria that correlated positively with a large group of phages (both highlighted with green brackets) and 2) a smaller group of bacteria and bacteriophage that were positively correlated with each other (orange brackets). We observed members within the designated groups had the same trend in response to diet. For example, members within the green group were often reported as reduced in abundance following WD-feeding and the members of the orange group were often seen to bloom following WD-feeding. The two groups also had conversely negative correlations with members of the other (green vs. orange) group. This correlation grouping resulted in separation of bacterial families, most of which clustered with other families belonging to the same class. Given these findings, we next determined the frequency of putative phage-host relationships between the positively correlated groups.




Figure 7 | Diet Induced Bacteria-Bacteriophage Patterns in Obesity. Pearson’s correlation plot of the top 55 most abundant Bacterial Families and all Bacteriophage Genera (Viral OTUs within the order Caudovirales) for mice fed Chow or WD at 12 weeks. Positive values (red circles) indicate positive correlation coefficients above 0.6, and negative values (blue circles) indicate inverse correlation coefficients below -0.6. The size and shading of the circles indicate the magnitude of the correlation, where darker shades indicate a stronger correlation than lighter shades. Organization of the plot is based on the correlation coefficient values of Brachyspiraceae. Correlation coefficient values outside of the threshold of 0.6 are not included in this plot, but are outlined in Table S9. Putative host information and correlation coefficient values between bacteriophage genera and putative bacterial host family are listed in Table S8.



Among the organisms within the green brackets, roughly 48% had positive correlations between bacteriophage genera and their putative bacterial hosts (Figure 7 and Tables S8, S9). Six of these were very strong correlations of 0.6 or higher. These include bacteriophage genera who target bacterial families Pasteurellaceae (phiPLPE-like viruses) (Leblanc et al., 2009; Comeau et al., 2012), Burkholderiaceae (Bpp-1- and phiE125-like viruses) (Summer et al., 2007), Clostridiaceae (phiCD119-like viruses) (Revathi et al., 2011; Sekulovic et al., 2014; Hargreaves and Clokie, 2015) and Enterobacteriaceae (Che8- and RB49-like viruses) (International Committee on Taxonomy of Viruses (ICTV); Petrov et al., 2010; Hatfull, 2012). Many of the bacteriophage in these genera were temperate. phiCD119-like viruses, for example, are temperate bacteriophage that target Clostridium species as their host (International Committee on Taxonomy of Viruses (ICTV); Revathi et al., 2011; Sekulovic et al., 2014; Hargreaves and Clokie, 2015). Temperate bacteriophage, such as phiCD119-like viruses, would correlate directly with bacterial host abundance if they are present as integrated prophage. Also in the organisms within the green brackets were 7 bacteriophage genera that negatively correlated with their putative host (correlation coefficients between 0.4 and 0.6; Table S8, S9). Interestingly, bacteriophage genera with the strongest negative correlations in this grouping targeted either members of Bacillaceae (McLaughlin et al., 1986; Grose et al., 2014), Streptococcaceae (Garneau et al., 2008; Guglielmotti et al., 2009) or Staphylococcaceae (Goerke et al., 2009) (Table S8). For example, Streptococcaceae-targeting bacteriophage genera 1706- and Sfi21-like viruses were strongly negatively correlated with their host, Streptococcaceae (International Committee on Taxonomy of Viruses (ICTV); Garneau et al., 2008; Guglielmotti et al., 2009).

While the orange group contained fewer bacterial families and bacteriophage genera than the green group (Figure 7 and Table S8, S9), the majority of bacteriophage and putative hosts in this group showed strong positive correlations. These include Streptococcaceae-targeting P68- (Deghorain and Van Melderen, 2012), Sfi11- (Deveau et al., 2008; Guglielmotti et al., 2009; Ali et al., 2014), and P335-like viruses (Labrie and Moineau, 2000; Samson and Moineau, 2010; International Committee on Taxonomy of Viruses and King, 2011), Staphylococcaceae-targeting P68- (Nelson et al., 2003) and phiETA-like viruses (Bae et al., 2006; Daniel et al., 2007; International Committee on Taxonomy of Viruses and King, 2011; Bueno et al., 2012), Bacillaceae-targeting TP21-like viruses (Klumpp et al., 2010) and Enterococcaceae-targeting phiFL-like viruses (Adriaenssens et al., 2015). For example, P335-like viruses were seen to strongly correlate with their bacterial host, Streptococcaceae. This genus is comprised of an equivalent amount of virulent and temperate bacteriophage species. Thus, the elevation in abundance of this bacteriophage genera cannot be solely due to replication of prophage via host replication. Taken together, phage abundance positively correlated with the abundance of their putative host bacteria in many cases, but not all.



Correlations Between WD Induced Metabolic Phenotype and the Intestinal Bacteria and Bacteriophage Populations

Next, we examined how specific bacterial families correlated with metabolic phenotypes within the WD-fed group. Interestingly, bacterial families clustered into similar groupings as those generated by correlations of bacteria and bacteriophage (again designated by orange or green brackets, Figure 8A and Table S10). Bacterial families grouped in the orange cluster positively correlated with metabolic parameters shown to be indicative of metabolic disease, namely HOMA-IR, Percent Body Weight Change, Visceral Fat Weight, and Day EE. Conversely, this orange group of bacterial families showed a strong inverse relationship with Night RER. As mentioned previously, a lower night RER (close to 0.7) during the active cycle would indicate primarily lipid utilization, characteristic of metabolic inflexibility. These results indicate that bacterial families within the orange group positively correlate with key pathophysiological metabolic parameters associated with obesity. Thus, our findings suggest that bacterial families within the orange group represent an obesity-responsive group of bacteria.




Figure 8 | Diet Induced Bacteria/Bacteriophage – Metabolic Patterns in Obesity. Pearson’s correlation plot of (A) Bacterial Families (top 55 most abundant) or (B) Bacteriophage Genera (Viral OTUs within the order Caudovirales) and metabolic parameters for mice fed Chow or WD for data after 12 weeks of dietary exposure. Statistical significance was determined for all pairwise comparisons. Positive values (red circles) indicate positive correlation coefficients above 0.6, and negative values (blue circles) indicate inverse correlation coefficients below -0.6. The size and shading of the circles indicate the magnitude of the correlation, where darker shades indicate a stronger correlation than lighter shades. Correlation coefficient values outside of the threshold of 0.6 are not included in this plot (Tables S10, S11).



Correlation profiles showing a negative relationship with metabolic parameters associated with obesity were apparent for the bacterial families within the green grouping. Bacterial families within the green grouping negatively correlated with HOMA-IR, Percent Body Weight Change, Visceral fat weight, and Day EE and were most often positively correlated with Night RER. Hence, bacterial families grouped in green negatively correlate with key pathophysiological metabolic parameters associated with obesity.

Because strong relationships were identified between bacterial families and metabolic phenotypes, we sought to examine the relationships between bacteriophage populations in the intestinal microbiome and the metabolic phenotype observed in the WD-fed animals. Many of the bacteriophage genera that showed strong correlations to metabolic readouts correlated similarly in terms of green and orange grouped bacteriophage genera (Figure 8B and Table S11). Orange labeled bacteriophage genera positively correlated with HOMA-IR, Percent Body Weight Change, Visceral Fat Weight, and Day EE. As these particular bacteriophage genera increased in relative abundance, phenotypic markers for body weight gain increased following dietary exposure. In contrast, green labeled bacteriophage genera had a negative relationship with the metabolic parameters mentioned above, revealing that as these metabolic parameters increased, there was a decrease in the relative abundance of the bacteriophage genera in the green group (Figure 8B and Table S11). Because of the linked relationship between the bacteriophage genera and their host, correlations between bacteriophage and metabolic parameters must be considered within the framework of bacterial host dynamics.




Discussion

In this study, we utilized an integrative approach of metabolic readouts coupled with microbiome analysis to comprehensively explore the relationship between diet, host metabolic changes and constituents of the gut microbiota. Extending the scope of previous reports (Turnbaugh et al., 2006; Turnbaugh et al., 2009; David et al., 2014; Hakkak et al., 2017), we confirm that WD-feeding adversely effects a wide range of communities within the intestinal microbiome using shotgun metagenomic sequencing. More importantly, we now describe novel relationships between specific microbiome constituents and pathophysiological metabolic parameters associated with obesity. We report dynamic alterations to the composition of the intestinal microbiota as early as 2 days following WD feeding (Figures 5 and 6). Over time, consortia of bacteria and bacteriophages became progressively less diverse and even (Figure S4). Furthermore, fluctuations in the phageome were quite rapid, often preceding changes in abundance of their bacterial host. After 12 weeks of WD-feeding, constituents of the enteric microbiome, namely bacteria and bacteriophages, showed distinct correlation patterns between bacteria and bacteriophage with the metabolic phenotype, which allowed us to distinguish between a healthy microbiome and one more typical of obesity (Figures 7 and 8).

To characterize metabolic changes over the course of the induction of obesity we examined energy expenditure, substrate utilization (RER), food intake, and activity parameters. The metabolic and rhythmic disruptions in EE and RER were observed throughout the time course of the experiment (Figures 2 and S1). In contrast, we observed a rhythmic disruption in food uptake (greater food intake in WD-fed mice in the day) early in the time course of the experiment while rhythmic disruption in activity (a reduction in WD-fed mice at night) was observed late in the time course of the experiment. These findings are consistent with our prior findings and those from others (Kohsaka et al., 2007; Hatori et al., 2012; Eckel-Mahan et al., 2013; Luo et al., 2016; Woodie et al., 2018). Thus, our WD feeding paradigm resulted in metabolic and rhythmic disruptions similar to those previously published in diet-induced obese mice.

One prominent example of a rapid microbial change in WD-fed animals was the transient rise in Verrucomicrobia which peaked at 2 weeks and declined to levels comparable to Chow-fed counterparts by 12 weeks (Figure 5). This spike in Verrucomicrobia was mainly attributed to the genera Akkermansia, which has been shown to play a protective role during obesity (Everard et al., 2013; Hakkak et al., 2017). In fact, administration of Akkermansia muciniphila during diet-induced obesity has been shown to improve the metabolic profile and colonic mucus layer thickness (Everard et al., 2013). Perhaps these organisms aid in short-term protection from intestinal microbiota dysbiosis or bloom simply due to nutrient availability following dietary exposure (Cani, 2018). Nevertheless, Akkermansia spp. were unable to maintain increased abundance after 8 weeks PD in our study (Figure 5).

At 12 weeks PD, we observed a depletion of Bacteroidetes and domination by Firmicutes in WD-fed mice (Figure 5). The disproportionality of Bacteroidetes : Firmicutes has been previously associated with the obese phenotype of the intestinal microbiota (Duncan et al., 2008; Howe et al., 2016). Although changes in the microbiota occurred rapidly, the shift in Bacteriodetes : Firmicutes ratio did not happen until later in our study, at 12 weeks. Instead, we observed diet-induced fluctuations in several other phyla that preceded the well-documented B:F ratio (Duncan et al., 2008; Howe et al., 2016; Hakkak et al., 2017). Further, while small changes were observed in bacterial populations at phylum level, more dynamic shifts were detectable at the class and family levels as early as 2 days PD in WD-fed mice. The WD-fed group demonstrated a shift in bacterial profile to one dominated by Bacilli in contrast to the Chow-fed group which was dominated by Clostridia and Bacteroidia. Not only have we observed changes that are consistent with existing studies of the bacteriome in obesity (Backhed et al., 2004; Hakkak et al., 2017), but we also bring into context changes in the phageome that occur in tandem with mammalian host metabolic changes.

The rapid changes that occurred on the WD-fed animals led to an increased abundance in bacteriophage belonging to the Siphoviridae family, and a decreased abundance in the Myoviridae family (Figure 6). Similar changes have been observed in studies characterizing changes in intestinal bacteriophage populations during inflammation (Norman et al., 2015; Gogokhia et al., 2019). Norman et al. reported increased abundance of Siphoviridae, and specific bacteria:bacteriophage correlations in a broad study of clinical samples from human inflammatory bowel diseases. For example, Enterococcus bacteriophage phiFL1A, a member of phiFL-like viruses, were positively correlated with Bacteroidaceae and Pasteurellaceae in Crohn’s disease while also being negatively correlated with Prevotellaceae (Norman et al., 2015). In our study, we observed a negative relationship between temperate phiFL-like viruses and members of Bacteroidaceae, Paseurellaceae and Prevotellaceae in line with the relative abundance changes of its host, Enterococcaceae, following WD-feeding. Members of Bacteroidaceae and Prevotellaceae are known to be reduced where Enterococcaceae and Pasturellaceae are known to be increased in abundance in the context of inflammatory bowel diseases (Gevers et al., 2014; Lewis et al., 2015; Alam et al., 2020; Horwat et al., 2020). The differences in our studies may reflect the relative degrees of inflammation in each system. Intestinal inflammation may drive disease-specific alterations in the intestinal microbiome while bacteriophage abundance under different diets may change more directly with the bacterial host’s response to the diet. Studies of longer term WD-induced obesity and the low grade inflammation associated with it would be likely to reveal results more similar to IBD.

Previous studies have also reported effects of diet on composition of the virome. Howe, et al. demonstrated distinct viral communities in individuals on a low fat vs. high-refined sugar, milkfat diet (Howe et al., 2016). One explanation for elevated bacteriophage abundance following diet change could be that viruses replicate at a much faster rate than bacteria. Bacteria typically produce one daughter cell per replication cycle where one bacteriophage can give rise to around 100 new virions within one host cell per replication cycle (Orlova, 2009). Additionally, bacteriophage require less resources for production of progeny than bacteria (Orlova, 2009). When the opportunity arises, such as a bloom in target bacteria, bacteriophage could benefit from the increase in viable host bacteria. Thus, a bloom of bacteria could give rise to a rapid bloom of bacteriophage that target this host. Bacterial abundance levels could appear reduced or stagnant as bacteriophage progeny infect new daughter bacterial cells (Manrique et al., 2016; Scanlan, 2017; Hsu et al., 2019). A plateau may also be reached such that bacteriophage co-exist with host as a result of co-evolution (Manrique et al., 2016; Scanlan, 2017; Hsu et al., 2019).

Many of the bacteriophage genera exhibited abundance patterns that correlated positively with their host, indicating that their relative abundance changed in parallel to their host (Figure 7). We further demonstrated several trends in bacteriophage abundance dynamics that did not follow that of their host, and this pattern was exacerbated in WD-fed mice. For example, members of the Streptococcaceae-targeting bacteriophage genera showed a wide range of responses to WD-feeding. P335-like and 936-like viruses showed similar responses to diet change, directly corresponding to that of their host. While all members of 936-like viruses are classified as virulent, members of P335-like viruses are composed of equal portions of virulent and temperate. Therefore, a bloom of P335-like viruses could arise as a result of a combination of interactions, such as prophage integration (temperate) in the host and kill-the-winner dynamics (virulent). In the “kill-the-winner” scenario, host bacteria increase in abundance, followed by a bloom in virulent bacteriophage who target that particular host (Maslov and Sneppen, 2017; Sutton and Hill, 2019). Consistent with this scenario we observed that 936-like viruses increased following a bloom of their host Streptococcaceae (Mahony et al., 2006; Michelsen et al., 2007). As these studies have increased our understanding of phage-host dynamics, we must also acknowledge that such dynamics change very rapidly. Even though we sampled across numerous timepoints, these observations cannot fully account for changes that happened between timepoints. Future studies should therefore include more timepoints, and perhaps more targeted measurements, focusing only on specific phage and host bacteria.

The prevailing theory of bacteriophage ecology and abundance predicts that bacteriophage populations follow that of their putative host - either due to lysogeny or kill-the-winner dynamics - which much of our findings support (Knowles et al., 2016; Silveira and Rohwer, 2016; Maslov and Sneppen, 2017; Sutton and Hill, 2019). However, we also noted bacteriophage genera whose abundance inversely correlated with the abundance of their bacterial host. This was exemplified by 1706-like viruses, which are virulent bacteriophage who target Streptococcaceae (Garneau et al., 2008), similar to 936-like viruses. They exhibited a reduction in abundance as compared to its bacterial host in WD-fed animals, but not in Chow-fed animals. Potential explanations for this inverse correlation are: 1) it could be due to a decrease in as yet-unidentified bacterial host populations; 2) competition of different phages for the same host, perhaps some phages lose out (Trinh et al., 2017); 3) development of host resistance to the bacteriophage which would reportedly reduce the number of said bacteriophage in the environment (Hall et al., 2011; Sutton and Hill, 2019); or 4) as a recent publication reported, phage dynamics can change in response to non-host bacteria (Hsu et al., 2019). To our knowledge, 936-like and 1706-like viruses both target Lactococcus within Streptococcaceae. Bacteriophage persistence could also be based on sensitivities of these bacteriophage external triggers, such as metabolites or inflammatory products, within the microbiome following dietary exposure. Ongoing studies are aimed at more closely evaluating the specific bacteria:bacteriophage dynamics following dietary exposure.

Here we show that compositional shifts in the microbiota occur prior to the onset of pathophysiological metabolic parameters associated with obesity. Families within the class Bacilli, namely Enterococcaceae, Streptococcaceae, Bacillaceae and Staphylococcaceae, showed strong positive relationships with metabolic parameters elevated in WD-fed mice (Figure 8). Interestingly, these families have been previously implicated in the literature as increasing the energy-harvesting capacity of the microbiota, and thus contributing to the pathophysiology of obesity (Turnbaugh et al., 2006; Kobyliak et al., 2016). Therefore, the elevation in body weight, visceral fat, and metabolic inflexibility observed in the WD-fed mice could be directly related to the elevation in these bacterial components in the intestinal microbiota. The same study noted an inverse relationship between these obese-associated bacterial families and members of the bacterial families Clostridiaceae, Rumminococcaceae, Bacteroidaceae and Prevotellaceae (Turnbaugh et al., 2006). Similarly, we found that these families were depleted in WD-fed animals and had strong negative relationships with the metabolic parameters elevated in the WD-fed mice. Our findings support previous studies and implicate the above listed bacteria as those associated with obesity, and those representative of a leaner phenotype, respectively (Turnbaugh et al., 2006; Kobyliak et al., 2016).

With the surge of antibiotic resistance within recent years, there is renewed interest in using bacteriophage as therapy for bacterial infections (Ul Haq et al., 2012; Serwer et al., 2014; Danis-Wlodarczyk et al., 2016). One noted advantage of bacteriophage therapy to traditional antibiotics is the reduced impact on the organism’s commensal microbiome due to bacteriophage host specificity. In a similar fashion, bacteriophage could be utilized to deplete specific blooms of bacteria in the intestinal microbiome in order to induce a return to homeostasis which has been disrupted by colitis or obesity (Ul Haq et al., 2012; Serwer et al., 2014). The intestinal microbiota has been previously implicated in having a causal role in the development of obesity (Ridaura et al., 2013). Considering this study and other previous reports (Mai et al., 2015; Sybesma et al., 2016; Hsu et al., 2019), bacteriophage therapy could be used to deplete obese-associated bacteria. Thus, an important goal for the field will be further examination of bacteria-bacteriophage dynamics and the impacts of this on the surrounding microbiome community. By evaluating the dynamic relationship between bacteriophage and their bacterial hosts following WD-feeding, our work provides an overview of the timeline of disruption of both constituents and how this relates to the pathophysiology of obesity.
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Type 2 diabetes mellitus (T2DM) is a complex disorder comprehensively influenced by genetic and environmental risk, and research increasingly has indicated the role of microbial dysbiosis in T2DM pathogenesis. However, studies comparing the microbiome characteristics between T2DM and healthy controls have reported inconsistent results. To further identify and describe the characteristics of the intestinal flora of T2DM patients, we performed a systematic review and meta-analysis of stool microbial profiles to discern and describe microbial dysbiosis in T2DM and to explore heterogeneity among 7 studies (600 T2DM cases, 543 controls, 1143 samples in total). Using a random effects model and a fixed effects model, we observed significant differences in beta diversity, but not alpha diversity, between individuals with T2DM and controls. We identified various operational taxonomic unit (OTUs) and bacterial genera with significant odds ratios for T2DM. The T2DM signatures derived from a single study by stepwise feature selection could be applied in other studies. By training on multiple studies, we improved the detection accuracy and disease specificity for T2DM. We also discuss the relationship between T2DM-enriched or T2DM-depleted genera and probiotics and provide new ideas for diabetes prevention and improvement.
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Introduction

According to the 2019 Ninth International Diabetes Federation Diabetes Atlas, there are approximately 463 million diabetic patients worldwide (1). It is expected that the number of diabetic patients will increase from 578.4 million in 2030 to 700.2 million in 2045, representing an increasing public health threat throughout the world (1). Epidemiologically, Type 2 diabetes mellitus (T2DM) characterized by glucose intolerance accounts for approximately 90% of all diabetic patients worldwide (2, 3), and is a complex multifactorial metabolic disorder involving genetic (e.g. Tcf7l2, Kcnq1) and environmental lifestyle factors (e.g. intake of energy-dense refined food, sedentary behavior) (4–7). Meanwhile, the imbalance between immune cells results in the production of excess chemokines and proinflammatory cytokines that promote systemic inflammation and lead to peripheral insulin resistance. Subsequently, this immunological dysfunction leads to diabetic patients being more risky toward many infectious diseases (diabetic foot, diabetic nephropathy, et al.) (8, 9). Therefore, the study of pathological mechanisms is of great significance for the effective prevention and treatment of T2DM.

With the development of high-throughput sequencing technology, increasing evidence has shown that gut microbiota dysbiosis, as an important environmental factor, may lead to diabetes (10–15). Microbial diversity indexes including the phylogenetic diversity and Chao1 were significantly decreased in T2DM (16). Studies have also revealed that the gut microbiome of T2DM is characterized by an enrichment of opportunistic pathogens (11) and sulfate-reducing bacteria (17, 18) and depletion of probiotics (19) and butyrate-producing bacteria (11, 17, 18, 20). For example, butyrate-producing Roseburia has been shown to causally improve glucose tolerance (21, 22). Wu et al. found that Bifidobacterium and Bacteroides were less represented in the diabetic group than in the nondiabetic group (19). A Chinese study suggested that Clostridium coccoides and Clostridium leptum were significantly lower, while the fecal count of Lactobacillus was significantly higher in diabetic patients than in healthy controls (23), which is in line with previous literature indicating that Lactobacillus might contribute to chronic inflammation in diabetes development (10, 24). Moreover, several studies have investigated the effects of modulation of gut microbiota on improvements of T2DM. A randomized, double-blind, and placebo-controlled study (25) showed that consumption of yogurt containing Bifidobacterium lactis BB-12 and Lactobacillus acidophilus LA-5 for 6 weeks significantly reduced the levels of blood glucose and glycated hemoglobin (HbA1) and increased the levels of erythrocyte superoxide dismutase (SOD) and glutathione peroxidase (GPx) activity and total antioxidant capacity. Similarly, the blood glucose, insulin, homeostasis model assessment for insulin resistance (HOMA-IR) index and inflammation were significantly reduced by probiotic intervention in a randomized double-blind placebo-controlled study of 61 Saudi T2DM patients (26). Recently, Mocanu et al. found that fecal microbiota transplantation (FMT) combined with low-fermentable fibers interventions regulated gut microbiota and improved HOMA2-IR and insulin sensitivity of obesity and metabolic syndrome patients (27). Therefore, gut microbiota dysbiosis is associated with T2DM, and gut microbial modulation is likely an effective strategy to improve T2DM by precision supplement of probiotics and even FMT.

Although many studies have monitored the gut microbiota and investigated its relationship with T2DM in different populations (28–32), inconsistent results describing microbial differences have been reported between diabetic and healthy individuals. For example, Larsen et al. found that the proportions of the phylum Firmicutes and class Clostridia were significantly reduced in T2DM patients compared to the control group (10); whereas one Pakistani study with 60 individuals revealed that bacteria from Firmicutes along with those from Clostridia and Negativicutes were predominant in obese T2DM patients (28). On the other hand, Doumatey et al. reported a significantly lower richness in T2DM (30), while Ahmad et al. and Chávez-Carbajal et al. observed no significant difference in the alpha diversity index observe (28, 29). In short, the key issue associated with the gut microbiota differences between T2DM and healthy controls is the lack of apparent reproducibility in different studies when identifying the microbiome characteristics in T2DM.

Here, we systematically reviewed, collected, and analyzed 16S rRNA gene raw sequencing data from 7 studies that investigated the intestinal microbiome of T2DM patients in relation to controls, and performed a meta-analysis on gut bacterial alpha-diversity, beta-diversity, community composition, as well as the analyses of classification model and bacterial correlation. We were aiming to better understand the gut microbe differences between T2DM patients and controls across countries, develop a complementary approach for the risk assessment of T2DM, and reveal the potential of probiotic therapeutic measures for T2DM from the perspective of intestinal microecology.



Materials and Methods


Database Search and Study Selection

In adherence with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines (33), a systematically computerized literature search of PubMed, EMBASE, and Web of Science was conducted until May 2020. The search strategy was as follows: diabetes (T2DM) and fecal microbiota and human and 16S rRNA. Additionally, the reference lists of identified original articles and reviews were reviewed manually for potential studies that might have been missed during the search. After an overview of the titles and abstracts, 22 publications were retained for further review of the full texts (Table S1). Studies were finally included if they met the following inclusion criteria: 1) studies were based on human fecal samples from T2DM patients and healthy subjects; 2) samples were sequenced by NGS for the 16S rRNA gene; and 3) raw sequencing data, barcodes, and metadata were publicly available or provided by the authors until October 20, 2020 upon request by email. Finally, sequencing datasets and metadata from 7 studies were obtained for subsequent analyses (16, 28–32), excluding the other 15 studies due to incomplete information on sequences, barcodes, or metadata (10, 15, 23, 34–44) (Table 1). The baseline clinical characteristics of participants recruited in the 7 studies were summarized in Table S2. The other five data-sets downloaded for model validation were generated from patients who suffered from the following diseases: colorectal cancer (CRC) (45), Parkinson (46), inflammatory bowel disease (IBD) (47), non-alcoholic fatty liver disease (NAFLD) (48), and fat syndrome (49).


Table 1 | Characteristics of the data sets included in the fecal sample-based analysis.





Microbiome Data Processing

The V4 or V3-V4 region of the 16S rRNA gene was the most frequently sequenced fragment with the Illumina (MiSeq or HiSeq) or Ion Torrent platform (PGM or S5) among the included studies (Table 1). Despite the different sequencing platforms and hypervariable regions of the 16S rRNA gene, we applied a uniform analytical pipeline to minimize the impact of these differences. Briefly, raw reads were quality filtered by Usearch (50) with -fastq_maxee 0.5 or were assembled using FLASH (v1.2.11) by with -x 0.2 and -M 200 for V3-V4/-M 250 for V3-V5/-M 150 for the V4 region. Closed-reference OTU picking at 97% identity was performed with Usearch against the SILVA132 database (51). For all taxonomic and diversity analyses, samples with sequencing depths less than 10000 sequences in the OTU table were not used for downstream analyses. The OTU table was rarefied to the lowest sequencing depth within each study.



Statistical Analysis

The α diversity indexes, bacterial richness (observed OTUs), Shannon index, and evenness (J) were calculated based on OTU tables of each study. Significance tests between T2DM patients and healthy controls were conducted by the Wilcoxon test method. Differences in community structure across samples (β diversity) were visualized by principal coordinates analysis (PCoA) plots based on Bray-Curtis distance. Significance tests were determined using permutational multivariate analysis of variance (PERMANOVA) with 104 permutations in vegan (52). Meta-analysis of bacterial alpha diversity indexes and microbial taxa among the 7 studies was performed to determine the consistency using both the random effects (RE) model and fixed effects (FE) model in the metafor package (53). Generally, we calculated the odd ratios (ORs) of these metrics by assigning any value above the median of the metric within the study as positive.

Random forest (RF; number of trees, 500) models were trained for individual studies, and datasets combined all studies together at the OTU and genus levels to test whether a mixture of featured taxa can predict T2DM. We evaluated their performance using leave-one-out (LOO) cross-validation and scored the predictive power in a receiver operating characteristic (ROC) analysis. Meanwhile, to refine microbiome signatures for diabetic detection, we developed a two-step procedure modeling workflows with rigorous external validation to avoid overfitting and overoptimistic reports of model accuracy. In the first step, we ranked the common OTUs and genera by their relative abundances. Next, as a precaution against overoptimistic evaluation, stepwise feature selection was employed to select predictive microbial features and eliminate uninformative features based on 10-fold cross-validation (the depict in Figure S1). The discriminatory power of OTUs and genera was calculated as the area under the ROC curve (AUC). Subsequently, we further explored the interaction between different genera and probiotics by Cytoscape (v3.5.1) (54). All statistical and correlation analyses were conducted in R (v3.5.3) (55). Figures were plotted mainly used ggplot2 (v3.0.0) (56) and gridExtra (57).




Results


Characteristics of Included Studies

Following quality filtering, a total of 1143 samples (543 healthy controls and 600 T2DM patients) from 7 studies were retained for downstream analyses (Table 1). Overall gut microbial community structures in T2DM patients were significantly different from those in healthy individuals (PERMANOVA, F=16.706, p<0.001) when combining all samples from the 7 individual studies together. However, samples were distinctly clustered primarily by individual studies in PCoA (Figure 1), probably due to different populations (ethnicity) worldwide, as well as strong variables such as DNA extraction methods, 16S rRNA gene regions investigated, and sequencing platforms adopted by individual studies. This large variability in the gut microbiota across studies prompted us to perform a further meta-analysis.




Figure 1 | The principal coordinates analysis (PCoA) of all samples at OTU level, depicting the great microbial variations from different studies with population variation, DNA extraction methods, 16S rRNA gene regions investigated, sequencing platforms, etc. The points represent samples, shapes represent the different group, and the colors represent the different study. Top 10 genera with significant (P < 0.001, p < 0.05) correlations were fitted to the PCoA.





Microbiome Profile Differences Between T2DM and Controls

The differences in alpha diversity metrics between T2DM patients and controls were first analyzed. When calculating the odds ratios (ORs), none of the ORs of alpha diversity metrics were significantly higher than 1.0 for T2DM in either the RE model or FE model with low heterogeneity (Figure 2A), indicating nonsignificant differences in microbial alpha diversity between T2DM patients and controls. Even compared within individual studies, significantly higher microbial richness in controls than T2DM was observed in only 2 of 7 studies, while significantly higher Shannon diversity and evenness were observed in only one study (Supplementary Table 3A). However, when measuring differences in the entire community between T2DM and controls by PERMANOVA, significant differences in overall communities between T2DM and healthy individuals were obtained in 6 of 7 studies (Supplementary Table 3B). Again, by calculating the ORs based on the Bray-Curtis metric in each study, we found significant bacterial community differences between T2DM and controls in both RE models and FE models with high heterogeneity (Figure 2B).




Figure 2 | Forest plot of (A) the alpha diversity metrics and (B) Bray-Cutris distances between the individual with diabetics and the controls and (C) the genus metrics (Among them, the full name of L_AC2044_group is Lachnospiraceae_AC2044_group). The error bar depicts the 95% confidence interval. The value less than 1.0 (left side of the dashed line) depicts that the metric is higher in T2DM than the control. The values bigger than 1.0 (right side of the dashed lines) depicts that the metric is lower in T2DM than the control. There were significantly difference between the case and the control, if there was no cross between the dashed line and the error bar.



To further identify the significantly different taxa between healthy controls and T2DM patients, we calculated the ORs and relative abundance of all common taxa in each study (Figures 2C and S2A–S5B). Taxonomic abundances of bacterial phyla grouped by individual study showed consistent trends: increased relative abundances of Firmicutes (class Negativicutes or order Selenomonadales or family Veillonellaceae) and Actinobacteria (class Actinobacteria) and decreased relative abundances of Bacteroidetes (class Bacteroidia or order Bacteroidales) in patients with T2DM, which coincided with the RE model in our pooled meta-analysis (Figures S2A–S5B). The relative abundance and OR values of other species, includingbacterial phyla, class, order, and family, were depicted in Figures S2A–S5B, respectively. At the genus level, a total of 24 genera were identified as significantly associated with T2DM (Figure 2C). Six genera had significant ORs higher than 1.0 for the absence of diabetes in the RE and FE models, including Barnesiella, Butyrivibrio, Coprobacter, Tyzzerella 3, and Paraprevotella. Eighteen genera possessed significant ORs lower than 1.0 for the presence of diabetes, three of which were thought to be harmful to humans, including Desulfovibrio, Enterobacter, and Neisseria. In addition, there were some genera, such as Lactobacillus, Prevotella_6, and Eubacteria (58), which were beneficial to the human. These results showed that there were dependable and significant community-wide changes in the bacterial community structures of diabetic patients.



Metagenomic T2DM Classification Models

To determine whether unique OTUs or genera could serve as biomarkers to classify patients with diabetes, we constructed two separate RF classifiers by employing a two-step procedure methodology. With the dimension decreasing from each study, the AUC value increased to varying degrees for the prediction of common OTUs and genera for seven studies (Figures 3A and S6A). Notably, these AUC values for each study were improved and reached peaks of 16% (PRJNA607849) and 27% (PRJNA325931) for OTUs and genera, respectively. The sensitivity and specificity of the total study for detection based on the cross-validation set using common OTUs were 78% (95% CI 73.8–82.1%) and 75.7% (95% CI 71.6–79.7%; AUC=0.84), respectively, for conducting feature selection, compared to 76.8% (95% CI 72.7–80.9%) and 73.6% (95% CI 70.1–77.1%; AUC=0.82), respectively, for nonconducting feature selection (Figure 3A). When using the common genera, the sensitivity and specificity were 77.3% (95% CI 74.0–81.0%) and 77.2% (95% CI 73.0–81.4%; AUC=0.85), respectively, for feature extraction, compared to 77.3% (95% CI 73.9–80.7%) and 74.6% (95% CI 70.4–78.8%; AUC=0.83), respectively, for no feature extraction (Figure S6A).




Figure 3 | (A) The performances of models to classify the case and the normal before and after feature selection (FS) based on common OTUs; The horizontal ordinates represent the seven studies and the total study. The vertical coordinates depict the AUC of the individual study. (B) T2DM classification accuracy resulting from cross-validation within each study (the boxed along the diagonal) and study-to-study model transfer (external validations off the diagonal) as measured by the AUROC for the classification models trained on OTUs. The color of the scale bar on the right represents the AUC value.



Subsequently, we assessed how well the classifier trained on one study can be generalized to the other six studies. Cross-validation performance as quantified by AUC showed poor prediction performance of other studies on the predictor of one single study [median AUC = 0.58, ranging in (0.45, 0.78) for OTUs and median AUC = 0.59, ranging in (0.44, 0.77) for genera], compared to the single study’s own test set [median AUC = 0.94, ranging in (0.77, 1.0) for OTUs and median AUC = 0.95, ranging in (0.73, 1.0) for genera] (Figures 3B and S6B). We further assessed whether including data from all but one study in model training could improve prediction in the remaining hold-out study (LOOS validation). The LOOS performance of OTU-level models ranged from 0.74 to 0.85, while the LOOS performance of genus-level models ranged from 0.75 to 0.87 (Figures 4A and S7). These results suggest that the inclusion of multiple studies in the training set of a classifier can substantially improve its predictive performance relative to models trained on data from a single study. Then, by performing feature importance ranking on features obtained by feature screening based on shared OTUs of the total study (Figure 4B), we found that this model ranked OTUs belonging to Dorea, Clostridium_sensu_stricto_1, and Lactobacillus as the top 3 features in terms of mean decrease accuracy (Table S4). Meanwhile, we assessed the prediction performance of our T2DM classifiers based on studies for colorectal cancer (45), Parkinson’s disease (46), inflammatory bowel disease (47), NAFLD (48), and fat patients (49) (Figure 4C). Interestingly, we found that our OTU classification models were significantly improved over those observed for classifiers trained on other diseases, calibrated to have an average value of 0.87± 0.01 on T2DM data sets (t-test, p<0.05, Figure 4C). However, the average value of predicted probabilities on other disease data sets ranged from 0.48± 0.02 to 0.68 ±0.01. At the same time, the difference test found that diabetes is significantly different from other diseases (Figure 4C).




Figure 4 | Cross-study performance of statistical models based on OTUs. (A) ROC of data from all other studies are combined for training (LOOS validation). (B) The prediction probability relative to T2DM classification models trained on fecal samples from patients with other conditions. The "****" indicates that the predictive performance of the model between other diseases and diabetes is significantly different (t-test, p < 0.05). (C) The relative abundance, AUC value and feature ranking of the selected 96 OTUs based on two-step feature selection.





The Correlation of Featured Genera With Probiotics

In the context of diabetes mellitus, experimental and clinical studies have demonstrated that different species of bacteria reduce oxidative stress, showing antidiabetic effects (59). Thus, to further discuss the effects of probiotics on metabolic control in T2DM subjects, we studied the interaction between selected genera and probiotics. Based on the 149 differentially enriched genera and the top 30 genera corresponding to the importance of OTUs selected based on feature selection, 24 overlapping genera were selected for downstream analysis (Tables 2 and S5). In addition to distinguishing between individuals with and without T2DM, twenty-two of the 24 genera showed associations with a number of probiotics (Spearman correlation p < 0.05, abs(r-value) >0.1, Figure 5). For example, T2DM-depleted genera, including Clostridium_sensu_stricto_1, Blautia, and Dorea, were positively correlated with Bifidobacterium breve and Bifidobacterium adolescnts and were negatively correlated with L. acidophils. Meanwhile, Clostridium_sensu_stricto_1, Blautia, and Lactobacillus were correlated negatively with Bifidobacterium bifidum. Also, Lactobacillus that was enriched in T2DM patients was positively correlated with Lactobacillus delbruecki, B. breve, and Lactobacillus salivarius. By observing correlations with probiotics, supplementation with specific probiotics may effectively regulate the gut microbiota and improve T2DM, implying that balancing the intestinal microecology could provide a new prevention and treatment method for T2DM patients. Indeed, studies have shown that there is a significant association between certain genera and diabetes.


Table 2 | Importance, odd ration, confidence interval, and relative abundance of the 24 genera selected for the RF model for T2DM based on all samples.






Figure 5 | Associations between T2DM-enriched or depleted genera and probiotics. Differentially enriched 24 genera (q-value <0.05, FDR-controlled Wilcoxon rank-sum test, Table 2) were analyzed for associations with probiotics. Twenty-two of the 24 genera with significant correlation [P-value <0.05, abs(r-value)>0.1] were selected for the visualization. T2DM-enriched genera are represented by red circles, and control-enriched genera are represented by cyan circles. The size of each circle indicates connectivity. Green lines indicate positive association, and red lines—negative associations.






Discussion

This study systematically evaluated the differences in intestinal flora between T2DM patients and healthy controls based on 1143 samples from China (16, 31), Colombia (32), Pakistan (28), Africa (30), Mexico (29). We observed significant differences in overall microbial communities (beta diversity) between T2DM and the controls but no differences in alpha diversity indexes. Various OTUs and bacterial genera with significant odds ratios were identified for T2DM. Through ranking abundance and stepwise feature selection, the RF models based on single studies maintained their accuracy in other studies. By training on multiple studies, we further improved the accuracy and specificity of models for T2DM. Finally, the correlations between T2DM-associated genera and probiotics provide support for diabetes intervention or prevention by probiotics.

Our sequence-based analysis portrayed non-significant differences in OTU richness, evenness and Shannon diversity index between T2DM cases and controls. This is consistent with the results of most included studies, among which only two studies reported significant differences in Chao1 in patients with T2DM compared to controls (16, 29) and one study reported significant differences in observed and Shannon indicators (30). Meanwhile, comparing alpha diversity based on OR values, the PRJNA472187 study showed that diabetic patients tended to have less evenness and Shannon diversity than controls, while other studies showed the opposite trend. The absence of consistency indicates no significant differences in alpha diversity between T2DM and healthy controls, possibly due to the relatively small sample sizes or methodological variability for generating microbiome data. Significant differences in beta diversity metrics between T2DM cases and controls were reported by five studies (16, 28–31). There were also significant differences between T2DM and HC samples in a meta-analysis with higher heterogeneity for the RE model. Meanwhile, we observed distinct clustering of 7 individual studies by Bray-Curtis metrics (p<0.001). This heterogeneity in 7 studies of cases and controls may be due to the methodological, clinical, or study heterogeneity (geography, ethnicity, diet) of the included studies.

Meanwhile, studies have reported a positive correlation between Lactobacillus and T2DM (19, 20, 44, 60, 61). In agreement with these results, Lactobacillus and Eubacteria were significantly enriched with diabetes in the meta-analysis. Eubacteria have been reported as SCFA producers, including propionate and butyrate. Sanna et al. found that butyrate produced by intestinal microorganisms can improve the body’s insulin response and further promote immune modulation, while propionate abnormalities can increase the risk of T2DM (22). Moreover, the reported microbial profiles of patients with T2DM were analogical across the 7 included studies. Chávez-Carbajal et al. reported that the phylum Actinobacteria was highly abundant in patients with T2DM, whereas the phylum Bacteroidetes was less abundant (29). Five studies and some literatures reported the predominance of Firmicutes in T2DM patients (15, 29, 62). In our pooled meta-analysis, we found a consistent trend toward increased relative abundances of the phyla Firmicutes (class Negativicutes or family Veillonellaceae) and Actinobacteria and decreased relative abundances of Bacteroidetes (class Bacteroidia or family Bacteroidaceae) for T2DM. If dysbiosis with increased Actinobacteria and decreased Bacteroidetes is associated with T2DM, then measures to balance these taxa by FMT or other methods may be beneficial and feasible to improve T2DM.

We developed random forest classification models using microbiota data at the OTU and genus levels. Through extensive and statistically rigorous validation, our meta-analysis firmly establishes that gut microbial signatures are highly predictive of diabetes. In particular, 16S rRNA classifiers trained on OTU and genus profiles from multiple studies maintained a median AUROC of 0.83 [ranging in (0.77, 0.87)] and 0.84 [ranging in (0.75, 0.87)], respectively, in six out of seven data sets compared to a single study [median AUC = 0.56, ranging in (0.52, 0.62)]. This may be attributed to the fact that the samples studied by a single center are not universal. Meanwhile, our RF analysis identified several OTUs related to Dorea, Clostridium_sensu_stricto_1, and Lactobacillus as the most important features for predicting diabetes. The relationship between T2DM-associated (enriched or depleted) genera and probiotics shows that Clostridium_sensu_stricto_1 and Blautia were positively correlated with B. breve, and that Lactobacillus enriched in T2DM patients was correlated negatively with B. bifidum. Previously, Clostridium_sensu_stricto_1 was reported to be negatively correlated with insulin (63), C-peptide and triacylglycerol (64). Lactobacillus was significantly positively correlated with glucose and glycated hemoglobin (23). L. reuteri (65) used as a monoprobiotic have been reported to improve T2DM-related symptoms in humans. Our results support prior work suggesting adjustment of the intestinal microecology to provide new prevention and treatment strategies for T2DM.

There were limitations in this study. First, the study methodology in the included studies varied. These studies were performed with different sequencing platforms and sequencing regions, and differences in research methods have certain effects on the intestinal microbiota. Second, the included reports had relatively small sample sizes, with three of the seven studies recruiting more than 50 participants with T2DM. Some authors were reluctant to share data. Third, the studies included in our analysis used 16S rRNA sequencing to analyze the changes in bacterial groups, which underestimated the complexity of the gut microbiota. Despite these limitations, we systematically searched all raw sequencing data and meta-data and analyzed them in a suitable and uniform manner to minimize heterogeneity, which is important to detect alterations in the gut microbiota in patients with diabetes.

In summary, our study analyzed diverse fecal 16S rRNA gene sequencing datasets in a uniform manner and revealed shifts in fecal bacterial diversity and taxa in T2DM. By selecting bacterial features and building an RF model, we raise the possibility of a fecal bacterial mode of monitoring gut health and a complementary approach for risk assessment of T2DM. Furthermore, by analyzing the interaction between T2DM-associated genera and probiotics, we provide evidence for the therapeutic potential of probiotics applied in T2DM to restore and maintain a healthy gut microbiota state.
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Grazing and Supplementation of Dietary Yeast Probiotics Shape the Gut Microbiota and Improve the Immunity of Black Fattening Goats (Capra hircus)
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This study aimed to investigate the effects of different feeding modes on the growth performance, gut microbiota, and immunity of Black Fattening Goat (Capra hircus). A total of 30 goats were grouped in three groups by their feeding modes (pasture grazing group, PG; barn feeding group, BF; barn feeding + probiotics, BF + P; n = 10) and the study was performed for 114 days. After a 2-week adaptation period, the first growth performance test was conducted, and the blood and fecal samplings (day 0) were collected on January 17, 2020, while the second and third test and samplings were conducted on days 53 and 100 of feeding. The species-composition of fecal microbiota was analyzed by 16S ribosomal RNA gene-sequencing using PacBio single molecule real time (SMRT) sequencing technology. Both the BF and BF + P groups had the highest (P < 0.05) body’s weight and length, and chest circumference at days 53 and 100, especially at day 100, the body’s weight of both the BF groups were more than 18 kg. The levels of immunoglobulin A (IgA) and immunoglobulin G (IgG) were found to be significantly higher (P < 0.05) in the PG and BF + P groups at day 100. The PG group exhibited the highest number of operational taxonomic unit (OTUs) and alpha diversity. Firmicutes, Bacteroidetes, and Verrucomicrobia were the predominant phyla in all the fecal samples. The relative abundance of Akkermansia muciniphila and Ruminococcus flavefaciens were found to be significantly higher (P < 0.05) in PG group and BF + P group at day 100, respectively, which might partially explain the significantly higher (P < 0.05) levels of IgA and IgG in these two groups. These findings suggested that BF supplemented with 5 g probiotics (Saccharomyces cerevisiae and mannan oligosaccharides) per day has the potential to enhance the growth and immunity of Black Fattening Goats.

Keywords: growth performance, gut microbiota, immune response, feeding modes, goats


INTRODUCTION

Gut microbiota has been recognized as an intersection between diet and human health, as highlighted in many studies (Murphy et al., 2010; Gentile and Weir, 2018; Mshelia et al., 2018). There is a symbiotic relationship between the diet and gut microbiota. The diet is considered as one of the most effective regulatory factors for the composition and function of microbiota, while in return, the gut microbiota affects the absorption, metabolism, and storage of nutrients, and exhibits potentially profound effects on the host physiology. Studying the animal gut microbiota, Moeller et al. (2018) reported that the composition of gut microbiota was different among animals. There are extremely significant differences among the diversity and richness of gut microbiota of horses (Mshelia et al., 2018), rats (Rolim et al., 2021), geese (Wang et al., 2020), cows (Uchiyama et al., 2020), and goats (Liu et al., 2020). To date, there have been only few 16S ribosomal RNA (rRNA) gene sequencing technology-based studies, which have investigated the gut microbiota of small ruminants. Huang et al. (2017) investigated the changes in fecal microbiota of lambs fed with purple prairie clover (PPC) and condensed tannins from PPC, and showed that the forage type and condensed tannins had no effects on the composition and α-diversity of fecal microbiota at phylum level. On the other hand, the concentrate supplementation in starch-based diet promoted a simplified rumen microbiota of sheep in terms of network density and richness of bacterial, methanogen and fungal species (Belanche et al., 2019), which indicated that the diet changed sheep’s rumen microbiota. A couple of studies also demonstrated the changes in rumen microbiota during the transition from forage to concentrate diets in cows (Fernando et al., 2010; Zhu et al., 2017). These inconsistent results suggest that the diet affects the ruminant’s gut microbiota, but the degree of effect may depend on the type of diet.

Probiotics are generally proposed as alternatives for sub-therapeutic antibiotics in the livestock industry. The use of yeast and its products as probiotics is well-reported (van der Peet-Schwering et al., 2007; Xu et al., 2018). In many studies, the dietary supplementation of yeast cells and their cultures or cell wall products has been shown to have positive effects on the performance and health of weaned piglets by mitigating the stress and disease-associated negative effects (Li D. et al., 2006), and has also been reported to improve the immunological status of lambs (Ali et al., 2020). However, their mechanism of action in animals is still not clear. Liu et al. (2018) reported that the dietary supplementation of yeast cultures improved the growth and biochemical parameters of grass carps by modulating their gut microbiota. Therefore, we hypothesized that the yeast culture might regulate the gut microbiota of goats, thereby affecting their production performance and immunity.

This study aimed to investigate the effect of different feeding modes [pasture grazing (PG), barn feeding (BF), and barn feeding + probiotics (BF + P)] on the growth performance, gut microbiota, and immunity of Black Fattening Goats. Moreover, the use of a relatively large number of experimental animals and PacBio single molecule real time (SMRT) sequencing allowed the identification of core gut microbiota at species level and generation of correlations between the immune parameters and different species in gut microbiota with different feeding modes.



MATERIALS AND METHODS


Ethics Statement

The animal study was reviewed and approved by the Animal Protection and Utilization Committee of Sichuan Academy of Animal Husbandry Sciences and performed in accordance with Guide to Animal Experiments of Ministry of Science and Technology (Beijing, China). This study did not involve any endangered or protected species.



Animals and Sample Collection

The study was carried out during January 3, 2020 to April 27, 2020 at Hemushan goat breeding farm, Zigong City, Sichuan Province, China, where the goats were pre-fed for 2 weeks. A total of 30 healthy and genetically unrelated female Black Fattening Goats (Capra hircus), having the age of 70 days (8.33 ± 0.55 kg), were randomly allocated into three groups: (1) PG; (2) BF; and (3) BF + P groups. Each group contained 10 goats, divided in five barns, where two goats were fed in a single barn. All the selected goats were treated with the same immune procedure and no serious illnesses was observed prior to the sample collection. The major forage species present in the PG group included Trifolium repens, Elsholtzia splendens, Erigeron canadensis, Lolium perenne, and Rheum auriculatum. The goats in BF group were fed with standard goat diet in the same husbandry. Table 1 enlists the diet ingredients of BF group. The BF + P group was fed with the diet same as that of BF group along with 5 g of probiotics (WeiTaiKang, Sichuan Zhongnong HENGCHUANG Biotechnology Co., Ltd., China) per goat per day. The major active ingredients in probiotics included Saccharomyces cerevisiae (activity 1 × 105) and mannan oligosaccharides. The sampling was carried out on different time-points: January 17, 2020 (trail start, day 0), March 10, 2020 (day 53), and April 27, 2020 (day 100). The growth performance (body weight, height and length, and chest circumference) was measured at each time-point. About 2 mL of blood was taken from the jugular vein of goat in EDTA tubes. At the same time, about 20 g of feces was collected and stored in sterile non-enzyme cryopreservation tubes. All the samples were transported to the laboratory in ice within 2 h of collection and stored at −80°C.


TABLE 1. Composition of ingredients for Black Fattening Goat feed.
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DNA Extraction

The microbial genomic DNA was extracted from 500 mg of each fecal sample using the PowerSoil/Fecal® DNA Isolation kit (DP812, TIANGEN Biotech Co., Ltd., Beijing, China) following the manufacturer’s instructions. The quality of extracted DNA was observed using 0.8% (w/v) agarose gel electrophoresis and its concentration was measured using a UV-Vis spectrophotometer (NanoDrop 2000, United States). After the total microbial genomic DNA extraction, specific barcode sequencing primers were designed according to the universal primers of 16S rRNA gene: 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′). The 16S rRNA gene was amplified using PCR. The PCR products were purified, quantified, and homogenized to form a sequencing Library (SMRTbell library). The constructed library was inspected, and the qualified library was sequenced using a PacBio Sequel System. CCS (circular consensus sequencing) reads (SMRT link, version 8.0) were obtained by correcting the original sub-reads. The CCS reads from different samples were identified with barcode sequences using Lima (v1.7.0) software and the chimeras were removed to obtain high quality CCS sequences (1,200–1,650 bps). These sequence data have been submitted to the GenBank databases under accession number PRJNA744356.



Bioinformatics Analysis

The SILVA database was used to align the resulted sequences. USEARCH (version 10.0) (Edgar, 2013) was used for the clustering of sequences at 97% similarity level. The clustered OTUs (operational taxonomic unit) were then filtered with 0.005% of the number of sequencing columns as threshold. The sequences were rarefied prior to the calculation of alpha diversity indices. In order to determine the diversity and richness of microbiota in the fecal samples, the alpha diversity indices (ACE, Chao1, Shannon, and Simpson indices) were calculated from the rarefied sequences using QIIME2.1 PICRUSt2 software was used for the construction of phylogenetic tree and annotation of characteristic sequences, and the IMG microbial genome dataset was used for functional annotation, thereby analyzing the composition of functional genes in different samples in order to predict functional differences among different samples or groups. The P-value threshold was 0.05 (P < 0.05 meant significant difference). Correlation heat map between taxa abundances and immune indices was constructed by Spearman analysis and screening the data with correlation greater than 0.1. The P-value standard of significance was 0.05.



Immune Indices

Enzyme linked immunosorbent assay (ELISA) diagnostic kit was used for the detection of levels of immunoglobulin A (IgA), immunoglobulin G (IgG), immunoglobulin M (IgM), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6 (IL-6), and interleukin-10 (IL-10) proteins following the manufacturer’s instructions.



Statistical Analyses

All the analyses were conducted using the general linear model (GLM) procedure of SPSS v22. The data related to growth performance (body weight, height and length, and chest circumference) and immune indices (IgA, IgG, IgM, TNF-α, IL-1β, IL-6, and IL-10) were subjected to two-way repeated measures analysis of variance (ANOVA). The differences among different groups were separated using Bonferroni post hoc test, and the P < 0.05 was significant.



RESULTS


Growth Performance

Table 2 enlists the effect of different feeding modes on the production performance of Black Fattening Goats during the trial window. Through the overall analysis two-way repeated measures ANOVA, it was concluded that different treatments and periods and their interaction had significant effects on the body weight and chest circumference of goats (P < 0.05). Periods and their interaction had significant effects on the body height and body length (P < 0.05). With the extension of feeding time, the body weight, body height, body length, and chest circumference of goats showed a significant upward trend in the same feeding mode (P < 0.05). The body weight and chest circumference of goats in grazing mode were significantly lower than those in BF mode on the days 53 and 100, respectively (P < 0.05), while the body weight, body height, body length, and chest circumference of goats in BF + P mode were not significantly different from those in BF mode at the same time point (P > 0.05).


TABLE 2. Effects of different feeding modes on production performance of Black Fattening Goat (n = 10).
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Immune Indices

The effect of different feeding modes on the immune indices of Black Fattening Goats during the trial window is listed in Table 3. Through the overall analysis two-way repeated measures ANOVA, it was concluded that different periods had significant effects on the Ig(A), Ig(G), Ig(M), TNF-α, IL-1β, IL-6, and IL-10 of goats (P < 0.05), while treatments had significant effects on the Ig(A) and Ig(G) of goats (P < 0.05). With the extension of feeding time, the Ig(A), Ig(G), and Ig(M) significantly increased (P < 0.05), while TNF-α, IL-1β, IL-6, and IL-10 showed a decrease trend in BF + P mode (P < 0.05), grazing and BF mode had the same trend as TNF-α, IL-1β, IL-6, and IL-10 concentration. Grazing and BF + P modes had the highest Ig(A) and Ig(G) concentration at day 100 (P < 0.05). Ig(M), TNF-α, IL-1β, IL-6, and IL-10 concentration of goats had no significant difference among treatments at the same time point (P > 0.05).


TABLE 3. Effects of different feeding modes on immune indices of Black Fattening Goat (n = 10).
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Analysis of DNA Sequencing Data and Microbial Diversity Indices

A total of 912,070 CCS reads were obtained from 86 samples. Each sample produced at least 8,699 CCS reads, with an average of 10,605 CCS reads. A total of 1,338 OTUs were identified in all the samples taken at all time-points. The flattened rarefaction curve indicates that the sequencing depth has basically covered all species in the sample (Supplementary Figure 1). In general, the number of OTUs showed a decreasing trend in the beginning and then showed an increasing trend (Figure 1). The number of OTUs in PG group were the highest (P < 0.05) in each period, which were over 1,000. The number of OTUs in the BF group first decreased with the increase in feeding duration and then stabilized, while the number of OTUs in BF + P group first decreased to 832 on day 53, and then increased to 1,081 on day 100.


[image: image]

FIGURE 1. Effects of different feeding modes on the bacterial OTUs in Black Fattening Goat at different growth stages (n = 10). a– dValues with different lowercase letters show significant differences among treatments (P < 0.05).


The ACE, Chao1, Shannon-Wiener, and Simpson indices are the multiple α-diversity indices, which were used to analyze the richness and diversity of microbiota in the fecal samples. The PG group had significantly higher (P < 0.05) ACE, Chao1, and Shannon-Wiener indices as compared to the other treatment groups at each time-point (Figure 2). Furthermore, that of PG and BF groups did not show significant changes at each time-point while the BF + P group showed a significant increasing trend (P < 0.05). On the contrary, the PG group had the lowest (P < 0.05) Simpson index at all the time-points, and showed a decreasing trend with the increase in feeding duration.
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FIGURE 2. Effects of different feeding modes on the bacterial alpha indexes in Black Fattening Goat at different growth stages (n = 10). (A) Effects of different feeding modes on the ACE index in Black Fattening Goat at different growth stages. (B) Effects of different feeding modes on the Chao1 index in Black Fattening Goat at different growth stages. (C) Effects of different feeding modes on the Shannon index in Black Fattening Goat at different growth stages. (D) Effects of different feeding modes on the Simpson index in Black Fattening Goat at different growth stages. * show significant differences among treatments (P < 0.05), ** show significant differences among treatments (P < 0.01).




Composition of Microbiota at Different Taxonomical Levels

As shown in Figure 3A, at the phylum level, Firmicutes were the most predominant phylum in all the 86 samples, followed by Bacteroidetes, Verrucomicrobia, Proteobacteria, and Tenericutes. With the increase in feeding duration, the Firmicutes showed an increasing trend, while Proteobacteria showed a decreasing trend. The highest relative abundance of Firmicutes were observed in BF + P group at day 100, which exceeded 60% of the total species in fecal microbiota. The PG group showed the highest relative abundance of Bacteroidetes at day 100, which was around 30%. The relative abundance of Proteobacteria decreased significantly (P < 0.05) in the BF + P group at day 100 as compared to that at day 0. The relative abundance of Verrucomicrobia in the BF group at day 100 was significantly lower (P < 0.05) than that at day 53, but was still higher than the other groups at the same time-point.
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FIGURE 3. Effects of different feeding modes on the bacterial relative abundance in Black Fattening Goat at different growth stages (n = 10). (A) Effects of different feeding modes on the bacterial relative abundance at phylum level in Black Fattening Goat at different growth stages. (B) Effects of different feeding modes on the bacterial relative abundance at family level in Black Fattening Goat at different growth stages. (C) Effects of different feeding modes on the bacterial relative abundance at species level in Black Fattening Goat at different growth stages.


A total of 28 families having the relative abundance of more than 0.1% were identified in all fecal samples at family level (Figure 3B). Ruminococcaceae, Lachnospiraceae, and Bacteroidaceae were the most abundant families. About 40% abundance of bacteria could not be classified in the PG group at all the time-points, while the other groups had only about 20% of unclassified bacteria. The PG group had the highest relative abundance of Ruminococcaceae (P < 0.05) at day 100, while BF + P group had the highest (P < 0.05) abundance of Lachnospiraceae at day 100.

At the species level (Figure 3C), a total of 13 different species, having the abundance of more than 0.1%, were identified in all the fecal samples. Interestingly, the relative abundance of Escherichia coli was the highest in the BF + P group at day 0. However, with the increase in feeding duration, the abundance of E. coli decreased significantly. The PG group had the highest (P < 0.05) abundance of Akkermansia muciniphila at day 0. A. muciniphila was also observed in the PG and BF + P groups. Ruminococcus flavefaciens appeared in all the feeding modes at each time-point. At the late stage of feeding, R. flavefaciens occupied the same corresponding position in all the groups.



Correlation Between Bacteria and Immune Indices

Significant correlations were observed among the fecal microbiota at species level and immune indices (Figure 4). There was a significant (P < 0.05) positive correlation between A. muciniphila and IgG (0.176), IgM (0.173), IgA (0.223), and IL-10 (0.211). Fibrobacter succinogenes, Clostridium colinum, and R. flavefaciens had significant (P < 0.05) positive correlations with IgA, IgM, and IL-10. Clostridium tertium had a significant (P < 0.05) positive correlation with all the immune indices, especially with the IL-1β (0.440), TNF-α (0.483), and IL-6 (0.414). On the other hand, there were significant (P < 0.05) negative correlations among E. coli and IgM (−0.203), IgA (−0.199), and IL-10 (−0.252). Besides, Bacteroides caccae, Bacteroides ovatus, Clostridium butyricum, and Parabacteroides distasonis were significantly (P < 0.05) negatively correlated with IgG, IgM, IgA, and IL-10.


[image: image]

FIGURE 4. Correlation analysis of bacterial species and immune indexes in Black Fattening Goat. The colors represent different level of the r value, and the points represent significance, *P < 0.05, **P < 0.01, ***P < 0.001.




DISCUSSION


Goat Fecal Microbiota

To the best of our knowledge, this is the first study of its type to characterize the fecal microbiota of goats in different feeding modes using PacBio SMRT sequencing of 16S rRNA gene. The present study identified a total of 10 different phyla in all the fecal samples. Firmicutes and Bacteroidetes were the top two most predominant phyla, respectively, which accounted for more than 70% of total sequences. The predominance of these two phyla has been previously reported in the fecal microbiota of different mammalian species, including cattle (Kim et al., 2015), humans (Ley et al., 2008), and pigs (Holman and Chénier, 2014), as well as in the rumen of lambs (Morgavi et al., 2015). These findings indicated the importance of these phyla in the ecosystem of gut microbiota. As compared to other studies (Huang et al., 2017; Wang et al., 2018), which reported the relative abundances of Firmicutes and Bacteroidetes in lamb and goat fecal samples to be more than 90%, these two phyla were shown in this study to be found in relatively low abundance (around 70%). We found that Verrucomicrobia was the third most abundant bacterial phylum in goat fecal samples, which accounted for at least 5% of the total microbiota in each group. This finding was not consistent with the previous study, which reported its abundance to be not more than 2% in lamb feces (Huang et al., 2017). Verrucomicrobia is commonly found in fresh water (Chiang et al., 2018) and soil (Bergmann et al., 2011). The most common member of phylum Verrucomicrobia, which is found in human gut, is Akkermansia that degrades the excess mucin produced by the intestinal wall (Derrien et al., 2008). These differences might be related to the breeds and environmental conditions of goats.

A total of 13 species were identified from all the fecal samples, where each species had individual abundance of more than 0.1%. Akkermansia, the mucin-degrading bacteria, has been reported to be closely associated with immunity (Ganesh et al., 2013), obesity, and type 2 diabetes of hosts (Plovier et al., 2016). The increasing abundance of A. muciniphila can lower the body fat mass, improve glucose homeostasis, and decrease the inflammation of adipose tissues, as reported in both the mice (Ganesh et al., 2013) and human (Shin et al., 2014) studies. The abundance of A. muciniphila was observed in the PG and BF + P groups to be significantly higher at day 100, while these two groups also had the highest levels of IgA and IgG, which indicated that the high abundance of A. muciniphila might be correlated with the high levels of IgA and IgG, thereby improving the immunity of goats. The correlational analysis of bacteria with the immune indices, showing a significant positive correlation among A. muciniphila and IgG (0.176), IgM (0.173), IgA (0.223), and IL-10 (0.211), also supported this observation. The incidence of diarrhea in goats is extremely high, which gradually improves with age. E. coli has been shown to be closely associated with diarrhea (Türkyllmaz et al., 2014). In the current study, E. coli was mainly found in both the BF groups at day 0, especially in the BF + P group, where its abundance exceeded 10%. However, with the increase in feeding duration, its abundance decreased significantly. R. flavefaciens, major cellulose-degrading bacteria, can produce a large amount of cellulase and hemicellulose (Flint et al., 1989; Kirby et al., 1997), which are mainly xylanase. R. flavefaciens, a cellulolytic bacterium, is usually found in rumen of cattle (Leng et al., 2011) and lambs (Chun-Tao et al., 2016). Due to the limitations in sequencing technologies, only genus Ruminococcus has been reported in the fecal samples of lambs (Huang et al., 2017) and goats (Wang et al., 2018). The current study showed that the R. flavefaciens was predominant species in all the feeding groups at day 53, which indicated that the ability of the goats to digest and degrade fibers increased with age. Interestingly, the abundance of R. flavefaciens in the BF group at days 53 and 100 was found to be significantly higher than that in the PG group. This might further explain the lower body weights of goats in the PG group than that of the BF groups, which may be attributed to the lower abundance of fiber-degrading bacteria in their intestines. Clostridium has long been thought to be closely correlated with diarrhea and intestinal toxemia in ruminants, and its toxins affect body through different pathways (Lewis and Naylor, 1998). Clostridium tertium has been reported to be associated with spontaneous peritonitis (Butler and Pitt, 1982). A significant decrease in the abundance of Clostridium tertium was observed in all the feeding groups at day 53 of feeding, suggesting a decrease in its abundance in the goats’ intestinal tract with the increase in their age, which was more conducive to the host’s health.



Effects of Feeding Modes on Fecal Microbiota and Growth Performance

By measuring the growth performance of all the feeding groups of goats, we found that the body’s weight, height and length, and chest circumference of the BF and BF + P groups were significantly higher than that of the PG groups at days 53 and 100. The growth of PG groups was slow, whereas some goats even did not grow from day 0 to day 53. The changes of feeding pattens affect the feeding habits and nutrient metabolism of animals, and then affect the deposition of protein and fat (Zarrinpar et al., 2014). In current study, the lowest growth rate and final body weight of PG group may be due to the change of feeding mode, which changed the feeding habits of lambs. They need more activities and consume more energy to get enough food. Besides, based on the analysis of gut microbiota, we found a significantly lower abundance of Firmicutes and higher abundance of Bacteroidetes in the PG group at days 0 and 100. The members of Firmicutes contain genes that are related to the energy metabolism and decomposition of substances, such as fiber and cellulose (Kaakoush, 2015), and the members of Bacteroidetes degrade proteins and carbohydrates (Waite and Taylor, 2014). Therefore, this study suggested that the gut microbiota of PG group had poor abilities related to the energy metabolism and decomposition of substances, such as fiber and cellulose. This poor ability to obtain energy might be one of the reasons for their poor growth performance. In addition, the BF and BF + P groups were found to have higher Firmicutes/Bacteroidetes ratio. The high ratio of these two phyla is beneficial to animals for gut microbiota-mediated energy harvesting (Huan et al., 2016), which assists the host to maintain a metabolic balance and obtain better growth performance (Ley et al., 2006; Murphy et al., 2010).



Effect of Feeding Modes on Fecal Microbiota and Immunity

The current study found that the number of OTUs were the highest in PG group from day 0 to day 100, which suggested a greater diversity of fecal microbiota in PG group. The highest ACE, Chao1, and Shannon-Wiener indices in PG group also indicated a greater species diversity. The shift from BF to grazing diet caused an increase in the bacterial numbers and diversity, which has been suggested as an adaptation strategy to digest the forage diets (Belanche et al., 2012). In this dietary situation, the structure of bacterial communities was positively correlated with the high microbial complexity-associated parameters, such as the protozoan concentration or diversities of bacteria, fungi, and methanogens. A similar correlational pattern was observed for methanogens and fungal communities, suggesting that the adaptation of rumen microbiota to degrade the fresh pasture-grazing diets indicated a larger number of microbes working together than to degrade the barn diets (McAllister et al., 1994). A couple of studies have demonstrated that the ratio of Firmicutes/Bacteroidetes and diversity of microbiota decreased during the transition from high forage to high grain diets (Fernando et al., 2010; Tapio et al., 2017). These observations were consistent with our results. Le Chatelier et al. (2013) reported that the increased consumption of high-fiber diets, such as fruits and vegetables, increased the diversity of gut microbiota in human, thereby improving some clinical symptoms associated with obesity. Consistent with these previous observations, this study indicated significantly higher levels of IgG and IgA in the PG group with increased diversity and abundance of fecal microbiota, suggesting that in order to adapt to more complex and high fiber food sources in grazing grassland, the intestinal microbiota of goats became more diverse, which might enhance their immunity.

Yeast extracts contain various bioactive compounds, including nucleotides and cell wall’s polysaccharides (specifically β-glucan and α-mannan), which are considered as beneficial for the growth and gut-health of animals, including piglets (Davis et al., 2004), dairy cow (Kowalik et al., 2012), and lambs (Wojcik, 2010). The supplementation of yeast extracts has been shown to exhibit an immuno-stimulating effect, which is associated with the β-glucans and α-mannans present in yeast’s cell wall. For instance, it has been suggested that the β-glucans of yeast could prevent the elevation of pro-inflammatory cytokines while enhancing the production of anti-inflammatory cytokines when piglet’s immune system was stimulated with lipopolysaccharide (Li et al., 2005) or E. coli (Li D.F. et al., 2006). The supplementation of yeast-derived α-mannans in piglet’s diets had been reported to be associated with the improved weight gain and feed efficiency, and enhanced function of macrophages in the lamina propria of intestine (Davis et al., 2004). The current study showed significantly higher levels of IgG and IgA in the BF + P group as compared to the BF group at days 53 and 100, which suggested that the dietary supplementation of yeast extracts improved goats’ immune system. The dietary supplementation of yeast extracts has been proved to positively transform the composition of gut microbiota in piglets. For instance, Mateo (2005) reported high abundance of beneficial Lactobacillus and Bifidobacteria and lower abundance of Clostridium perfringens in the fecal samples of piglets that were fed with yeast extract-supplemented diets. The compositions of microbiota were compared between the BF and BF + P groups at days 0, 53, and 100. The species richness, diversity, and evenness of microbiota did not show significant differences between these groups, suggesting that the alpha diversities were not affected significantly by the supplementation of yeast’s probiotics during the experimental period of this study. The alpha diversities of gut microbiota has been reported to increase with aging in pigs (Casellas et al., 2014; Frese et al., 2015). In the current study, we also found that the alpha diversities increased gradually from day 0 to day 53, but then plateaued after day 53 to day 100, which was consistent with the observation in pigs by Frese et al. (2015).



CONCLUSION

The gut microbiota of Black Fattening Goat can be altered by modifying their diet, which affects their immunity. Firmicutes, Bacteroidetes, and Verrucomicrobia were the predominant phyla in all the fecal samples. The BF benefited the growth performance of goats, while PB and BF + P improved their immunity by positively modulating the proliferation of beneficial gut microbiota, such as A. muciniphila and R. flavefaciens. These findings suggested that BF supplemented with 5 g probiotics (S. cerevisiae and mannan oligosaccharides) per day has the potential to enhance the growth and immunity of Black Fattening Goats.
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Mounting evidence suggests that probiotics can be used to treat allergic asthma by modulating the gut microbiota, and that the effects of probiotics may be influenced by environmental factors such as diet. We conducted a rat model with allergic asthma (AA) modulated by Lactobacillus paracasei, feeding up with high-fat or high-fiber diets based on collecting data from 85 questionnaires. The systemic proinflammatory cytokines were detected by ELISA and the overall structure of fecal microbiota was analyzed via 16S rRNA gene sequencing. The results showed consumption of a high-fiber diet alleviated the allergic symptoms and airway inflammation, and led to improving the imbalance of T-helper type 1 (Th1)/Th2 cells with increased expression of interferon-γ and decreased expression of interleukin-4. Whereas, the high-fat diet had deteriorating implications and skewed the inflammatory perturbation. Furthermore, abundances of phylum Bacteroidetes, families Muribaculaceae, Tannerellaceae, Prevotellaceae, Enterococcaceae, genera Allobaculum, Parabacteroides, and Enterococcus were enriched in L. paracasei-modulating rats fed with high-fiber diet. Firmicutes and Proteobacteria, families Lachnospiraceae, Ruminococcaceae and Desulfovibrionaceae, genera Blautia, unidentified_Ruminococcaceae, unidentified_Clostridiales and Oscillibacter were in relatively high abundance in the rats administered high-fat diet. Association between changed microbiota and inflammatory cytokines was also conferred. These data indicated that the efficacy of L. paracasei in allergic asthma was influenced by different dietary patterns. Hence, diet is important for probiotic therapy when managing allergic asthma.
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INTRODUCTION

There has been an increase in the prevalence of allergic asthma (AA) globally, particularly in children and in Western countries, which has led to substantial financial and medical burdens (Colombo et al., 2019). The recommended resolution for AA is to use high-dose inhaled corticosteroids (ICs) alone or combine them with long-acting bronchodilators. Unfortunately, besides the undesirable effects of long-term treatment with ICs, a significant number of asthmatic patients fail to respond to IC therapy.

A disturbed balance of Th1/Th2 cells and Th17/T-regulatory cells (Tregs) imbalance in AA have been reported. Th2 cytokines [e.g., interleukin(IL)-4, IL-5, and IL-13] and potent proinflammatory cytokines (e.g., IL-1β, IL-6, IL-17, IL-25, and tumor necrosis factor (TNF)-α) orchestrate mucosal inflammation. Inflammatory mediators have been shown to impair or boost mucosal inflammation in the airways. Over recent decades, increased perturbation of the microbiota has been demonstrated to contribute to the development of allergic inflammation. Mounting evidence suggests that low diversity of the gut microbiota (GM) in early infancy is a vital risk factor for the development of immune-mediated allergic diseases (Abrahamsson et al., 2014; Tsabouri et al., 2014; Dzidic et al., 2017). Furthermore, microbial colonization in germ-free mice within the first days of life or in antibiotic-treated mice has been indicated to protect against increased IgE levels (Herbst et al., 2011) and promote tolerance to aeroallergens via Tregs induction (Gollwitzer et al., 2014).

Beneficial bacteria modulate the intestinal microbiota and mucosal immune responses. A significantly decreased profile of Th2 cytokines in response to probiotic treatment has been found in animal experiments (Choi et al., 2018; Makino et al., 2019). Oral administration of mixed strains of Clostridium species to BALB/c mice has been shown to stimulate the allergen-induced expansion of Tregs in the colonic mucosa and decreased systemic production of IgE (Atarashi et al., 2011). Lactobacillus paracasei, commonly used in dairy-product fermentation, has been shown to mitigate respiratory tract allergies in various studies applying in mice and humans (Fujiwara et al., 2004; Schabussova et al., 2012; Wang et al., 2017; Lin et al., 2020). However, clinical trials have conflicting results in assessing L. paracasei prevents allergy (Kuitunen et al., 2009; Fiocchi et al., 2012; Jensen et al., 2012; West et al., 2013).

Several studies have underlined the critical role of diet in AA pathogenesis. High consumption of fat (e.g., Western diet) is likely related to an increased risk of asthma (Hou et al., 2011; Protudjer et al., 2012; Manzel et al., 2014; Myles, 2014; Thorburn et al., 2014; Julia et al., 2015). Diets high in fiber (e.g., fruit and vegetables) protect from allergies and are associated with decreased inflammation in the airways (Ellwood et al., 2001; Maslowski et al., 2009; Frei et al., 2012; Grimshaw et al., 2014; Trompette et al., 2014). The effect of diets on allergic asthma might have a close association with the intestinal microbiota. Different diets yield numerous metabolites that can influence the immune response, such as short-chain fatty acids (SCFAs) fermented by colonic commensal, responsible for the effect of anti-inflammation, and the saturated fatty acids or cholesterol displayed exacerbation for allergic disease. However, how to promote the effect of probiotics in people with different diets is not known.

Herein, we collected data (via questionnaires) from 85 human participants to design specific different dietary patterns and established a rat model of AA (using ovalbumin[OVA]) fed up with the designed diets to assess the efficacy of different diets on L. paracasei-modulated allergic inflammation. Our findings emphasize the importance of diet to explain the effect of L. paracasei on AA prevention.



MATERIALS AND METHODS


Collection of Dietary Data

Collection of dietary data was conducted from 25 November to 2 December 2017. The food inventory was documented according to the Chinese Dietary Guidelines (fourth edition, 2016) and AA history. Food (including edible oils and salt) consumption was determined by weighing, individuals aged >18 years, and excluding those unable to complete data collection.



Preparation of Probiotics

Lactobacillus paracasei DMLA16017 (Department of Microecology, Dalian Medical University) was grown in MRS broth (Hopebio, Qingdao, China) at pH 5.7 ± 0.2 and under anaerobic conditions. Bacteria were harvested in the early stationary phase, washed with phosphate-buffered saline (PBS; Solarbio, Beijing, China), and stored at −80°C. Cell counts were determined by plating serial dilutions.



Animals and Intervention Design

The study protocol was approved by the Animal Ethics Committee of Dalian Medical University (No. L201312). Specific pathogen-free (SPF) three-week-old male Wistar rats were purchased from the Animal Center of Dalian Medical University and allowed to acclimatize to their surroundings for ≥24 h before experimentation. Rats were housed under standard temperature conditions and humidity with a 12-h light-dark schedule with free access to sterile food and autoclaved water.

An AA model was established according to a modification of airway inflammation described by Zhang and Shi (Zhang et al., 2016). After acclimatization, rats were assigned randomly to five groups (n = 8/group): the control group (Con), the model group (Model), the probiotics-modulated group (Probio), the high-fat diet intervented probiotics-modulated group (Hfat), and the high-fiber diet intervented probiotics-modulated group (Hfiber). Sensitizations were undertaken on days 1, 5, 8, and 12 in all groups except the Con group. Rats were sensitized to OVA (egg-white albumin of chickens ≥98%; Sigma-Aldrich, Saint Louis, MO, United States) by intraperitoneal injection of 0.2 mL of alum-precipitated antigen [comprising 10 μg of OVA absorbed into 1 mg of aluminum hydroxide (Sigma-Aldrich)]. From day 15,rats were administered (i.n.) 20 μL of 1% OVA diluted in PBS for 7 consecutive days and exposed daily to 1% OVA aerosol in PBS in an aerosol cabin for 30 min between day 28 and day 32 in the challenge phase. Rats in the Con group received PBS alone (Figure 1).
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FIGURE 1. Experimental design of a model of allergic asthma in rats. Male Wistar rats were sensitized and challenged with OVA, as described in “Animals and Intervention Design” section. Groups were allocated as Con, Model, Probio, Hfat, and Hfiber. From day 16 until day 32, rats were treated daily with Lactobacillus paracasei, and then randomly assigned to receive basic chow, high-fat chow or high-fiber chow. Rats in the Con group and Model group received PBS only. All rats were sacrificed on day 33 after documentation of allergic symptoms.


After developing airway inflammation, other groups except Con and Model group were gavage with 1.0 × 109 colony-forming units of L. paracasei suspended in 0.2 mL of PBS per day, 1 h before the challenge. Rats that underwent gavage with L. paracasei were received high-fat (Hfat), high-fiber (Hfiber), or basic chow (Con, Model and Probio), respectively, that we purchased from Huafukang Bioscience (Beijing, China) (see Supplementary Table 1 for nutritional parameters). The intervention was from day 16 until day 32 (Figure 1). Twenty-four hours after the final challenge, all animals were sacrificed.



Evaluation of Allergy Symptoms

For each rat, the frequency of two symptoms of allergy (nose rubbing and sneezing) was recorded immediately for 15 min after the last challenge with OVA aerosol on day 32 in a blinded manner, as described previously (Shinmei et al., 2009).



Cell Counts for Bronchoalveolar Lavage Fluid (BALF)

After sacrifice on day 33, lungs were perfused with 1 mL of PBS containing 10% fetal bovine serum through a tracheal cannula to collect BALF. The latter was centrifuged at 1000 × g for 10 min at room temperature, and the supernatant was separated and stored until use. The pellet was resuspended in PBS for cell counting. BALF cells contain leukocytes and provide a “snapshot” of airway disease.



Enzyme-Linked Immunosorbent Assay (ELISA) for Total Level of OVA-Specific IgE and Cytokines

Twenty-four hours after the final challenge with OVA, rats were anesthetized and blood samples were withdrawn by cardiac puncture. Serum was separated by centrifugation (1000 × g, 10 min, room temperature) after resting for 1 h. The OVA-specific IgE level in serum was determined with an ELISA kit (No. RX-D302482R) according to manufacturer (Ruixinbio, Quanzhou, China) instructions. Absorbance was measured at 450 nm.

The level of IL-4, IL-17, interferon(IFN)-γ, and TGF-β in BALF and serum prepared as stated above were measured by ELISA kits (No. SEA077Ra, No. SEA063Ra, No. SEA049Ra; and No. RX302048R) following manufacturer (Cloud-Clone, Wuhan, China; Ruixinbio, Quanzhou, China) instructions.



Histology of Lung Tissue

After the sacrifice of rats on day 33, the left-lung lobes were removed rapidly and fixed in 4% paraformaldehyde for ≥24 h at room temperature. Then, lung tissues were dehydrated in a graded series of ethanol solutions, cleared in xylene, and embedded in paraffin. Histology slices (thickness = 5 μm) were prepared using a microtome. These slices were stained with hematoxylin and eosin (H&E) for morphology evaluation and inflammation using a microscope (BX50; Olympus, Tokyo, Japan) equipped with a digital camera (DFC 320, Leica, Wetzlar, Germany).



DNA Extraction and 16S rRNA Gene Sequencing of Bacteria

Thirty-five fresh feces from rats (seven from Con, five from Model, seven from Probio, eight from Hfat, and eight from Hfiber groups) were harvested aseptically with 2-mL sterilized Eppendorf tubes, respectively, and stored at −80°C immediately.

DNA isolation and 16S rRNA gene sequencing were provided by Novogene (Beijing, China), as described previously (Wang et al., 2016; Zhang et al., 2018), to ascertain the composition of the bacteria in the feces of rats in different groups. DNA was extracted using the cetyl trimethyl ammonium bromide/sodium dodecyl sulfonate (CTAB/SDS) method. The V3-V4 sequences of 16S rRNA genes were amplified by polymerase chain reaction (PCR) using specific primers (341 forward: 5′-CCTAYGGGRBGCASCAG-3′; 806 reverse: 5′-GGACTACNNGGGTATCTAAT-3′). The PCR-amplified product was purified with a gel extraction kit (Qiagen, Hilden, Germany). After quantification, amplicons were normalized to generate a sequencing library and sequenced on a NovaSeqTM platform (Illumina, San Diego, CA, United States).

Alpha diversity, including Chao1 and ACE, was analyzed with Quantitative Insights Into Microbial Ecology (QIIME) 1.7.01. Beta diversity was ascertained using the non-metric multi-dimensional scaling (NMDS) of QIIME 1.7.0 to determine the similarity of species diversity in different samples. Statistical significance was evaluated according to stress. Significant differences in the relative abundance of genera among strains were obtained by linear discriminant analysis (LDA) effect size (LEfSe).



Statistical Analyses

Continuous variables with a normal distribution were represented as the mean ± SEM, and comparisons between groups were determined by the parametric Student’s t-test. For parameters with a non-normal distribution, median and interquartile range (IQR) values are provided, and males were compared with females using the non-parametric Wilcoxon rank-sum test. Absolute and relative frequencies were calculated for qualitative data, and tested by the chi-square test or Fisher’s exact test. Pearson’s correlation was computed between intestinal microbiota and cytokines. p < 0.05 was considered significant. Missing values were not replaced and did not contribute to the analysis of the variable. Experiments were carried out at least twice. Data were analyzed using Prism 8.0 (GraphPad, San Diego, CA, United States).



Accession Number

The sequence data from this study are deposited in the GenBank Sequence Read Archive with the accession number SUB9930073.




RESULTS


Collection of Dietary Data

The data [age, body mass index (BMI), allergy history, and daily food intake] of 85 study participants [40 (47.1%) men and 45 (52.9%) women] are shown in Table 1. The median (IQR) age at study inclusion was 35 (27-48) years in men and 34 (26-43) years in women. Forty-nine (57.6%) participants reported a normal BMI (18.5-23.9 kg/m2).


TABLE 1. Characteristics of study participants.
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Table 2 shows the percentages of major-diet components in study participants. A significant difference was registered in the intake of vegetables, soybeans, animal-based food, and condiments. Excessive intake of soybeans (58.18 ± 49.45 vs. 39.34 ± 34.41 g), animal-based food (meat: 220.77 ± 117.58 vs. 108.51 ± 103.15 g; fish and shrimps: 103.75 ± 73.86 vs. 62.61 ± 33.88 g; eggs: 47.20 ± 29.13 vs. 34.20 ± 25.88 g) and condiments (oil: 38.27 ± 16.29 vs. 23.85 ± 9.36 g; salt: 7.86 ± 2.95 vs. 5.20 ± 1.79 g) was common in people suffering from allergy compared with that in participants not suffering from allergy. An inadequate intake of vegetables was common in people suffering from allergy (319.43 ± 125.15 g) compared with that in participants not suffering from allergy (387.83 ± 124.62 g) (Table 2).


TABLE 2. Components of food intake and its percentage in study participants.
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Different Diet Influences the Effect of L. paracasei on Allergic Symptoms

To evaluate allergy symptoms in rats, we measured the frequency of nasal rubs and sneezes per rat during the 15 min observation period after the last OVA challenge immediately. Rats in the Model group showed increased nasal rubs (vs. Con group, p < 0.001). With probiotics modulation, the number of nasal rubs decreased (vs. Model group, p < 0.01). High-fat diet intervention caused a significantly higher number of nasal rubs in probiotics-modulation AA rats (p < 0.001), compared with that in the Probio group, along with a reduced nasal rubs in Hfiber group but not significantly (Figures 2A,B). Whereas, the allergic symptoms of rats in Hfiber group was inhibited significantly (vs. Model group, p < 0.001). The incidence of sneezes in rats in all the groups maintained no significance. These results indicated that a high-fiber diet acted synergistically with L. paracasei intervention to alleviate allergic symptoms.
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FIGURE 2. Allergy symptoms resulting from different diets influencing the effect of L. paracasei. (A) Number of nose rubs. (B) Number of sneezes. (C) Altered serum level of OVA-specific IgE. (D) Absolute number of WBCs in BALF 24 h after final challenge with OVA. Each bar represents the mean ± SEM; *p < 0.05, **p < 0.01, and ***p < 0.001.


The level of OVA-specific IgE in serum was investigated to elucidate the effect of different diets on L. paracasei that modulated the allergic response. The serum OVA-specific IgE level was higher in the Model group than in the Con group (p < 0.01). There was a trend toward reducing OVA-specific IgE with high-fiber diet treatment (p = 0.063), although not significantly (Figure 2C).

We counted the number of inflammatory cells obtained from BALF 24 h after the final challenge with OVA (Figure 2D). An increased total number of white blood cells (WBCs) in BALF was detected in the Model group compared with that in the Con group (p < 0.001). Level of WBCs after administered L. paracasei was lower in Probio group, although this difference was not statistically significant. However, when the rats consumed the high-fiber diet, the total number of inflammatory cells reduced markedly compared with that in the Model group (p < 0.05). These data suggested that the total number of WBCs in BALF was inhibited significantly by dietary consumption of fiber, whereas a high-fat diet aggravated the inflammatory response of AA.



Airway Inflammation in L. paracasei-Modulating AA Rats Fed Different Diets

To examine altered inflammation in allergic airways, histological examination of the lung tissue of AA rats was undertaken. Eosinophilic cytoplasm stained red with H&E (Figure 3). The typical pathological features of AA were observed in Model group as compared to Con group, along with discernible damage, edema, and a thickened mucosa. Probiotics treatment was effective in reducing the inflammation. Compared with the Model group, a more robust inflammatory response occurred in the Hfat group: extensive infiltration by eosinophils in peribronchial and alveolar septa, along with markedly thickened alveolar and bronchial walls. However, infiltration of inflammatory cells was suppressed significantly in the Hfiber group.
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FIGURE 3. Histology of H&E-stained lung tissue (original magnification: ×100). Photomicrographs were captured to detect eosinophil infiltration. Eosinophil infiltration was significantly higher in the Hfat group than the other groups. Interestingly, eosinophil inflammation was suppressed dramatically consumption of a high-fiber diet. n = 5-8 rat/group.




Alteration of Cytokine Levels From T Cells by Consumption of Different Diets Influenced L. paracasei Intervention

We measured cytokine levels in BALF and serum after the OVA challenge to further investigate the skewing of Th1/Th2 and Th17/Tregs immune responses after consuming different diets and how this influenced L. paracasei intervention. As shown in Figure 4, discrepancy is apparent in applying the L. paracasei modulating AA when there are different diets intervented. Notably, compared with the Hfat group, IL-4 was dropped significantly in Hfiber group (p < 0.05). The Hfiber group contained apparently lower Th17 cytokine IL-17 level in serum compared with the Model group (p < 0.05). Increased production of IL-17 was observed intervented with high-fat diet, compared with Hfiber group (p < 0.05). Th1 cytokine IFN-ɤ in both BALF and serum were on the trend opposite from IL-4, although the differences were not statistical significant. The ratio of IL-4/IFN-γ was significantly different in Hfat group from that in Hfiber group (P < 0.05) (see Supplementary Figure 1). Based on these results, it was indicated that different diets affect the profile of cytokines in AA during the modulation of probiotics. The high-fiber diet blockaded the allergic inflammation significantly by regulating the levels of multiple inflammatory mediators therein, while the high-fat diet exacerbated it.


[image: image]

FIGURE 4. Altered levels of the cytokines after OVA challenge. (A) TGF-β in BALF. (B) IL-17 in BALF. (C) IL-4 in BALF. (D) IFN-γ in BALF. (E) TGF-β in serum. (F) IL-17 in serum. (G) IL-4 in serum. (H) IFN-γ in serum. Data are the mean secretion (pg/mL) ± SEM, n = 4; ∗p < 0.05, ∗∗p < 0.001.




GM Composition of AA Rats Using 16S rRNA Gene Sequencing

A total of 1,915 operational taxonomic units (OTUs) were shared out of sequences obtained from 35 fecal samples. Nineteen phyla, 240 genera, and 162 species of gut microbes were annotated for subsequent analyses.

We wished to evaluate changes in the structure of the microbiota community among groups fed a different diet. Hence, microbial alpha diversity was measured using ACE and Chao1. As a result, we discovered a significantly higher alpha diversity for the Hfat group compared with that in the Probio group (p < 0.01) (Figures 5A,B). Furthermore, ordination with NMDS showed distinct spatial clustering between five groups (stress = 0.142) (Figure 5C).
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FIGURE 5. Diversity in microbiota-community structure in different rat groups. (A) ACE indice. (B) Chao1 indice. *p < 0.05, **p < 0.01. (C) NMDS. Stress < 0.2, p < 0.05.


To further illustrate the differences in gut microbiota composition among groups, we applied the LEfSe method to discover biomarkers in high-dimensional data and reveal genomic characteristics (Figure 6). Differentially enriched bacterial colonizers with LDA > 4 were identified among the five groups. Phylum Actinobacteria, families Bifidobacteriaceae and Peptostreptococcaceae, genera Bifidobacterium, Turicibacter, and Romboutsia were enriched in Con group. Family Erysipelotrichaceae and genus Dubosiella were enriched in Model group. Abundances of family Lactobacillaceae and genus Lactobacillus were enriched in Probio group. Abundances of phylum Firmicutes and Proteobacteria, families Lachnospiraceae, Ruminococcaceae and Desulfovibrionaceae, genera Blautia, unidentified_Ruminococcaceae, unidentified_Clostridiales and Oscillibacter were enriched in Hfat group. Biomarkers in Hfiber group including phylum Bacteroidetes, families Muribaculaceae, Tannerellaceae, Prevotellaceae, Enterococcaceae, genera Allobaculum, Parabacteroides, and Enterococcus.
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FIGURE 6. Gut-microbiota comparison analyzed by LEfSe. In the cladogram, changes in the relative abundance of bacterial taxa identified by LEfSe are shown in phylogenetic trees from the phylum to the genus (from the inner to the outer ring, respectively). In the cladogram, the size of the node circle is proportional to the relative abundance of taxa. The node size corresponds to the average relative abundance of the OTU. Yellow indicates no significant difference between groups, and other colors (red, blue, purple, green, and orange) denote that OTUs have a significant difference between groups. Histogram of the LDA scores for differentially abundant genera. LDA scores were calculated by LEfSe using linear discriminant analysis to assess the effect size of each differentially abundant bacterial taxa. Only taxa meeting LDA > 4 are shown.


To determine whether specific bacteria were differentially abundant along with the probiotics modulation intervented by different diets, we conducted a further analyses. After the AA model had been established, family Erysipelotrichaceae and genera Dubosiella and Paraprevotella were more abundant, compared with that in the Con group (see Supplementary Figure 2). After intervention with L. paracasei, the dominant bacteria changed into phylum Bacteroidetes, and there were significant decrease in family Erysipelotrichaceae and genus Dubosiella (see Supplementary Figure 3). Upon consumption of different diets, the intestinal community altered significantly. In the Hfat group, phylum Proteobacteria, families unidentified_Clostridiales, Desulfovibrionaceae, Ruminococcaceae and Lachnospiraceae, and genera Anaerotruncus, Oscillibacter, Candidatus_Soleaferrea and Blautia were dominant, while phylum Actinobacteria, families Lactobacillaceae, Bifidobacteriaceae and Muribaculaceae, genera Lactobacillus, Bifidobacterium, and Turicibacter decreased significantly (see Supplementary Figure 4). In the Hfiber group, the phylum Bacteroidetes, families Tannerellaceae, Lachnospiraceae and Muribaculaceae, genera Angelakisella, Parabacteroides, and Allobaculum were in relatively high abundance, phyla Firmicutes and Actinobacteria, families Lactobacillaceae, Bifidobacteriaceae, and Corynebacteriaceae, genera Lactobacillus Bifidobacterium, Turicibacter, and Corynebacterium decreased (see Supplementary Figure 5). Taken together, these data demonstrated that different diets promoted distinct microbial communities that influenced L. paracasei-modulated AA.



Correlation Analysis for the Intestinal Microbiota and Cytokine Expression in BALF

The Pearson correlation coefficients between the predominant intestinal microbiota and cytokines in BALF were displayed in Table 3. The BALF level of IL-4 was positively correlated with the abundance of Lachnospiraceae, Deltaproteobacteria, Desulfovibrionaceae, and Clostridiales, whereas TGF-β was negatively correlated with the abundance of Deltaproteobacteria and Desulfovibrionaceae, respectively (p < 0.05). The BALF level of IFN-ɤ was negatively associated with Erysipelotrichales abundance (r = −0.483, p = 0.031). A strong positive association and high significance between the IL-17 and abundance of Turicibacter, Peptostreptococcaceae, and Romboutsia, respectively, were found (p < 0.05).


TABLE 3. Pearson correlation coefficients between intestinal bacteria and cytokines in BALF.
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DISCUSSION

Diet affects the GM, and dietary habits can impact overall intestinal health (Nakaji et al., 2002; Gophna, 2011; Wu et al., 2011; Bernaud and Rodrigues, 2013; Trompette et al., 2014). However, little is known of the role of diet in probiotic-modulating AA. One might speculate an interplay of diet, intestinal microflora, and immune cells. The diet pattern could be critical in regulating the effect of probiotics given to people suffering from AA.

The dietary patterns of 85 individuals were obtained. We found that people suffering from AA had unbalanced diets and inadequate intake of vegetables, and excessive intake of animal-based food was typical. According to a World Health Report from 2014, low intake of vegetables and fruit is associated with ischemic heart disease, gastrointestinal cancer, and stroke (World Health Organization (WHO), 2014). Consistent with the notion that a plant-rich diet is associated with positive health outcomes and reduced risk of disease, Alison et al. highlighted the importance of a high-fiber diet in protection against asthma development (Thorburn et al., 2015). Saadeh et al. (2015) observed that consumption of fast food and butter intake were associated with an increased prevalence of asthma symptoms among atopic children. A high-fat diet has been shown to increase airway inflammation in asthma (Wood et al., 2011). Hence, diet could be an environmental factor that influences how probiotics prevent AA.

We monitored systemic symptoms (nasal rubbing and sneezing), cytokines levels, inflammatory cell infiltration, and fecal bacterial composition in a dietary-intervention study of AA (induced by OVA) rats with modulation by L. paracasei. We discovered that different diets influenced the effect of L. paracasei on modulating AA. Moreover, a high fiber diet plus L. paracasei as a rescue medication showed a synergistic effect and led to a decreased frequency of rubbing and sneezes, whereas a high-fat diet exacerbated these symptoms. A reduced serum level of OVA-specific IgE and total counts of inflammatory cells in BALF in the Hfiber group suggested an instinctive response to remission of allergic inflammation, but the group that consumed a high-fat diet showed the opposite results. IgE on the surface of immune cells binds to specific airway allergens followed by IgE cross-linking, cell activation, and release of preformed mediators (Komi and Bjermer, 2019; Salomonsson et al., 2019; Liu et al., 2020). In this regard, the lower IgE level also reflected attenuation of the Th2 immune response and the immune tolerance to allergic antigens (Ciprandi et al., 2015; Strokes and Casale, 2015). AA is characterized by eosinophils accumulation. The decreased number of eosinophils infiltrating the lungs was a response to the inhibition of allergic inflammation by consumption of a high-fiber diet. A high-fat diet induced eosinophil accumulation in the lungs of AA rats.

Th2 cells have crucial roles in AA pathogenesis, and imbalance of Th1/Th2 cells and disturbed balance of Th17/Treg cells has been reported in asthma patients. Hence, to discriminate the state of Th1/Th2 and Th17/Treg subsets in allergic airways, we measured the levels of IFN-ɤ (Th1 cytokine), IL-4 (Th2 cytokine), IL-17 (Th17 cytokine), and TGF-β (Treg cytokine) by ELISA. The Probio group given a high-fiber diet inhibited expression of IL-4 and IL-17 and increased expression of IFN-ɤ, but the group that consumed a high-fat diet had the opposite results. Th2 cytokines are believed to regulate IgE synthesis, and eosinophil numbers/activity are thought to play a significant part in driving AA pathogenesis (Dent et al., 1990; Savelkoul et al., 1991). IL-4 can upregulate expression of chemotactic factors such as eotaxins to promote eosinophil infiltration. IL-17 can drive airway remodeling (Quan et al., 2012). Indeed, our study found that the Hfiber diet assists the L. paracasei skewed the immune balance toward Th1, with increased IFN-ɤ and conversely decreased IL-4, in commitment with the previous presentation of reduced IgE and fewer eosinophils infiltration. Alteration in the balance of Th1/Th2 cytokines is an essential indicator of functional changes in suppressing the aberrant immune response in allergic diseases (Skapenko and Schulze-Koops, 2007; Cho et al., 2009). Although increased expression of IFN-ɤ has been found in individuals with severe asthma and acute exacerbations (Kumar et al., 2006; Barnes, 2009), there is evidence that probiotics promote IFN-ɤ production to reduce allergic inflammation (Giudice et al., 2010). Higher expression of IFN-ɤ in the Hfiber group with decreased expression of IL-4 compared with that in the Hfat group, and the ratio of IL-4/IFN-ɤ implied skewing of the balance of Th1/Th2 cells. The balance between Th17 and Tregs cells also suggests a crucial role in asthma pathogenesis (Vroman et al., 2018; Wang et al., 2018; Xu et al., 2018). Various studies have indicated that the homeostatic balance between Tregs and Th17 cells was altered markedly in asthma exacerbations, and correlates with asthma severity (Zou et al., 2018). TGF-β is produced by Tregs, which have been implicated to inhibit the immune response. They suppress effector T cells of Th1 or Th2 phenotypes. Therefore, increased expression of TGF-β in BALF in the Hfiber group seems rational.

Several studies have associated a changed intestinal microbiota with the etiology of various diseases, and changes in gut microflora composition, in response to diet change (Kau et al., 2011; David et al., 2014). We discovered that consumption of different diet led to alterations in the structure of microbial communities in the gut as well as the composition of intestinal bacteria as evidenced by NMDS (Giloteaus et al., 2016). There was a significant difference in the alpha diversity of microbiota in different diet groups, and the bacterial diversity of the Hfiber group was decreased dramatically.

We revealed that a diet rich in fiber assisted the way that L. paracasei modified the GM. This finding corroborates the data from a study by Salonen et al. (2014), who reported that a diet high in fiber was associated with decreased bacterial diversity relative to that of other diets. Comparison of 16S rRNA gene sequencing among groups revealed that a high-fiber diet significantly improved GM structure by enriching bacteria of the phylum Bacteroidetes, as reported by Trompette et al. (2014). Consumption of a high-fat diet enhanced the proportions of Proteobacteria and Firmicutes, which indicated the enrichment of specific bacteria in the colon is diet-specific (Filippo et al., 2010; Walker et al., 2011; Campo et al., 2014; Cruz et al., 2014; Ramos-Romero et al., 2018). Phylum Bacteroidetes was increased markedly in the Hfiber group. Salyers and coworkers showed that the bacteria of phylum Bacteroidetes have the functions of carbohydrate fermentation, polysaccharide metabolism, and maintaining the normal physiological function of the intestinal tract (Salyers, 1984). The influence of a high-fat diet led to significant induction of Clostridiales, Lachnospiraceae, Ruminococcaceae, Deltaproteobacteria, and Desulfovibrionaceae. Studies have shown that Clostridiales can be pathogenic, leading to infectious diseases or mild cognitive impairment in mice (Antharam et al., 2013; Vogt et al., 2017). The members of the family Lachnospiraceae are enriched by a low-fiber Western-style diet, are associated with inflammatory diseases, and have been reported to protect against allergy by modulating the immune system (Png et al., 2010; Pascal et al., 2018). The relative abundance of bacteria of the family Ruminococcaceae is lower in IgE-associated eczema compared with that in people not suffering from allergies. Enriched abundance of Deltaproteobacteria is related to AA in mice (Hirota et al., 2019). Moreover, bacteria of the family Desulfovibrionaceae (which are opportunistic pathogens) have been linked to inflammatory diseases of the gut and chronic disorders. Hence, the alterations induced by a high-fat diet suggest inflammation exacerbation.

Our correlation analysis of intestinal bacteria and cytokine expression (section “Correlation Analysis for the Intestinal Microbiota and Cytokine Expression in BALF”) demonstrated that GM alterations might be associated with inflammation during AA. Therefore, L. paracasei, with the assistance of a high-fiber diet, ameliorated allergy symptoms to a greater extent than use of L. paracasei alone in an inflammatory-modulation manner. Thus, a high fiber diet seems to support the effect of AA medication as an add-on therapy.

Our study had two main limitations. First, our findings are limited to an AA model induced by OVA; the effect a high-fiber or high-fat diet on an AA sensitized by other antigens (e.g., house dust mite) is not known. Second, associations between the most relevant taxa and a high-fiber diet or high-fat diet, respectively, were not validated by real-time reverse transcription-quantitative PCR.



CONCLUSION

We provided new insights into consumption of different diets influenced the effect of L. paracasei on suppressing AA. In particular, the intestinal microbiota altered by different dietary patterns were associated with allergic inflammation.
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Clostridioides difficile infection (CDI) is frequently associated with intestinal injury and mucosal barrier dysfunction, leading to an inflammatory response involving neutrophil localization and upregulation of pro-inflammatory cytokines. The severity of clinical manifestations is associated with the extent of the immune response, which requires mitigation for better clinical management. Probiotics could play a protective role in this disorder due to their immunomodulatory ability in gastrointestinal disorders. We assessed five single-strain and three multi-strain probiotics for their ability to modulate CDI fecal water (FW)-induced effects on T84 cells. The CDI-FW significantly (p < 0.05) decreased T84 cell viability. The CDI-FW-exposed cells also exhibited increased pro-inflammatory cytokine production as characterized by interleukin (IL)-8, C-X-C motif chemokine 5, macrophage inhibitory factor (MIF), IL-32, and tumor necrosis factor (TNF) ligand superfamily member 8. Probiotics were associated with strain-specific attenuation of the CDI-FW mediated effects, whereby Saccharomyces boulardii CNCM I-1079 and Lacticaseibacillus rhamnosus R0011 were most effective in reducing pro-inflammatory cytokine production and in increasing T84 cell viability. ProtecFlor™, Lactobacillus helveticus R0052, and Bifidobacterium longum R0175 showed moderate effectiveness, and L. rhamnosus GG R0343 along with the two other multi-strain combinations were the least effective. Overall, the findings showed that probiotic strains possess the capability to modulate the CDI-mediated inflammatory response in the gut lumen.
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INTRODUCTION

Clostridioides (formerly Clostridium difficile) infection (CDI) is a toxin-mediated intestinal disease that is the most frequently identified cause of healthcare-associated infectious diarrhea (Awad et al., 2014). The development of CDI is strongly associated with the alteration of bile acid metabolism and disruption of gut microbiota through the use of broad-spectrum antibiotics, allowing for optimal conditions for spore germination and subsequent colonization of the gut lumen (Shen, 2012). The clinical manifestations of CDI range in severity from mild diarrhea to life-threatening pseudomembranous colitis (Rupnik et al., 2009). The pathogenesis of CDI is strongly associated with the production of enterotoxin A (TcdA) and enterotoxin B and the presence of other virulence factors such as S-layer proteins and flagellin (Thelestam and Chaves-Olarte, 2000; Ausiello et al., 2006; Stevenson et al., 2015). These factors enable C. difficile to induce an acute inflammatory response in intestinal cells, resulting in neutrophil activation and recruitment that ultimately lead to intestinal epithelial damage (Chaves-Olarte et al., 1997; Brito et al., 2002). Thus, the clinical manifestations of CDI can be attributed to the various C. difficile virulence factors acting in conjunction with the host immune response (Kelly and Kyne, 2011). In this respect, it is noteworthy that there is growing evidence suggesting that the host immune response is an important predictor of clinical severity and adverse outcomes in CDI patients (Kelly and Kyne, 2011; El Feghaly et al., 2013b; Yu et al., 2017)—for instance, fecal C-X-C motif chemokine 5 (CXCL5) and interleukin (IL)-8, not bacterial burden, were correlated with clinical severity in CDI patients (El Feghaly et al., 2013a). Furthermore, a recent study on human and murine CDI found that assessing multiple inflammatory serum markers can better predict adverse outcomes as compared to the currently used methods of predicting CDI mortality (Dieterle et al., 2020). Specifically, inflammatory markers such as procalcitonin and hepatocyte growth factor were found to be the best predictor for disease severity, and IL-8, CXCL5, CXCL10, and IL-2Rα were the best predictors of 30-day mortality (Dieterle et al., 2020). Accordingly, the mitigation of CDI-mediated inflammation could play an important role in regulating the host immune response, leading to better management of CDI outcomes (Kelly and Kyne, 2011).

One of the most widely used therapeutic strategies to modulate the host immune response in gastrointestinal disorders, including CDI, has been through probiotic supplementation (Andrade et al., 2015). Probiotics have been demonstrated to confer a wide variety of beneficial effects in the management of gastrointestinal (GI) disorders, including enhancement of mucosal barrier function (Generoso et al., 2010; Ueno et al., 2011), counteracting infections by producing antimicrobial compounds and stimulation of host antimicrobial defense pathways (McFarland et al., 1994; Collado et al., 2007; Marteau et al., 2007), modulating immune function (Andrade et al., 2015), and attenuating clinical manifestations (Sartor, 2005; Boirivant and Strober, 2007; Marteau et al., 2007; Elmadfa et al., 2010). The majority of probiotics used commercially are from the Lactobacilli, Bifidobacteria, and yeast (Saccharomyces) groups. Although research has demonstrated the potential of probiotics to act as immunomodulators, their effects are largely seen to be strain specific, and much is yet to be elucidated on their mechanisms of action. Saccharomyces boulardii has demonstrated to stimulate intestinal anti-toxin immunoglobulin A (Qamar et al., 2001), inhibit IL-8 production, activate mitogen-activated protein (MAP) kinases (Chen et al., 2006), and produce soluble anti-inflammatory factors that inhibit nuclear factor (NF)-κB-mediated IL-8 gene expression (Sougioultzis et al., 2006). Similarly, experimental evidence demonstrates the ability of several Lactobacilli spp. and Bifidobacteria spp. to modulate immune activity primarily through the secretion of a variety of molecules that directly or indirectly promote the inactivation of NF-κB signaling pathways (MacPherson et al., 2014; Jeffrey et al., 2020). Lacticaseibacillus rhamnosus GG (previously known as Lactobacillus rhamnosus) was shown to prevent cytokine-induced apoptosis in several intestinal epithelial cell models (Yan and Polk, 2002), whereas L. rhamnosus L34 and L. casei L39 were demonstrated to modulate CDI-mediated inflammation by decreasing IL-8 expression and the inactivation of NF-κB (Boonma et al., 2014). Moreover, L. rhamnosus R0011 and Lactobacillus helveticus R0389 were shown to secrete bioactive molecules capable of downregulating IL-8 production in HT-29 epithelial cells (Jeffrey et al., 2018, 2020).

Despite the promising role of probiotics to modulate the host immune response to bacterial pathogens and stressors, much remains to be elucidated concerning their ability to mitigate the CDI-associated inflammatory cascade. In the present study, we utilized an in vitro GI model to simulate CDI, defined as diarrheal stool from an adult patient that was positive for one or both enterotoxins A and B (Gaisawat et al., 2019b; Shoaei et al., 2019). We assessed the effects of CDI fecal water (FW) from this model on colonic adenocarcinoma-derived T84 epithelial cell viability and immune marker production. Additionally, the effects of various probiotic-supplemented CDI-FW were assessed for efficacy to protect against potential CDI-mediated effects.



MATERIALS AND METHODS


Probiotic Treatments

In this study, eight different probiotic treatments were assessed for their ability to cause changes in C. difficile-infected microbiota. Five of the treatments were single-strain probiotics, whereas the remaining three were various combinations of single-strain probiotics (Table 1).


TABLE 1. Probiotic treatments and dosage.

[image: Table 1]
All probiotics were acquired from Lallemand Health Solutions Inc. (Montreal, QC, Canada) and stored at –20°C until use. For inoculation in batch culture fermentation, the probiotics were mixed in sterile phosphate-buffered saline (PBS). PBS alone was used as the negative control (blank).



Simulation of Gastrointestinal Conditions

Batch culture fermentation was performed to simulate the conditions of C. difficile infection using a computer-controlled GI model consisting of several independent anaerobic fermentation vessels run under physiological conditions as described previously in detail (Gaisawat et al., 2019a). Briefly, 100 ml of filter-sterilized GI food, previously optimized by Molly et al. (1994) consisting of arabinogalactan, pectin, xylan, potato starch, glucose, yeast extract, peptone, mucin, and cysteine powders (Sigma Aldrich, St. Louis, MO, United States), was added to each vessel. This was followed by sequential enzymatic digestion by the addition of α-amylase (pH 7.0 for 15 min), followed by pepsin (pH 2.0 for 1.5 h), and, finally, by pancreatic juice (12 g/L NaHCO3, 6 g/L bile extract, and 0.9 g/L pancreatin; pH 8.0 for 2 h). After completion of digestion, 50 ml of fecal slurry was inoculated (T = 0 h) to simulate the gut microbiota. A fecal sample obtained from a healthy male adult donor with no history of GI disorders and no antibiotic use in the past 6 months was used to make normal fecal slurry, whereas CDI fecal slurry was prepared using a 1:10 v/v fecal inoculation from a commercially obtained C. difficile fecal sample (male adult with stool positive for C. difficile toxins A and B; BioIVT, Westbury, NY, United States). Premixed probiotic treatments or blank was subsequently added to each vessel, followed by anerobic fermentation at 6.3 ± 0.3 pH for 24 h. The samples taken at each time point were centrifuged at 2,000 g for 10 min and stored at –80°C.



Sample Preparation for Cell Culture

The samples collected from the batch fermentation at T = 0 h and T = 24 h were further centrifuged at 13,000 g for 20 min, and the supernatant (hereinafter referred to as FW) was collected and filter-sterilized with a 0.22-μm syringe-driven filter (Fisher Scientific, Ottawa, ON, Canada). FW from each fermentation replicate was pooled before storage at –80°C until administration to the cells. The samples collected at T = 0 h from the probiotic blank vessels were considered as the controls for normal and CDI-fecal water, respectively.



Cell Culture

The human colonic adenocarcinoma cell line T84 was obtained from the American Type Culture Collection (Burlington, ON, Canada) and cultured according to the procedures of the company. Briefly, the T84 cells were cultured with Dulbecco’s modified Eagle’s medium nutrient mixture (DMEM:F12) supplemented with 5% fetal bovine serum (FBS) in 75-cm2 T-flasks until 80% confluency was reached. The cells were incubated at 37°C with 5% CO2 and 90% humidity, and the medium was renewed every second day with the appropriate subcultivation ratio of 1:2–1:4 performed on a bi-weekly basis. Three separate cell passages (above passage number 15) were maintained concurrently for the treatment experiment.

For the experiment, T84 cells were detached at 80% confluency with 0.25% trypsin-EDTA solution for 5–10 min, subsequently seeded at a density of 2 × 106 cells/well onto 24-well plates (Costar® 24-well TC-treated Multiple Well Plates; Corning, NY, United States), and grown overnight under the same incubation conditions as described above. Prior to starting the treatments, the confluency of the monolayer was checked under a microscope. A dose–response experiment was previously carried out in order to determine the optimal dose of the normal FW blank T = 0 h on the T84 cells with a minimum effect to their viability for an 8-h incubation period (> 90% viability). As a result of this, 30% (v/v) FW in cell culture medium was deemed appropriate for further use (data not shown). After monolayer formation in the plates, the cell media were discarded, followed by the addition of 1% FBS-supplemented fresh medium (1,000 μl/well) along with filtered FW (500 μl/well). All treatments were added in triplicate for each cell passage number and subsequently incubated for a period of 8 h. After incubation, the supernatant from each well was collected, centrifuged at 13,000 g for 10 min, and stored at –20°C for further analyses. Cell viability was determined for the remaining cells in the 24-well plate.



3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide Assay

The 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltretrazolium bromide (MTT) reduction assay was performed as a measure of cellular viability. The assay measured the ability of viable cells to convert the pale yellow MTT reagent to a purple-colored crystalline formazan through nicotinamide adenine dinucleotide phosphate-dependent cellular oxidoreductase enzymes (Berridge and Tan, 1993). Briefly, 500 μl of MTT solution (0.5 mg/ml MTT in phenol red-free DMEM:F12 medium) was added to each well on a plate after the removal of supernatants from the experiment, followed by incubation for a period of 3 h. After incubation, the supernatant was discarded, and 500 μl acidified isopropyl alcohol (0.4 N HCl) was added to each well and allowed to react for 5 min at room temperature. The contents of each well were transferred to a 96-well plate and read spectrophotometrically at λ = 570 nm. The results were expressed as a percentage of untreated control cells.



Cytokine and Chemokine Determination

The detection of various cytokines and chemokines following the exposure of T84 cells to the treatments was determined by multiplex assays. Bio-Plex Pro™ Human Chemokine 40-plex Panel (cat. no. 171AK99MR2, Bio-Rad, Hercules, CA, United States) was used to detect chemokine expression, and Bio-Plex Pro™ Human Inflammation 37-plex Panel (cat. no. 171AL001M, Bio-Rad, Hercules, CA, United States) was used to determine inflammatory cytokine expression. Each assay was performed according to the instructions of the manufacturer. The samples tested in these kits included the supernatants collected from T84 cells exposed to the normal FW blank (T = 0 h and T = 24 h) and each of the C. difficile-infected FW treatments (blank + 8 probiotic interventions: T = 0 h and T = 24 h). Each sample treatment was tested using three biological replicates. Standard curves for each cytokine and chemokine were generated in duplicate using serial dilutions of the premixed lyophilized standards provided in the kits. Data was acquired with the help of a Bio-Plex 200 instrument (Bio-Rad, Hercules, CA, United States) and analyzed by the Bio-Plex Manager software for concentration in range (pg/ml) (v 4.1, Bio-Rad, Hercules, CA, United States). Quality checks were done for each chemokine and cytokine using the respective working range and limit of detection data provided in the product lot sheets for each kit. The results for each marker were expressed as picogram per milliliter.



Statistical Analysis

All data are reported as means ± standard error of mean. Normality was assessed on original data sets and achieved with log transformations where necessary to align with statistical assumptions. Data for cell viability assays after the treatment of cells with fecal water collected at 24 h were analyzed using one-way ANOVA for each fecal type using treatment (9 levels) as a factor, followed by Dunnett’s post-hoc analysis to compare with the control. Data for cytokine analyses were assessed using two-way ANOVA for CDI-FW using time (2 levels) and treatment (9 levels), followed by Tukey’s post-hoc analysis. When significant interactions between time and treatment were observed, the means of each time point within a fecal type were individually compared for significant differences within the fecal type. Statistical significance was set at p < 0.05. All data analyses and visualizations were performed using JMP v14.4 (SAS Institute, Cary, NC, United States), with the exception of the heat map, which was generated with GraphPad Prism (v 7.04, GraphPad Software Inc., San Diego, CA, United States).




RESULTS AND DISCUSSION

C. difficile toxins have been extensively studied in various intestinal cell cultures to elucidate their cytotoxic effects and their ability to induce inflammatory cytokines (Flegel et al., 1991; Branka et al., 1997; Thelestam and Chaves-Olarte, 2000; Ausiello et al., 2006; El Feghaly et al., 2013a; Yu et al., 2017). The present investigation is the first to assess the cytotoxic and proinflammatory effects of C. difficile-infected fecal water such as that obtained from a simulated human GI digestion model. This method allows for a more holistic approach to study CDI fecal sample assessment involving human gut epithelial cells rather than C. difficile cultures or purified toxins (Canny et al., 2001; Johal et al., 2004). In the present study, we assessed the ability of C. difficile-infected microbiota to cause changes to T84 cell viability and cytokine expression following exposure of these cells to FW collected from the batch fermentation at T = 0 h and T = 24 h.


Cell Viability and Cytotoxicity

The MTT assay, a well-documented method of assessment of cell survival and growth (Korzeniewski and Callewaert, 1983; Morgan, 1998), was performed to study the effect of FW on T84 cell viability. In the results from the assay, exposure to normal FW did not show a significant change in T84 cell viability. On the other hand, T84 exposure to CDI-FW resulted in 2.1-fold decrease in cell viability (Figure 1). In the cells treated with CDI-FW containing the probiotic treatments L. rhamnosus R0011 and S. boulardii CNCM I-1079, cell viability was significantly (p < 0.05) higher in comparison to the CDI-FW blank sample (Figure 1). Interestingly, the cell viability of L. rhamnosus R0011 and S. boulardii CNCM I-1079 CDI-FW-treated cells was similar to that of untreated cells, indicating a protective effect of these two probiotic strains in CDI-FW.
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FIGURE 1. Cell viability following the exposure of T84 cells to fecal water (FW) treatments as measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. (A) Cells treated with normal FW and (B) cells treated with Clostridioides difficile-infected (CDI) FW. Values are shown as mean ± SEM. The symbol * represents significant differences between the means of treatments (p < 0.05). R0011 = L. rhamnosus R0011; R0052 = L. helveticus R0052; R0343 = L. rhamnosus GG R0343; SB = S. boulardii CNCM I-1079; R0175 = B. longum R0175; PROTO = ProtecFlor™; R0011+ R0052+R0175 = combination of L. rhamnosus R0011, L. helveticus R0052 and B. longum R0175; R0343+SB = combination of L. rhamnosus GG R0343 and S. boulardii CNCM I-1079.


The results from the MTT assay are in concordance with previously documented studies showing the cytotoxic potency of C. difficile and its toxins (Mahida et al., 1996; Branka et al., 1997; Thelestam and Chaves-Olarte, 2000; Brito et al., 2002; Chumbler et al., 2012). Notably, in our study, this effect was observed by exposing the cells to CDI-FW obtained from our simulated GI digestion model of CDI microbiota, as opposed to a previous work using either cultured C. difficile strains or their purified toxins. Fecal water has been previously demonstrated to possess some cytotoxic activity (Pearson et al., 2009; Federici et al., 2017), which, in the case of CDI-FW, could have been further exacerbated by the presence of its enterotoxins and secreted products such as proteolytic and hydrolytic enzymes (Vedantam et al., 2012). This is further supported by previous studies by our group showing that CDI-FW demonstrates dysregulation in gut metabolic function and antioxidant status, potentially leading to a cytotoxic environment (Gaisawat et al., 2019a,b).

Probiotic-supplemented CDI-FW showed, to an extent, the ability to counteract some of the cytotoxic effects of the CDI-FW. In particular, the probiotic supplements R0011 and SB demonstrated a significant (p < 0.05) increase in T84 cell viability, resulting in values like those observed in T84 cells exposed to normal FW (Figure 1). These results indicate that probiotics potentially act in a strain-specific manner to counteract the cytotoxicity of C. difficile, a phenomenon that has been previously demonstrated (Kekkonen et al., 2008). In CDI, S. boulardii is mainly thought to act through immune system regulation (Qamar et al., 2001; Stier and Bischoff, 2016) and the production of anti-toxin proteases, which could counteract CDI-mediated pathophysiology (Castagliuolo et al., 1999). With regards to Lactobacilli spp. and Bifidobacterium spp., in vitro evidence is limited; however, it is suggested that these probiotics might counteract CDI-mediated effects by preventing C. difficile adhesion (Trejo et al., 2006; Lee et al., 2013), maintaining intestinal barrier integrity (Vanderpool et al., 2008), and modulating the host immune response (Ng et al., 2008).



Immune Response of T84 Cells Following Fecal Water Exposure

C. difficile exposure in vitro has been previously shown to be associated with intestinal tissue damage followed by a robust immune response that upregulates proinflammatory cytokines and recruits neutrophils, further leading to an acute inflammatory response (Sun et al., 2010). Furthermore, it has been noted that monitoring the immune response in patients with CDI may be a more suitable marker for disease severity rather than bacterial burden (El Feghaly et al., 2013a).

In our study, we chose to evaluate a wide range of chemokines and cytokines as a tool to assess the host immune response of T84 cells to CDI-FW. These molecules were quantified using two multiplex assay kits comprising of a 40-plex chemokine panel and a 37-plex inflammatory cytokine panel (Bio-Rad, Hercules, CA, United States). The results from the multiplex assays, summarized in the heat map (Figure 2), showed an increased production of a host of chemokines and inflammatory cytokines by the T84 cells following exposure to CDI-FW. These molecules primarily include interleukins 8, 11, and 32, CXCL5, tumor necrosis factor (TNF) surface receptor 8, macrophage inhibitory factor (MIF), and C-C motif chemokine ligand 21 (CCL21) among others. Notably, CDI-FW was shown to upregulate almost all of these chemokines and cytokines in comparison to normal FW, except for the anti-inflammatory IL-10. Most of these molecules have been previously associated with inflammatory pathways, with chemotaxis, and in cytokine signaling of the TNF-α and NF-κB pathways (Thelen and Uguccioni, 2016). Importantly, the results from the multiplex assays showed anti-inflammatory effects of probiotic supplementation in CDI-FW at T = 24 h, whereby several probiotic treatments showed attenuation in the production of several chemokines and cytokines (Figure 2).
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FIGURE 2. Cytokine and chemokine profiles from T84 cells exposed to the different fecal water (FW) treatments (collected at T = 0 h and T = 24 h from the batch fermentation) for a period of 8 h. (A) Cytokine and chemokine profiles in normal FW blank and CDI-FW blank. (B) Cytokine and chemokine profiles in CDI-FW supplemented with probiotic treatments. Data shown are the mean cytokine/chemokine production (picograms per milliliter; n = 4). (C) STRING v 11.0 analysis showing functional links between each of the different cytokines/chemokines produced. R0011 = L. rhamnosus R0011; R0052 = L. helveticus R0052; R0343 = L. rhamnosus GG R0343; SB = S. boulardii CNCM I-1079; R0175 = B. longum R0175; PROTO = ProtecFlor™; R0011+ R0052+R0175 = combination of L. rhamnosus R0011, L. helveticus R0052 and B. longum R0175; R0343+SB = combination of L. rhamnosus GG R0343 and S. boulardii CNCM I-1079.




Chemokine Expression

IL-8 and CXCL5 followed by CCL21 were the prominent chemokines expressed in the cultured T84 cells following exposure to CDI-FW. Both IL-8 (also known as CXCL8) and CXCL5 hail from the same family of CXC chemokines that are involved in the activation of the CXCR2 receptor, ultimately leading to chemotaxis of neutrophils and inducing innate immunity (Murphy, 2007). CCL21, on the other hand, has been shown to play a role in the chemotaxis of leukocytes, such as T cells (Thelen and Uguccioni, 2016).

The results of IL-8 production by T84 cells exposed to CDI-FW when compared to normal FW at T = 24 h showed a 3.1-fold increase (Supplementary Table 1). In CDI-FW treatments, the two-way ANOVA results showed significant (p < 0.05) effects of treatment, time, and interaction. Therefore, the mean IL-8 values from cells exposed to CDI-FW collected at the two time points (T = 0 h and T = 24 h) were compared to their corresponding time points within the blank to assess for any differences (Figure 3). The probiotic SB was the only treatment that showed a significant (p < 0.05) decrease in IL-8 production when compared to the control (T = 24 h). R0011 showed a significant (p < 0.05) decrease across time but did not show statistical significance when compared to the control at the corresponding time point. No other probiotic-supplemented CDI-FW showed a statistical difference when compared to the blank.
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FIGURE 3. Detection of interleukin-8 production following the exposure of T84 cells to Clostridioides difficile-infected (CDI) fecal water (FW) treatments. [image: image], cells treated with FW collected at T = 0 h; [image: image], cells treated with FW collected at T = 24 h. Means at time points within treatments not sharing a common letter are significantly different from each other (p < 0.05). The symbol * represents significant differences (p < 0.05) between treatment and CDI-FW blank at T = 24 h. R0011 = L. rhamnosus R0011; R0052 = L. helveticus R0052; R0343 = L. rhamnosus GG R0343; SB = S. boulardii CNCM I-1079; R0175 = B. longum R0175; PROTO = ProtecFlor™; R0011+ R0052+R0175 = combination of L. rhamnosus R0011, L. helveticus R0052 and B. longum R0175; R0343+SB = combination of L. rhamnosus GG R0343 and S. boulardii CNCM I-1079.


CDI-FW also showed an upregulation in CXCL5 production in T84 cells at T = 24 h, showing a twofold increase as compared to the normal FW treatment (Supplementary Table 1). The two-way ANOVA analysis of the data for cells exposed to CDI-FW treatments showed significant (p < 0.05) main effects of treatment, time, and their interaction. CDI-FW supplemented with R0011 and SB, respectively, were the only treatments that showed a significant (p < 0.05) decrease in CXCL5 production when compared to the blank at T = 24 h (Figure 4).
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FIGURE 4. Detection of C-X-C motif chemokine 5 production following the exposure of T84 cells to Clostridioides difficile-infected (CDI) fecal water (FW) treatments. [image: image], cells treated with FW collected at T = 0 h; [image: image], cells treated with FW collected at T = 24 h. Values are shown as mean ± SEM. Means at time points within treatments without a common letter are significantly different (p < 0.05). The symbol * represents significant differences (*p < 0.05; **p < 0.01) between treatment and CDI-FW blank at T = 24 h. R0011 = L. rhamnosus R0011; R0052 = L. helveticus R0052; R0343 = L. rhamnosus GG R0343; SB = S. boulardii CNCM I-1079; R0175 = B. longum R0175; PROTO = ProtecFlor™; R0011+ R0052+R0175 = combination of L. rhamnosus R0011, L. helveticus R0052 and B. longum R0175; R0343+SB = combination of L. rhamnosus GG R0343 and S. boulardii CNCM I-1079.


In terms of CCL21, exposure of T84 cells to CDI-FW did not result in increased production when compared to normal FW. The findings demonstrated, however, a significant (p < 0.05) decrease in CDI-FW treated with probiotics, indicating a potential role of R0011, R0052, SB, PROTO, and combination 2 (R0011 + R0052 + R0175) in modulating CCL21 production (Supplementary Figure 1).



Cytokine Expression

In addition to chemokine production, T84 cells challenged with CDI-FW were associated with the increased production of several inflammatory cytokines, such as MIF, TNFRSF8, and IL-32. MIF is an inflammatory cytokine that has been associated with the host immune response to infectious pathogens such as CDI (Oddo et al., 2005; Jose et al., 2018). TNFRSF8, also referred to as CD30, has been previously shown to mediate signal transduction, leading to the activation of NF-κB pathway (Buchan and Al-Shamkhani, 2012). Similarly, IL-32 has also been previously shown to induce cytokine signaling pathways, leading to the activation of NF-κB, TNF-α, and IL-8 (Kim et al., 2005).

CDI-FW-challenged T84 cells showed an initial 2.7-fold difference in MIF production when compared to normal FW at T = 0 h. At T = 24 h, however, this difference in MIF production was an increase of 12.1-fold (Figure 5). The significant (p < 0.05) increase in MIF production was attenuated when the cells were exposed to probiotic-treated CDI-FW. The probiotic treatments R0011, R0052, SB, and PROTO showed a significant (p < 0.05) decrease in MIF production at T = 24 h when compared to the CDI-FW blank. A tendency for this attenuation was also observed with the probiotics R0175, combination 2, and combination 3, although this did not reach statistical significance. CDI-FW supplemented with R0343 was the only probiotic treatment that resulted in a significant (p < 0.05) increase in MIF over time, indicating no effect of R0343 on MIF production in CDI-FW.


[image: image]

FIGURE 5. Detection of macrophage inhibitory factor production following the exposure of T84 cells to Clostridioides difficile-infected (CDI) fecal water (FW) treatments. [image: image], cells treated with FW collected at T = 0 h; [image: image], cells treated with FW collected at T = 24 h. Values are shown as mean ± SEM. Means at time points within treatments not sharing a common letter are significantly different from each other (p < 0.05). The symbol * represents significant differences (**p < 0.01; ****p < 0.0001) between treatment and CDI-FW blank at T = 24 h. R0011 = L. rhamnosus R0011; R0052 = L. helveticus R0052; R0343 = L. rhamnosus GG R0343; SB = S. boulardii CNCM I-1079; R0175 = B. longum R0175; PROTO = ProtecFlor™; R0011+ R0052+R0175 = combination of L. rhamnosus R0011, L. helveticus R0052 and B. longum R0175; R0343+SB = combination of L. rhamnosus GG R0343 and S. boulardii CNCM I-1079.


T84 cells exposed to CDI-FW also resulted in a twofold increase of TNFRSF8 production in comparison to normal FW at T = 24 h (Figure 6). Each of the probiotic treatments in CDI-FW, except for combination 3 (R0343 + SB), showed a significant (p < 0.05) decrease in TNFRSF8 production at T = 24 h when compared to the CDI-FW blank.


[image: image]

FIGURE 6. Detection of tumor necrosis factor receptor superfamily member 8 production following the exposure of T84 cells with Clostridioides difficile-infected (CDI) fecal water (FW) treatments as measured by multiplex assay. [image: image], cells treated with FW collected at T = 0 h; [image: image], cells treated with FW collected at T = 24 h. Values are shown as mean ± SEM. Means at time points within treatments without a common letter are significantly different from each other (p < 0.05). The symbol * represents significant differences (***p < 0.001; ****p < 0.0001) between treatment and CDI-FW blank at T = 24 h. R0011 = L. rhamnosus R0011; R0052 = L. helveticus R0052; R0343 = L. rhamnosus GG R0343; SB = S. boulardii CNCM I-1079; R0175 = B. longum R0175; PROTO = ProtecFlor™; R0011+ R0052+R0175 = combination of L. rhamnosus R0011, L. helveticus R0052 and B. longum R0175; R0343+SB = combination of L. rhamnosus GG R0343 and S. boulardii CNCM I-1079.


The data for IL-32 followed a similar trend, showing a 1.7-fold increase in the production of the cytokine when T84 cells were exposed to CDI-FW (T = 24 h) in comparison to normal FW. All probiotic-supplemented CDI-FW, apart from R0343 and combination 2 (R0011+ R0052 + R0175), showed a significant (p < 0.05) reduction in IL-32 production at T = 24 h (Figure 7).


[image: image]

FIGURE 7. Detection of interleukin-32 production following the exposure of T84 cells with Clostridioides difficile-infected (CDI) fecal water (FW) treatments as measured by multiplex assay. [image: image], cells treated with FW collected at T = 0 h; [image: image], cells treated with FW collected at T = 24 h. Values are shown as mean ± SEM. Means at time points within treatments without a common letter are significantly different from each other (p < 0.05). The symbol * represents significant differences (*p < 0.05; **p < 0.01; ***p < 0.001) between treatment and CDI-FW blank at T = 24 h. R0011 = L. rhamnosus R0011; R0052 = L. helveticus R0052; R0343 = L. rhamnosus GG R0343; SB = S. boulardii CNCM I-1079; R0175 = B. longum R0175; PROTO = ProtecFlor™; R0011+ R0052+R0175 = combination of L. rhamnosus R0011, L. helveticus R0052 and B. longum R0175; R0343+SB = combination of L. rhamnosus GG R0343 and S. boulardii CNCM I-1079.


Intriguingly, other commonly associated inflammatory cytokines in the context of CDI in in vitro studies, such as interferon (IFN)-γ, TNF-α, IL-6, or IL-1β (Usacheva et al., 2016), did not show a significant activation in our study, showing detection levels below 100 pg/ml (Supplementary Figures 3–11). This presumably could be due to the initial activation of IL-8 in T84 cells that is observed within a few hours of treatment exposure (Canny et al., 2006), whereas other cytokines, such as TNF-α, have been shown to be produced in significant amounts only after 48 h of TcdA exposure (Brito et al., 2002). Moreover, neutrophil activation and localization are seen to be the key hallmarks of CDI-mediated inflammation, possibly explaining the prominent upregulation of both IL-8 and CXCL5 (Kelly and Kyne, 2011). Despite the low concentrations observed, CDI-FW-exposed cells showed an increased production in key cytokines, TNF-α, and IL-1β (fourfold and sevenfold increase at T = 24 h, respectively; Supplementary Table 1). No overall effect of CDI-FW was observed on IL-6 and IFN-γ concentrations. The anti-inflammatory cytokine IL-10 showed a 0.3-fold decrease at T = 24 in the CDI-FW blank-exposed cells; however, this attenuation was restored to normal FW levels in probiotic-supplemented CDI-FW treatments (Supplementary Table 1). Additionally, IL-11, which plays a role in mediating an anti-inflammatory response through its interaction with the IL-6 signaling receptor (Harmegnies et al., 2003), was also observed to be produced in association with both CDI-FW and normal FW. In this case, however, CDI-FW exposure did not result in a significant difference in its production when compared to normal FW (Supplementary Figure 2), suggesting that this cytokine did not play a contributing factor in CDI-mediated inflammatory response.

Overall, the findings from chemokine and cytokine analyses showed the ability of CDI-FW to induce the production of inflammatory markers in T84 cells, namely, the chemokines IL-8 and CXCL5 and the cytokines MIF, TNFRSF8, and IL-32. In previous studies by El Feghaly et al. (2013b) and Dieterle et al. (2020) increased levels of IL-8 and CXCL5 were characteristic of the immune profiles of CDI patients and were key in predicting mortality in those patients. Our findings further reiterate the association of IL-8 and CXCL5 with CDI-mediated effects in the gut mucosa. The results from our cytokine analyses, however, demonstrated the presence of cytokines such as TNFRSF8, IL-32, and MIF that have been sparsely documented with respect to CDI. The role of MIF in the intestinal lumen is thought to be multifaceted, where several in vitro studies have demonstrated its ability to maintain epithelial barrier function and integrity by modulating the epithelial tight-junction proteins (Vujicic et al., 2018). Moreover, MIF has also been associated with several other roles, such as inhibition of cellular apoptosis by modulating MAP kinase signaling (Roger et al., 2013), eradication of gram-negative pathogens through macrophage action (Roger et al., 2013), and regulation of the magnitude of inflammatory response via glucocorticoid modulation (Donnelly and Baugh, 2006). With regard to CDI, however, the only experimental evidence to date elaborating the role of MIF is a study by Jose et al. (2018), which showed that, in a mouse model of CDI, systemic MIF was significantly upregulated, the neutralization of which led to a decrease in tissue inflammation, reduction in diarrhea, and increased survival. To our knowledge, the role of TNFSRF8 and IL-32 in CDI-associated inflammation has not been examined previously. Their role in CDI could be linked to their subsequent activation of the NF-κB pathway, which leads to the activation of cytokines, such as TNF-α, IL-6, IL-1β, and IL-8, all of which are more often tested for and associated with CDI (Limsrivilai et al., 2018).

Importantly, the results from the present study show the ability of several single-strain and multi-strain probiotic supplements to protect against CDI-FW-mediated inflammatory mediator production (Figure 2). The probiotic treatments showed varying effects on each of the cytokines detected in this study, supporting the concept that probiotics exert strain-specific effects on the intestinal epithelium to modulate its functionality and immune function (Kekkonen et al., 2008). Among all the probiotics, the single-strain treatments, S. boulardii CNCM I-1079 (SB) and L. rhamnosus R0011 (R0011), were consistently associated with significant changes in inflammatory cytokine production at T = 24 h (in 12 out of a total 16 cytokines detected). R0011 was associated with a significant (p < 0.05) decrease in the levels of CXCL5, TNFRSF8, IL-32, MIF, CCL21, CXCL10, CCL19, TNF-α, IL-1β, IL-6, and IFN-γ and a significant (p < 0.05) increase in anti-inflammatory IL-10. Similarly, S. boulardii CNCM I-1079 showed a significant (p < 0.05) decrease in the levels of IL-8, CXCL5, TNFRSF8, IL-32, MIF, CCL21, CXCL10, CCL19, TNF-α, IL-1β, and IFN-γ and a significant (p < 0.05) increase in anti-inflammatory IL-10. These findings indicate similar modes of immunomodulatory action for S. boulardii CNCM I-1079 and L. rhamnosus R0011 in the context of CDI. S. boulardii has been previously shown to inhibit IL-8 production induced by TcdA in human colonocyte NCM460 cells (Chen et al., 2006), reduce TNF-α expression caused in a hamster model of CDI (Koon et al., 2016), and exhibit immunomodulatory activity in the gut in clinical studies (Ozkan et al., 2007; Abbas et al., 2014; Consoli et al., 2016). Although L. rhamnosus R0011 has not been previously examined in association to CDI, studies have demonstrated its ability to downregulate IL-8 production in HT-29 epithelial cells via the secretion of a range of bioactive molecules (Jeffrey et al., 2018). Furthermore, in a recent study by Jeffrey et al. (2020), the secretome of L. rhamnosus R0011 was shown to attenuate pro-inflammatory gene expression in HT-29 cells challenged with either TNF-α or Salmonella typhimurium secretome (Jeffrey et al., 2020). In support of the present findings, L. rhamnosus R0011 secretome induced the production of MIF, leading to a downregulation of NF-κB expression, indicating that MIF exhibits a context-dependent inflammatory response to bacterial challenges (Boonma et al., 2014).

Among the rest of the probiotics, ProtecFlor™ was most effective (with a significant decrease observed at T = 24 h in 7/16 cytokines), followed by L. helveticus R0052 (6/16), Bifidobacterium longum R0175 (6/16), L. rhamnosus GG R0343 (3/16), the combination of R0011+R0052+R0175 (3/16), and the combination of R0343+SB (3/16). Interestingly, L. rhamnosus GG R0343, which has been demonstrated to prevent cytokine-induced apoptosis in several intestinal epithelial cell models (Yan and Polk, 2002) and to modulate serum cytokines in several clinical studies (Pohjavuori et al., 2004; Bajaj et al., 2014; Kumperscak et al., 2020), did not appear to show any major effects on T84 cell viability or CDI-FW-mediated inflammatory response. This could be due to the mode of action of L. rhamnosus GG R0343 that utilizes its pili to adhere onto the gut lumen, which is followed by interaction with Toll-like receptor 2 and lipoteichoic acid to modulate IL-8 mRNA expression (Lebeer et al., 2012). Thus, the absence of viable probiotic bacteria in the FW treatments could have potentially diminished the immunomodulatory ability of this probiotic on T84 cells.

This study highlights the use of a novel, high-throughput preclinical approach to characterize potential mechanisms at the gut level against C. difficile that have not been used previously, particularly with respect to the application of human-associated gut microbiota and multiple probiotic treatments. The use of human-associated fecal matter and microbiota is crucial to assess response to infections such as CDI, allowing for a closer representation of the in vivo context in comparison to animal-associated fecal matter, as the gut microbial composition and the response to CDI in animals can differ greatly from those of humans (Nguyen et al., 2015; Turner, 2018). T84 human intestinal epithelial cells were utilized to allow for a detailed assessment of the epithelial cell response, providing further information on various inflammatory biomarkers for consideration in future studies. However, due to the absence of other cell types, such as monocytes or neutrophils, the study could not comprehensively assess the effects of CDI-FW or its probiotic treatments on the adaptive and innate immune responses. Moreover, due to a lack of information regarding the genotype of the C. difficile strain, the study could not accurately attribute the observed effects to any strain or ribotype of interest within the North American population. In this regard, future studies with epidemic variants of C. difficile in animal models could provide more holistic assessments and a confirmation of the effects observed in this study, such as those with gnotobiotic mice with human fecal microbiota transplantation of CDI patients (Kumar et al., 2016).




CONCLUSION

In summary, the results from our study demonstrated the ability of FW from CDI microbiota to adversely affect T84 cellular health and increase inflammatory marker production, including, for the first time, previously unreported cytokines. Specifically, exposure of T84 cells to CDI-FW caused a significant (p < 0.05) decrease in cell viability (Figure 1) along with increased production of several pro-inflammatory markers, including the chemokines IL-8 and CXCL5 and the cytokines TNFSRF8, IL-32, and MIF among others (Figure 2). While the roles of both IL-8 and CXCL5 in CDI pathophysiology have been previously documented (El Feghaly et al., 2013a), this study shows a potential role of TNFSRF8, IL-32, and MIF in CDI-mediated inflammation. Notably, the present study shows the ability of several probiotics to protect against CDI-FW-mediated inflammatory response. Probiotic supplementation in CDI-FW exhibited a strain-specific modulation of cellular health and inflammatory marker production, among which S. boulardii CNCM I-1079 and L. rhamnosus R0011 were the most effective. In particular, these findings demonstrate that L. rhamnosus R0011 could play a role in modulating CDI-mediated inflammation while further elucidating the potential modes of action of S. boulardii in this regard. Overall, the present data support the concept that probiotic strains can modulate CDI-mediated changes in the lumen to impact upon the subsequent inflammatory response. This study also provides a novel systematic testing approach to assess probiotic efficacy in CDI involving cytokine production mediated by CDI fecal microbiota.
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Patients

HTO1

HTO3
HTO4
HT05
HT08
HTO7
HT08
HT09
HT10
HT11
HT12
HT13
HT14
HT15
HT16
HT17
HT18
HT19
HT20
HT21
HT22
HT23
HT24
HT25
HT26
HT27
HT28
HT29
HT30
HT31
HT32
HT33
HT34
HT36
HT36
HT37
HT38
HT39
HT40

HT, Hashimoto thyroiditis; F, female;

Gender/Age

F/28
F/57
F/35
Fr28
F/65
Fr28
F/56
F/26
F/42
F/67
F/40
w58
F/50
F/53
F/54
F/64
F/52
F/45
F/63
F/63
F/82
F/54
F/38
F/65
F/52
F/65
we2
F/a7
F/35
F/51
F/45
/66
W56
Fr23
F/44
F/45
F/49
F/43
F/52
Fr27

Ethnicity

Caucasian
Caucasian
Caucasian
Afrodescendent
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Afrodescendent
Afrodescendent
Caucasian
Caucasian
Caucasian
Caucasian
Afrodescendent
Caucasian
Afrodescendent
Caucasian
Afrodescendent
Caucasian
Afrodescendent
Afrodescendent
Caucasian
Caucasian
Caucasian
Afrodescendent
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian
Caucasian

TSH
(wUl/mi)

ND
1.61
ND
ND
ND
0.01
517
6.55
9.86
1221
17
7.58
51
14
3.41
153
9.85
551
ND
ND
ND
ND
ND
4.52
10.1
472
16.8
1.26
9.48
32
433
ND
0.52
2.03
0.97
ND
491
0.48
4.89
ND

FT4
(ng/di)

ND
084
ND
ND
ND
26
1.23
12
ND
11
0.92
12
03
0.87
1.21
1.84
067
0.62
ND
ND
ND
ND
ND
ND
ND
ND
205
11
ND
0.89
1.08
ND
1.73
0.98
ND
ND
0.95
11
1.24
ND

TPO Ab
(UV/mi)

ND
51.27
ND
ND
ND
356
ND
>600
il
463
325
ND
109
1,683
ND
>2,000
250
160
ND
ND
ND
2118
ND
ND
ND
ND
10.82
ND
ND
270
159
ND
970
1,840
ND
ND
0.52
366
282
ND

Tg Ab
(UVmi)

ND
ND
ND
ND
ND
ND
ND
2413
ND
ND
ND
ND
i1
6,652
ND
ND
11.58
137.8
ND
ND
ND
56.53
ND
ND
ND
ND
42.81
ND
ND
143.23
214
ND
26
858
ND
ND
57
5.06
>1,000
ND

Disease duration
(vears)

08y
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oty
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03y
13y
25y
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05y
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05y
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ND
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02y
10y
ND

Current treatment

T4
NR
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NR
T4
NR
T4
L4
T4
T4
T4
T4
T4
T4
NR
L4
T4
LT4
T4
LT4
NR
T4
T4
LT4
T4
LT4
T4
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T4
NR
LT4
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174
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T4
LT4
T4
LT4
T4
T4

1, male; TSH, thyroid-stimulating hormone (Reference: 0.38-6.33 wUl/ml); FT4, free thyroxine (Reference: 0.54-1.24 ng/d)); TPO Ab, anti-thyroid

peroxidase antibodies (Reference: <9 U/mi); Tg Ab, anti-thyroglobulin antibodies (Reference: <4 Ul/mi); y, years; ND, not determined; LT4, oral levothyroxine sodium; NR, non-thyroid
hormone replacement.
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(cfu/vessel)
L. rhamnosus R0011 R0O011 1 x10°
L. helveticus RO052 R0052 1 x 109
L. rhamnosus GG R0343 1 x 109
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S. boulardii CNCM SB 1 x 109
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ProtecFlor ™ PROTO 1% 10°
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R0052, and RO175) strain
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Spp-1-F
Spp-1-R
Abt-2-F
Abf-2-R
Tir-1-F
Tir1-R
Nsy-1-F
Nsy-1-R
Sek-A-F
Sek-1-R
Prok-1-F
Pmk-1-R
Bar-1-F
Bar-1-R
Skn-1-F
Skn-1-R
Dbi-1-F
Dbi-1-R
Ced-3-F
Ced-3-R
Sod-3-F
Sod-3-R
Ced-9-F
Ced-9-R
Gapdh-F
Gapdh-R

Amplicon (bp)

121

181

359

153

219

121

189

106

176

223

122

158

115

119

153

194

167

146

158

Sequence (5' to 3)

CCCCACTCAATCCAAAGGCT
GTACGTCCGGAAGCGTAGAG
TCGTCTCGTGTTTCTCCAGC
TAATCGGCTTCGACTCCTGC
CTCCTGAACCGACTGCCAAT
AAATGCGAGTTCGGAGAGCA
GTACAGCGGTGGAGTCACTG
GCCTTGAGCACATTTCCAGC
CGGTTTCAATGCGGTATGGC
TGAAGCTGTGGTTGAGGCAT
CCAATGGGATGACGGAACCA
CTTCTGTCCAGCCAACGTCT
AACAGATTGGGGTCAGCTCG
TGGAGACCATTATTGCCGGG
TGGACTATGCTGTTGCCGTT
ACGCCTTGTCTGGAGAATCC
CCGTTCCCTTTTCCTTGCAC
GACGACCGCTTCGTTTCTTG
TTGGGTGCACAAAGAGCTGA
GGTCGGTGTCGTTCTGTTCA
AGCGGCTCGATCAACAAGAA
CCCATTCCACCGATATGCGA
CACTGTTTGGCGACGATGAG
ATTCCGTCCACGTTGCTGAT
CCAAAAATGACTCGCCGTGA
CTTTTGCAGTTGGACGACGA
CATGGTAGTCCGCGACTTGT
CGAGAATTGACCAGCTCCAGA
CTGGCATCCTCTACCACCAC
TTGGTGATGATGGCCGTGTT
TTTTGCGGCGAACAAATCGT
TTCGCTGTTGCCTGTTTGTG
AGAAGGAGCTTGCTAGAGAGGA
ACTGCTTTCACGATCTCCCG
GAAGATCGCCACCTGTGCAA
CAAGTAGTAGGCGTGCTCCC
GTCTAATCTCGTTCGGCGGT
CCAGCTCCGATTGTGTTCCT
ACTCGACCCACGGTCAATTC
ACTCGACAACGAAATCGGCT

Source or
Reference

(34)

34)

34

34

34

34

@4

34

@4

@4

&)

34

34

34

@4

@4

This study

This study

This study

@

Al the PCR products amplified with the pairs of primers designed in this stucly have been
verified by DNA sequencing.
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Parameters NC HFD RSV

Liver weight (g) 1.12+£0.03 119+ 0.1 1.25 £ 0.02
Serum parameters

ALT (U/L) 26.8 +£2.48 39.67 +7.25 38.38 +£ 9.86
AST (U/L) 135 + 241 186.83 + 13.52 156.88 + 20.83
TG (mmol/L) 0.52 £ 0.038 0.63 +£0.05 0.48 £ 0.03
CHOL (mmol/L) 2.63+0.12 3.69 +£0.24 3.4+027
HDL-C (mmol/L) 1.9+0.08 224 +£0.2 2.35 £+ 0.07
LDL-C (mmol/L) 0.37 £ 0.04 0.92 £0.17* 0.68 £ 0.14

The data are shown as the mean A

v SEM. Statistical differences were measured

using Tukey’s test or the non-parametric Mann-Whitney test. Symbols indicating

significant differences compared with the NC group: *p < 0.05.
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Probiotics Participants Outcome Reference
B. breve M-16V and B. longum BB536 Pregnant women; N=130 Probiotics significantly reduced the risk of developing eczema and AD (95)
L. rhamnosus GG, B. animalis subsp. lactis ~ Pregnant women; N=415 Probiotic consumption significantly decreased the proportion of Th22 cells (96)
Bb-12, and L. acidophilus La-5 and prevented AD in their offspring
Lactobacillus GG ATCC53103 Pregnant women with a Lactobacillus GG neither reduced the incidence of AD nor altered the 97)
family history of allergy; severity of AD
N=105
L. rhamnosus GG, L. acidophilus La-5, and ~ Pregnant women; N=415 Probiotics reduced the cumulative incidence of AD but did not affect atopic (98)
B. animalis subsp. lactis Bo-12 sensitization
Bifidobacterium infantis, Streptococcus Preterm infants; N=1099 Probiotics did not affect the incidence of allergic diseases and atopic (99)
thermophilus, and Bifidobacterium lactis sensitization
L. rhamnosus HNOO1 Infants N=474 L. rhamnosus HNOO1 exerted the protective effect against eczema when (100)
given for the first 2 years only, extend to at least 4 years of age
B. breve M-16V and oligosaccharide mixture  Infants aged <7 months with  No effect on AD markers (101)
atopic dermatitis; N=90
L. rhamnosus MP108 Children aged 4-48 months L. rhamnosus MP108 decreased the SCORAD socres (102)
with AD; N=66
L. acidophilus DDS-1, B. lactis UABLA-12 Children aged 1-3 years The clinical improvement was associated with the administration of the (103)
with fructooligosaccharide with moderate-to-severe probiotic mixture
AD; N=90
L. plantarum CJLP133 Children aged 12 months to L. plantarum CJLP133 decreased the SCORAD score and total eosinophil (104)
13 years; N=118 count. IFN-y and IL-4 were significantly reduced compared to baseline
measurements
L. paracasei and L. fermentum children aged 1-18 years Probiotics significantly improved the clinical symptoms of AD (105)
with moderate-to-severe AD
Lactobacillus pentosus Children aged 2-13 years; Probiotic significantly reduced the SCORAD scores, but the improvement of (106)
N=82 clinical symptoms had no difference in probiotic and placebo groups
Bifidobacterium lactis CECT 8145, B. longum Children aged 4 to 17 years  The SCORAD index and the use of topical steroids were significantly (107)
CECT 7347, and Lactobacillus casei CECT with moderate AD; N=50 reduced in the probiotic group compared with the control group
9104
B. animalis subsp lactis LKM512 Adult patients N=44 B. animalis subsp lactis LKM512 decreased itch and dermatology specific (108)
quality of life scores via kynurenic acid of tryptophan metabolism
Heat-killed L. paracasei K71 Adult patients N=34 L. paracasei K71 significantly reduced the skin severity scores (109)
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Children, incident AD (n=62)

Infants at high risk of atopic
diseases (n=76)
Infants, incident AD (n=44)

Minor patients with AD (n=30),
healthy control subjects (n=68,
sex-matched)

Infants with atopic symptoms
(n=957)

Infants with eczema (n=37)
and controls (n=24)

Healthy infants (n=20), infants
with atopic eczema (n=15)
Patients, incident allergic
symptoms (n=47)

Infants with eczema, (n=20),
healthy control subjects (n=20)
Infants at high risk of allergic
disease (n=98)

Patients with AD (n=90),
healthy control subjects (n=42)
Healthy infants (n=66), infants
with AD (n=63)

Patients with AD (n=23),
controls (N=58)

Patients with AD (n=44),
healthy control subjects (n=49)

Patients with AD (n=19), other
allergic diseases patients
(n=20)

Nation/Year

Estonian,
Swedish; 1999
Finland; 2001

Estonian,

Swedish; 2001
Japan; 2003

Netherlands;
2007

United
Kingdom, New
Zealand; 2008
Swedish; 2008
Swedish; 2009
Switzerland;
2012

Australia; 2012
Korea; 2016

Korea; 2018

Brazil; 2020

China; 2021

China; 2021

Changes in Gut microbiota

The fewer lactobacili in the gut of allergic children, higher aerobic bacteria, coliforms, and
Staphylococcus aureus versus the nonallergic children in the two countries
Atopic subjects had more Clostridia and fewer bifidobacteria than nonatopic subjects

Compared to healthy infants, fewer enterococci and bifidobacteria in the gut of allergic babies. Allergic
infants had higher clostridia, Staphylococcus aureus and Bacteroides.

The proportion of Bifidobacterium was lower and Staphylococcus was higher in patients with AD than
that in healthy subjects

The presence of Escherichia coli and Clostridium difficile was associated with a higher risk of developing
eczema
Bifidobacterium pseudocatenulatum was associated with eczema

Alpha diversity indicators were significantly less in infants with atopic eczema than that in healthy infants

The relative abundances of Lactobacilus rhamnosus, L. casei, L. paracasei, Bifidobacterium
adolescentis and Clostridium difficile were decreased in allergic children

Infants with eczema had lower diversity and a lower diversity of Bacteroidetes, Bacteroides and
Proteobacteria

Gut microbial diversity was lower in infants with eczema compared to infants without eczema

The proportion of Faecalibacterium prausnitzii was increased in patients with AD

Bacterial cell amounts were lower and the relative abundances of Akkermansia muciniphila,
Ruminococcus gnavus, and Lachnospiraceae bacterium 2_1_58FAA were decreased in infants with AD
than in control infants

Clostridium difficile was associated with AD, and fewer Lactobacillus and more bifidobacterial in patients
with AD

Alpha diversity decreased in patients with AD than healthy subjects. Blautia, Parabacteroides,
Bacteroides ovatus, Porphyromonadaceae, and Bacteroides uniformis were increased but Clostridium
and Prevotella stercorea were reduced in patients with AD

The relative abundances of Bacteroidetes, Bacteroidales, Bacteroidia, Romboutsia, and Sutterella were
significantly increased in patients with eczema

Reference
©9)
(40)
1)

(42)

(43)

(44)

(45)
(46)
47
(48)
(49)

(50)

1)

(62)
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Gene name Gene Description/ encoded endonuclease KO Description

gatB PTS system, galactitol-specific IIB component/ [EC:2.7.1.200] Galactose metabolism

gatB PTS system, galactitol-specific IIB component/ [EC:2.7.1.200] Galactose metabolism

gatB PTS system, galactitol-specific IIB component/ [EC:2.7.1.200] Galactose metabolism

gatC PTS system, galactitol-specific IIC component/- Galactose metabolism

gatC PTS system, galactitol-specific IC component/- Galactose metabolism

gatC PTS system, galactitol-specific IIC component/- Galactose metabolism

ebgA evolved beta-galactosidase subunit alpha/ [EC:3.2.1.23] Galactose metabolism

scrA PTS system, sucrose-specific IB component/ [EC:2.7.1.211] Starch and sucrose metabolism
SCrA PTS system, sucrose-specific IIB component/ [EC:2.7.1.211] Starch and sucrose metabolism
crr PTS system, sugar-specific IIA component/ [EC:2.7.1.-] Starch and sucrose metabolism
crr PTS system, sugar-specific IIA component/ [EC:2.7.1.-] Starch and sucrose metabolism
talA transaldolase/ [EC:2.2.1.2] Pentose phosphate pathway
eda 2-dehydro-3-deoxyphosphogluconate aldolase/(4S)-4-hydroxy-2-oxoglutarate aldolase/ [EC:4.1.2.14 4.1.3.42] Pentose phosphate pathway

adh alcohol dehydrogenase/ [EC:1.1.1.1] Glycolysis/Gluconeogenesis
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Galactose metabolism 39 28 33
Starch and sucrose metabolism 48 39 47
Pentose phosphate pathway 28 24 27
Fructose and mannose metabolism 40 34 33
Glycolysis/gluconeogenesis 41 36 43
Amino sugar and nucleotide sugar 44 36 38
metabolism

Pyruvate metabolism 34 36 35
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Mean decrease Gini

42.283
25.959
21.221
16.924
14.026
12.796
12.743
11.993
11.899
11.706
11.188
11113
10.370
10.159
10.157
9.869
9.102
8.702
8.347
7.428
7.403
7.275
6.485
5.859

OR

1.486
1.326
0.402
1.147
0.996
0.677
1.022
1.076
0.727
0.708
1.225
0.895
1.444
0.680
0.361
1.006
1.166
0.651
0.879
0.662
0.852
1.298
0.669
0.347

Cl_ub

0.419
0.889
0.199
0.462
0.632
0.276
0.653
0.349
0.558
0.393
0.688
0.695
0.923
0.449
0.154
0.763
0.856
0.336
0.500
0.366
0.512
0.774
0.490
0213

Cl_lb

5.276
1.977
0.813
2.850
1.570
1.662
1.599
3.312
0.947
1.273
2178
1.152
2259
1.030
0.848
1.325
1.588
1.258
1.543
1.195
1.418
2161
0.912
0.565

Abundance (%)
in DM

0.965 + 2.89
0.866 + 1.66
1.251 +5.21
1.416 + 4.61
2.699 + 5.45
0.894 + 1.89
2.264 +3.77
1.942 + 414
0.104 + 0.26
0.163 + 0.41
0.109 + 0.20
19.200 + 20.57
1.604 + 4.09
0.809 + 1.85
0.456 + 2.11
0.189 + 0.69
0.462 + 1.41
1.717 £ 4.87
0.414 £1.37
0.093 + 0.45
0.889 + 2.73
0.174 + 0.63
0.033 +0.13
0.013 +0.08

Abundance (%)
in the Normal

2.842 +5.01
1621 +178
0.330 + 1.23
4.270 +7.58
5.963 + 7.85
0.868 + 1.60
3.059 + 5.36
0.688 + 1.37
0.154 + 0.25
0.079 + 0.15
0.125 +0.18
11.896 + 18.69
2.304 +4.18
0249 + 0.78
0.013+£0.12
0.463 + 1.55
0.378 + 1.06
1.066 + 4.05
0.376 + 1.19
0.018 + 0.05
1.757 + 425
0516 + 1.34
0.015 + 0.06
0.001 +0.005

P-value

1.22E-38
5.31E-27
6.32E-07
1.32E-25
3.94E-19
8.97E-06
2E-08
1.93E-18
1.11E-11
1.1E-06
0.001016
3.48E-16
1.96E-07
1.93E-19
2.45E-17
9.33E-17
0.007919
0.000239
6.86E-10
5.21E-13
6.59E-09
1.58E-13
1.25E-07
5.61E-09
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Source Year Country HC T2DM DNA extraction Region Seq platform

PRJINA325931 2016 (32) Colombia 84 28 QlAamp DNA V4 Miseq
Stool Mini Kit

SRP168691 2019 (31) China 35 65 FastDNA Spin Kit V3-v4 lon S5

PRJINA554535 2019 (28) Pakista 20 40 Tiagen DNA V3-V4 Miseq
Stool kit

PRJINA472187 2020 (29) Mexico 76 68 PowerSoil DNA V3 PGM
Isolation Kit

PRJINAG07849 2020 (30) Nigeria 193 98 MoBioPowerMag \Z3 Miseq
Microbiome kit

ERP107659 2020 (16) China 40 20 QlAamp DNA V4-V5 Hiseq
Stool Mini kit

PRJNA670300 2020 China 95 281 QlAamp DNA \Z3 Miniseq

Stool Mini kit
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Chow WD

Final Body (g) 27.4 £ 0.426° 39.8 + 1.58°
Normalized eWAT (g) 0.024 + 0.002% 0.060 + 0.004°
Normalized rWAT (g) 0.006 + 0.001% 0.017 + 0.003
Normalized iWAT (g) 0.009 + 0.00042 0.026 + 0.004
Normalized Liver (g) 0.046 + 0.003 0.048 + 0.002
Insulin (ng/mL) 0.814 + 0.246% 2.27 +0.367°
Glucose (mg/dL) 164 £+ 11.4 171 £14.7
HOMA-IR 8.84 +2.71% 26.2 + 4.82%

Data are presented as mean + SE. Differing superscript letters indicate differences
between dietary conditions P<0.05.
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Strain Region Distrct/City) origin Acsession No. Reference
FOONAZIM1 Nanan, Crongang Human foces ‘SAR12550883 Conata, 2020
FoONAZEMA Nanan, Crongang Homan feces ‘SAR12559881 Con ot al, 2020
FOONAZOMS Nanan, Crongaing Human foces SAR12550890 Cenatal, 2020
voQws1M ‘Wansheng, Chongaing Cninese paocai ‘SAR12550736 Cenetal, 2020
VOQLPEM2 Langping, Congang Chineso paocai ‘SAR12550737 Canatal 2020
VCQYBIM3 Yubei, Chongaing. Chinese paocai SARI2560736 Cen et al., 2020
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Intestinal bacteria IL-4(pg/mL) IFN-v(pg/mL) IL-17(pg/mL) TGF-B (pg/mL)
r P r P r P r P

Ruminococcaceae 0.393 0.087 —0.021 0.930 0.124 0.602 —0.380 0.098
Lactobacillus —0.232 0.326 0.415 0.069 0.071 0.765 0.062 0.795
Blautia 0.078 0.743 —0.157 0.508 —-0.183 0.440 -0.113 0.637
Bifidobacteriaceae -0.158 0.505 0.060 0.801 0.185 0.435 0.402 0.079
Turicibacter 0.224 0.343 —0.048 0.840 0.502 0.024 0.019 0.938
Erysipelotrichaceae 0.055 0.816 —0.483 0.816 —-0.018 0.939 0.126 0.597
Oscillibacter 0.233 0.323 0.076 0.750 0.084 0.725 —0.205 0.386
Peptostreptococcaceae 0.279 0.233 -0.218 0.357 0.612 0.004 —0.020 0.934
Romboutsia 0.211 0.372 -0.127 0.595 0.632 0.003 0.091 0.701
Lachnospiraceae 0.470 0.037 —0.098 0.681 —0.088 0.712 —0.294 0.208
Erysipelotrichales 0.055 0.816 —0.483 0.031 —-0.018 0.939 0.126 0.597
Deltaproteobacteria 0.465 0.039 —0.062 0.794 —0.034 0.887 —0.527 0.017
Bifidobacterium —0.158 0.505 0.060 0.801 0.185 0.435 0.402 0.079
Enterococcaceae —0.097 0.684 —-0.175 0.461 —-0.273 0.244 —-0.322 0.166
Parabacteroides —0.325 0.162 0.090 0.705 —0.193 0.414 0.194 0.414
Prevotellaceae —0.225 0.339 —0.005 0.983 -0.216 0.360 —0.009 0.971
Clostridiales 0.513 0.021 -0.115 0.629 0.070 0.768 —0.394 0.086
Tannerellaceae —0.325 0.162 0.090 0.705 —0.193 0.414 0.194 0.414
Allobaculum —0.254 0.279 —0.188 0.428 —0.390 0.089 0.229 0.332
Muribaculaceae —0.334 0.150 0.031 0.897 —0.131 0.583 0.252 0.283
Dubosiella —0.010 0.966 —0.377 0.101 —0.061 0.799 0.081 0.735
Lactobacillaceae —0.232 0.326 0.415 0.069 0.071 0.765 0.062 0.795
Desulfovibrionaceae 0.478 0.033 —0.050 0.835 —0.026 0.913 —0.538 0.014
Enterococcus —0.097 0.684 —-0.175 0.461 —0.273 0.244 —0.322 0.166
unidentified_Clostridiales 0.425 0.061 -0.275 0.240 —0.081 0.732 —0.583 0.007

*0 <0.05, *p < 0.01. P < 0.05 is highlighted in bold.
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Forty-four out of 85 individuals had suffered from allergy. Significant p-values are indicated in bold font.
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All (n = 85) Male (n = 40) Female (n = 45) Pror sex

n % n % n %
Age (years)
18-26 21 247 9 42.8 12 57.2 0.532
27-35 27 31.8 13 48.1 14 51.9 0.723
3644 14 16.5 6 42.9 8 57.1 0.365
45-53 16 18.8 8 50.0 8 50.0 0.332
54-62 7 8.2 57.1 3 42.9 0.246
BMI (kg/m?)
Underweight (<18.5) 7 8.2 3 42.9 4 671 0.691
Normal (18.5-23.9) 49 57.6 15 30.6 34 69.4 0.670
Overweight (24-29.9) 28 329 21 75.0 7 25.0 0.417
Obesity (>30) 1 1.2 1 100.0 0 0.0 —
Allergic
Yes 44 51.8 19 43.2 25 56.8 0.518
No 41 48.2 21 51.2 20 48.8
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Treatment Period Ig(A) (0 g/mL) 19(G) (n g/mL) Ig(M) (. g/mL) TNF-o (pg/mL) IL-18 (pg/mL) IL-6 (pg/mL) IL-10 (pg/mL)

Grazing (G) Day O 181.89 + 20.45a 6.6 +£0.8a 837.09 + 193.81 181.63 +£22.95 7032 +18.75 144.98 +22.42 29.4 +£7.59
Day 53 190.64 + 28.47 8.29 + 0.77at 1,165:78 + 20871t 141.49 £+ 22.3t 54.67 + 11.38t 89.99 + 10.8t 4257 £ 6.72t
Day 100 238.09 + 22.53at 8.92 + 0.66at 1,409.79 + 234.9t 107.74 £ 16.25t 31.41 + 11.69t 71.59 4+ 17,1t 50.64 + 5.88t
Barn feeding (BF) Day O 132.21 £ 17.59 5.09 £ 0.52 780.56 + 142.63 17551 4 25 51 744+1212 183.41 +£ 29.71 29.46+ 6.4
Day 53 159.96 + 31.75 7.14 £ 0.6t 1,119.44 + 116.86t 145.67 £+ 24.3t 45.96 + 7.74t 108.24. 4 25.64t 48.91 +9.06t
Day 100 196.2 + 25.39t 762 4 1.12t 1,449.78 £ 21117t 109.02 + 16.58t 33.52 4 18.14t 81.27 4 15.85t 51.49 + 8.46t
Ban Day O 160 + 29.61 6.82 £+ 0.99a 790.35 + 209.57 181.6 +£ 14.97 7162 +16.74 141.87 + 2581 32.86 4+ 4.67
feeding + probiotics
(BF +P)
Day 53 193.43 £+ 18.37at 7.72 £ 0.95t 1,172.4 &+ 164.32t 149.15 + 14t 48.09 + 12.96t 102.48 + 14.18t 46.39 + 8.79t
Day 100 233.29 + 27.19at 8.98 + 0.53at 1,464.88 + 247.67t 100.26 + 17.93t 27.52 4+ 12.88t 74.82 + 15.34t 54.32 + 8.02t
Overall analysis HF 1 1 1 0.978 1 1 0.971
Treatment EP 21.185, <0.001 24.141, <0.001 0.141, 0.869 0.001, 0.999 0.424,0.659 0.071,0.932 1.282,0.295
Period EP 47.069, <0.001 62.157, <0.001 69.238, <0.001 96.699, <0.001 73.963, <0.001 80.239, <0.001 75.866, <0.001
Interaction F,P 0.688, 0.604 1.316, 0.286 0.223, 0.924 0.577,0.680 0.765, 0.553 1.321,0.275 0.718, 0.584

The overall analysis is two-way repeated measures ANOVA.
Bonferroni muiltiple correction was used for the comparison among treatments and periods, the letter “a” indicates the comparison with the barn feeding (BF) group at the same time point (P < 0.05), and the letter “t”

was used for comparison with day O of the same treatment (P < 0.05).
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Treatment

Grazing (G)

Barn feeding (BF)

Barn feeding + probiotics (BF + P)

Overall analysis
Treatment
Period
Interaction

Period

Day 0
Day 53
Day 100
Day 0
Day 53
Day 100
Day O
Day 53
Day 100
HF

FP
F.P
F.P

Body weight (kg)

8.56 & 1.58
10.17 £ 1.66at
13.56 £ 1.94at

8+ 1.45

12.63 + 2.89t
18.06 + 3.32t

8.44 +1.36
14.06 + 1.33t
18.74 £ 1.91t

1
7.808, 0.002
304.651, <0.001
13.612, <0.001

The overall analysis is two-way repeated measures ANOVA.
Bonferroni multiple correction was used for the comparison among treatments and periods, the letter “a” indicates the comparison with the barn feeding (BF) group at
the same time point (P < 0.05), and the letter “t” was used for comparison with day 0 of the same treatment (P < 0.05).

Body height (cm)

413+25
44.45 + 3.06t
50.2 £+ 2.86t
40.9 +3.38
46.7 £2.73t

51.91 + 3t
40.4 £ 2.22
47.71 £ 2.3t
53.88 + 2.48t

1
1.926, 0.165
277.023, <0.001

4.930, 0.002

Body length (cm)

455 +£2.8
46.9 & 3.48t
52.9 & 3.25t

442 £2.7
49.6 &+ 3.41t
56.21 + 4.156t
44.8 +3.22

53.66 + 1.92at
55.41 4+ 2.5t
1
3.082, 0.062
1566.460, <0.001
8.667, <0.001

Chest circumference (cm)

48 +2.83
50.65 + 2.65at
58.9 & 2.96at

474 +£212
55.6 & 2.94t
65.06 + 2.82t
48.3 +3.23
57.06 + 2.11t
64.22 + 3.66t
0.985
8.580, 0.001
427.267, <0.001
10.748, <0.001
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Ingredient % of total

Corn barn 10
Peanut vine 19
Alfalfa meal 21
Corn 28
Corn germ 9
Bean curd CP43% 4
Expanded soybean 3
Molasses 3
Premix feed 3

Forage to concentrate ratio 1:1





OPS/images/fmicb-12-666837/fmicb-12-666837-g004.jpg
Sharpea_azabuensis

0.4
Bacteroides_ovatus
Bacteroides_uniformis 0.2
Escherichia_coli

Clostridium_butyricum 0
Parabacteroides_distasonis
Bacteroides_caccae o

Alistipes_finegoldii

Bifidobacterium_pseudolongum

Blautia_producta

Clostridium_glycolicum
Clostridium_tertium

Prevotella_ruminicola

Clostridium_paraputrificum

Ruminococcus_bromii

Clostridium_colinum

Ruminococcus_flavefaciens

‘ Olsenella_umbonata
Akkermansia_muciniphila

Fibrobacter_succinogenes

di-T1
ANL
911
D3]
V3]
INSI
01-TI





OPS/images/fimmu.2020.619574/fimmu-11-619574-g006.jpg





OPS/images/fmicb-12-737622/fmicb-12-737622-g006.jpg
Cladogram
BN Control WEE Hfat WM Hfiber [0 Model EEE Pro

P_Bactergjg, BN o: f_Bifidobacteriaceae
I Control s B b: o_Bifidobacteriales
B Hfat b BN c: c_unidentified_Actinobacter
a B d: f_Muribaculaceae
Bl Hfiber B e:f_Prevotellaceae
\ Q) B 1 f_Tannerellaceae
=3 Model & NG B g: o_Bacteroidales
%,
Py ¢ K3 - Bacteroidia
[ %,
Probio 3 Enterococcaceae

Lactobacillaceae

B k: o_Lactobacillales

I 1 c_Bacilli

BB m: f_Lachnospiraceae
B n: f_Peptostreptococcaceae

|\

unidentified_Clostridiales
Clostridiales

i
i

=3 t: o_Erysipelotrichales
= u: c__Erysipelotrichia

B v: f_Desulfovibrionaceae
BN w: o_Desulfovibrionales
BN x: c_Deltaproteobacteria

Il
i\
Il

W

z
7
)

J‘

- r‘ ]

4 ’?”I
i
/I;llllm

TR
R
/"1'"““\\ A

1

s
3 &’w
=
oF

«
e

o
-

2 3 4
LDA SCORE (log 10)





OPS/images/fimmu.2020.619574/table1.jpg
Groups. Treatment

Control 1% penicilin/streptomycin +10% FBS +RPMI-1640
cd 1% penicilivstreptomycin +10% FBS + RPMI-1640 + CACl, 50 M)
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