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Editorial on the Research Topic
 Interactions between bioactive food ingredients and intestinal microbiota, volume II




To date, human health has been greatly benefited from the rapid development of the multiple “omics” techniques (Babu and Snyder, 2023; Karczewski and Snyder, 2018; Dai and Shen, 2022; Mohr et al., 2024; Yurkovich et al., 2024; Hao et al., 2022), in combination with various application strategies, such as the use of dietary nutrients in the regulation of intestinal microbiota (Nayak et al., 2021; Si et al., 2021; Hasin et al., 2017). It is well-known that numerous biological functions, e.g., immune system, energy and intestinal homeostasis of the host, and metabolic activities, involved in human health are regulated by the human gut microbiota, which includes diverse groups of bacteria, fungi, viruses, and protozoa inhabiting the gastrointestinal tract (Fan and Pedersen, 2021; Gebrayel et al., 2022). Therefore, it is extremely important to determine how different diets shape the composition and function of gut microbiome and to explore the associations between diet (nutrition), host, and microbes for the development of precision nutrition and microbiome-based therapies for various medical disorders (Van Hul et al., 2024; Ross et al., 2024; Dmytriv et al., 2024; Jacquier et al., 2024; Li et al., 2024; Pires et al., 2024; Duffuler et al., 2024; Wu et al., 2024; Osawa et al., 2024; Singh et al., 2021; Wang et al., 2019: Han et al., 2021; Ray and Mukherjee, 2021; Deehan et al., 2020). Currently, the molecular mechanisms underlying the interactions among food nutrients, prebiotics, gut microbiota, and host health remain largely unknown.

Considering the rapid advancements in exploring of the associations among food nutrients, gut microbiota, and human health, we emphasize the significance of enhancing global scientific research on the interactions between food nutrient and gut microbiota, and their roles in developing dysbiosis and low-grade inflammation during the intestinal barrier dysfunction and metabolic disorders in hosts and in developing effective dietary treatments for various medical disorders in human.

Building on the success of our Research Topic titled “Interactions between bioactive food ingredients and intestinal microbiota” in the journal Frontiers in Microbiology (Ruan et al., 2022), we summarize the main results of a total of 15 publications contributed by 115 contributors in Volume II of this Research Topic with the same topics widely explored. Most of the contributions collected in this Research Topic were performed based mainly on animal models, i.e., eight articles on mouse models of a total of six medical disorders, and humans of either healthy subjects or patients of two medical disorders (i.e., colorectal cancer and kidney disease), using various well-established “omics” analyses. The main outcomes of these contributions are summarized below.

First, a total of five contributions were based on healthy human subjects to explore the effects of various substances on the gut microbiome. Vizioli et al. investigated the potential effect of probiotics, yogurt supplemented with Streptococcus thermophilus, Lactobacillus delbrueckii, and Bifidobacterium animalis subsp. lactis strain BB-12, on the gut microbiome and metabolome of a total of 59 healthy children using untargeted metabolomics and shotgun metagenomics analyses. Their results showed that in 10 days, the relative abundances of these probiotics were significantly increased, indicating the impact of probiotics on the bacteria of interest in the gut microbiome. However, the protective gastrointestinal effect of the functional metabolite changes would be verified by longer intervention durations in children at risk for gastrointestinal disorders. Corrêa et al. studied the effects of Moro orange (Citrus sinensis L. Osbeck) juice (MOJ) on gut microbiota composition and subsequent changes in the levels of cardiometabolic biomarkers in a total of 12 overweight women, demonstrating the importance of orange juice intake duration, as observed in the evident variations in the beneficial changes (e.g., blood pressure improvement) between 2- and 4-week interval of MOJ intake. This study provided strong experimental evidence to support that changes in specific operational taxonomic units (OTUs) of the gut microbiota in response to MOJ intake were associated with significant improvements in some cardiometabolic biomarkers and short-chain fatty acid (SCFA) levels in overweight women with insulin resistance. Gu et al. explored the potential effects of citrus pectin-type polysaccharides, including (1) the pectin polysaccharide (PEC), which was the partially hydrolyzed pectin (PPH), and (2) the pectin oligosaccharide (POS), on the improvement of aging-associated dysbiosis and the levels of SCFAs of the gut microbiota using five healthy elderly volunteers (70–75 years) and five younger adults (30–35 years). The main results showed that these pectins boosted various bacterial groups differently from the reference prebiotic substrate (inulin), and the in vitro modulating effects of pectins on elderly gut microbiota revealed significant potential of using pectins to improve age-related dysbiosis. The authors indicated that further human intervention studies were necessary to verify the potential effects of pectins observed in this study. Rawi et al. identified the putative primary degraders (i.e., gum-fermenting bacteria) of commercial acacia (Acacia senegal) gum, which was composed of arabinogalactan branched polysaccharide and was marketed as a functional dietary fiber to improve overall human gut health, in the gut ecosystem of three healthy human subjects based on enrichment culture fermentation in an anaerobic chamber for 144 h. Based on the 16S RNA sequencing, a total of five bacterial strains were found to be gum-fermenting bacteria and matched to butyrate-producing Escherichia fergusonii, ATCC 35469. This study confirmed the use of acacia gum as a potential prebiotic and an alternative approach for mediating gut illness. Lan et al. screened strains of Bifidobacterium animalis subsp. lactis with differential oligosaccharide metabolism to subsequently perform genome-wide resequencing and real time quantitative PCR (RT-qPCR) analyses in mothers and their infants. The authors further explored the mechanism underlying the differences in B. animalis subsp. lactis oligosaccharide metabolism, revealing that the variations in the gene transcription levels led to intraspecies differences in the ability of the strains to metabolize oligosaccharides even when they belonged to the same subspecies, providing strong experimental evidence to support the utilization of B. animalis subsp. lactis strains as probiotics and the development of synbiotic products.

Second, two publications were based on patients of two diseases, colorectal cancer and kidney disease. Kim et al. assessed the effects of a modified microbiota-accessible carbohydrate (mMAC) (high-fiber) diet on gut microbiota composition and clinical symptoms in two groups of a total of 40 colon cancer patients who underwent surgical resection, those who received adjuvant chemotherapy and those who did not. The main results included the distinct differences in gut microbial composition after the mMAC diet in both the chemotherapy and non-chemotheraphy groups, providing valuable insights into the potential benefits of the mMAC diet, specifically its impact on the gut microbiome and clinical symptoms in postoperative colorectal cancer patients. Lazarevic et al. explored the alternations in gut barrier, composed of gut microbiota and playing pivotal roles in chronic kidney disease (CKD) progression and nutritional status, in a total of 22 hemodialyzed (HD) patients and 11 non-HD (NHD) CKD patients. The main results included that compared to healthy group, HD patients exhibited significant alterations in fecal microbiota composition, a higher systemic inflammation, and a modification in plasma levels of appetite mediators. This study underscored the multifaceted interplay among gut microbiota, physiological markers, and kidney function. It was noted that further investigations in larger cohorts were necessary to verify the findings revealed in this study.

Third, a total of three articles were based on mouse models of colitis. Xia et al. investigated the influence of Litsea cubeba essential oil (LCEO) on lipopolysaccharides (LPS)-induced mouse intestinal inflammation model and associated changes in the gut microbiota, i.e., the therapeutic potential of LCEO for gut health, with particular emphasis on its gut protective properties, as well as the anti-inflammatory properties and modulation of the gut microbiome. This study identified LCEO as a promising natural compound for ameliorating diarrhea and intestinal inflammation, highlighting the need to further explore the complex interplay among the host, gut microbiome, and natural products in the context of inflammatory diseases. Wu et al. examined the effects of an intervention with fructooligosaccharides (FOS), Saccharomyces boulardii, and their combination in a mouse model of colitis and to explore the mechanisms underlying these effects. The results revealed enhanced anti-inflammatory effects of the combined administration of FOS and S. boulardii in treating colitis and colitis-induced intestinal dysbiosis, in comparison to the application of FOS alone. In particular, the combination significantly increases the abundance of beneficial bacteria such as lactobacilli and Bifidobacteria and effectively regulated the gut microbiota composition, providing a scientific rationale for the prevention and treatment of colitis using a combination of FOS and S. boulardii and for the development of nutraceutical preparations containing both FOS and S. boulardii. Zou et al. applied network pharmacology to mine and verify the single active ingredient, puerarin, in Radis puerariae. The authors found that puerarin was a potential ingredient that could improve the crypt deformation and inflammatory infiltration in mice, as observed in the decreased levels of various inflammation related factors, while the results of correlation network and metabolic function prediction analysis of the microbiota revealed a tightly connected network widely involved in carbohydrate metabolism and amino acid metabolism. This study revealed high therapeutic effect of puerarin on ulcerative colitis, which was partially achieved by restoring the composition and abundance of gut microbiota and their metabolism.

Lastly, a total of five contributions were based on mouse models of five different medical disorders. Tian et al. investigated the effect of ursolic acid on obesity depending on the regulation of gut microbiota and metabolism based on the mouse model of obesity established with a high-fat diet using intestinal microbiome and metabolomics analyses. The results revealed that the roles of ursolic acid in the anti-obesity process depended in part on alterations in the gut microbiota and metabolism, highlighting the potential therapeutic effect of ursolic acid on the improvement of diet-induced obesity in humans. Zang et al. explored the mechanism of red quinoa polysaccharide (RQP), which was a complex polysaccharide containing more glucose, galactose and acarbose, in alleviating type 2 diabetes (T2D) through both in vivo and in vitro experiments using the mouse model of T2D induced by high-fat diet. The results showed strong anti-diabetic effects of RQP on T2D and transformed intestinal microbiota composition in diabetic mice, revealing that RQP could inhibit the development of diabetes by correcting the imbalance of intestinal microbiota. Hsiao et al. investigated the use of okra (containing a viscous substance rich in water-soluble material, including fibers, pectin, proteoglycans, gum, and polysaccharides) polysaccharides by microorganisms and their potential to improve microbiota by assessing the regulation of microcapsules prepared from okra polysaccharides with or without Lactiplantibacilus plantarum encapsulation on intestinal microbiota through 16S rRNA metagenomic analysis and SCFAs in the mouse model of Alzheimer's disease (AD). Interestingly, the authors found that both microcapsules prepared from okra polysaccharides either with or without L. plantarum encapsulation improved intestinal microbiota by elevating Lactobacillus levels in AD mice. Feng et al. explore the effects of alcohol intake at different concentrations on gouty arthritis based on the gut microbiota in the mouse model of acute gouty arthritis established by injection of monosodium urate crystals. Based on various morphological and biochemical factors, it was concluded that alcohol of high concentration altered the gut microbiota structure in gouty mice, possibly exacerbating gouty symptoms by enhancing pro-inflammatory pathways. Hua et al. investigated the mechanisms underlying the attenuation effect of hemp seed (HS) and its water-ethanol extract on mice with loperamide-induced constipation. The gut microbiome studies showed that the structure and abundance of intestinal microbiome were altered, as observed in the changed relatively abundances of Odoribacter, Bacteroide, Lactobacillus, and Prevotella. This study revealed the potential of HS to stimulate the proliferation of beneficial gut microbes and promote intestinal motility, thereby improving gut health and relieving symptoms of constipation.

In summary, this Research Topic of contributions highlights recent progress in the relevant fields of human health discussed in this Research Topic and suggests future research directions with potential avenues for scholars to explore. Given the rapid development of techniques for exploring the interactions between bioactive food ingredients and intestinal microbiota, it is expected that significant achievements related to human health will soon emerge from the topics covered in this Research Topic.
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Introduction: The consumption of probiotics may influence children’s gut microbiome and metabolome, which may reflect shifts in gut microbial diversity composition and metabolism. These potential changes might have a beneficial impact on health. However, there is a lack of evidence investigating the effect of probiotics on the gut microbiome and metabolome of children. We aimed to examine the potential impact of a two (Streptococcus thermophilus and Lactobacillus delbrueckii; S2) vs. three (S2 + Bifidobacterium animalis subsp. lactis strain BB-12) strain-supplemented yogurt.

Methods: Included in this study were 59 participants, aged one to five years old, recruited to phase I of a double-blinded, randomized controlled trial. Fecal samples were collected at baseline, after the intervention, and at twenty days post-intervention discontinuation, and untargeted metabolomics and shotgun metagenomics were performed.

Results: Shotgun metagenomics and metabolomic analyses showed no global changes in either intervention group’s gut microbiome alpha or beta diversity indices, except for a lower microbial diversity in the S2 + BB12 group at Day 30. The relative abundance of the two and three intervention bacteria increased in the S2 and S2 + BB12 groups, respectively, from Day 0 to Day 10. In the S2 + BB12 group, the abundance of several fecal metabolites increased at Day 10, including alanine, glycine, lysine, phenylalanine, serine, and valine. These fecal metabolite changes did not occur in the S2 group.

Discussion: In conclusion, there were were no significant differences in the global metagenomic or metabolomic profiles between healthy children receiving two (S2) vs. three (S2 + BB12) probiotic strains for 10 days. Nevertheless, we observed a significant increase (Day 0 to Day 10) in the relative abundance of the two and three probiotics administered in the S2 and S2 + BB12 groups, respectively, indicating the intervention had a measurable impact on the bacteria of interest in the gut microbiome. Future research using longer probiotic intervention durations and in children at risk for gastrointestinal disorders may elucidate if functional metabolite changes confer a protective gastrointestinal effect.
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Introduction

The gut microbiome is comprised of the entire gastrointestinal (GI) microbial community, including bacteria, fungi, viruses, and their genes. Metagenomic analysis captures a comprehensive summary of the microbiome, i.e., microbial diversity and their ecological niches (microbial function) (Wang et al., 2015). Gut colonization starts prenatally and continues after birth. The gut microbiome in early infancy begins to stabilize early in life (Bäckhed et al., 2015). Several mechanisms, including birth mode (Yuan et al., 2016), type of milk received (Mayer-Davis et al., 2006), and environmental factors (Yatsunenko et al., 2012), shape the development of the gut microbiome from infancy to adulthood. The environment and diet during the first two to five years turn an immature microbiota into a more stable, resilient, adult-like gut microbial community (Yatsunenko et al., 2012). The human gut microbiome influences nutritional absorption, immune health, and behavior (Jungersen et al., 2014). Pre-clinical and clinical studies suggest that the gut microbiota-immune system crosstalk may be responsible for long-term health (Kostic et al., 2015; Stiemsma and Michels, 2018). Disruptions to a healthy gut microbiome are observed during disease states and across chronic illnesses, including inflammatory and immune disorders (Neis et al., 2015; Boulangé et al., 2016; Stinson et al., 2017).

Probiotics are defined by the International Scientific Association for Probiotics and Prebiotics as “live microorganisms that, when administered in adequate amounts, confer a health benefit on the host (Hill et al., 2014).” Probiotics are increasingly used in commercial products because of their potential benefits on the gut microbiota that have been shown to exert positive effects on host physiology (Hill et al., 2014; Hojsak et al., 2018). The mechanism of action by which probiotics confer health benefits are diverse and include: colonization and normalization of perturbed intestinal microbial populations, competitive exclusion of pathogens, and modulation of the immune system via production of anti-inflammatory factors (Plaza-Diaz et al., 2019).

Probiotics have been used in treatment of GI symptoms and prevention or management of GI disorders. Several studies have shown that probiotic strains from the Bifidobacterium genus promote the growth of beneficial bacteria, inhibit pathogenic microorganisms by secreting antibacterial factors (Moroni et al., 2006), competitive adhesion to intestinal epithelial cells (Plaza-Diaz et al., 2019) improve GI barrier (Srutkova et al., 2015; Schroeder et al., 2018), promoting the formation of mucous layers maintaining of intestinal immune homeostasis (Artis, 2008), and lower inflammatory cytokines (Xue et al., 2017). Moreover, consumption of Lactobacillus and Bifidobacterium genera have been associated with improved mental health and memory function in pre-clinical and human studies (Savignac et al., 2015; Mörkl et al., 2020; Sharma et al., 2021; Griffin et al., 2022).

There is increasing interest in using probiotics as a tool to maintain and restore a healthy gut microbiota. While evidence supports their use in some GI diseases, the impact of probiotics on healthy gut microbiota and its metabolism is still unclear in both adults and children (Wilkins and Sequoia, 2017; Suez et al., 2018, 2019; Merenstein et al., 2021). Few studies have examined the effect of probiotics in healthy adults (McKean et al., 2017; Suez et al., 2018; Merenstein et al., 2021), and even fewer have studied the effect of probiotics in healthy children (Łukasik et al., 2018). Although Bifidobacterium animalis subsp. lactis BB-12 (BB-12) is among the most common probiotic supplements and has previously been demonstrated to be well-tolerated by healthy children (Tan et al., 2017), there are limited studies examining the effects of BB-12 on structural and functional characteristics of the gut microbiome in children ages one to five years old (Tan et al., 2017).

Metabolites produced by gut microorganisms have been identified in modulating human health, including the immune system, metabolic, and neurobehavioral traits (Arpaia et al., 2013; LeBlanc et al., 2017; McKean et al., 2017; Plaza-Diaz et al., 2019; Mörkl et al., 2020). Furthermore, emerging studies suggest that probiotics’ effects on intestinal metabolites may contribute to intestinal health and immune function (Dai et al., 2011; den Besten et al., 2013; Conlon and Bird, 2015; LeBlanc et al., 2017; Lee et al., 2018). Thus, there is growing interest in the link between probiotic administration and the subsequent impact on metabolite changes in the context of human health and disease. Shotgun metagenomics sequencing and untargeted metabolomics technologies have grown exponentially in the last decade providing a key tool to closer examine the microbial characterization, function, and metabolism in a sample (e.g., fecal or tissue samples). Therefore, metabolomics offers an efficient and accurate strategy of exploring the biological role of how probiotics may impact the pediatric gut microbiome, including how these metabolites respond to different combinations of symbiotic bacteria administration (i.e., Bifidobacterium vs. Lactobacillus spp. probiotic genera) (Riekeberg and Powers, 2017).

Exploring the effect of probiotics on the gut microbiome and metabolome in healthy children may provide more extensive insight into the relationship between probiotics, gut microbiota, metabolites, and human health. This may aid in developing more effective methods of assessing gut health by simultaneously characterizing the gut microbiome and functional impacts of microbiome community changes on the metabolome. Furthermore, GI disorders are among the most common ailments reported in pediatric primary care. Therefore, utilizing our approach including microbiome and metabolome analyses to characterize structural and functional responses of gut microbiota to two probiotics combinations (Streptococcus thermophilus and Lactobacillus delbrueckii [S2] vs. Streptococcus thermophilus, Lactobacillus delbrueckii, and Bifidobacterium animalis subsp. lactis strain BB-12 [S2 + BB12]) in children is an important first step to design future research evaluating the efficacy of probiotics in the prevention of dysbiosis–associated GI disorders.

To date, few studies have been conducted to examine the effect of probiotics on gut microbial compositional and functional structure combined with associated fecal metabolome changes in healthy children. Thus, this study uses shotgun metagenomic sequencing and untargeted fecal metabolomics to examine the effects induced by the consumption of yogurt with and without the BB-12 probiotic strain (BB12) in healthy children aged one to five years old. This study builds upon findings by Tan et al. (2017) using shotgun metagenomics sequencing for microbiome analysis and the integration of metabolomic data.



Results


Participant characteristics

A total of 59 healthy participants between the ages of one and five years (mean age = 2.38 ± 1.22) were included in the study (Figure 1A). The yogurt was administered to the participants for ten consecutive days. Fecal samples were analyzed at baseline (Day 0), ten (Day 10), and 30 (Day 30) days from both S2 + BB12 (n = 25, 28, and 25, respectively) and S2 (n = 31, 31, and 30, respectively) groups (Figure 1B).
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FIGURE 1
 Study Design: a total of 59 children, aged one to five years old, were analyzed for this double-blinded, randomized controlled study (A). The participants consumed yogurt with two (S2 group) vs. three (S2 + BB12 group) probiotics’ strains (B). The participants consumed yogurt during ten consecutive days. Fecal samples were collected before the intervention (Day 0), after ten days of yogurt consumption (Day 10), and after 20 days of yogurt consumption discontinuation (Day 30). Created with BioRender.com and SankeyMATIC.com.


Participants were relatively divided equally between males and females (n = 28 males and n = 31 females). Most of the participants included were White (n = 40). Additional demographic information from the included participants is displayed in Table 1.



TABLE 1 Participants demographics.
[image: Table1]



Metagenomic analyses

The administration of BB-12, in addition to S. thermophilus and L. delbrueckii, influenced the composition of the gut microbiome, although there were no overt global microbiome changes quantified by alpha and beta diversity indices. Species richness and Shannon indices were not significantly different between the S2 and S2 + BB12 groups at Day 10 (p = 0.65 and p = 0.24, respectively; Figures 2A,B). At Day 30, there were no significant differences in species richness between S2 and S2 + BB12 groups (p = 0.669), but Shannon diversity was significantly lower in the S2 + BB12 group compared to the S2 group (p = 0.044; Figures 2A,B). There were no between group differences in beta diversity (based on Bray–Curtis dissimilarity) at Day 10 (R2 = 0.02, p = 0.31; Figure 2C) or Day 30 (R2 = 0.02, p = 0.427; Supplementary Figure S1). Age was a significant predictor of alpha diversity measures in the Day 0 and Day 10 samples, irrespective of treatment group (species richness p = 0.001, Shannon index p = 0.045). These findings agree with previously reported results by Tan et al. (2017) using 16S rRNA analysis.
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FIGURE 2
 Observed species (A) and Shannon (B) alpha diversity indexes in S2 (blue) and S2 + BB12 (red) groups at Day 0, Day 10, and Day 30. PCoA based on Bray–Curtis dissimilarity followed by a PERMANOVA (p = 0.318) showing no separation among samples (C). Relative abundances of the three strains used in the S2 and S2 + BB12 interventions: B animalis (D), S. thermophilus (E), and L. delbrueckii (F) during time comparing S2 (blue) and S2 + BB12 groups (red). Top 25 changing taxa (G,H) and gene orthologs (I,J) between Day 0 and Day 10 in S2 (G–I) and S2 + BB12 (H–J) groups identified by linear model.


We built upon these findings by using shotgun metagenomics, which allowed us to observe differential abundant taxa at the species level. As expected, the metagenomic analysis showed an increase of B. animalis in the S2 + BB12 group. B. animalis abundance was significantly impacted by the administration of the BB12 supplemented yogurt (group × time p < 0.001; Figure 2D). We observed an effect of time, but not group, in L. delbrueckii (time p < 0.001; group p = 0.405). S. thermophilus’s relative abundance were significantly different in time and group × time interaction (time p < 0.001; group p = 0.349; group x time p = 0.020) (Figures 2E,F). As expected, post hoc testing showed in the S2 + BB12 group a statistically significant increase comparing Day 0 vs. Day 10 in BB-12 (p < 0.001), S. thermophilus (p < 0.001), and L. delbrueckii (p = 0.018) abundances. Similarly, Day 10 vs. Day 30 comparison showed a statistically significant decrease in BB-12 (p < 0.001), S. thermophilus (p = 0.001), and L. delbrueckii (p = 0.004) abundances (Figures 2D–F). In the S2 group, we found statistically significant differences in Day 0 vs. Day 10 comparison of S. thermophilus (p < 0.001) and L. delbrueckii (p = 0.005) abundances. Interestingly, BB-12 increased comparing Day 0 to Day 30 in the same group (p = 0.016).

We then focused our analyses on within-group differences in both groups from Day 0 to Day 10, as both groups received a probiotic intervention (S2 vs. S2 + BB12) and were healthy children. The 25 taxa with the greatest change in relative abundance between Day 0 and Day 10 were evaluated to observe the effect on individual microbial taxa following a ten-day administration of two (S2) vs. three (S2 + BB12) strains of probiotics. S. thermophilus, one of the intervention bacteria, was significantly increased in the S2 group at Day 10 compared to Day 0 (FDR p = 0.003; Figure 2G). Interestingly, the other intervention bacteria L. delbrueckii was absent among the 25 most changing taxa in the S2 group. In the S2 + BB12 group, all three intervention bacteria (i.e., B. animalis, S. thermophilus, and L. delbrueckii) were significantly increased at Day 10 (FDR p < 0.001, FDR p < 0.0001, and FDR p = 0.048, respectively), but the S2 + BB12 intervention did not significantly influence the abundance of any other taxa when FDR correction was applied (Figure 2G; Supplementary Table S1). In both groups most of the top changing taxa were decreased in Day 10 compared to Day 0 (19/25 and 20/25 taxa in S2 and S2 + BB12 groups respectively), but many of these differences were not significant before or after FDR correction (Figures 2G,H; Supplementary Table S1). We also saw an influence of race and ethnicity on within group taxonomic response to the S2 and S2 + BB12 interventions; E. cloacae complex sp. 35734 and K. michiganensis were both decreased in Asian children compared to Black or African American children (FDR p = 0.015 and 0.032, respectively, S2 group) and B. pseudocatenulatum was decreased in non-Hispanic children (FDR p = 0.022, S2 + BB12 group; Supplementary Table S2).

When we analyzed the differential abundance of gene orthologs, we found that the relative abundance of the glucan 1,4-alpha-glucosidase, chondroitin-sulfate-ABC endolyase/exolyase, and response regulator HydG genes decreased from Day 0 to Day 10 in both groups, (Figures 2I,J). These differences were also not statistically significant before or after FDR correction (Supplementary Table S1). Except for two orthologs, fatty acid synthase [K11533] and KUP potassium uptake protein, the 23 remaining orthologs among the 25 top changing ones between groups were decreased in the S2 group after ten days of probiotics administration, although these decreases were not statistically significant (Figure 2I; Supplementary Table S1). An overall trend of decreased orthologs relative abundance from Day 0 to Day 10 was similar in the S2 + BB12 group, except for four orthologs that had a non-statistically significant increase following BB12 administration, including fliC (flagellin), msbA; ATP-binding cassette, subfamily B, bacterial MsbA, sstT; serine/threonine transporter, and chondroitin-sulfate-ABC endolyase/exolyase (Figure 2J; Supplementary Table S1). There were two orthologs that changed significantly with age in the S2 + BB12 group; hexuronate transporter decreased (FDR p = 0.025) and aspartyl-tRNA synthetase increased (FDR p = 0.022; Supplementary Table S3). No significant changes were found with the other covariates in the S2 group.

We selected 18 known probiotic strains identified through literature search (Supplementary Table S4), to observe if the administration of two (S2) vs. three (S2 + BB12) probiotic strains would influence the abundance other known probiotics. Most of the identified probiotic-associated taxa belonged to Lactobacillus, Bacteroides, and Bifidobacterium genera, and were commonly used as probiotic supplements in the food industry or clinical trials (see Supplementary Table S4 for references). We observed that the abundance of targeted probiotic-associated bacteria increased from Day 0 to Day 10 in 61% (11/18) of selected taxa in the S2 group (Figure 3A) and 72% (13/18) of taxa in the S2 + BB12 (Figure 3B) group, but most of the differences did not reach statistical significance. Nevertheless, cumulative bacterial responses changes of probiotic-associated bacteria differed according to intervention group. For example, we observed no pattern in samples distribution in the S2 group (Figure 3C), while in the S2 + BB12 group we can observe a separation of Day 0 vs. Day 10 samples (Figure 3D). In the S2 + BB12 group, many of the Day 10 probiotic-associated bacteria clustered with B. animalis, indicating similar response to the probiotic (Figure 3D).
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FIGURE 3
 Relative abundances of selected probiotic taxa are plotted in S2 (A) and S2 + BB12 (B) groups after ten days of probiotic intervention (Day 0 vs. Day 10). Post-selection PCA shows selected probiotics following ten days of probiotics administration in S2 (C) and S2 + BB12 (D) groups. The difference in S. thermophilus and B. animalis between Day 0 and Day 10 abundances are statistically significant different (p < 0.0001 for both) in S2 + BB12 group. Day 10 is represented by the darkest color all plots. In PCA, different arrows colors refer to different genera: Blue, light blue, dark green, and green represent Bifidobacterium, Lactobacillus, Bacteroides, and Streptococcus genera, respectively. Each arrow points in the direction of the steepest increase of the values for the corresponding feature. The angle between arrows indicates the correlation between the different features (positive when the angle is sharp and negative when the angle is larger than 90 degrees). The length of the arrow is a measure of fit for the feature.




Metabolomic analyses

The untargeted metabolomic analysis identified 734 metabolites. To evaluate the impact of S2 vs. S2 + BB12 probiotics on the metabolome, we performed both exploratory analyses quantifying differences in all annotated metabolites and hypothesis-driven metabolomics analyses focused on amino acid-associated and short chain fatty acid metabolites.

After excluding xenobiotics, we conducted exploratory metabolomic analyses on 601 biochemicals. We analyzed the differences between Day 0 vs. Day 10, Day 10 vs. Day 30, and Day 0 vs. Day 30 within the S2 and S2 + BB12 groups (Supplementary Table S5). After correcting for multiple comparisons, we did not find statistically significant differences between groups for any metabolite evaluated. Nevertheless, there were clinically relevant metabolites that were differentially abundant during the probiotic intervention within groups, but did not survive correction for multiple testing (raw and FDR corrected p-values, along with FC response are listed in Supplementary Table S5). Therefore, metabolites with a FC response ≥ |2| and raw p-value <0.05 comparing Day 0 vs. Day 10 and Day 0 vs. Day 30 in S2 (Figures 4A,C,E) and S2 + BB12 (Figures 4B,D,F) groups are presented. We found greater changes in the S2 + BB12 group compared to the S2 group (14 vs. three metabolites). After ten days of yogurt consumption, we found an increase of N-acetylvaline (FDR p = 0.974, FC = 2.151) and a decrease of arachidoylcarnitine (C20) * (FDR p = 0.974, FC = 0.436). Day 0 vs. Day 30 comparison exhibited several changes in lipids decreased at Day 30 belonging to diacyglicerol metabolism: linoleoyl-linoleoyl-glycerol (18:2/18:2) (Wang et al., 2015)* (FDR p = 0.216, FC = 0.29), palmitoyl-linoleoyl-glycerol (16:0/18:2) (Bäckhed et al., 2015)* (FDR p = 0.188, FC = 0.311), palmitoyl-linoleoyl-glycerol (16:0/18:2) (Wang et al., 2015)* (FDR p = 0.216, FC = 0.263), oleoyl-linoleoyl-glycerol (18:1/18:2) (Bäckhed et al., 2015) (FDR p = 0.188, FC = 0.295), palmitoyl-oleoyl-glycerol (16:0/18:1) (Bäckhed et al., 2015)* (FDR p = 0.188, FC = 0.252), and oleoyl-linoleoyl-glycerol (18,1/18:2) (Wang et al., 2015) (FDR p = 0.166, FC = 0.221). The glycerolipids 2-palmitoyl-galactosylglycerol (16:0)* (FDR p = 0.166, FC = 2.358) and 1-palmitoyl-galactosylglycerol (16,0)* (FDR p = 0.166 FC = 2.319), were increased together with 3-hydroxybutyrate (BHBA) (FDR p = 0.906, FC = 2.821).
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FIGURE 4
 Volcano plot (p < 0.05, FC > 2) comparing Day 0 vs. Day 10 (A,B), Day 0 vs. Day 30 (C,D), and Day 10 vs. Day 30 (E,F) within S2 and S2 + BB12, respectively. Metabolites in red/blue represent metabolites increased/decreased at Day 10 (A,B) and Day 30 (C–F).


In the S2 group, the amino acid (R)-salsolinol was decreased after ten days of intervention (Day 0 vs. Day 10) (FDR p = 1.000, FC = 0.38) and 20 days after yogurt consumption discontinuation (Day 0 vs. Day 30) (FDR p = 0.995, FC = 0.423). Lactate and indolelactate were also decreased looking at Day 0 vs. Day 30 comparison (FC = 0.222, FDR p = 0.999 and FC = 0.165, FDR p = 0.999, respectively). PCA of untargeted metabolites showed no separation between the time points in any group (Supplementary Figures S2 A–F).

Next, we focused on evaluating differences in specific metabolites associated with amino acid metabolism or biosynthesis, as we hypothesized that they would be impacted by probiotic intervention and associated with the gut microbiome in both groups. There were several amino-acid associated metabolites that differed as a result of time in both groups (Supplementary Table S6) including 3-methyl-2-oxobutyrate (p = 0.004), 3-methyl-2-oxovalerate (p = 0.025), alanine (p = 0.001), glutamate (p = 0.034), isoleucine (p = 0.020), and valine (p = 0.004), among others. Conversely, glycine (p = 0.025), indolelactate (p = 0.034), N-acetylserine (p = 0.049), and pyroglutamine (p = 0.007) had significant group × time effects as a result of the S2 and S2 + BB12 probiotic interactions (Supplementary Table S6). In the S2 + BB12 group, average fecal metabolite abundances of 4-methyl-2-oxopentanoate, alanine, cysteine s-sulfate, glycine, histidine, lysine, N-acetylalanine, N-acetylglutamine, N-acetylleucine, phenylalanine, serine and valine were significantly higher at Day 10 (versus baseline Day 0; Figures 5A–N). Alanine, glycine, and N-acetylglutamine metabolite levels continued to be lower 20 days after the S2 + BB12 probiotic was discontinued (Day 30) vs. baseline (Figures 5B,D,H), while fecal cysteine s-sulfate levels increased back to baseline levels after probiotic discontinuation.
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FIGURE 5
 Targeted metabolomic analysis on amino acids was used to study the differences comparing Day 0 vs. Day 10, Day 0 vs. Day 30, and Day 10 vs. Day 30 within S2 (blue) and S2 + BB12 (red) groups. Linear mixed-effects model followed by post hoc pairwise testing with Tukey’s correction (when appropriate) were performed. All mixed model results of selected amino acid-associated metabolites and post hoc testing results (when group, time, or group * time model results were significant) are listed in Supplementary Table S6.




Integration of metagenomics and metabolomics datasets

Microbe-metabolite interactions were tested through correlation matrices and visualized with network graphs. After filtering, 26 microbial taxa and 79 metabolites were tested for associations (Figure 6; Supplementary Tables S7, S8).
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FIGURE 6
 Heatmap representing FDR corrected correlations between microbial taxa and metabolites in S2 and S2 + BB12 groups. Red and blue represent negative and positive correlations, respectively. Stars indicate FDR values: * = FDR < 0.05, ** = FDR < 0.01, and *** = FDR < 0.001.


Metabolites that were significantly positively correlated with Enterobacteriaceae and Escherichia coli included trimethylamine N-oxide (TMAO), ursodeoxycholate, 7-ketodeoxycholate, and glycine (Figure 7). Other taxa that had multiple significant positive associations with metabolites included Akkermansia muciniphila, Eubacterium hallii, Roseburia hominis, and Clostridiales. Of the supplemented probiotic bacteria, B. animalis was positively associated with uracil, S. thermophilus with deoxycarnitine and phenylalanine, and L. delbrueckii with thymine. Known products of bacteria such as nicotinate (vitamin B3), pantothenate (vitamin B5) correlated positively with Clostridiales, R. hominis, F. prausnitzii, and E. eligens (Figure 7A).
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FIGURE 7
 Significant microbial taxa and metabolite associations: Network analyses in samples across Day 0, Day 10, and Day 30 within S2 and S2 + BB12 groups. (A) Network generated from microbial taxa (ellipses) that passed filtering and microbial-associated metabolites (diamonds) identified from previous work (Tanes et al., 2021) showing only positive correlations. (B) Same network but showing only negative correlations. Width of edges is proportional to Spearman correlation coefficient and edge color is mapped to the FDR value or the correlation test. All correlations between selected taxa and metabolites and statistical significance testing results are listed in Supplementary Table S5.


Several amino acids correlated negatively with F. prausnitzii and R. hominis, including glutamine, lactate, threonine, tryptophan and TMAO (Figure 7B). Lactate was also negatively associated with A. rectalis, R. bicirculans, E. hallii, and Clostridiales; glucose with R. bicirculans, E. hallii, and A. muciniphila; and glycerate with A. muciniphila and B. longum. Among the probiotics of interest, B. animalis correlated negatively with arginine and L. delbrueckii with 1-palmitoyl-GPE (16:0). Uracil was positively associated with Clostridiales, A. finegoldii, and E. rectale. Uracil was also negatively correlated with B. dorei, F. plautii, Enterobacteriaceae and E. coli.




Discussion

This randomized, controlled study aimed to observe the differences following the administration of yogurt supplemented with two (S2) vs. three (S2 + BB12) probiotic strains in healthy children. We studied probiotics consumption effects on the fecal microbiome and metabolome comparing baseline, post-ten days (Day 10), and post-30 days (Day 30) following yogurt administration. There were no significant differences in the global metagenomic or metabolomic profiles between healthy children receiving two (S2) vs. three (S2 + BB12) probiotic strains for 10 days. Nevertheless, we observed a significant increase (Day 0 to Day 10) in the relative abundance of the two and three probiotics administered in the S2 and S2 + BB12 groups, respectively, indicating the intervention had a measurable impact on the bacteria of interest in the gut microbiome. Interestingly, in the S2 group, S. thermophilus species appear to maintain a sustained increase over time, maintaining the significant increase in relative abundance from Day 0 vs. Day 30 As both cohorts of children received a probiotic cocktail and the intervention lasted over a short period of time, the lack of strong association between groups in global microbiome changes is not surprising and suggests a resilient and stable gut microbiota in this cohort of healthy children ages one to five. Nevertheless, existing literature reports about infant’s and children’s gut microbiota stability are conflicting (Bäckhed et al., 2015; Kumbhare et al., 2019). Infant and children’s gut microbiota are thought to be immature and therefore more susceptible to perturbations. In line with other studies (Laursen et al., 2017; Wang et al., 2021) our data show short-term effects of probiotic administrations in both groups on the gut microbiome and metabolome. The children’s gut microbiota stability observed in this study is consistent with the parent study’s findings (Tan et al., 2017).

Most studies examining the health benefits of probiotics have focused on people with pathologies. However, few studies have examined the effects of probiotics on healthy individuals and even fewer have examined the use of probiotics in children. A review of probiotic supplementation in healthy adults found that probiotic supplementation led to a transient increase in the concentration of supplement-specific bacteria but failed to support the ability of probiotics to cause persistent changes in gut microbiota (Khalesi et al., 2019). This is consistent with our results finding a significant increase in the concentration of the supplement-specific bacteria BB-12, following 10 days of BB-12 supplementation. Importantly, as reported in adults, these results were temporary. On Day 30 (20 days following the termination of the BB-12 supplementation), there were no significant differences in the concentration of BB-12 in the S2 + BB12 group.

As yogurts and other dairy products commonly supplemented with probiotics often possess other beneficial characteristics, such as a high calcium content, these properties of probiotics could allow consumers to benefit from the nutritional components without risking disruption to their microbiota and health. This potential beneficial shift to probiotic-associated bacteria that we demonstrated in the S2 + BB12 group (Figure 3) supports the theory that a probiotic intervention may provide a net positive contribution to the gut microbiome ecosystem without conferring strong effects on specific individual bacteria. These findings are also consistent with the concept of emergent properties which postulates that individual properties cannot entirely be explained by their individual components (Ponge, 2005). Therefore, in the context of the current study, although no significant differences following the interventions were observed, there was a global shift towards the increase of bacteria belonging to Bifidobacterium and Lactobacillus genera, commonly used probiotics. The combined effects of these bacteria could have more functional implications and protective effects than individual bacterial changes supporting the use of probiotics to maintain a healthy gut ecosystem in hopes to prevent gastrointestinal disorders in children, although more research is needed to directly test and validate this notion. Importantly, as this study was conducted on healthy children, these findings should not be extrapolated to children with gastrointestinal disorders or subjects seeking intervention for other diseases or disorders.

Species belonging to Bifidobacterium genus were highly abundant in both groups at the three time points. Bifidobacteria are highly represented in children, as they use milk oligosaccharides as a carbon source and to restrict human milk oligosaccharides availability to other microorganisms (Turroni et al., 2011). In addition to the parent study findings, our metagenomic approach allowed a low-level taxonomic affiliation, revealing differences among species belonging to the same genus as in the case of Bifidobacterium. It explains why Bifidobacterium genus was not among the differentially abundant species in the previous study, i.e., because different Bifidobacterium species were abundant in the experimental group (S2 + BB12) and in the control group S2 (e.g., B. catenulatum, B. pseudocatenulatum). Additionally, this metagenomic approach adds to the existing literature of the genomic potential of the microbial community underlying microbiome-host interactions.

Because the fecal metabolome is influenced by different factors, these changes could reflect shifts of dietary intake, digestion, microbial degradation, and host absorption. When we analyzed the fecal metabolome and microbial diversity using both participant groups, we found associations between metabolites (e.g., uracil, deoxycarnitine, and thymine) and microorganisms. Uracil was positively associated with Clostridiales family, A. finegoldii, B. animalis, and E. rectale. B. dorei, F. plautii, Enterobacteriaceae family, and E. coli were negatively correlated with uracil. During infections, the immune response triggered by uracil promotes pathogen bacteria elimination, intestinal cell repair, and host homeostasis (Lee et al., 2013). Thymine was positively associated with L. delbrueckii, the probiotic used in both interventions, and negatively correlated to F. plautii. Thymine was found to accelerate microbial metabolisms and ROS production improving antibiotic efficacy both in vitro and in vivo (Liu et al., 2021). Deoxycarnitine, positively associated with S. thermophilus, was linked to increased intestinal permeability (Ghonimy et al., 2018). This suggests that the fecal metabolome may influence gut immune function, permeability, and homeostasis.

A strength of our study is that it was a randomized, blinded controlled trial conducted on children ages one to five years old, an age group that is rarely studied in probiotic research. Additionally, we incorporated and integrated both metagenomic and metabolomic analyses to characterize the effect of BB-12 supplemented yogurt on the children’s gut-microbiome and metabolism. This unique integration allowed us to test more system-wide and functional effects on the gut microbiome as a result of two probiotic interventions, providing more comprehensive data on gut health. However, this study examined short-term changes of probiotics over a 10-day period, and more studies should be conducted to investigate the long-term effects on probiotic consumption in this age group. An additional limitation is that we did not incorporate information of dietary intake in the current analysis, as it was not collected in the original study procedures as described by Tan et al. (2017). Diet is an important driver of microbiome composition and an important covariate when evaluating the impact of an intervention, such as probiotics, on gut microbiome communities (Maki et al., 2019). Dietary intake recall and assessment has been historically challenging in children and ongoing work is being performing to improve the validity of dietary reporting in study cohorts with age ranges such as the ones in this study (Livingstone et al., 2004; Livingstone, 2022). Future work evaluating the impact of interventions on gut microbiome composition in children should aim to collect dietary intake should be performed, likely with the assistance of a caregiver or parent (Walker et al., 2018), in order to adequately control for the impact of food consumption on study measures. Novel metagenomics-based methods are being developed to validate self-report tools, such as using metabarcoding to quantify plant components of human diets (Reese et al., 2019). While these methods are outside of the scope of the current research, they will be useful tools to validate and quantify different dietary components in future microbiome studies.

More studies are needed to elucidate the mechanistic pathways by which probiotics such as BB-12 can affect mucosal barrier functions and innate immunity. Future studies should expand upon the findings presented in this double-blinded, randomized controlled trial and examine the interplay of diet and probiotics on metabolites and microbiota in children. Additionally, further research is needed to investigate environmental factors that influence the impacts of probiotics on children’s health status and behavior. The long-term supplementation BB-12 on this population and its longitudinal effects during development should also be examined. This would allow for more in-depth knowledge of the impact that probiotics have on gut microbial communities in developing children as they age. Additionally, future research in children at risk for gastrointestinal disorders may elucidate if these functional metabolite changes as a result of S2 + BB12 probiotic intervention confer a protective gastrointestinal effect.

In conclusion, the results from this deep metagenomic and metabolomic characterization of the gut microbiome and metabolome of children following BB-12 consumption did not show statistically significant differences between the groups, although net positive emergent property effects were witnessed in the S2 + BB12 group over time. The functional redundancy in healthy microbial systems and metabolic stability reflects no changes in the microbial diversity, although we did observe a separation effect in the S2 + BB12 group as a result of the three-strain intervention when we focused on probiotic-associated and beneficial bacteria reported the literature. Our study validated previous results from Tan et al. (2017) and allowed a more in-depth taxonomic characterization of the microorganisms, their genes, and their metabolites. We detected higher abundances of two of the probiotic intervention bacterial taxa (B. animalis and S. thermophilus) in study subjects receiving the based S2 probiotic intervention + BB12, but no individual taxonomic changes occurred in the S2 only group. Finally, although we did not see global fecal metabolome response to either probiotic, several fecal metabolites were increased in the S2 + BB12 group, indicating a net functional impact of the addition of BB12 to the probiotic intervention. Future research replicating these results across different patient populations will confirm the therapeutic use of BB12 as a probiotic intervention to exert beneficial impacts on the pediatric gastrointestinal system.



Materials and methods


Study design, participants, and setting

Participants ages one to five years old were recruited through the Capital Area Primary Care Research Network for phase I of a double-blinded, randomized controlled study (protocol NCT001652287). Participants included in this study were children whose parents/caregivers were able to read, write, and speak either English or Spanish and had access to a telephone and refrigerator. Eligible participants provided written informed consent were enrolled and randomized as described by Tan et al. to either the BB-12® or control yogurt drink by family cluster. The study protocol was approved by the Georgetown University Institutional Review Board (IRB No. 2012-1,112, Washington, DC). The independent Data Safety Monitoring Board reviewed the protocol before study initiation and checked adverse event data at approximately 33, 50 and 66% data completion. Additional monitoring was conducted by the FDA/CBER, under IND#13691 and the National Institutes of Health (NIH), National Center for Complementary and Integrative Health (NCCIH), including its Office of Clinical and Regulatory Affairs. Participants’ eligibility criteria are described in Tan et al. (2017) which included the absence of lactose intolerance and chronic conditions, such as diabetes and asthma. The participants were asked not to consume any products containing probiotics for 14 days before initiating the yogurt intervention and throughout the entire intervention period. The base yogurt drink was prepared with live yogurt starter cultures of Streptococcus thermophilus and Lactobacillus delbrueckii probiotics [referred to as the two strain [S2] yogurt group (Nagaoka, 2019)], as described in Tan et al. (2017). At baseline, the children were randomized into two groups called S2 or S2 + BB12. Participants in the S2 group (n = 31) were administered 112 g of the base yogurt beverage (containing Streptococcus thermophilus and Lactobacillus delbrueckii only) with no additions to the drink. In contrast, participants in the S2 + BB12 group (n = 28) were administered the base yogurt beverage that was supplemented with an additional 1 × 1010 colony-forming units of BB12 per serving per day. BB12 was chosen as the interventional probiotic of interest as it has been widely studied in infants and children (Merenstein et al., 2010, 2011; Goldenberg et al., 2015; Merenstein et al., 2021), and is associated with positive gastrointestinal protective mechanisms including maintenance of tight junction function and immune regulation in the gut (Uusitupa et al., 2020; Cheng et al., 2021). The yogurt was administered to the participants in both groups for ten consecutive days.



Sample collection and processing

Fecal samples were collected at baseline (Day 0), following 10 days of yogurt consumption (Day 10), and 20 days following discontinuation of yogurt administration (Day 30), and immediately stored after collection at −80°C. Samples from days 0, 10 and 30 were then thawed, and approximately 100 mg of the samples were sent to Microbiome Center of the Children’s Hospital of Philadelphia (n = 169) for microbiome analysis and another 100 mg were sent to Metabolon Inc. (Morrisville, NC, United States; n = 174) for metabolomic analyses.



Metagenomic profiling

The DNA used for the metagenomic analysis was extracted using the DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) and quantified with the Quant-iT PicoGreen Assay Kit (Molecular Probes). Shotgun libraries were generated from 0.5 ng DNA using the Nextera XT Library Prep Kit (Illumina, San Diego, CA, United States) and libraries were sequenced on an Illumina HiSeq 2500 in High Output mode to produce paired-end 125 bp sequence reads. Extraction blanks and nucleic acid-free water were processed along with experimental samples to empirically assess environmental and reagent contamination. A laboratory-generated mock community consisting of DNA from Vibrio campbellii and Lambda phage was included as a positive sequencing control.



Metabolomic analysis

The metabolomic analysis was performed using untargeted ultra-performance liquid chromatography-tandem mass spectrometry (UPLC/MS/MS, Waters ACQUITY, Milford, MA, United States), as described previously (Vizioli et al., 2021). Briefly, the fecal samples were prepared using the automated MicroLab STAR system (Hamilton Company, Franklin, MA, United States) and extracted at a constant per-mass basis. Proteins were removed using methanol precipitation (Glen Mills GenoGrinder 2000), followed by centrifugation. The samples were processed using four methods: reverse phase (RP)-UPLC/MS/MS with electrospray ionization (ESI), in both positive (optimized for hydrophilic and hydrophobic compounds, respectively) and negative modes, and hydrophilic interaction chromatography (HILIC)-UPLC/MS/MS-ESI in negative ion mode. The raw UPLC/MS/MS data were integrated into ion peaks organized by mass, retention time/index, and peak area. Metabolites were annotated by comparison of individual spectra to a standard reference library, and area-under-the-curve analysis was performed for peak quantification.



Statistical analysis

For gut microbiome and metabolome analyses, we studied within and between group differences after 10 days of probiotic consumption (Day 10) and 20 days post probiotic discontinuation (Day 30). Shotgun metagenomic data were analyzed using Sunbeam (Clarke et al., 2019). The abundance of bacteria was estimated using Kraken. (Wood and Salzberg, 2014). Taxa that were above 0.1% abundance in any sample were used for differential abundance testing, along with including the microbial taxa at the species level that were included in the probiotic interventions (i.e., L. delbrueckii, S. thermophilus, and B. animalis). Differential abundance analysis was performed using linear models of Log10 transformed relative abundances. Reads were mapped to the KEGG database (Ogata et al., 1999) using DIAMOND (Buchfink et al., 2015) to estimate the abundance of bacterial gene orthologs. Differences between groups for gene and pathways abundances were found by applying linear models to logit transformed relative abundances. Alpha diversity within samples in the S2 and S2 + BB12 groups were assessed by computing the expected number of species at a sequencing depth of 1,000 reads and the Shannon index. To evaluate community-level differences between S2 and S2 + BB12 group fecal samples, beta diversity was calculated using Bray–Curtis dissimilarity matrices, visualized using Principal Coordinates Analysis (PCoA) plots, and relationships within and between S2 and S2 + BB12 groups were compared using the PERMANOVA test.

The top 25 most abundant bacterial taxa and gene orthologs from shotgun metagenomics sequencing were selected using linear models to evaluate the taxa with greatest estimated change in Log10 transformed relative abundance for the given comparison. Probiotic-associated bacteria, previously demonstrated to be short chain fatty acid (SCFA)-producers and beneficial for GI health (Markowiak-Kopeć and Śliżewska, 2020), were determined from the literature (Supplementary Table S4). The impact of the S2 vs. S2 + BB12 probiotic strains on overall probiotic-associated bacterial relative abundance was additionally measured and visualized by CANOCO version 5 (Braak and Milauer, 1998) in a post-selection PCA to evaluate the effect of targeted probiotic strain administration on bacterial responses of taxa known to be linked to gut microbiome health.

Exploratory and hypothesis-driven metabolite analyses were performed with untargeted metabolite data processed by Metabolon Inc. using MetaboAnalyst 5.01 (Chong et al., 2018) and R. (R Development Core Team, 2013) Metabolites with 20% or more missing values were excluded from the exploratory analyses. Missing values, if any, were imputed as 1/5 of the minimum positive value of each feature. Metabolite values were median-scaled and Log10 transformed. Wilcoxon rank-sum test, fold change (FC) analyses (FC threshold = 2), and Principal Component Analysis (PCA) were performed to analyze differences between Day 0 vs. Day 10, Day 0 vs. Day 30, and Day 0 vs. Day 30 within the S2 and S2 + BB12 groups and between groups within each time point.

Hypothesis-driven metabolite analyses were additionally performed in metabolites associated with the amino acid super pathways (i.e., glycine, serine and threonine metabolism, alanine and aspartate metabolism, etc.), and SCFAs, as these metabolites are strongly associated with gut microbial community characteristics (Neis et al., 2015). Linear mixed-effects model followed by post hoc pairwise testing (when appropriate) and Tukey’s correction were performed in JMP statistical analysis platform (Ye et al., 2000).

To create a network of metabolite-taxa correlation pairs, filtering was applied to metabolites as above as well as restricting to bacterial substrates and products based on previous work (Tanes et al., 2021). Briefly, metabolite substrates were defined as those that were increased after treatment with antibiotics and products were those that decreased (Tanes et al., 2021). Microbial taxa at the species level were filtered to include taxa present at >0.01% mean relative abundance, along with including the microbial taxa at the species level that were included in the probiotic interventions (i.e., L. delbrueckii, S. thermophilus, and B. animalis). Spearman correlation testing was then performed on each microbe-metabolite pair with FDR correction applied to p-values. Network diagrams of bacteria and metabolites were generated using Cytoscape v3.9.1 (Shannon et al., 2003). Metabolites that significantly correlated with L. delbrueckii, S. thermophilus, and BB-12 were additionally tested for intervention-associated change over time. Statistical significance was defined as p-values or FDR corrected p-values <0.05 for all statistical analyses. All statistical tests were adjusted for the following covariates: age, race, gender, ethnicity, and total number of housemates except for correlations between genes and metabolites.
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Blood orange juice is an important source of flavanones and anthocyanins, mainly hesperidin, narirutin, and cyanidin-3-O-glucoside. The benefits of these bioactive compounds have been reported, but the mechanistic details behind their biological effects are not well established. This study investigated the effects of Moro orange (Citrus sinensis L. Osbeck) juice (MOJ) on gut microbiota composition and cardiometabolic biomarkers in overweight women. In this study, 12 overweight women (BMI from 25.0 to 29.9 kg/m2), aged 18–37 years, consumed 500 mL of MOJ every day for 4 weeks. We assessed the gut microbiota composition, levels of short-chain fatty acids (SCFAs), cardiometabolic biomarkers, and insulin resistance (HOMA-IR) at baseline and after 2 weeks and 4 weeks of MOJ intake. The results suggested that MOJ intake affected the abundance of specific operational taxonomic units (OTUs) of the gut microbiota but did not significantly alter the diversity and general composition of the gut microbiota. However, MOJ intake increased the production of SCFAs, especially propionic and isobutyric acids, and significantly improved cardiometabolic biomarkers such as blood pressure and plasma VCAM-1 levels in the overweight women. Additionally, we observed significant associations between gut microbiota OTUs belonging to the Bacteroidetes phyla and Prevotella 9 genera and the cardiometabolic biomarkers. Furthermore, MOJ reduced fasting glucose and insulin levels and HOMA-IR values, thereby enhancing insulin sensitivity in the insulin-resistant overweight women. Finally, we highlighted the importance of orange juice intake duration because some beneficial changes such as blood pressure improvements were evident at the 2-week time interval of the intervention, but other changes became significant only at the 4-week interval of MOJ intake. In conclusion, our study demonstrated that changes in specific OTUs of the gut microbiota in response to MOJ intake were associated with significant improvements in some cardiometabolic biomarkers and SCFA levels in overweight women with insulin resistance.
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1. Introduction

Cardiovascular diseases (CVDs) and diabetes are the main causes of mortality worldwide, accounting for nearly 31% of all deaths globally. The development of CVDs is associated with risk factors such as dietary patterns, diabetes mellitus, dyslipidemia, hypertension, and obesity, whereas insulin resistance is directly associated with diabetes (World Health Organization, 2020).

Orange juice is an important source of bioactive compounds such as flavonoids, vitamin C, and carotenoids. Hesperidin and naringin are the most abundant flavanones in orange juice (Yi et al., 2017). Furthermore, blood orange (Citrus sinensis L. Osbeck var. Moro) juice also contains higher levels of anthocyanins, especially cyanidin-3-O-glucoside. These nutrients and bioactive compounds may act as antioxidants, anti-inflammatories and improve glucose and lipid metabolism and blood pressure (D’Elia et al., 2021). Animal studies have shown that orange juice reduces the risk of CVDs by improving lipid and glucose metabolism, fat storage, inflammation and hypertension (Al-Okbi et al., 2018; Berger et al., 2020; Mas-Capdevila et al., 2020; Yang et al., 2022). However, human studies are not conclusive regarding the beneficial role of orange juice in reducing the risk of CVD (Corrêa et al., 2019; Lima et al., 2019; Stevens et al., 2019; Fidélix et al., 2020; Mas-Capdevila et al., 2020).

Gut microbiota is involved in several cardiometabolic diseases (Fan and Pedersen, 2021). Disruption of gut microbiota may extract more energy from the diet, reduce satiety, promote changes in lipid and glucose metabolism, increase the production of branched-chain fatty acids (BCFAs) and trimethylamine oxide (TMAO), and increase gut permeability. The disturbance of the intestinal barrier function activates the immune system, triggering metabolic endotoxemia, low-grade inflammation, and insulin resistance (Fan and Pedersen, 2021). Gut microbiota has emerged as a modifiable therapeutic target to reduce cardiometabolic risk (Chambers et al., 2018).

Recent evidence has shown that orange flavanones could modulate the gut microbiota composition and reduce the risk of metabolic diseases (Lima et al., 2019; Fidélix et al., 2020; Nishioka et al., 2021; Santana et al., 2022). However, only one clinical trial has investigated the effects of blood orange juice on the gut microbiota composition and its effects on the host (Santana et al., 2022). In view of the above, this study evaluated the effects of daily consumption of blood orange juice (Citrus sinensis L. Osbeck var. Moro) on the microbiota composition and subsequent changes in the levels of cardiometabolic biomarkers in overweight women.



2. Materials and methods


2.1. Blood orange juice

The pasteurized blood orange juice (Citrus sinensis L. Osbeck var. Moro) was provided by Fundecitrus (Araraquara, São Paulo, Brazil) in 500 mL bottles. Moro orange juice (MOJ) was prepared as described by Brasili et al. (2017) from fruits grown in the Minas Gerais state (Brazil). Since blood oranges require low temperature for anthocyanin production, Moro orange fruits (MOJ) were stored at 9°C until the pulp reached a darker purple color, as described by Carmona et al. (2017). The detailed chemical characterization of the MOJ (quality parameters, soluble sugars, organic acids, total phenolic compounds, dietary fiber, and flavonoids) was performed according to the methods described in the Supplementary material, and the results are shown in Supplementary Tables S1, S2. The orange juice bottles were stored at −80°C until the beginning of trial.



2.2. Study population

This study enrolled 12 women (18–37 years) who were overweight (body mass index–BMI ranged from 25.0 to 29.9 kg/m2). The study subjects did not have any history of metabolic diseases and were nonsmokers, non-pregnant, non-vegetarians, and non-athletes. They also did not have any history of receiving drug therapies or dietary supplements (e.g., vitamins and minerals). The study volunteers were provided with the orange juice bottles and instructed to store their bottles in a refrigerator. The study was conducted in accordance with the Declaration of Helsinki and written informed consent was provided by volunteers. This study was approved by the Ethics Board, School of Public Health, University of São Paulo (CAAE 69382217.9.0000.5421), and was registered at the Brazilian Registry of Clinical Trials (UTN: U1111-1241-4,665).



2.3. Study protocol

The volunteers were instructed to restrict their intake of citrus (orange, lemon, grapefruit) and their derivatives for 3 consecutive days before the 4-week longitudinal intervention study. On the first day of the intervention (baseline; A), blood samples were collected from all the volunteers after 12 h overnight fasting. A stool sample was obtained by each volunteer the day before blood collection, stored under refrigeration and delivered to the laboratory at the time of blood collection. Blood pressure (Omron HEM-7113, Kyoto, Japan) and the anthropometric parameters were also measured. The 24 h dietary recall (R24h) was the method conducted to collect diet data, to evaluate the consumption of food nutrients and to check for possible variations in food intake. Subsequently, the volunteers consumed 500 mL of pasteurized MOJ every day for 4 weeks. We further collected blood and stool samples, and assessed the blood pressure and anthropometric assessments at the 2-week (B) and 4-week (C) time points during the MOJ intake. Volunteers were instructed to maintain their usual dietary habits and lifestyle throughout the intervention period and avoid intake of any citrus-derived foods or beverages in addition to the MOJ intake as part of the study protocol. This study protocol is detailed in Figure 1.
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FIGURE 1
 Study protocol. Twelve overweight women were selected to daily intake of 500 mL of Moro orange juice for 4 weeks. Blood and stool samples were obtained in baseline, and after 2 weeks and 4 weeks of the intervention. Blood pressure and anthropometric parameters were also measured in the same time points. Twenty-four-hour dietary recalls were recorded to food intake evaluation.




2.4. Anthropometric and dietary intake measurements

Height, weight, and abdominal circumference of all the volunteers were measured at baseline (A) and at 2-week (B) and 4-week (C) times points during the MOJ intake. BMI classification was performed according to the World Health Organization (2000). The dietary intake of macronutrients and micronutrients was determined using the diet data obtained from the R24h conducted at each time point during MOJ intake and the Avanutri® 4.0 software (Rio de Janeiro, Brazil).



2.5. Characterization of cardiometabolic biomarkers

Plasma samples were obtained from the blood samples that were collected from the volunteers at baseline (A) and at the 2-week (B) and 4-week (C) time points of MOJ intake. Plasma samples were aliquoted and stored at −80°C until analyzes. Plasma samples were used to measure the levels of fasting glucose, insulin, total cholesterol, high-density lipoprotein (HDL), triglycerides, and inflammatory biomarkers such as C-reactive protein (CRP), interleukin 6 (IL-6), tumoral necrosis factor alpha (TNF-α), soluble vascular cellular adhesion molecule 1 (VCAM-1), soluble intercellular adhesion molecule 1 (ICAM-1), and lipopolysaccharide (LPS). Low-density lipoprotein (LDL) concentrations were calculated using the Friedewald equation (Friedewald et al., 1972). The value of 2.71 for the Homeostasis Model Assessment for Insulin Resistance (HOMA-IR) was considered as a cutoff for classifying subjects with insulin resistance and was based on a previous study on the Brazilian population (Geloneze and Tambascia, 2006).



2.6. Gut microbiota profiling

Fecal samples were collected by the volunteers on the day before each interview using the ColOff® (Stoll Collection Device; Zymo Research, CA, United States). The refrigerated samples were delivered to the laboratory, aliquoted in sterilized microtubes, and stored at−80°C until further analyzes.

The gut microbiota composition was evaluated by performing 16S rRNA gene sequencing analysis. Firstly, total DNA was extracted from the fecal samples using the QIAamp DNA Stool Mini kit (Qiagen, CA, United States) according to the manufacturer’s instructions. DNA quantity was estimated by measuring the absorbance of the samples at 260 nm in a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, MA, United States) and using the Qubit® dsDNA HS (High Sensitivity) Assay (Life Tecnologies, CA, United States).

The 16S rRNA gene library was prepared using the 16S Metagenomic Sequencing Library Preparation Kit (Illumina, CA, United States). The V4 region of the 16S rRNA gene (25 cycles) was amplified by polymerase chain reaction (PCR) using the following primer set: 341F (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3′) and 785R (5’-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3′) (Klindworth et al., 2013). The Illumina adapter was used to build the 16S sequence library according to the protocol provided by Illumina. AccuPrime Taq DNA Polymerase System (Life Technologies) was used for the PCR. The PCR protocol for amplifying 16S rDNA was as follows: denaturation for 2 min at 94°C; 25 cycles of denaturation for 30 s at 94°C, primer annealing for 30 s at 55°C, and extension for 1 min at 68°C; final maintenance of the PCR amplified samples at 4°C. PCR was performed in a Veriti PCR Thermal cycler (Applied Biosystems, CA, United States). The PCR products were cleaned up with 10 mM Tris pH 8.5, AMPure XP beads, and 80% ethanol followed by an index PCR using the 2x KAPA HiFi HotStart ReadyMix and Nextera XT index primers (N7XX and S5XX; Nextera XT Index kit, Illumina). The clean-up was repeated again using the same reagents. The amplicons were pooled and paired-end 250 sequencing with a density of 820 k·mm−2 was performed on the Illumina MiSeq (Illumina, CA, USA) using the Illumina MiSeq clamshell style cartridge kit V2 for 500 cycles.

Bioinformatics analysis was performed using the Brazilian Microbiome Project (BMP) pipeline (Pylro et al., 2014) that included a combination of the VSEARCH (Rognes et al., 2016) and QIIME (Caporaso et al., 2010) software. VSEARCH software was used to remove barcodes and primer sequences from the fastq file, filter sequences by length (fastq_trunclen 400) and quality (fastq_maxee 0.5), sort by abundance, and remove singletons. Subsequently, the Operational Taxonomic Units (OTUs) were clustered and the chimeras were removed. We generated a fastq file with filtered sequences and an OTU table in.txt. Taxonomy assignments for the OTUs were performed using the uclust method in the QIIME software (version 1.9.0) and the SILVA 16S Database (version n132) was used for the reference sequences (Quast et al., 2012). The OTU table file was then converted to BIOM, and taxonomy metadata was added. The sequences were aligned and filtered, and the phylogenetic tree was constructed. QIIME software was then used to calculate alpha and beta diversity. The nucleotide sequence data was reported in the NCBI database and is available under BioProject PRJNA508648.



2.7. Analysis of short-chain fatty acids

The analysis of SCFAs was performed as previously described (Menezes et al., 2010) with some modifications. Frozen fecal samples (500 mg) were extracted with 1.5 mL of acetonitrile that included 0.05% 2-methyl-valeric acid (internal standard) (Sigma-Aldrich, WI, United States) and 12% HClO4, centrifuged at 11,000 × g for 20 min at 4°C, and filtered with the 0.2 μm PVDF filters (Millipore, MA, United States). The supernatants were injected (3 μL; split 1:10) into a Plus HP 6890 CG system (Hewlett-Packard, DE, United States) coupled to a flame ionization detector (FID) and a capillary-fused silica column (CP7747, Varian, CA, United States). The injector and FID temperatures were maintained at 270°C and 300°C, respectively. The analysis was performed using a temperature ramp from 115°C to 250°C (13 min) under constant pressure. Identification and quantification of the SCFAs was performed by comparing with a mixture of external standards (Volatile free acid mix, Supelco, PA, United States).



2.8. Statistical analysis

Statistical analyzes were performed using the GraphPad Prism software version 8.1.2 (GraphPad Prism software, California, United States) and the R statistical software (R Development Core Team, 2014). Normality of the data distribution was verified using the Kolmogorov–Smirnov test. The normally distributed data was analyzed using the analysis of variance (ANOVA) for repeated measurements and subsequently verified using the Tukey test. The non-normally distributed data was analyzed using the Friedman test.

The mean observed richness, Chao1, Shannon, Simpson, and Equitability values were compared between the groups using the Wilcoxon-Mann Whitney test (Fay and Proschan, 2010). A heatmap was constructed for the 20 most abundant OTUs using the Ward’s hierarchical clustering method (ward. d2) (Murtagh and Legendre, 2014). Principal Coordinates Analysis (PCoA) was used to compare the similarities between samples, and the differences were estimated using the Permutational analysis of variance (PERMANOVA) (Anderson, 2001). The analyzes were performed with the R statistical software (R Development Core Team, 2014) using the qiimer, ggplot2 (Wickham, 2016), phyloseq (McMurdie and Holmes, 2013), and vegan (Oksanen et al., 2019) packages.

Spearman correlation analysis was performed to evaluate the association between changes in the cardiometabolic biomarkers and changes in the specific groups of bacteria in response to MOJ intake. p < 0.05 was considered as statistically significant.




3. Results


3.1. Characterization of Moro orange juice composition

Twelve overweight women (BMI 27.86 ± 0.41 kg/m2) consumed 500 mL/day of blood orange juice (Citrus sinensis L. Osbeck var. Moro) for 4 weeks. The chemical composition of MOJ is presented in Supplementary Tables S1–S3. The concentrations of sucrose (14.00 ± 0.72 mg/500 mL) and citric acid (5.81 ± 0.23 g/500 mL) were highest among the soluble sugars (31.95 mg/500 mL) and organic acids (7.47 g/500 mL), respectively. The total dietary fiber content was 1.70 g/500 mL, including 0.40 ± 0.03 g/500 mL of soluble dietary fiber and 1.30 ± 0.06 g/500 mL of insoluble dietary fiber. The total concentration of flavonoids in the MOJ was 290.95 mg/500 mL including high concentrations of hesperidin (182.25 mg/500 mL) and narirutin (20.95 mg/500 mL). Cyanidin-3-O-glucoside (61.15 ± 8.80 mg/500 mL) as the main anthocyanin in the MOJ. Overall, our analysis showed that each study volunteer consumed 215.35 mg of flavanones and 75.60 mg of anthocyanins per day.



3.2. Moro orange juice intake alters specific OTUs of the gut microbiota composition

The relative abundance of OTUs was analyzed to evaluate the effects of the daily intake of MOJ on the gut microbiota profile. We obtained 5,735,751 sequences and 12,413 clustered OTUs with 97% similarity from the fecal samples of 12 overweight women after quality control and bioinformatics analysis. The number of sequences varied significantly between the samples and ranged from 42,445 to 269,320 sequences per sample. Therefore, all the samples were rarefied to 38,000 reads and were subjected to alpha and beta-diversity analysis.

The sequence analysis identified the following phyla: Bacteroidetes (52.5%), Firmicutes (40.6%), Proteobacteria (3.5%), Actinobacteria (0.7%), and Verrucomicrobia (0.4%). Bacteroides (37.9%) was the most abundant genera followed by Prevotella 9 (5.3%), Faecalibacterium (4.9%), Alistipes (3.0%), Ruminococcaceae UCG-002 (2.8%), and Phascolarctobacterium (2.6%) (Figure 2). We observed significant variability in the microbial communities between the volunteers (Supplementary Figure S1). Therefore, we selected three most abundant OTUs and compared their microbiota profiles throughout the intervention. Two of the three OTUs belonged to Bacteroides (OTU1 and OTU2) whereas OTU3 belonged to the Prevotella 9 (Figure 3). These three OTUs represented 21.4% (OTU1: 8%; OTU2: 10.1%; OTU3: 3.3%) of the total microbial communities. In summary, gut microbiota profiles of 9 volunteers were similar, and showed high relative abundance of OTU1, low abundance of OTU3, and variable abundance of OTU2. The gut microbiota profiles of the remaining three volunteers (S02, S21, and S22) showed variations from this pattern. The gut microbiota profile of volunteer S22 showed similar pattern at baseline but higher OTU3 abundance after 4 weeks of MOJ intake, whereas the gut microbiota profiles of the remaining 2 volunteers (S02 and S21) showed higher abundance of OTU3 and lower abundance of OTU1 throughout the intervention.
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FIGURE 2
 Relative abundance of the top 60 gut microbiota genera in the fecal samples of 12 overweight women at baseline (A), at 2-weeks (B) and 4 weeks (C) of daily blood orange juice intake.
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FIGURE 3
 Logarithmic (log10) abundance of the top 3 OTUs in fecal samples of the 12 overweight women at baseline (A), at 2-weeks (B) and 4-weeks (C) of daily blood orange juice intake. OTU: Operational Taxonomic Unit.


Alpha-diversity analysis showed that the number of gut microbial species ranged from 312 to 2,752 (Supplementary Table S6). Chao1 index ranged from 418 to 4,005 species for the study samples; Shannon index of species diversity ranged from 3.54 to 8.17; and the Simpson diversity index ranged from 0.77 to 0.99. We did not observe significant differences in alpha-diversity between the gut microbiota profiles at baseline (A) and at 2-weeks (B) and 4-weeks (C) after MOJ intake (Supplementary Table S6). Beta-diversity also showed high stability of the gut microbiota composition in each volunteer throughout the intervention. This suggested that the 4-week timeline of MOJ intake (500 mL) may not have been sufficient to assess changes in the gut microbiota diversity, based on the metrics used in this study which are shown in Supplementary Figures S2, S3.

Procrustes analysis was performed using weighted UniFrac distance matrix and PCoA ordination and the gut microbiota communities was clustered into two groups during all the time points of the experiment. Procrustes analysis between ordinations from samples A (baseline) and B (2 weeks), and samples B and C (4 weeks) showed significant differences (p = 0.001 and 0.001, respectively). The samples with high abundance of Bacteroides and Prevotella were clustered in Group 1 (red) and Group 2 (blue), respectively. The samples clustered in Group 1 tended to remain within the same group at both A and B time points (Supplementary Figure 3A). However, samples in Group 2 showed variations at different time points. Volunteers 2 and 21 remained in Group 2, whereas volunteers S22 and S23 changed from Group 2 to Group 1 (red arrows). Similar results were observed between time points B to C. However, volunteer S22 changed from Group 1 to Group 2 between time points B to C (Supplementary Figure 3B).



3.3. Moro orange juice intake significantly alters metabolism of the gut microbiota

The intake of MOJ did not significantly alter the gut microbiota composition in the study volunteers but affected metabolism of the gut microbiota as evidenced by the changes in the concentrations of SCFAs in the fecal samples. The levels of SCFAs including acetic acid, propionic acid, butyric acid, isobutyric acid, isovaleric acid, valeric acid, and hexanoic acid in the fecal samples at baseline and at 2-weeks and 4-weeks after MOJ intake is shown in Table 1. Acetic acid, propionic acid, and butyric acid were the most abundant SCFAs (74.5%) in the fecal samples. MOJ intake increased the levels of all SCFAs except for hexanoic acid. The concentration of acetic acid in the fecal samples increased at 2 weeks compared to the baseline but was restored to baseline levels at 4-weeks after intake of MOJ. The levels of propanoic acid and isobutyric acid were significantly higher in the 4-week time interval of the MOJ intake compared to the baseline (p < 0.05). The levels of other SCFAs also increased after MOJ intake but did not show statistically significant differences when compared with the baseline concentrations. Furthermore, the total SCFAs levels were elevated in the fecal samples after MOJ intake but did not show statistically significant differences when compared with the baseline concentrations.



TABLE 1 Effect of blood orange juice intake on the levels of short-chain fatty acids in the fecal samples.
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3.4. Moro orange juice intake alters anthropometric parameters and levels of few cardiometabolic biomarkers

Recent studies reported that changes in the gut microbiota composition are associated with metabolic changes in the human body including body composition parameters and cardiometabolic biomarkers in response to specific changes in the gut microbiota (Lima et al., 2019; Fidélix et al., 2020; Kahleova et al., 2020; Asnicar et al., 2021).

In this study, we analyzed anthropometric parameters, cardiometabolic biomarkers, and consumption of food nutrients (R24h) at baseline and at 2-weeks and 4-weeks of MOJ intake. The daily intake of energy, macronutrients, and micronutrients were comparable between the baseline and the intervention time-points (p > 0.05), but we observed changes in the intake of dietary fiber, vitamin C, and potassium (Supplementary Table S7). The dietary fiber levels were significantly reduced at 4 weeks of MOJ intake compared to the baseline (20.26 ± 2.70 to 13.51 ± 1.52 g/100 g; p = 0.039), whereas we observed significant increase in the levels of vitamin C (66.55 ± 27.95 to 278.13 ± 18.55 mg/100 g; p < 0.001) and potassium (2.26 ± 0.23 to 2.82 ± 0.11 g/100 g; p = 0.039) at 2 weeks of MOJ intake compared to the baseline.

The effects of MOJ intake for 4 weeks on the anthropometric variables and the cardiometabolic biomarkers are shown in Table 2.



TABLE 2 Anthropometric, biochemical, and cardiometabolic biomarkers of overweight women at baseline and at 2-week and 4-week time points during the intake of blood orange juice.
[image: Table2]

We observed significant reduction (p = 0.02) in the diastolic blood pressure (DBP) after 2 weeks of MOJ intake (73.08 ± 2.35 to 69.25 ± 2.77 mmHg) and this effect was maintained at the 4-week time point. We also observed reduced systolic blood pressure (SBP) at 2-weeks and 4-weeks of MOJ intake compared to the baseline (118.67 ± 2.55 to 113.83 ± 4.42 mmHg), but the differences were not statistically significant. MOJ intake also reduced the levels of biomarkers of the glucose and lipid metabolism, but the differences were not significant because of large variations in the values between the study volunteers. The intake of MOJ reduced the levels of plasma glucose and insulin from 79.58 ± 3.36 to 74.75 ± 3.36 mg/dL and from 17.05 ± 1.96 to 14.21 ± 1.22 μUI/mL, respectively (p > 0.05). HOMA-IR values also reduced from 3.43 ± 0.52 at baseline to 2.56 ± 0.17 at the 4-week MOJ intake time points (p > 0.05).

Based on the HOMA-IR values, 8 out of 12 volunteers showed insulin resistance and 4 showed normal insulin sensitivity. We assessed the effects of MOJ intake on the insulin resistance by comparing the fasting glucose, fasting insulin and HOMA-IR values in the volunteers with or without insulin resistance (Figure 4). Furthermore, we analyzed the effects of the MOJ intake on the SBP and DBP values in the normal and the insulin-resistant women. The intake of MOJ reduced the HOMA-IR (from 4.12 ± 0.65 to 2.62 ± 0.24, p = 0.012) and DBP (from 72.13 ± 3.32 to 68.38 ± 2.01 mmHg, p = 0.026) in women with insulin resistance. Women without insulin resistance did not show any significant changes in the cardiometabolic biomarkers. Furthermore, in the women with insulin resistance, intake of MOJ for 4 weeks reduced the plasma VCAM-1 levels (554.99 ± 15.63 to 545.31 ± 14.65 ng·mL−1, p = 0.039) but the plasma levels of ICAM-1, C-reactive protein, TNF-α, IL-6, and IL-10 were not significantly altered.
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FIGURE 4
 Comparative variation of the systolic and diastolic blood pressure, fasting glucose and fasting insulin levels, and HOMA-IR values in the overweight women with (n = 8) and without (n = 4) insulin resistance that drank Moro orange juice (500 mL per day) for 4 weeks. Different superscript letters indicate statistical significance calculated using the Friedman test (p < 0.05) by comparing the experimental values (n = 12) at baseline and those at 2-weeks and 4-weeks of Moro orange juice intake. HOMA-IR, Homeostasis model assessment for insulin resistance.




3.5. Cardiometabolic biomarkers show significant correlation with specific gut microbiota OTUs

We performed Spearman’s correlation analysis to determine the association between the levels of cardiometabolic biomarkers and the gut microbiota OTUs, and the results are shown in Figures 5, 6. In general, OTUs classified within the Firmicutes and Bacteroidetes phyla showed negative correlations with the levels of IL-10, TNF-α, LPS, and propionic acid at the 2-week time-point during MOJ intake. Furthermore, at this time-point, only one OTU in the Firmicutes showed positive correlation with the IL-6 levels. In contrast, correlational analysis showed only positive associations between OTUs in the Firmicutes and Bacteroidetes and levels of the cardiometabolic biomarkers. Furthermore, Proteobacteria and Lentisphaerae showed positive correlations with the IL-10 levels at the 4-week time-point during MOJ intake (Figure 5).
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FIGURE 5
 Correlation between cardiometabolic parameters and the 6 most abundant phyla in the fecal samples of the 12 overweight women volunteers that drank Moro orange juice (500 mL per day) for 4 weeks. BMI, body mass index; HOMA-IR, Homeostasis model assessment for insulin resistance; HDL, high-density lipoprotein; LDL, low-density lipoprotein; CRP, C-reactive protein; TNF-α, tumor necrosis factor alpha; IL, interleukin; VCAM-1, vascular cellular adhesion molecule 1; ICAM-1, intercellular adhesion molecule 1; LPS, lipopolysaccharide.
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FIGURE 6
 Correlation between the cardiometabolic parameters and the OTUs in the fecal samples of the 12 overweight women volunteers that drank Moro orange juice (500 mL per day) for 4 weeks. A = Baseline, B = 2 weeks, and C = 4 weeks. OUT, Operational Taxonomic Unit; HOMA-IR, Homeostasis model assessment for insulin resistance; IL, interleukin.


At the genera level (Figure 6), Bacteroides showed positive correlations and Prevotella 9 showed negative correlations with the levels of SCFAs (propionic and hexanoic acids), insulin, HOMA-IR, IL-6, and IL-10 at the 2-and 4-week time-points during MOJ intake. We also observed correlations between other bacterial genera and specific biomarkers measured in this study. The genus Lachnoclostridium showed positive correlation (p < 0.05) with the levels of propionic acid and negative correlation with HOMA-IR at the 4-week time-point of MOJ intake. Furthermore, the genus Ruminococcaceae UCG-014 showed significant negative correlation with insulin levels and HOMA-IR at the 4-week time-point of MOJ intake, whereas Ruminococcaceae UCG-002, Ruminococcaceae UCG-003, and Ruminococcaceae UCG-005 showed negative correlation with the plasma IL-6 levels.




4. Discussion

Blood orange juice is an important source of anthocyanins and flavanones such as hesperidin and naringin. The benefits of these bioactive compounds are well known but the mechanisms of action underlying their biological effects are not well established. The bioavailability and beneficial effects of orange juice flavonoids are significantly influenced by their chemical structure, food matrix effects, and composition of the host gut microbiota. Hesperidin and naringin are resistant to enzymatic breakdown in the stomach and the small intestine (Mas-Capdevila et al., 2020). In the colon, these flavanones are broken down by the α-rhamnosidases and β-glucosidases secreted by the gut microbiota and are converted into aglycones, hesperetin and naringenin. Aglycones are then absorbed through the intestinal epithelium or further metabolized into phenolic acids by bacterial enzymes (Mas-Capdevila et al., 2020). The two-way interaction between the flavonoids and the gut microbiota improves metabolism and reduces the risk of cardiometabolic diseases. Gut microbiota enhance the bioavailability and bioactivity of the dietary flavonoids through enzymatic metabolism. On the other hand, flavonoids act as prebiotics altering the gut microbiota composition and activity. Flavonoids suppress the growth of pathobionts and promote the growth of commensals (Corrêa et al., 2019). Recent studies have shown that flavonoids from orange juice alter the composition and activity of the gut microbiota (Stevens et al., 2019; Fidélix et al., 2020; Mas-Capdevila et al., 2020; Santana et al., 2022). The present study aimed to evaluate the effects of MOJ on the gut microbiota composition and the cardiometabolic biomarkers in overweight women.

Several recent studies have investigated the benefits of blood orange juice intake, especially of the Moro variety (Dorna et al., 2021; Nishioka et al., 2021; Ribeiro et al., 2021; Briskey et al., 2022; Santana et al., 2022; Capetini et al., 2023). However, the effects of MOJ on the gut microbiota profiles have not been investigated in detail. Nishioka et al. (2021) performed a clinical trial with MOJ by analyzing the gut microbiota composition, but stratified the volunteers based on the fecal profile of the flavanones. Santana et al. (2022) performed a randomized crossover study with obese patients that consumed ‘Pera’ orange juice (POJ) or MOJ and reported improved gut microbiota profile (initially with obesity-associated alterations) after 15 days. The improvements were significantly higher for patients who consumed MOJ than those who consumed POJ, especially in patients with higher obesity classes. The authors reported significant effects of MOJ on the gut microbiota and on several oxidative stress and inflammatory response biomarkers but did not clearly define the association between bacterial OTUs and the biomarker levels. This is the first study to report the correlation between the gut microbiota composition and the cardiometabolic biomarkers.

Gut microbiota belonged predominantly to the Bacteroidetes and Firmicutes phyla, with the Bacteroides genera being the most prevalent. The Firmicutes/Bacteroidetes (F/B) ratio did not change significantly throughout the study. A higher F/B ratio are positive correlated with the development of obesity and insulin resistance in overweight subjects (Liu et al., 2021). A similar profile was reported in our previous studies (Nishioka et al., 2021; Santana et al., 2022). However, these studies did not identify Prevotella 9 as the predominant OTU. We did not classify the bacterial OTUs at the species level. However, previous studies showed that Bacteroides dorei and B. vulgatus, which belong to the phylum Bacteroidetes, are depleted in subjects with obesity. These species play an important role in maintaining a healthy gut ecosystem, protecting role against atherosclerosis, and reducing LPS activity (Yoshida et al., 2021). Yoshida et al. (2021) also showed that these species promote the catabolism of branched-chain amino acids (BCAAs), protecting against obesity. Moreover, some species of Bacteroides including B. ovatus, B. fragilis, B. distasonis, and B. uniformis are involved in polyphenol metabolism (O-deglycosylation) (Braune and Blaut, 2016; Cortés-Martín et al., 2020). O-deglycosylation by human gut bacteria is attributed to the activity of a specific Parabacteroides species, namely P. distasonis. Two Parabacteroides OTUs in the fecal samples showed significant correlation with the levels of propionic acid (Al-Ishaq et al., 2021). In contrast, none of the known Prevotella species have been reported to play a role in flavonoid metabolism. However, the abundance of Prevotella is strongly associated with plant-based diets, rich in fiber, and Prevotella copri is considered an important biomarker for diet (Precup and Vodnar, 2019).

Subjects with obesity generally have lower gut microbiota diversity and richness than the lean subjects (Liu et al., 2021). Low microbiota richness is associated with dyslipidemia, fat storage, insulin resistance, and inflammation (Lin et al., 2023). As well as in obesity, in prediabetes, gut microbiota composition is altered and exhibits reduced bacterial richness and reduced bacterial butyrate producers and increased species with a pro-inflammatory potential (Fan and Pedersen, 2021). Significant changes in gut microbiota composition were not observed in overweight women after 4 weeks of MOJ intake. However, significant correlations were identified between specific OTUs and cardiometabolic biomarkers, thereby highlighting the role of the gut microbiota on flavanone metabolism, and the health benefits of MOJ. MOJ intake did not significantly alter the gut microbiota diversity but increased the production of SCFAs, especially propionic acid and isobutyric acid, and induced significant improvements in several cardiometabolic biomarkers such as DBP and VCAM-1. Furthermore, Bacteroides and Prevotella 9 and other specific OTUs showed positive and negative correlations with several biomarkers including SCFAs, insulin, HOMA-IR, IL-6, and IL-10. SCFAs modulate CVD risk factors by regulating appetite and improving systolic and diastolic pressure, glucose and lipid homeostasis, adiposity and inflammation. SCFAs maintain epithelium integrity and restore gut barrier function preventing the translocation of LPS. Furthermore, SCFAs induce the production of mucin which creates a physical barrier between luminal bacteria and epithelial cells (Chambers et al., 2018). SCFAs bind to G-protein-coupled receptor (GPR) 41 and GPR 43 enhancing the release of anorexigenic peptides glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) from enteroendocrine cells. GLP-1 and PYY contribute to satiety, reduction of plasma glucose and lipids, insulin resistance and inflammation, and increased lipid oxidation (Van Hul and Cani, 2023). A differential association of OTUs classified under the same bacterial genus with the same biomarkers was observed. This highlighted complexity of the gut microbiota response to the orange juice intake. Moreover, although some associations were evident within 2 weeks of MOJ intake, they became significant only at the end of the intervention (4 weeks). This suggested that the changes in the OTUs in response to the constituents of the MOJ were not instantaneous but occurred gradually over a longer period of time.

MOJ intake significantly reduced DBP in the overweight women. This was consistent with the previous findings in eutrophic and overweight adults (Fraga et al., 2021) and obese adults (Santana et al., 2022; Santos et al., 2022) after Pera orange juice and MOJ intake. The relative risk of all the major CVD is significantly reduced by a reduction of 5 mmHg in DBP (Zanchetti, 2016). It is plausible that hesperidin exerts antihypertensive effects through the vascular nitric oxide (NO) synthase pathway. A previous study reported that hesperidin and its metabolites enhance NO bioavailability and protect the endothelial function by reducing the levels of the reactive oxygen species (Mas-Capdevila et al., 2020). DBP improvement may also be associated with the metabolic products of citrus flavanones such as flavanones-phase II conjugates and the phenolic acids, which are generated by the gut bacteria (Fraga et al., 2021). The flavanone composition of MOJ is comparable to that of POJ. Therefore, the health benefits of MOJ intake in the overweight women volunteers in this study may be attributed to the hesperidin and naringin metabolites.

The reduced levels of plasma VCAM-1 after MOJ intake suggested that the bioactive compounds from the MOJ reduced cardiometabolic risk by targeting the endothelium. Anthocyanins in MOJ (75.60 mg/500 mL) are metabolized by the gut microbiota and their metabolites are potentially responsible for the beneficial effects on the endothelium (Hidalgo et al., 2012; Kuntz et al., 2015; Krga and Milenkovic, 2019). A recent systematic review and meta-analysis reported that hesperidin significantly reduced the levels of VCAM-1 but did not alter the circulating E-selectin, IL-6, and ICAM-1 levels (Lorzadeh et al., 2019) similar to our findings.

The reduction in the cardiometabolic biomarkers was significantly higher in the insulin resistant women, similarly to the findings of Santana et al. (2022). This suggested significantly higher health benefits of regular MOJ intake for individuals with insulin resistance. The comparison of the effects of MOJ intake in women with or without insulin resistance showed the beneficial effects of MOJ on the cardiometabolic disorder including reduced levels of glucose, insulin, and HOMA-IR, as well as greater reduction of SBP and DBP in the insulin-resistant women. As observed in the correlation analyzes, some changes (as in blood pressure parameters) were significant at the 2-week time-point of the MOJ intake, whereas other parameters were significant only after 4 weeks. This highlighted the importance of the intake duration. Silveira et al. (2015) reported similar results in eutrophic and overweight volunteers who consumed 750 mL daily of blood orange juice for 8 weeks. The blood orange juice intake enhanced insulin sensitivity and reduced total cholesterol and LDL levels as well as SBP and DBP.

Gut microbiota is involved in the regulation of energy homeostasis, control of body weight, and inflammation. The changed microbiota composition in overweight subjects extracts more energy from the diet and increases lipogenesis. This microbiota provides lipogenic substrates to the liver and increases the lipoprotein lipase activity, as a consequence of the Fasting-Induced Adipose Factor (FIAF) suppression in the gut. Consequently, fatty acids and triacylglycerol are released from circulating lipoprotein in muscle, and adipose tissue, increasing the adiposity and body weight gain. This microbiota can also reduce the AMP-activated protein kinase (AMPK) activation and fatty acid oxidation (Kobyliak et al., 2016). Although the literature reports increasing in weight gain and adiposity, we did not observe significant change in anthropometric parameters throughout the study. Briskey et al. (2022) and Cardile et al. (2015) showed significant reduction of body mass, BMI, hip and waist circumferences, fat mass, and fat distribution in overweight adults however these studies used Moro orange extract daily for 3 or 6 months. As in these studies, we also observed significant changes in the cardiometabolic markers in response to MOJ intake, especially in women with insulin resistance. This can also be easily explained by the ability of the bioactive compounds in the MOJ to regulate metabolism (Lima and Barbosa, 2021).

Recent studies have identified novel polymorphisms (Fraga et al., 2022) and microRNAs (Dorna et al., 2021; Quintanilha et al., 2022; Capetini et al., 2023), which regulate cellular processes and mechanisms that are associated with the benefits of orange juice intake. This is one of the few studies that has evaluated the effects of MOJ on the gut microbiota composition and is the first study to report the correlation between the gut microbiota composition and the cardiometabolic biomarkers. Our results showed that specific OTUs play a significant role in the cardiometabolic disease process.

The main limitation of this study was small sample size (12 volunteers). Although we observed clear correlation between several biomarkers and bacterial OTUs, there were large variations in the gut microbiota composition between individuals. This may have affected the significance of several responses and limited the identification of some effects of MOJ intake. Therefore, future studies with larger sample sizes are required to confirm our findings, improve the gut microbiota results, and further explore the benefits associated with MOJ intake.



5. Conclusion

In conclusion, MOJ intake had effects on specific OTUs, although significant changes in the gut microbiota composition of overweight women were not observed. MOJ intake increased the production of SCFAs, especially propanoic and isobutyric acids, and improved cardiometabolic biomarkers such as DBP and plasma VCAM-1. The gut microbiota was associated with the levels of SCFAs and cardiometabolic biomarkers. Positive and negative correlations were observed between specific gut microbiota OTUs belonging to the Bacteroides and Prevotella 9 genera, and the cardiometabolic biomarkers at 2-weeks and 4-weeks of MOJ intake. This shows that the gut microbiota played a significant role in flavanone metabolism and influenced the biological processes responsible for the health benefits of MOJ intake.

Finally, the improvements in the cardiometabolic biomarkers were significantly higher in insulin-resistant women including a significant improvement in insulin resistance. The MOJ intake time was important since some changes were significant after 2 weeks of MOJ intake, but others became significant only after 4 weeks. However, future studies are required to confirm our findings and investigate further the effects of MOJ on the gut microbiota and the role of gut microbiota in the health benefits of orange juice.
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Introduction: The present study investigates whether supplementation with pectin-type polysaccharides has potential to improve aging-associated dysbiosis of the gut microbiota. The influence of different types of pectins on the gut microbiota composition and short-chain fatty acids (SCFAs) profiles of elderly was compared to younger adults.

Methods: Pectins studied included a pectin polysaccharide (PEC), a partially hydrolyzed pectin (PPH), and a pectin oligosaccharide (POS). Additionally, inulin was used as a reference prebiotic substrate. Individual fecal samples were collected from healthy elderly volunteers (70–75 years) and younger adults (30–35 years). In vitro fermentations were performed using the CoMiniGut model with controlled temperature and pH. Samples were withdrawn at baseline and after 24 h fermentation for measurement of SCFAs production and microbiota composition by 16S rRNA gene sequencing.

Results and Discussion: The results showed that fermentations with PEC and PPH resulted in a specific stimulation of Faecalibacterium prausnitzii regardless of the age groups. Collinsella aerofaciens became a dominating species in the young adult group with fermentations of all three pectins, which was not observed in the elderly group. No significant differences in SCFAs production were found among the pectins, indicating a high level of functional redundancy. Pectins boosted various bacterial groups differently from the reference prebiotic substrate (inulin). We also found inulin had reduced butyrogenic and bifidogenic effects in the elderly group compared to the younger adult group. In conclusion, the in vitro modulating effects of pectins on elderly gut microbiota showed potential of using pectins to improve age-related dysbiosis.
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1. Introduction

The large microbial community residing in the human intestine, often named as human gut microbiota, plays a vital role in maintaining the health status of human beings (Holscher, 2017). The gut microbiota is dynamic over lifetime, with an assembly phase starting just after birth for about 2 years, followed by relative stability during adulthood until distinct changes appearing with aging (Castanys-Muñoz et al., 2016; Greenhalgh et al., 2016). Despite interindividual variations, several aging-associated bacterial groups have been identified (An et al., 2018). Major shifts included a lower abundance of Bifidobacterium and a higher abundance of Enterobacteriaceae family being found in elderly fecal microbiota compared to young adults (An et al., 2018). A functional metagenomic analysis reported aging-related loss of genes responsible for saccharolytic potential and short-chain fatty acids (SCFAs) production, accompanied by an increased proteolytic activity (Rampelli et al., 2013). Although the exact mechanism behind the alterations in the elderly gut microbiota has not been fully unraveled, changes in diet and physical activity, antibiotic administration and altered gut physiology are supposed to be contributors (Buford, 2017). Taking into consideration that the elderly population is rapidly increasing (projected to reach 1.4 billion globally by 2030) as well as a generally longer lifespan of individuals (WHO, 2021), a healthy gut microbiota in elderly is of increasing significance. Dietary supplementation with prebiotics could be a promising approach to beneficially modulate the gut microbiota and thereby to improve health conditions of the elderly. According to the expert consensus of the International Scientific Association for Probiotics and Prebiotics (ISAPP; Gibson et al., 2017), a prebiotic is defined as “a substrate that is selectively utilized by host microorganisms conferring a health benefit.” Most well-known prebiotics so far include β-fructans (fructo-oligosaccharides (FOS) and inulin), and other oligosaccharides from various origins, e.g., galacto-oligosaccharides (GOS), arabino-oligosaccharides and more recently human milk oligosaccharides (HMOs; Roberfroid et al., 2010; Gibson et al., 2017). The benefits of inulin on improvement of bowel function is the first authorized health claim for prebiotics in Europe following a positive European Food Safety Authority (EFSA) opinion (EFSA Panel on Dietetic Products and Allergies, 2015). Inulins are polysaccharides composed of linear β(2 → 1)-linked fructose with a terminal α-glucose (EFSA Panel on Dietetic Products and Allergies, 2015). Fermentation of inulin in the gut promotes the growth of beneficial microbes, especially Bifidobacterium spp., inhibits enteropathogenic microorganisms and generates abundant SCFAs, especially butyrate (González-Herrera et al., 2015; Teferra, 2021). Bifidobacterium is the most commonly recognized genus with myriad benefits, e.g., healthy gut microbiota modulation, immunomodulation, anti-cholesterolemic effects, and protection against pathogens (Roberts et al., 2020). Butyrate is one key SCFAs in regulating the immune system and maintaining a healthy epithelial barrier (Baxter et al., 2019).

Recently, pectins have been suggested as a type of emerging prebiotic due to increasing scientific evidence on their capacities to selectively modulate human gut microbiota (Pascale et al., 2022; Rastall et al., 2022). Pectins are complex heteropolysaccharides that are naturally present in plant cell walls. Traditionally, pectins are extracted from fruit and vegetable sources, e.g., citrus, apple, and sugar beet, to be applied in the food industry as gelling or thickening agents (Elshahed et al., 2021). Pectins are considered as dietary fibers, as they pass indigestible through the upper gastrointestinal tract (Ferreira-Lazarte et al., 2019), and are fermented by the human gut microbiota resulting in the production of SCFAs (Holloway et al., 1983; Holscher, 2017). Molecular structures of pectins are varied, depending on their origins and extraction methods (Naqash et al., 2017; Pascale et al., 2022). Although not fully elucidated, a direct link between the structures of non-digestible carbohydrates and their functional effect on the gut microbiota has been reported (Rastall et al., 2022). In a recent study, the impact of pectin structures on the composition of the human gut microbiota was investigated using an in vitro experimental setup (Larsen et al., 2019). Promotion of Faecalibacterium prausnitzii, Bifidobacterium spp., and several other health-related bacterial groups were found to be associated with the structural features of pectins, including sugar composition and degree of esterification (Larsen et al., 2019). Fermentation of the high-methylated citrus pectin stimulated higher abundances of F. prausnitzii and resulted in higher production of propionate (Larsen et al., 2019). Furthermore, differences in molecular weight (MW) of pectins led to different fermentation effects, although MW was not covered by Larsen et al. (2019). For instance, Bifidobacterium spp., equipped with more exo-acting enzymes, are known to preferentially utilize oligosaccharides of lower MW (Sarbini and Rastall, 2011; Rastall et al., 2022). Likewise, an increased bifidogenic effect of lower MW pectins in comparison with pectin polysaccharides was observed in several in vitro studies and at least one human study (Olano-Martin et al., 2002; Gómez et al., 2016; Ferreira-Lazarte et al., 2018).

Limited number of studies have explored the ability of pectins to modulate the elderly gut microbiota. Wilkowska et al. (2021) studied the prebiotic effect of a pectin oligosaccharide (POS) derived from apple in relation to the different ages of the fecal donors, and concluded that the donors´ age was a determinant on the growth of lactic acid bacteria, SCFAs production, and lactic acid profiles from POS fermentation. Another in vitro fermentation study compared the effects of POS from lemon peel and fructo-oligosaccharide (FOS) on pooled fecal inoculum of elderly, and found similar microbial profiles and butyrate production (Míguez et al., 2020). However, the aforementioned study lacks a reference assessment with a fecal inoculum from younger adults under a similar fermentation setting. A recent human intervention study with elderly and younger adults found that a daily supplementation of 15 g of sugar beet pectin for 4 weeks resulted in no significant changes in the fecal microbiota profiles or metabolic activity for neither of the groups (An et al., 2019).

Previous studies have explored either the impact of pectins with different structural characteristics or age of fecal donors on the gut microbiota composition and SCFA production (Larsen et al., 2019; Wilkowska et al., 2021). However, there is still a need to investigate how molecular sizes of pectins influence the human gut microbiota and, especially, how they differentially impact age-related differences in microbiota composition, particularly linked to the microbiota of the elderly. The aim of the current study was therefore to investigate how molecular sizes of HM citrus-derived pectins, i.e., a pectin polysaccharide (PEC), a partially hydrolyzed pectin (PPH), and a pectin oligosaccharide (POS), modulate the gut microbiota of elderly vs. younger adults, using an in vitro colon model. The main effects driven by the fermentation of the pectins in terms of relative abundances and diversity of the gut microbial community, as well as the cumulative production of SCFAs were evaluated and compared with chicory inulin (INU) as a reference prebiotic substrate.



2. Materials and methods


2.1. Substrates

Lemon pectin (PEC) with a degree of methyl-esterification of 68.2%, partially hydrolyzed pectin, also called modified pectin (PPH), and pectic oligosaccharides (POS) were provided by CP Kelco ApS (Denmark). Both PPH and POS were derived from the same batch of PEC, but they were produced to have clear differences in MW. PEC had the largest average MW of 419 kDa (76.7% mass recovery), followed by PPH with an average MW of 24 kDa (78.6% mass recovery). POS had the smallest molecules, with an average MW of 2.3 kDa of the major fraction (55.1% mass recovery). Additionally, POS also contained a smaller fraction with an average MW of 0.4 kDa (24.1% mass recovery) and a minor fraction of large molecules with average MW of 372 kDa (13.5% mass recovery). More details of the absolute MW and corresponding weight fraction of the three pectins were shown in Supplementary Figure 1. Commercial inulin (INU) from chicory (purity > 95%) was purchased from Carbosynth Limited (United Kingdom) and included in the experimental setup as a reference.



2.2. Determination of molecular weight by size exclusion chromatography

The molecular weight (MW) distribution of PEC, PPH and POS were analyzed by injecting 100 μL of 2.5 mg/mL substrate to Agilent 1,260 Infinity II liquid chromatography system (Agilent, United States) equipped with PSS precolumn 10 μm 8 × 50 mm, PSS Suprema Lux analytical Ultrahigh, and PSS Suprema Lux 30 Å (PSS, Germany). The separation was performed using 0.3 M lithium acetate buffer as eluent at flow rate 1.0 mL/min, and column temperature was 37°C. Wyatt Dawn 8+ light scattering instrument and Wyatt Optilab T-rex refractive index detector (Wyatt, United States) were used for detection. MW and concentrations were converted from the detector signals by the software ASTRA 7 (Wyatt).



2.3. Fecal sample collection and inoculum preparation

Fecal samples were provided by ten human donors with consent. All the donors were self-reported healthy Caucasian males who did not receive pharmaceutical supplementation of pro-, pre-or antibiotics at least 90 days prior to stool collection. The donors were divided into two groups based on their ages, elderly group (n = 5, age range 70–75 years old) and young group (n = 5, age range 30–35 years old). The studies involving human participants were reviewed and approved by the Ethical Committee of the Capital Region of Denmark (H-15001754; Wiese et al., 2018). Written informed consent to participate in this study was provided by the participants.

The collected fecal samples were processed individually within the same day as described earlier (Wiese et al., 2018). Briefly, fresh feces were mixed with equal weight of phosphate buffered saline (PBS, pH 5.6) containing 20% glycerol, followed by homogenization using a Stomacher 400 (Seward, United Kingdom) at normal speed for 2 min (Wiese et al., 2018). The homogenized fecal slurries were then aliquoted, snap frozen in liquid nitrogen and stored at –60°C until further use. The abovementioned preparation procedures were performed in a vinyl anaerobic chamber (Coy Lab, United States) filled with 5% H2, 5% CO2 and 90% N2 (ALPHAGAZ, Air Liquide, France).



2.4. In vitro fermentation using CoMiniGut system

Batch fermentations of INU, PEC, PPH and POS with individual fecal inoculum were performed in triplicates using the CoMiniGut system with five parallel reactor units (Wiese et al., 2018). The current study followed the operation protocol of the CoMiniGut model as described (Wiese et al., 2018), with adjustment of several parameters. The homogenized fecal slurries were thawed and further diluted with four volumes of PBS. Each anaerobic reactor unit contained 0.5 mL of PBS-diluted fecal inoculum and 4.5 mL of basal colon medium (2 g/L peptone, 0.5 g/L bile salts, 1 g/L yeast extract, 0.1 g/L NaCl, 0.04 g/L K2HPO4, 0.04 g/L KH2PO4, 0.01 g/L MgSO4∙7H2O, 0.01 g/L CaCl2∙2H2O, 0.2 g/L NaHCO3, 0.005 g/L hemin, 0.001% (v/v) vitamin K1, 0.2% (v/v) Tween 80, 0.5 g/L L-Cysteine HCl; Wiese et al., 2018). The fermentation mixtures had a final concentration of 1% (w/v) inulin or pectins. The concentrations of the original fecal matter and glycerol were 1 and 0.2%, respectively. Anaerobic conditions in the reactor units were maintained and monitored by placing the Oxoid™ AnaeroGen™ Compact Sachets and Oxoid™ Resazurin Anaerobic Indicator (both from Thermo Fisher Scientific, United States) in the reaction compartments. Fermentations were performed at 37°C, and the pH gradually increased from 5.6 to 6.8 in 24 h, with computer-controlled addition of 1 M sodium hydroxide solution. Fermentations were terminated at 24 h endpoint and samples were stored in aliquots at -60°C until further analysis.



2.5. Analysis of short-and branched-chain fatty acids (SCFAs/BCFAs)

Concentrations of SCFAs and BCFAs of the fermentation samples taken at 24 h endpoint were determined by GC–MS as described previously (Wiese et al., 2018, 2021). The fermentation samples were mixed at 1:2 ratio with 0.3 M oxalic acid containing 2 mM 2-ethylbutyrate as internal standard, followed by centrifugation and filtration. One μL of the supernatant was injected into Agilent 7890A GC (Agilent) equipped with a Phenomenex Zebron ZB-WAXplus column (30 m × 250 μm × 0.25 μm, Phenomenex, United States). Agilent 5,973 series MSD mass spectrometer was employed to identity and quantify SCFAs and BCFAs. Selected Ion Monitoring (SIM) mode was used to scan ions with mass–to–charge (m/z) ratios of 41, 43, 45, 57, 60, 73, 74, and 84. These m/z ions are specific for SCFA and BCFA quantified in this study including acetic acid (m/z 43, 45, 60), propionic acid (m/z 45, 57, 73, 74), butyric acid (m/z 41, 43, 45, 60, 73), isobutyric acid (m/z 41, 43, 45, 73), 2-methylbutyric acid (m/z 74), valeric acid (m/z 41, 45, 60,73), and isovaleric acid (m/z 60). Prior to quantification, a calibration curve was constructed for each compound using authentic standards of SCFAs and BCFAs. GC–MS data was analyzed using MATLAB scripts (version R2015A; MathWorks, United States) written by authors. The concentration values were corrected by subtracting the concentrations found in the corresponding blank control (inoculum at baseline) samples.



2.6. DNA extraction and 16S rRNA gene amplicon sequencing

DNA was extracted from the fermentation samples taken at 24 h endpoint, and from the blank control samples (inoculum), using the Bead – Beat Micro AX Gravity Kit (A&A Biotechnology, Poland) according to the manufacturer’s instruction. The concentrations of extracted DNA were determined using Qubit™ 1X dsDNA High Sensitivity (HS) Assay Kit (Thermo Fisher Scientific) on a Varioskan Flash multimode reader (Thermo Fisher Scientific), followed by a dilution to 1 ng/μL for library preparation.

Library preparation procedures for nanopore based sequencing of V1V3–V8V9 hypervariable regions of 16S rRNA gene amplicon using MinION (Oxford Nanopore Technologies, United Kingdom) were conducted as previously described with several adaptions (Hui et al., 2021). Shortly, in the first round of PCR, 5 μL of the diluted DNA was mixed with 6 μL of nuclease-free water, 12 μL of PCRBIO Ultra Mix (PCR Biosystems Ltd., United Kingdom), and 2 μL of Primers Mix, which contained 5 μM of a unique combination of forward and reverse primers, which sequences were given in Supplementary Table 1 (Kårhus et al., 2022). The mixtures were subjected to the first PCR amplification in a Thermocycler Agilent SureCycler 8800 (Agilent) with the temperature profile as follows: denaturation at 95°C for 5 min; 2 cycles of 95°C for 20 s, 48°C for 30 s, 65°C for 10 s, and 72°C for 45 s; followed by final elongation at 72°C for 4 min. s.

The first PCR products were purified with AMPure XP beads (Beckman Coulter, United States) before the second PCR amplification. The second PCR reaction mixtures contained 11 μL of the first PCR clean products, 12 μL of PCRBIO Ultra Mix, and 2 μL of ONT UMI barcodes at 10 μM that were custom designed for tag encoding multiple samples in one run. The second PCR temperature profile included denaturation at 95°C for 2 min; 33 cycles of 95°C for 20 s, 55°C for 20 s, and 72°C for 40 s; followed by final elongation at 72°C for 4 min. The size of second PCR products (around 1,500 bp) were checked by agarose gel electrophoresis, followed by purification using AMPure XP beads and equimolar pooling. The library preparation was finalized by using the 1D Genomic DNA by Ligation kit (SQK–LSK109, Oxford Nanopore Technologies) according to the manufacturer’s protocol, and was loaded on a R9.4.1 flow cell.

The sequencing data generated by MinION was processed as outlined elsewhere (Hui et al., 2021). MinKnow software v19.06.8,1 Guppy v3.2.2 basecalling toolkit (see footnote 1), Porechop v0.2.2,3 NanoFilt (qq ≥ 10; read length > 1Kb) were used for data collection, base calling, adapter trimming, demultiplexing and quality correction (Hui et al., 2021). Greengenes (13.8) was used for taxonomy assignment with implementation of parallel_assign_taxonomy_uclust.py in QIIME v1.9.1. Individual Amplicon Sequence Variant (ASV) was treated as individual “seeds.” The reads that were annotated to at least phylum level was included in further analysis. Due to taxonomic reorganization, three features annotated as [Eubacterium] biforme, Lactobacillus ruminis, and Lactobacillus zeae were updated manually to Holdemanella biformis (De Maesschalck et al., 2014), Ligilactobacillus ruminis (Zheng et al., 2020) and Lacticaseibacillus zeae (Zheng et al., 2020), respectively.



2.7. Data analysis and statistics

Analysis and visualization of SCFAs/BCFAs concentrations and microbiome data was conducted in RStudio v.1.4.1717 integrated in R v.4.1.3. The average SCFAs/BCFAs concentrations of triplicates were taken to check normality and homogeneity of variances using Shapiro–Wilk test and Levene’s test. Comparisons of specific acids among the four substrates were conducted using one-way ANOVA with Tukey’s HSD post hoc test. Student’s t-test was performed to compare the values between the elderly and the young group. R packages rstatix v.0.7.0, tidy verse v1.3.1, and multcompView v.0.1–8 were used to perform the abovementioned tests.

Microbiome data was imported to R followed by microbial diversity analysis using the package phyloseq v1.38.0 (McMurdie and Holmes, 2013). All the samples were rarefied to an even library depth of 10,000 reads/sample and triplicates were averaged to the nearest integers. One sample using PPH as substrate and fecal inoculum from one elderly donor was discarded due to inadequate library size (< 10,000 counts). Alpha diversity (observed features index and Shannon diversity index) was compared among substrates using one-way ANOVA with Tukey’s HSD post hoc test, or between the two age groups using Student’s t-test, after checking normality and homogeneity of variances. Beta diversity was evaluated by Jaccard (unweighted) and Bray–Curtis distance matrices. Differences between the substrates as well as between the two age groups were determined by PERMANOVA test using the package vegan v2.5–7 (Dixon, 2003) with p-values corrected by Benjamini – Hochberg method. Differentially enriched taxa (summarized at species level) among the substrates were identified by DESeq2 method (Love et al., 2014) with a preset p-value lower than 0.05. The taxa occurring at a minimum relative abundance of 1% in at least 10% samples were visualized in a heatmap. Differentially enriched taxa between elderly and young groups were also identified using DESeq2 method (Love et al., 2014). Relative abundance of the responding taxa which fulfilled the abovementioned criteria were compared using Kruskal–Wallis rank sum test. Three features of interest, s_Faecalibacterium prausnitzii, s_Escherichia coli, and g_Dorea.s were also included in the between-age comparison. Pearson’s correlation analysis between centered log-ratio (clr) transformed microbial relative abundance and short-/ branched-chain fatty acid concentrations were performed with Rhea package (Lagkouvardos et al., 2017). Zeros in taxonomic variables were excluded from the correlation analysis. Core taxa were selected with a prevalence cut-off value set as 30%, with at least four pair of observations supporting each calculated correlation. Microbial co-occurrence network based on SPIEC-EASI method was constructed using the unrarefied counts from all the fermentation and fecal inoculum samples (n = 129), with R package NetCoMi v.1.0.2 (Peschel et al., 2021). Samples with total reads less than 10,000 were filtered out. Taxa were included in the analysis if prevalence ≥ 30% and mean relative abundance ≥ 0.1%. Other R packages used for visualization included corrplot v0.92 (Wei and Simko, 2021), ggplot2 v.3.3.5 (Wickham, 2016), circlize v.0.4.14 (Gu et al., 2014) and complexheatmap v.2.8.0 (Gu et al., 2016).




3. Results


3.1. Alpha and beta diversity of microbiota

In total, 157 microbial features were summarized at species level. The alpha diversity indices of the fermentations with PEC and PPH were comparable to those of the blank control (inoculum), including observed features (Figure 1A) and Shannon index (Figure 1B). A significant lower Shannon index was observed with POS compared to that with PEC. Fermentation with INU significantly decreased both the observed features and the Shannon diversity index (alpha diversity) compared to the blank control, while POS only had a significantly lower Shannon index than the blank control. The decreased Shannon diversity indices of POS and INU indicated that the two substrates stimulated certain bacterial groups that dominated the corresponding microbial communities. No difference was found between the elderly and young adult groups in terms of alpha diversity (Supplementary Figure 2).
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FIGURE 1
 The effect of substrates (BLK, blank control; INU, inulin; PEC, pectin; PPH, partly hydrolyzed pectin; POS, pectin oligosaccharides) and age of fecal inoculum donors (elderly group, n = 5; young group, n = 5) on the microbial alpha diversity at 24 h end point of CoMiniGut fermentation: observed features summarized at species level (A) and Shannon diversity index (B). The labels of *, **, and *** indicate value of ps < 0.05, < 0.01, and < 0.001, respectively.


Principal coordinate analysis (PCoA) of beta diversity was performed based on weighted Bray–Curtis and unweighted Jaccard distance matrices (Figures 2A,B). Both plots showed a shift in community structures of the fermentation samples after 24 h compared to the blank control. Separated clusters corresponding to each substrate were formed in the weighted PCoA, indicating shifts in dominant bacterial groups among the microbial communities. However, the fermentation samples at 24 h clustered closely in the unweighted PCoA, which represented the presence and absence of bacterial groups in the microbial communities. Based on PERMANOVA results, the substrate factor explained 37% of the variances on Bray–Curtis matrix (Figure 2C), compared to 22% of the same factor on Jaccard (Figure 2D). Age had a smaller effect on both matrices than substrate, explaining 10 and 7% on Bray–Curtis and Jaccard, respectively (Figures 2C,D). Differences or similarities in microbial community structures between each substrate and the blank control were further explored by pairwise PERMANOVA (Figures 2E,F). For both weighted and unweighted matrices, all the fermentation samples at 24 h were significantly different from the blank control. PEC and PPH showed comparable community structures, while POS and INU had distinct microbiota profiles compared to PEC and PPH based on the weighted matrix.
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FIGURE 2
 The effect of substrates (BLK, blank control; INU, inulin; PEC, pectin; PPH, partly hydrolyzed pectin; POS, pectin oligosaccharides) and age of fecal inoculum donors (elderly group, n = 5; young group, n = 5) on the microbial beta diversity at 24 h end point of CoMiniGut fermentation. Principal Coordinates analysis (PCoA) plots based on Bray–Curtis (weighted, A) and Jaccard (unweighted, B) distance matrices, with their corresponding adonis R-squared values listed in (C) and (D). The ellipses illustrate the 80% confidential area assuming a multivariable t-distribution. Pairwise PERMANOVA tests visualized as heatmaps for Bray–Curtis (E) and Jaccard (F), with the value of ps indicated by the color codes underneath. The labels of *, **, and indicate p-values < 0.05 and < 0.01, respectively.




3.2. Abundances of bacterial groups and co-occurrence network

The average relative abundances of bacterial phyla and genera (abundances ≥ 1%) at 24 h of fermentation as well as the blank control (inoculum) samples are shown in Figures 3A,B. There were 4 phyla and 20 genera with average relative abundances not lower than 1% in all the fermentation samples. Despite the inter-individual differences, Firmicutes was the most abundant phylum in the blank controls in both age groups, dominated by unidentified species from families Ruminococcaceae and Lachnospiraceae, Blautia spp. and F. prausnitzii. After 24 h fermentation with INU, the relative abundance of Firmicutes dropped by almost half, while the phylum Actinobacteria increased, represented mainly by Bifidobacterium adolescentis in both age groups, and by Bifidobacterium spp. in the young adult group only. The decreased relative abundance of Firmicutes was also observed for the pectins, compensated by an increased relative abundance of Bacteroides spp., and B. adolescentis in both age groups, together with Collinsella aerofaciens that was particularly increased in the young adult group. Furthermore, higher levels of phylum Proteobacteria were detected in fermentations with pectins in the elderly group, as well as with POS in the young adult group, which mainly contained an unidentified species from family Enterobacteriaceae and a minor fraction of Escherichia coli.
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FIGURE 3
 Microbiota composition of blank control (BLK) and at 24 h end point of CoMiniGut fermentation of: INU, inulin; PEC, pectin; PPH, partly hydrolyzed pectin; POS, pectin oligosaccharides. Fecal inoculums used for CoMiniGut fermentation were either from the elderly group (n = 5), or the young group (n = 5). Relative abundances of detected taxa are summarized at phylum (A) and species (B) level. Taxa with average relative abundance less than 1% are grouped as “< 1%.”


Figure 4A visualizes the relative abundances of different taxa between substrates including both age groups. Results of the adapted DESeq2 analysis with p-values lower than 0.05 are listed in Supplementary Table 2. In general, PEC and PPH fermentations led to comparable relative abundances of the bacterial groups, except for Bacteroides spp., which were more abundant in PEC samples. Fermentations with PEC and PPH favored the growth of F. prausnitzii, Dorea spp., Blautia spp. and Clostridium spp., while POS promoted the growth of distinct species, including Lachnospira spp., Parabacteroides distasonis, Bacteroides spp., and B. ovatus. Furthermore, fermentation with POS resulted in significantly reduced levels of Prevotella copri and Catenibacterium spp., along with increased levels of the unidentified species from the Enterobacteriaceae family and E. coli. Compared to pectins, fermentation with INU was characterized by significantly higher relative abundances of B. uniformis, B. adolescentis, Coprococcus spp., Blautia spp. and unidentified species from the families Lachnospiraceae and Erysipelotrichaceae.
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FIGURE 4
 (A) Differentially abundant taxa (summarized at species level) from pairwise comparisons between the substrates at 24 h end point of CoMiniGut fermentation, as determined by DESeq 2 analysis. Relative abundances of the taxa were row-wise scaled and visualized in heatmap, where significant p-values were indicated with asterisks on the left. (B) Relative abundances of selected taxa shown by box plots and compared between elderly group (n = 5) and young group (n = 5). BLK, blank control; INU, inulin; PEC, pectin; PPH, partly hydrolyzed pectin; POS, pectin oligosaccharides. The labels of *, **, or *** indicate p-values < 0.05, < 0.01, or < 0.001, respectively.


Figure 4B shows the comparison between all the samples from the elderly group to those from the young adult group. Four species with average relative abundances over 1% were significantly different between the groups as based on the DESeq2 analysis, namely C. aerofaciens, Bifidobacterium spp., Lachnospira spp. and the unidentified species from family Enterobacteriaceae. The young adult group showed much higher relative abundance of C. aerofaciens in response to all the pectins compared to the elderly group. High abundances of Bifidobacterium spp. were only detected in the young adult group, especially in fermentations with INU. In contrast, fermentations in the elderly group with almost all the substrates led to increased levels of the unidentified species from family Enterobacteriaceae and E. coli (Figure 4B). Additionally, the levels of F. prausnitzii were significantly lower in the elderly samples compared to the young adult ones in the blank controls (inoculum at baseline; Figure 4B). However, the relative abundances of F. prausnitzii became comparable between the elderly and the young groups after 24 h fermentation with PEC and PPH, while it became almost absent with INU and POS.

A microbial co-occurrence network was constructed based on all the samples to explore positive and negative direct connections among bacterial groups (Figure 5). Strong positive associations were commonly found between nodes from the same phylum, for instance, one cluster was formed by several species from the phylum Firmicutes with two unidentified species from families Ruminococcaceae and Lachnospiraceae as the hubs. Cross-phyla clusters were also observed, e.g., Bacteroides spp., Lachnospira spp., the unidentified species from family Enterobacteriaceae and E. coli were co-occurring microbes, which were negatively associated with Bifidobacterium spp., Roseburia spp., C. aerofaciens, Oscillospira spp. and [Ruminococcus] spp. Despite the phylogenetic similarities, Bifidobacterium spp. were seldomly connected, possibly implying low niche overlap and functional diversity within the genus.
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FIGURE 5
 Microbiota co-occurrence network of CoMiniGut fermentation of inulin and pectins using fecal inoculums from either elderly donors (n = 5), or young donors (n = 5). Taxa are summarized at species level, with phylum level information indicated by node colors. Nodes are defined as hubs based on eigenvector centrality and are highlighted by bold text and borders. Edge thickness and node sizes correspond to similarity values, and centered log-ratio transformed relative abundances of corresponding taxa, respectively.




3.3. Acid production and correlations with microbial taxa

The cumulative production of SCFAs and branched-chain fatty acids (BCFAs) after 24 h fermentation with the four substrates are listed in Table 1. For all the samples, acetic acid, propionic acid, and butyric acid, were present as the dominant acids, while BCFAs (isobutyric acid, isovaleric acid, 2-methylbutyric acid) and valeric acid were detected in minor amounts. Acetic acid was the principal SCFA produced from pectins, followed by butyric acid, and propionic acid produced in least amount. Fermentation with INU led to the highest level of total SCFAs, butyric acid and propionic acid within the young adult group. Interestingly, the SCFAs levels became statistically insignificant between INU and the pectins after 24 h fermentation by the elderly microbiota. When comparing the two age groups, elderly microbiota showed lower capability of utilizing inulin for butyric acid production, but no difference utilizing pectins, compared to young adults. The fact that microbiota of the young adult group generated significantly higher concentrations of butyric acid than that of the elderly with INU indicated that the bifidogenic effect of inulin is age dependent. Furthermore, no significant differences were identified on BCFAs and valeric acid production among substrates or between age groups (p-values listed in Supplementary Table 3).



TABLE 1 Cumulative production of short-and branched-chain fatty acids (SCFAs/BCFAs) in mmol or μmol per gram of substrates (INU, inulin; PEC, pectin; PPH, partly hydrolyzed pectin; POS, pectin oligosaccharides) at 24 h end point of CoMiniGut fermentation#.
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Pearson’s correlation between cumulative acid production and microbial taxa at species level are summarized in Figure 6. Interestingly, butyric acid, propionic and valeric acid showed similar correlations with specific species, whereas acetic acid often showed opposite correlations with the same species. Positive correlation with acetic acid levels were observed for F. prausnitzii and Clostridium spp., which were highly abundant species in PEC and PPH fermentations. The species favored by POS, such as Lachnospira spp., P. distasonis, Bacteroides spp., and B. ovatus, correlated negatively with butyric and/or propionic acid production. Abundances of B. adolescentis, Coprococcus spp., Blautia spp. and P. copri, which were enriched species in INU fermentations, positively correlated with the levels of butyric and/or propionic acid. Finally, C. aerofaciens and Bifidobacterium spp., which were found significantly abundant in the young adult group, correlated positively with butyric acid. E. coli and the unidentified species from family Enterobacteriaceae, specifically found in the elderly group, correlated negatively with butyric acid.
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FIGURE 6
 Pearson’s correlation between relative abundances of microbial taxa (summarized at species level) and short-and branched-chain fatty acid concentrations at 24 h end point of CoMiniGut fermentation. The areas of colored squares correspond to the absolute values of correlation coefficients (r). The labels of *, **, or *** indicate p-values < 0.05, < 0.01, or < 0.001, respectively.





4. Discussion


4.1. Effects of pectins on the gut microbiota in relation to structural differences

PEC and its derivatives, PPH and POS, were included in the same experimental setup to study the impact of MW of pectin on their fermentation by gut microbiota. Fermentation of PPH resulted in similar fermentation profiles as the parent pectin polysaccharide PEC, in terms of both microbial diversity and relative abundances of bacterial groups. Both substrates selectively promoted the abundances of F. prausnitzii, Dorea spp., Blautia spp. and Clostridium spp. after 24 h in vitro fermentation, probably due to their capacity to degrade the polysaccharide backbones of pectin (Lopez-Siles et al., 2012). F. prausnitzii is one important primary pectin-degrader, whose activity releases sugar units from the pectin backbone for further consumption by secondary metabolizers (Elshahed et al., 2021). In addition to being one of the most abundant species present in the gut microbiota of healthy humans, F. prausnitzii is considered a beneficial bacterium to treat gut inflammation (Lopez-Siles et al., 2012; Miquel et al., 2013; Heinken et al., 2014). The ability of PEC and PPH to promote the growth of F. prausnitzii is promising for the elderly population, who are vulnerable to age-related inflammation (An et al., 2018; Míguez et al., 2020). In accordance with the present findings, our previous in vitro study exploring the effects of pectins (Larsen et al., 2019), found that the abundances of F. prausnitzii, together with family Ruminococcaceae, were most stimulated by high methylated lemon pectin. Furthermore, we found a positive correlation between acetic acid production and F. prausnitzii, which agreed with a previous study showing that in vitro growth of F. prausnitzii was stimulated by presence of acetate in the medium (Heinken et al., 2014).

Fermentation with POS, having the lowest MW, resulted in the lowest Shannon diversity index and a significantly different beta diversity based on Bray-Curtis compared to PEC and PPH. The Shannon diversity index estimates richness and evenness of a microbial community, and a lower value is related to lower stability or less homeostasis of the human microbiome (An et al., 2018). Although several previous in vitro studies have reported an increased bifidogenic effect of lower MW pectins and POS (Olano-Martin et al., 2002; Gómez et al., 2016; Ferreira-Lazarte et al., 2018), we did not observe such effects in fermentations with POS in the current set-up. The lower bifidogenic effects of POS from our study than the previous studies could be due to structural differences of POS since they were derived from different parent pectins (Pascale et al., 2022). The species that were promoted by POS in the current study included Lachnospira spp., P. distasonis, Bacteroides spp., and B. ovatus. In contrast to PEC and PPH, the beneficial species F. prausnitzii, was almost depleted after 24 h fermentation with POS. Microbial utilization of large pectin polysaccharides requires extracellular breakdown of the backbone by pectinolytic activities before intracellular consumption (Elshahed et al., 2021). We speculate that the capability of F. prausnitzii to degrade the polymer backbone of PEC and PPH might account for its specificity to pectin polysaccharides instead of oligosaccharides.

Another reason for the differences observed in microbiota profiles could be a slower fermentation of PEC and PPH compared to POS, due to the time needed to degrade the polymer structures of PEC and PPH. The relatively faster fermentation of POS by the primary pectin-degraders could be already followed by enrichment of the secondary metabolizers by cross-feeding interactions within 24 h (Bang et al., 2018), leading to different microbiota composition compared to PEC and PPH. This hypothesis of slow fermentation is supported by one in vitro study that showed a trend from rise to decline of relative abundances of F. prausnitzii during fermentation with methylated pectin oligosaccharides (Onumpai et al., 2011). A slow fermentation of pectins may be more promising in the sense that the beneficial saccharolytic activities could be prolonged to the distal colon (Tingirikari, 2018). Nevertheless, the SCFAs and BCFAs profiles of all three pectins were comparable in this study, implying functional redundancy of the gut microbiome on pectin fermentation pathways (Reichardt et al., 2018).



4.2. Effects of pectins on the gut microbiota in relation to donor age

Donors’ age was another factor affecting the fermentation profiles. The fecal microbiota of the elderly group in the blank control (inoculum) had lower levels of F. prausnitzii and Bifidobacterium spp., while the family Enterobacteriaceae was enriched, compared to the young adult group. After 24 h fermentation with pectins, the phylum Bacteroidetes, which is often equipped with pectinolytic enzymes, was increased relatively more in the elderly group. In contrast, the young adult group exhibited a higher enrichment of the phylum Actinobacteria, which generally includes secondary metabolizers instead of primary pectin-degraders (Chung et al., 2017; Tingirikari, 2018). The different microbial profiles at 24 h of fermentation between the two age groups may indicate a slower fermentation of pectins by elderly gut microbiota, as the elderly microbiota were still dominated by the primary pectin-degraders.

Interestingly, the relative abundances of F. prausnitzii, although lower in the elderly inoculum, were equally abundant in both age groups, after 24 h fermentation with PEC and PPH. Several other bacterial taxa were found to be associated with donor age. Among them, C. aerofaciens, which levels were comparably low in the inoculum of both age groups, was promoted by all pectins in the young adult group, while almost absent in the elderly group. In contrast, species from family Enterobacteriaceae and E. coli were much more abundant in the elderly group at the end of fermentation. In accordance, we found a negative correlation between C. aerofaciens and the cluster comprising Enterobacteriaceae and E. coli in the microbial network. These findings are in line with those of Miguez et al., who reported an increased growth of F. prausnitzii and near absence of genus Collinsella in POS in vitro fermentations with a pooled elderly fecal inoculum (Míguez et al., 2020). The species C. aerofaciens showed a positive correlation with butyric acid production, and in accordance with our results, Qin et al. (2019) reported it as a butyrate-producing strain. Several studies found higher prevalence of C. aerofaciens in healthy controls, compared to patients with cystic fibrosis or inflammatory bowel disease (IBD; Miragoli et al., 2017; Malham et al., 2019; Quagliariello et al., 2020), suggesting its association with a healthy microbiome. The family Enterobacteriaceae, including E. coli, have been reported to possess genes encoding pectinases, however, in vitro studies demonstrated non-promoting and anti-adhesive properties of pectins against pathogenic E. coli strains in human cell models (Di et al., 2017; Prandi et al., 2018).

Unlike other Bifidobacterium spp., B. adolescentis was equally stimulated by pectins in both age groups, and it was isolated from other species in the microbial network. The high relative abundance of B. adolescentis among elderly has also been observed in previous studies (Míguez et al., 2020). A recent review has listed evidence showing that B. adolescentis has a potential key role in modulating gut-brain axis interactions by producing gamma aminobutyric acid (GABA), which inhibits anxiety and depression (Barrett et al., 2012; Sharma et al., 2021). Furthermore, B. adolescentis was found to be anti-inflammatory and had an anti-viral effect against Noroviruses (Li et al., 2016; Sharma et al., 2021).

Despite the different microbiota composition observed between the two age groups, their microbial richness and evenness were similar. The 24 h cumulative production of SCFAs and BCFAs from the pectins were also comparable, except for a slightly lower total SCFAs level observed in fermentations with PEC. This finding further confirmed the high level of functional redundancy of pectin fermentation for SCFA production by microbes in the human gut levels out the age effect.



4.3. Comparative effects of pectins and inulin on the gut microbiota composition and SCFA production

In the present study, we found the well-known bifidogenic and butyrogenic effects of inulin drastically reduced in fermentations with the gut microbiota of the elderly population, in an in vitro experimental setup. The reduced bifidogenic effect of inulin with elderly gut microbiota has also been reported in literature. An et al. (2021) noticed less consistent increase of Bifidobacterium spp. abundances with fermentation of traditional bifidogenic ingredients, including inulin, by pre-frail elderly compared to adult controls, which the authors suggested was due to a reduced efficiency in carbohydrate degradation of the pre-frail elderly gut microbiota. Furthermore, they found that the lower level of Bifidobacterium spp. allowed utilization of inulin by other bacterial groups, e.g., Blautia spp. (An et al., 2021). Some human intervention studies found an increase in bifidobacterial prevalence with inulin supplementation (Marteau et al., 2011; Kiewiet et al., 2021). However, these intervention studies only included elderly participants, without a control group of younger adults while it is therefore difficult to compare the two age groups. In the current study, enriched Enterobacteriaceae family and E.coli were detected in elderly group with inulin, which had negative correlations with butyrate production, as well as negative relationships with Bifidobacterium spp. Production of SCFAs from carbohydrates is believed to be highly reproducible despite inter-individual variations in gut microbiota compositions (Reichardt et al., 2018). The drastic reduction of the butyrogenic effect of inulin observed in the current study indicates a loss of functional genes in the elderly gut microbiota which encodes SCFA synthesis, and possibly a lower level of functional redundancy of the gut microbiota in utilizing inulin, compared to that of pectins. F. prausnitzii was reported to be another degrader of inulin in the human gut in literature (Park et al., 2022). However, the selective stimulating effects of inulin on F. prausnitzii was not observed in the current study. The inulin-utilizing capabilities varied among different strains of F. prausnitzii (Lopez-Siles et al., 2017). The strains of F. prausnitzii found in the current study could not be those efficient degraders of inulin. As limited by the sequencing technique used, we were not able to study the gut microbes at strain level.

Overall, both inulin and pectins led to distinct fermentation profiles for both the elderly and the young adult groups. In general, effects of pectins on the gut microbiota were more specific and less dependent on the initial microbiota of the fecal inoculum compared to inulin, confirming the results obtained by a previous study (Cantu-Jungles et al., 2021). Pectin fermentations were characterized with enriched Bacteroides spp., P. distasonis, Lachnospira spp. and Clostridium spp., with a specific promotion of F. prausnitzii by pectin polymer structures, as well as a specific increase in C. aerofaciens found in gut microbiota from young donors. Out of the aforementioned species, Bacteroides spp., P. distasonis, Lachnospira spp. and F. prausnitzii are primary pectin-degraders equipped with pectinases, while the remaining ones would utilize released sugars for metabolite conversion such as SCFA production (Elshahed et al., 2021). Bifidobacterium spp. are known to encode enzymes like β-fructosidase for inulin degradation (Gibson et al., 2017). However, this genus is not able to degrade pectins and may function as secondary metabolizers via cross-feeding interactions (Yang et al., 2013). Although Bifidobacterium is not a butyrate-producer (Sarbini and Rastall, 2011), its abundance positively correlated with butyrate levels in the current study, indicating the existence of cross-feeding interactions between Bifidobacterium and butyrate-producing microbes. As a result, we found that inulin fermentations generated more butyric acid by the young adult group compared to pectins, which generated mainly acetic acid, and this finding is in accordance with previous in vitro studies (Johnson et al., 2015; Chung et al., 2016; Bang et al., 2018; Chung et al., 2019; Yu et al., 2020). Clinical trials confirming the consistently induced acetate levels by pectin supplementation are so far rare. Acetic acid might play a role in protecting against pathogens and inflammation (Míguez et al., 2020), which is often associated with aging.




5. Conclusion

By using an in vitro colonic fermentation set-up, we showed how the molecular sizes of HM citrus pectins impacted their colonic fermentation by the human gut microbiota. Pectins of large and medium-size molecules led to more similar fermentation profiles compared to pectin oligosaccharides, in terms of the gut microbiota compositions and SCFA productions. The commonly known beneficial gut microbe, F. prausnitzii, was specifically stimulated by fermentation of pectin polysaccharides (both large and medium sizes) instead of pectin oligosaccharides. As to the SCFA production, acetic acid was the main SCFA product from all the pectins. Fermentations with inulin led to microbial profiles different from those of the pectin substrates, in particular higher increase in Bifidobacterium spp. and production of butyric acid were seen. Donor age also influenced the fermentation results of both inulin and pectins. However, in contrast to the obviously reduced bifidogenic and butyrogenic effects of inulin on the elderly gut microbiota, fermentations of pectins were less dependent on the donor age. Therefore, HM citrus pectins of high and medium molecular sizes showed the most potential to improve age-related dysbiosis of the elderly gut microbiota. Although an in vitro experimental setup is an efficient screening tool to evaluate and compare the potential effects of different substrates on the human gut microbiota, the observed effects should be further confirmed by human intervention studies.
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Obesity has been regarded as one of the major health problems worldwide. Studies demonstrated that ursolic acid (UA) can significantly ameliorate the progress of obesity. However, whether the effect of UA on obesity depends on the regulation of gut microbiota and metabolism is uncertain. To investigate the regulatory role of UA in obese mice from the perspective of intestinal microbiome and metabolomics analyses, an obese mice model was established with a high-fat diet, and the effect of UA on obesity was evaluated. The alterations of gut microbiota and metabolism related to obesity were evaluated by bioinformatic analysis. The results of the gut microbiota analysis showed that UA intervention could shift the Firmicutes to Bacteroidetes ratio at the phylum level and increase in the genera of Lactobacillus, Bacteroides, and Akkermansia. Additionally, metabolomics analysis showed that the beneficial influence of UA on obesity partly depended on amino acid metabolism. The current study demonstrated the roles of UA in the anti-obesity process, which depends in part on alterations in the gut microbiota and metabolism. Therefore, our findings highlight the potential therapeutic effect of UA on the improvement of diet-induced obesity in humans.
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1. Introduction

Obesity the third most prevalent isepidemiological factor affecting human health after smoking and AIDS. It is also intimately connected to several chronic illnesses, including cancer, type 2 diabetes, renal disease, liver disease, and heart disease, all of which are detrimental to human health (Medanić and Pucarin-Cvetković, 2012; Pan et al., 2018; Ojulari et al., 2019). Therefore, the search for effective solutions to improve obesity is extremely important. There are several preventive or therapeutic strategies for combating obesity, including lifestyle changes, such as diet and exercise, drug treatment, and surgery. However, these approaches can be less satisfactory in the long term, especially drug therapies, which may have serious adverse effects that lead to their successive withdrawal in recent years (Khera et al., 2016; Clément et al., 2018). Therefore, a more effective method should be explored to improve obesity.

The gut microbiota refers to a complex ecosystem in the human digestive tract that includes bacteria, fungi, viruses, archaea, and protists. It could participate in the regulation of multiple physiological functions that maintain the metabolic homeostasis of the host (Qu et al., 2018; Li et al., 2020; Sun et al., 2022). Gut dysbiosis has various adverse effects on the host and may result in metabolic diseases, especially in the obesity condition, which has been revealed by growing evidence over the last two decades. In mice, Candida parapsilosis expansion in the gut has been shown to contribute to the promotion of obesity, mainly in terms of higher body weight, accumulation of fungal lipase, and alteration of serum biochemical indicators (Sun S. et al., 2021). Yu et al. (2022) found that the onset of diabetes type 2 mellitus in obese mice was impeded by gut microbiota disturbance, and glucose decomposition may be the primary mechanism by which the jejunal bacteria control the host metabolism. Meanwhile, Wang et al. (2019) demonstrated the numerous metabolic benefits of orally administering live Parabacteroides distasonis in high-fat diet (HFD)-induced obese mice, mainly via controlling weight gain, lowering hyperglycemia and hyperlipidemia, and improving hepatic steatosis through the production of succinate and secondary bile acids. According to the findings, effective regulation of host metabolism by intestinal flora is crucial to the development of obesity.

Plant-derived biologically active products have various biological functions in the regulation of a wide spectrum of diseases (Diarra et al., 2016; de Freitas Junior and de Almeida, 2017; Sehrawat et al., 2017). Ursolic acid (UA) is commonly found in fruits and vegetables. According to reports, UA controls a variety of biological functions, including the modulation of several signaling pathways that may stop the onset of chronic diseases (Seo et al., 2018). Recently, the relation of UA to obesity has been documented extensively. Tang et al. (2022) examined the anti-obesity impact of UA in obese rats induced by high fat and streptozotocin via altering insulin and c-Jun N-terminal kinase signaling pathways. Sun A. et al. (2021) demonstrated the crucial role of UA in improving the obesity and metabolic status of obese mice via increasing irisin production, promoting white adipose tissue beigeing, and lowering weight. Moreover, UA has been shown to have potential therapeutic utility in obesity and diabetes via preventing insulin resistance and hyperinsulinemia and by reversing hyperinsulinemia induced by obesity in rats fed with a HFD (González-Garibay et al., 2020). However, the function of UA on the metabolism and gut microbiota during obesity is largely unexplored, so more studies are needed to ascertain whether UA can affect host metabolic pathways.

The objective of this study was to identify the interrelationship among UA, gut microbiota, and metabolites in obese mice induced by diet. 16S rRNA sequencing was conducted to analyze the gut microbiota in mice receiving a HFD, and a metabolomics analysis was used to investigate the mechanism of UA in obesity from the perspective of microbiome changes. This study provides a useful exploration of the potential mechanisms of UA in the regulation of obesity though microbiomics and metabolomics analysis and further demonstrated the beneficial effect of UA on obesity improvement.



2. Materials and methods


2.1. Animals and diets

In the current research, C57BL/6J male mice ordered form SiPeiFu Biotechnology Co., Ltd (Beijing, China). Then 5-week-old mice were firstly housed under a 12 h light/dark cycle with unrestricted access to food and water, the temperature and humidity of the feeding environment were controlled at 24 ± 1°C and 55 ± 5%, respectively. After 1 week adaptive feeding, the mice were separated equally into three groups for treatment (8 mice per group): (1) control group (fed with the normal diet), (2) HFD group (fed with the HFD), (3) HFD + UA group (fed with the HFD and given a moderate dose of UA, 100 mg/kg/d). The UA was purchased from Xi’an Ruilin Biotechnology Co., Ltd. (Xi’an, China). The normal-fat diet (10 kcal% fat, 20 kcal% protein, and 70 kcal% carbohydrate, catalog no. D12450B) and the HFD (60 kcal% fat, 20 kcal% protein, and 20 kcal% carbohydrate, catalog no. D12492) were Research Diets purchased from Xiaoshuyoutai Biotechnology Co., Ltd. (Beijing, China). During the experiment, the body weight of the mice was record once per week. The treatment were continued for 8 weeks.



2.2. Sample collection and preparation

Fresh fecal samples were obtained after an 8-week treatment and stored at −80°C for the gut microbiota and metabolite analyses. After the last treatment administration, mice were allowed with free access to water but no food for 12 h, then were anesthetized via intraperitoneal injection of 1.25% tribromoethanol and the blood samples from the eye orbit were collected. The liver, epididymal white adipose tissue (eWAT), perirenal white adipose tissue (pWAT), and mesenteric fat were stripped and weighed immediately at 4°C after mice were sacrificed, and then maintained at −80°C for the experiment. The collected blood was then centrifuged at 3,000 rpm for 15 min to obtain the serum. After being frozen at −80°C, the serum biochemical indexes were tested using assay kits (Jiancheng, China), including total cholesterol (TC), total triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C). The following formula was used to calculate the index:
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2.3. Histological analysis of liver

After being treated in 4% formaldehyde solution for paraffin sections, partial liver samples were cut into 5-μm-thick slices for hematoxylin-eosin staining. An optical microscope was used to take pictures of the dyed liver sections (Olympus, Tokyo, Japan).



2.4. Bioinformatic analysis of gut microbiota

We extracted genomic DNA from fecal samples using the DNA Extraction Kit (Nobleryder, China) following the manufacturer’s instructions. The 16S rRNA gene’s hypervariable region V3–4 was amplified through PCR using a specific primer. Wekemon Biotechnology Co., Ltd. (Guangzhou, China) carried out the sequencing using the NovaSeq 6000 platform. Quantitative Insights Into Microbial Ecology (QIIME, version 2.0) software was used to obtain quality filter raw sequences. Paired-end reads were assembled using FLASH. Following the detection of chimeras, the remaining high-quality sequences were clustered into operational taxonomic units (OTUs) at 97% sequence identity by UCLUST. A representative sequence was selected from each OTU using default parameters. OTU taxonomic classification was then conducted by BLAST searching the representative sequences set against the Green Genes Database. Based on the emergence of OTUs between groups a Venn diagram was generated using the R package to visualize the shared and unique OTUs between groups. The core-diversity plugin within the open-source QIIME 2 platform was used to calculate the alpha and beta diversity. The specific gut microbiota was analyzed through linear discriminant analysis (LDA) and effect size (LEfSe) analyses. A non-parametric factorial Kruskal–Wallis sum-rank test was used for LEfSe to determine the differences in abundance between groups and used LDA to assess the effect size of each feature, and the threshold on the logarithmic score of LDA analysis was set to 2.0. Spearman’s analysis was used to determine the relationship between microbial communities and serum biochemical parameters based on the relative abundance of microbial species at various taxon levels. All settings were set to default, unless otherwise stated.



2.5. Metabolomic profiling analysis

To obtain the supernatant for LC-MS analysis, fecal samples (100 mg) were mixed with extract solution (methanol:water = 4:5, v:v) and centrifuged. A Vanquish UHPLC System from Wekemon Biotechnology Co., Ltd. (Guangzhou, China) was used to perform the LC separation. Orthogonal partial least-squares discriminant analysis (OPLS-DA) was used to compare metabolites in different groups. The variable influence on projection value together with the p-value obtained using the two-tailed t-test (VIP value > 1.0 and p-value < 0.05) were used to select the potential biomarkers. The Human Metabolome Database1 was selected to compare the typical MS/MS fragments. The MetaboAnalyst website2 based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database3 was used for pathway enrichment analyses.



2.6. Statistical analysis

All data were analyzed using one-way ANOVA in SPSS 24.0 (IBM), and Prism 8.0.2 software (GraphPad Software, La Jolla, CA, USA) was used to create all graphics. Spearman correlation was used to examine the correlation between significant microbial communities and metabolism; p-value < 0.05 indicated significance.




3. Results


3.1. Effects of UA administration on physiological, serological, and liver histopathological changes

In this study, we investigated the effects of UA on obese mice by constructing an obesity model as shown in Figure 1A. According to Figure 1B, the body weight of mice in the HFD group increased rapidly relative to that of those in the control group over the course of 8 weeks. Nevertheless, UA supplementation decreased this increment (p < 0.05). In addition, the HFD could significantly increase the ratio of fat to body weight and visceral fat in contrast to the control, and the UA treatment also reduced the elevated levels but still remained above the normal level (p < 0.05) (Figures 1C, D).
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FIGURE 1
Effect of ursolic acid administration on physiological, serological, and liver histopathological changes. (A) Experimental design (B) Body weight growth; (C) ratio of fat to body weight; (D) visceral fat; (E–H) Changes in serum biochemical indexes in each group of mice; (I–K) hemotoxin-eosin staining of liver tissue sections of mice in different groups (#P < 0.05 compared to control group, *p < 0.05 relative to the high-fat diet group).


Additionally, the levels of TC, TG, HDL-C, and LDL-C were measured to ascertain the potential contribution of UA to the reduction of lipid buildup in mice (Figures 1E–H). The HFD-fed mice had higher TC, TG, and LDL-C levels in serum after 8 weeks of feeding relative to the control group (p < 0.05), and these increases were lowered by UA administration, but still remained above normal levels. Interestingly, HDL-C presented high levels of expression in the HFD group relative to those in the control group and remained significantly higher after UA intervention.

Hematoxylin-eosin staining of liver samples was used to assess the triacylglycerol accumulation. The result showed that following the 8-week treatment period, the HFD-fed mice had substantial lipid droplet buildup relative to those in the control group. This accumulation was greatly alleviated after UA intervention (Figures 1I–K), suggesting that UA can successfully limit the buildup of liver lipids and slow the onset of fatty liver in HFD-group mice.



3.2. Effects of UA on gut microbiota diversity of mice

For the 16S rRNA sequencing results included Sparsity curve analysis and OTUs Venn diagram were shown in Supplementary Figures 1, 2. Alpha diversity analysis was used to evaluate the diversity of the microbiota community in each sample, which was presented by diversity indices including Shannon, Ace, and Chao1. The Shannon index reflects the richness and evenness of a community, whereas the Ace and Chao1 indices were positively correlated with community richness (Figures 2A–C). In contrast to those in the control group, the Ace and Chao1 indexes in the HFD group were considerably lower (p < 0.05) and greatly increased after UA supplementation. According to the Shannon index, less diversity was present in the HFD group, and there was no improvement as a result of UA supplementation.
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FIGURE 2
Analysis of alpha and beta diversity of intestinal flora in three groups of mice: (A) Shannon index; (B) Ace index; (C) Chao1 index; (D) Principal coordinates analysis (PCoA) (#p < 0.05 compared to control group, *p < 0.05 relative to the high-fat diet group).


Beta diversity analysis in mice was explained using the Principal Coordinates Analysis (PCoA). According to Figure 2D, there was a clear division in the microbiota community among the control and HFD groups, whereas in the HFD and UA treatment groups, the structure of the microbiota community was closer, suggesting that UA and HFD may influence the structure of the gut microbiota.



3.3. Effects of UA on the taxonomic composition of the gut microbiota

The relative bacterial abundance of the different groups was evaluated to identify specific taxa in the UA treatment group. According to Figure 3A, Firmicutes and Bacteroidetes were the dominant phyla in all groups. HFD treatment significantly changed the gut microbiota composition and structure compared with control group. For example, Firmicutes and Proteobacteria increased significantly, which was accompanied with decreased Bacteroidetes and Verrucomicrobia. Notably, the Firmicutes to Bacteroidetes (F/B) ratio was 0.93 in the control group, and increased rapidly to 2.82 after the HFD treatment, but the changes were reversed after UA supplementation, resulting in a lower F/B ratio of 2.22, which was accompanied by an increase in Verrucomicrobia.
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FIGURE 3
Abundance of intestinal bacteria at the (A) phylum and (B) the genus levels.


At the genus level, the relative abundance of Akkermansia, Allobaculum, and Lactobacillus decreased and that of Oscillospira, Ruminococcus, Parabacteroides, and Erysipelotrichaceae-Clostridium increased in the HFD group (Figure 3B). However, UA supplementation increased the abundance of Lactobacillus, Bacteroides, and Akkermansia, which is inconsistent with the results from the HFD group.



3.4. Treatment effects on specific phylotypes in the gut microbiota of mice

By using LEfSe to look for variations in the abundance of bacterial taxa between three groups, the features of microbiota in the mice were examined. As presented in Figures 4A, B, 10 significant discriminative features were uncovered in the HFD group and eight were revealed in the UA treatment groups. The indicator microorganisms in the HFD group were identified as belonging to Clostridia, Clostridiales, Lachnospiraceae, Micrococcaceae, Aerococcaceae, Holdemania, Facklamia, Ruminococcus, Pseudoramibacter-Eubacterium, and Clostridium; likewise, Rhodobacterales, Methylobacteriaceae, Rhodobacteraceae, Methylobacterium, Coprobacillus, Clostridium, Serratia, and Clostridium were the dominant microbes in the UA treatment group (linear discriminant analysis score > 2, Figure 4A).
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FIGURE 4
(A) Bacterial populations with a linear discriminant analysis score > 2 are displayed. (B) Taxonomy cladogram from linear discriminant analysis effect size analysis. (C) Heatmap depicting the correlation between major microbial communities and obese-related indicators. *p < 0.05; **p < 0.01; ***p < 0.001.




3.5. Correlations between major microbial communities and biochemical parameters

As shown in Figure 4C, Spearman’s correlation analysis revealed that obesity-related indicators were strongly correlated with the microbial communities. Parabacteroides, Anaerotruncus, and Erysipelotrichaceae_Clostridium were significantly positively associated with LDL-C, and Bacteroides, Mucispirillum, Oscillospira, and Ruminococcus were positively correlated with LDL-C. Meanwhile, Odoribacter, Lactobacillus, Bifidobacterium, and Allobaculum showed a significant negative correlation with LDL-C. HDL-C was positively correlated with Akkermansia, Lactococcus, Erysipelotrichaceae_Clostridium, and Ruminococcus; Parabacteroides also showed a positive correlation with TG, but Bifidobacterium and Allobaculum were negatively correlated with TG.



3.6. Effect of UA on metabolic profiles

To examine the impact of UA on obesity from the viewpoint of host metabolism, the metabolic profiles of mice in the HFD and UA treatment groups were analyzed using non-targeted metabolomics. As shown in Figure 5A, OPLS-DA was conducted to analyze the effect of UA on classification, and the results showed a clear distribution for each group, as the R2Y and Q2 values of the OPLS-DA score analysis were 0.976 and 0.766, respectively, demonstrating a stable and precise prediction from the existing models. Moreover, the intercepts of R2 and Q2 were + 0.777 and −0.501, showing that the statistical models are valid and not overfit (Figure 5B).
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FIGURE 5
(A) Score plots of fecal samples derived from the LC-MS metabolite profiles. Samples from control (green circles), HFD (red circles) and HFD + UA (purple circles) groups. (B) Permutation tests were conducted with 20 random permutations in the OPLS-DA model.




3.7. Changes in metabolites induced by UA

Metabolite changes in the feces of mice are presented in Figure 6, showing that the HFD led to 490 metabolite changes (>1-fold, p < 0.05) relative to the control group, with 258 increasing and 232 decreasing (Figure 6A). Moreover, the intervention with UA led to 38 metabolite changes (>1-fold, p < 0.05) relative to the HFD group, with 18 increasing and 20 decreasing (Figure 6B). These findings indicted that the HFD and UA intervention caused the changes in metabolites in the feces of mice.
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FIGURE 6
Metabolites in mice feces between groups. (A) Univariate statistical analysis of metabolites in fecal samples in the control and HFD groups (multiple > 1 and p < 0.05). (B) Univariate statistical analysis of metabolites in fecal samples in the HFD and UA treatment groups (multiple > 1 and p < 0.05). (C) Cluster analysis of the difference in metabolite expression among different groups using hierarchical clustering heatmap. (D) Heatmap depicting the correlation between differential metabolites and obese-related indicators. *p < 0.05; **p < 0.01; ***p < 0.001.


A hierarchical clustering heatmap was used to display the relative level of metabolites between three groups. We found that there were eight up-regulated metabolites, mainly including L-norleucine, L-methionine, isoleucine, valine, L-phenylalanine, 2-hydroxycinnamic acid, and L-tyrosine, in mice fed with the HFD relative to those in the control group, and the level decreased after UA intervention. Moreover, there were six down-regulated differential metabolites, 7-ketolithocholic acid, oleamide, hexadecanamide, ursodeoxycholic acid, oleoyl ethylamide, and nicotinic acid in mice fed with the HFD, and the level increased after UA intervention except for that of ursodeoxycholic acid (Figure 6C). Interestingly, correlation analysis of the differential metabolite expression and obese-related indicators using a hierarchical clustering heatmap revealed that the amino acids negatively correlated with UA levels were all positively correlated with TC except for L-norleucine, which was positively correlated with TG. Meanwhile, oleamide and oleoyl ethylamide was negatively correlated with TC, and nicotinic acid showed a significant negative correlation with LDL-C. Notably, these three amino acids also have been showed a positive correlation with UA (Figure 6D). These findings indicated that UA may influence the expression levels of obese-related indicators by regulating amino acid metabolism.



3.8. Correlations between gut microbiota and metabolites

To further explore the changes in metabolites after UA intervention, the KEGG database was used for pathway enrichment analysis to identify the relevant pathways and functions of differential metabolites between the HFD and UA treatment groups. According to Figure 7A, the KEGG analysis showed 39 annotated pathways, and the most representative pathways were steroid hormone biosynthesis, phenylalanine, tyrosine and tryptophan biosynthesis, ubiquinone and other terpenoid-quinone biosynthesis, and vitamin B6 metabolism.
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FIGURE 7
(A) Relevant pathways and functions of differential metabolites in Kyoto Encyclopedia of Genes and Genomes analysis; (B) Spearman’s correlation heatmap reveals the relationship between the gut microbiota and metabolites. *p < 0.05; **p < 0.01.


Spearman’s correlation analysis was used to reveal the functional correlation of the key microbial phylotypes to the altered fecal metabolites. As shown in Figure 7B, UA and glycolithocholic acid both had a positive correlation with Akkermansia, but glycolithocholic acid had a negative correlation with Pseudoramibacter-Eubacterium; 1-(3-phenylpropanoy)-4-piperidinecarboxylic acid was positively correlated with Pseudoramibacter-Eubacterium and Corynebacterium but was negatively associated with Akkermansia; betulin had a negative correlation with Clostridium, Facklamia, Pseudoramibacter-Eubacterium, and Corynebacterium.




4. Discussion

Obesity is regarded as a worldwide public health problem, significantly affecting the health of people in all age groups, and the major factor causing obesity is a high-fat diet (Hariri and Thibault, 2010). UA has multiple biological functions and plays a positive regulatory role in metabolic diseases, especially diabetes and obesity (González-Garibay et al., 2020), but few studies have focused on its impacts on the gut microbiota and metabolites in the disease process. In the present study, we established an obesity model by feeding mice a HFD with or without UA supplement for 8 weeks to explore the effects of UA on the gut microbiota and metabolites in the obesity process.


4.1. UA treatment altered obesity-related serum biochemical indicators

We found that several serum biochemical indicators closely related to obesity increased in the HFD group as documented by previous research (Kim et al., 2018; Guo et al., 2020), and the level was rapidly reduced by UA intervention. A previous study demonstrated that UA could decreased the lipid accumulation in the adipose tissues and liver. Meanwhile, the TG and LDL concentrations also decreased while the HDL concentration was increased significantly in mice administrated by UA, which is consistent with our results (Jia et al., 2015). Additionally, The similar results were also reported in other studies that UA treatment significantly decreased the concentration of TG (Li et al., 2014; Chu et al., 2015). Evidence from an animal study indicated that the elevated levels of TC, TG, and LDL-C in serum could improve atherosclerosis and associated cardiovascular disease (Sathyapalan et al., 2018). Moreover, recent research showed that TC, TG, LDL-C and HDL-C could be used as a specific lipid biomarkers to assess the risk of cardiovascular disease among different population groups (Georgoulis et al., 2022). Based on these results, we proposed that UA could regulate lipid metabolism and reduce the risk of atherosclerosis as well as related cardiovascular disease induced by obesity.



4.2. General effects of UA on gut microbiota

To explore the effect of UA on the composition of the intestinal flora of obese mice, we analyzed the gut microbiota structure of mice in the HFD and UA treatment groups. It was found that UA intervention shifted the Firmicutes to Bacteroidetes (F/B) ratio in fecal samples of the HFD-induced mice at the phylum level. Recent research demonstrated that Firmicutes has more efficient sugar metabolism relative to Bacteroidetes, which promotes energy absorption and weight gain that contribute to obesity (Bai et al., 2019; Lu et al., 2021; Li F. et al., 2022). Thus, a lower F/B ratio may reduce obesity through energy metabolism, and a similar effect of the F/B ratio on obesity in mice has been further demonstrated in a study that focused on the function of Rosa roxburghii Tratt fruit vinegar in the prevention of obesity (Li J. et al., 2022).

The crucial roles of the gut microbiota in obtaining energy from the diet and influencing the pathophysiology of obesity by modulating lipid or glucose metabolism have been demonstrated (Wang and Jia, 2016). In particular, Akkermansia muciniphila was shown to participate in the regulation of obesity and could serve as an indicator to evaluate the body’s metabolic status, especially in terms of glucose or lipid metabolism homeostasis (Dao et al., 2016; Wu et al., 2020). Moreover, A. muciniphila has a beneficial impact on liver disorders, systemic inflammation, and gut disruption caused by obesity (Xu et al., 2020). Our research found that UA had a positive correlation with Akkermansia, and supplementation with UA could significantly increase the abundance of Akkermansia relative to that of mice in the HFD group. These findings suggested that the function of UA in the improvement of obesity, at least in part, depends on increasing the abundance of Akkermansia, which is beneficial for the steady state of the host’s basal metabolism. In addition, recent research has demonstrated that Lactobacillus, as a beneficial bacteria in gut, could alleviate the process of HFD-induced obesity by regulating the intestinal flora (Cai et al., 2020; Hussain et al., 2020; Liu et al., 2022). Our results showed that the abundance of Lactobacillus increased after UA intervention, so we further speculated that the anti-obesity action of UA in mice was realized though increasing the commensal gut beneficial microbes and improving the gut barrier integrity.



4.3. General effects of UA on amino acid metabolism

Obesity can lead to various degrees of metabolic imbalance, particularly in terms of lipid and carbohydrate metabolism, but amino acid metabolism is also affected. Altered amino acid profiles in the obesity condition are often accompanied by concomitant changes in the resistance and secretion of insulin (Simonson et al., 2020). In particular, the branched-chain amino acids (BCAAs), including leucine, isoleucine, and valine, play vital roles in the pathogenesis of metabolic disorders observed in obesity, and increased BCAA circulating levels are related to insulin resistance (Ridaura et al., 2013; Lynch and Adams, 2014; Pedersen et al., 2016). Mice fed a diet with a lower level of BCAA could quickly lose weight and fat mass before achieving a normal weight, and glucoregulatory control is improved (Cummings et al., 2018). Likewise, ginsenoside Rb1 has been demonstrated to ameliorate glycemic disorder in obese mice partly by decreasing the level of BCAAs, especially isoleucine and leucine (Yang et al., 2021). This provides additional support for our results. Our results showed that UA supplementation could decrease the level of amino acids like BCAAs, tyrosine and others relative to the HFD group, indicating a positive effect of UA on obesity. Furthermore, previous reports showed that BCAAs are partly produced and metabolized by the intestinal microbiome, and obese patients exhibit an imbalanced intestinal microbiome with increased BCAA synthesis and decreased BCAA catabolism (Gill et al., 2006; Liu et al., 2017). Thus, we speculated that the beneficial influence of UA on obesity partly depends on amino acid metabolism and the intestinal microbiome and their interaction.

Notably, besides the BCAAs, obesity risk was also associated with aromatic amino acids, especially tryptophan, which influences host metabolism and has become another potential obesity treatment (Aron-Wisnewsky et al., 2021). As described recently, moderate tryptophan restriction can cause loss of appetite and thermogenesis, whereas severe tryptophan restriction causes hypophagia and weight loss (Zapata et al., 2018). Together with tryptophan itself, metabolites generated from it, including indole, serotonin, and kynurenine, can also contribute to obesity (Konopelski et al., 2019; Pan et al., 2019; Simonson et al., 2020; Aron-Wisnewsky et al., 2021). Additionally, increasing evidence has shown that phenylalanine and tyrosine were also related to the increased incidence of obesity (Libert et al., 2018; Bai et al., 2020; Cheng et al., 2021). Our metabolic analysis showed that the different metabolites could participate in phenylalanine, tyrosine, and tryptophan biosynthesis, further implying that the positive effects of UA on obesity partly depend on its effect on amino acid metabolism.




5. Conclusion

In summary, the effects of UA on the microbiome structure and fecal metabolome of obese mice induced by a HFD were investigated. These results indicated that UA intervention not only changed the microbiota composition but also altered host metabolism, in particular that of amino acid metabolism. Our findings could further our understanding of the anti-obesity effects of UA and its potential as a treatment for obesity.
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Inflammation, a sophisticated and delicately balanced physiological mechanism, is paramount to the host’s immunological defense against pathogens. However, unfettered and excessive inflammation can be instrumental in engendering a plethora of chronic ailments and detrimental health repercussions, notably within the gastrointestinal tract. Lipopolysaccharides (LPS) from bacteria are potent endotoxins capable of instigating intestinal inflammation through the disruption of the intestinal epithelial barrier and the stimulation of a pro-inflammatory immune response. In this study, we sought to investigate the influence of Litsea cubeba essential oil (LCEO) on LPS-induced intestinal inflammation and associated changes in the gut microbiota. We investigated the therapeutic potential of LCEO for gut health, with particular emphasis on its gut protective properties, anti-inflammatory properties and modulation of the gut microbiome. LCEO exhibited protective effects on colonic tissue by protecting crypts and maintaining epithelial integrity, and anti-inflammatory properties by reducing TNF-α, IL-6, and IL-1β levels in the liver and intestine. Citral, a major component of LCEO, showed robust binding to IL-1β, IL-6, and TNF-α, exerting anti-inflammatory effects through hydrogen bonding interactions. Using community barplot and LEfSe analyses, we detected significant variation in microbial composition, identified discrete biomarkers, and highlighted the influence of essential oils on gut microbial communities. Our research suggests that LCEO may be a promising natural compound for ameliorating diarrhea and intestinal inflammation, with potential implications for modulating the gut microbiome. These observations provide invaluable insight into the potential therapeutic role of LCEO as a natural anti-inflammatory agent for treating intestinal inflammatory disorders, particularly in the setting of a dysregulated immune response and altered gut microbiota. Furthermore, our findings highlight the need to understand the complex interplay between the host, the gut microbiome and natural products in the context of inflammatory diseases.
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1. Introduction

Inflammation manifests as a physiological response to injury or infection, serving as a pervasive pathological mechanism underlying a myriad of diseases. The immune system, primarily mediated by macrophages, releases inflammatory mediators, including nitric oxide (NO), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β), in its endeavor to combat pathogens. However, an exaggerated inflammatory response can give rise to acute and chronic conditions and, in severe cases, can precipitate shock or even mortality (Barton, 2008). Bacterial lipopolysaccharides (LPS), which constitute the outer membrane of Gram-negative bacteria, exert profound pro-inflammatory effects and have been implicated in gut inflammation (Candelli et al., 2021). LPS have demonstrated its capacity to instigate intestinal damage across diverse animal models through the upregulation of pro-inflammatory mediators and the imposition of oxidative stress (Wu et al., 2018; Zhu et al., 2018; Zhuang et al., 2019). Some investigations have proposed that excessive immune reactions to pathogens, characterized by an amplified release of pro-inflammatory cytokines, can impede the functionality of the intestinal barrier, resulting in increased epithelial apoptosis and reduced expression of junctional proteins. Notably, the gut microbiome serves as a substantial reservoir of LPS in both humans and animals. Previous studies have elucidated that alterations in the microbial composition of the host’s gut can induce persistent intestinal inflammation and metabolic dysfunction (Sommer and Backhed, 2013). Currently, there are three primary categories of conventional medications used in the management of inflammatory bowel disease, namely aminosalicylic acid derivatives, glucocorticoids, and immunosuppressants. Nonetheless, the necessity for novel therapeutic alternatives arises from the potential long-term adverse effects associated with these treatments. Indeed, herbal medicine is extensively applied worldwide for the treatment of inflammatory bowel disease, and substantial progress has been achieved in both clinical and fundamental research in recent decades (Zheng et al., 2021).

Essential oils (EOs) are a diverse group of volatile compounds synthesized by aromatic plants as secondary metabolites. They occur in various plant organs and are primarily intended to shield plants from aggression by bacteria, fungi, and viruses, as well as insects. There are vast amounts of EOs from different plants worldwide, most of which have been at least partially characterized for their antimicrobial activity against Gram-positive and Gram-negative bacteria, fungi, and viruses. The composition of EOs was chosen by nature over millions of years of evolution, during which, competitive selection processes acted on their antibacterial, antifungal, and antiviral activities in an evolutionary conflict between plant survival and microbial aggressions. EOs have adopted multi-target mechanisms of action that make it challenging for microorganisms to develop resistance to these compounds, making them a promising therapeutic intervention (Sharma et al., 2019). EOs and their molecules are capable of modulating various signaling pathways that are dysregulated during acute or chronic inflammatory responses. The complex relationships between the human intestinal microbiota, consisting of bacteria, fungi, and viruses, and its intricate pathophysiological interactions with the immune system and the enteric nervous system make EOs particularly intriguing for their antimicrobial activity, which is often selective for different microbial components. From this viewpoint, EOs have the potential to be potent modulators of the intestinal microbiota (De Fazio et al., 2016).

Among the plants that produce EOs, Litsea cubeba, also known as Lour. Pers. (Lauraceae), is a species widely distributed across the eastern and southern regions of China and other parts of Southeast Asia, is renowned for its essential oil, which is extracted from the plant’s fruits and has a distinctive crisp lemon aroma. This oil has a wealth of potential health benefits, including anti-inflammatory, antimicrobial and antioxidant properties (Feng et al., 2009). In recent years, a growing number of studies have reported that extracts and compounds derived from L. cubeba possess a diverse range of pharmacological properties, including anticancer, antibacterial, antioxidant, and anti-inflammatory activities (Lin et al., 2013). One of the most notable bioactive components of L. cubeba essential oil (LCEO) is citral, which is widely used in a variety of industries, including medicine, food, and chemicals. Despite the growing interest in L. cubeba and its potential therapeutic properties, the effects of LCEO on intestinal inflammation remain largely unknown. Therefore, further research is required to investigate the efficacy of LCEO and its potential to modulate the intestinal microbiota.

In this study, we endeavored to explore the impact of L. cubeba essential oil (LCEO) on LPS-induced intestinal inflammation and the consequent alterations in the gut microbiome. Our investigation divulged that LCEO administration effectively alleviated LPS-induced gut inflammation, thereby substantiating its potential therapeutic utility in the management of intestinal inflammatory diseases. Furthermore, our findings suggest that LCEO’s anti-inflammatory action is intricately linked to its modulatory effects on the composition and diversity of the gut microbiota. These insightful results bolster the notion that LCEO could serve as a promising candidate for the treatment of intestinal inflammation, and potentially other gastrointestinal ailments that afflict the human population.



2. Methods


2.1. Chemicals

The essential oil of Litsea cubeba was procured from Jiangxi Baicao Pharmaceutical Co., Ltd. The lipopolysaccharides (LPS) were obtained from Beijing Solarbio Science & Technology Co. Ltd. The genes for IL-6, IL-1β, and TNF-α were acquired from Sangon Biotech Co., Ltd. The Trizol and RT Mix Kit with gDNA Clean for qPCR were supplied by Accurate Biology. The SYBR Green reagent was obtained from Roche. The C57BL/6J and SPF chow were obtained from Changsha Tianqin Biotechnology Co. Ltd. All other chemicals utilized were of the highest analytical grade.



2.2. Experimental design and induction of colitis

In accordance with the established guidelines of the Animal Ethics Committee at Loudi Central Hospital (LCH2022015), a cohort of 50 male C57BL/6J mice was acquired from Hunan SJA Laboratory Animal Co. The mice, which weighed 18–20 grams and were 8 weeks old, were randomly assigned to five groups [control, model, low-dose LCEO (LCEO-L, 100 mg/kg), medium-dose LCEO (LCEO-M, 200 mg/kg), and high-dose LCEO (LCEO-H, 400 mg/kg)], and housed in a controlled environment characterized by consistent temperatures, humidity, and light–dark cycles. On the 21nd day, the fresh fecal samples were collected to assess the safety and efficacy of LCEO by microbiota analysis. On the 22nd day, the control group was administered PBS, while the other groups were given an intraperitoneal injection of LPS at a dose of 10 mg/kg. Following a 6-h fast, the mice were weighed and then sacrificed to obtain the tissues of liver, duodenum, jejunum, ileum and intestinal contents for further biochemical and microbiota analysis. All collected samples were stored at −80°C (Figure 1A).



2.3. Molecular docking simulation

A molecular docking simulation was performed by downloading the crystal structure of the genes from RCSB Protein Data Bank30 and the small molecules from TCMSP MENU. Autoduck software was used for molecular docking, and PyMol2.3.0 software was used for visualizing the binding model. In summary, this study used various tools and databases for prediction of the targets, protein–protein interaction analyses, KEGG pathway analyses, GO functional analyses, construction of the network, and the molecular docking simulation. The results provided valuable insights into the molecular mechanisms underlying the effects of compounds on the targets of citral related to inflammation.



2.4. Anti-inflammatory gene expression levels determined via RT-qPCR

RNA was extracted from the liver and duodenum using Trizol reagent. Primers were specially designed for the RT-qPCR analysis of IL-1β, TNF-α, and IL-6. The RT-qPCR assay was performed using an analytical qTOWER3G instrument (Germany), with a reaction volume of 10 μL, including 1 μL of the cDNA template and 5 μL of SYBR® Green real-time PCR master mix (solarbio, China). The PCR protocol consisted of an initial denaturation phase at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 60 s, and a dissociation phase comprising denaturation at 95°C for 10 s, annealing at 65°C for 1 min, extension at 97°C for 1 s, and cooling at 37°C for 1 min. The threshold cycle values for each gene were obtained, and the genes’ expression levels were calculated using the 2−ΔΔCT method. The primer sequences are provided in Table 1.



TABLE 1 Sequences of primers used for real-time polymerase chain reaction.
[image: Table1]



2.5. Histological studies

The duodenum, jejunum, and ileum from the mice were subjected to a washing procedure using phosphate-buffered saline (PBS), followed by fixation in 4% formaldehyde for a duration of 1 h at 4°C. The tissues underwent dehydration through sequential immersion in solutions of alcohol and xylene prior to being embedded in paraffin. Subsequently, 5 μm sections were obtained from the paraffin-embedded specimens, stained with hematoxylin–eosin (H&E), and examined under a digital light microscope to evaluate the length of the intestinal villi.



2.6. Collection of fecal and intestinal contents and 16S rRNA sequencing

The microbial DNA from fecal and intestinal samples was extracted using the E.Z.N.A. Stool DNA Kit, with the purity of the extracted DNA verified through agarose gel electrophoresis. A paired-end library was then generated in accordance with Illumina’s genomic DNA library preparation protocols, utilizing the NEXTFLEX Rapid DNASeq Kit. The hypervariable V3–V4 regions of the 16S rRNA gene were amplified using the 338F and 806R primer sets. Subsequently, the amplification pyrosequencing was conducted on the Illumina HiSeq 2000 at Shanghai Majorbio Bio-pharm Technology Co., Ltd. in accordance with the manufacturer’s instructions. Raw sequencing data were subjected to quality control by Fastp, and the raw data were merged using FLASH. The operational taxonomic units were clustered on the basis of a 97% sequence identity threshold, utilizing UPARS. Taxonomic labels were assigned by the RDP classifier. Taxonomic classification was performed from the phylum to genus and species levels, with the UniFrac method being used for clustering the high-quality sequences in the R software package. Alpha diversity was calculated from the OTUs’ sparsity and Simpson’s index of evenness, while the beta diversity was compared through the UniFrac metric via principal coordinate analysis (PCoA).



2.7. Statistical analysis

A statistical analysis was performed using SPSS 20.0 software, and the results were presented as the mean ± SD (x ± s). The level of statistical significance was established at p < 0.05. To evaluate the statistical and biological differences, Graphpad 9 software was utilized, which used one-way ANOVA for parametric data and Kruskal–Wallis tests for non-normal data. The gut microbiota (GM) was analyzed through the application of the linear discriminant analysis effect size (LEfSe), while changes in the microbial communities before and after the treatments were visualized by partial least squares discriminant analysis (PLS-DA). The alpha diversity values were set at a threshold of 0.05, with a logarithmic score of linear discriminant analysis of ≥2.0 and a confidence level of 95% (p < 0.05).




3. Results


3.1. Intestinal section and diarrhea index

Figure 1B displays the results of the study, which indicated a statistically significant increase (P < 0.001) in the diarrhea activity index (DAI) for the model group. However, the administration of LCEO at low, medium, and high doses produced a significant reduction (P < 0.001) in the DAI compared with the model group. These findings suggested that LCEO might have potential as a therapeutic intervention for the management of diarrhea. Nonetheless, further investigations are warranted to delineate the underlying mechanisms of action by which LCEO mitigates DAI and to evaluate its safety and efficacy in clinical settings. To demonstrate the protective effects of LCEO on the intestine, an assessment of intestinal structural damage was also performed. In the LPS-treated model group, granulation tissue formed in the duodenum, accompanied by a large amount of villous desquamation in the ileum, a shortened villus length, and a reduced number of goblet cells, resulting in the formation of granulation tissue. The epithelial cells of the jejunum also desquamated, with villous rupture and leakage of the blood cells. Conversely, a significant improvement in LPS-induced pathological changes in the colonic tissue and partial restoration of the structure of glandular and goblet cells was observed at doses of 200 and 400 mg/kg LCEO, suggesting a role in protecting crypts and the epithelial integrity of the colon. The results demonstrated that LPS could cause damage to intestinal tissue’s morphology, while LCEO had a protective effect on intestinal tissue, with the highest efficacy observed at high doses of LCEO (Figure 1C). To further assess the impact of LCEO on inflammation, we investigated the cytokine levels in the liver and intestines. The low and medium doses of LCEO significantly lowered the levels of TNF-α, IL-6, and IL-1β in liver in LPS-treated mice (Figure 1D). The medium dose of LCEO also significantly decreased TNF-α, IL-1β, and IL-6 mRNA levels in the duodenum compared with those in the LPS group. Additionally, the low dose of LCEO also significantly decreased the mRNA levels of TNF-α and IL-1β in the duodenum compared with the LPS group. All the results showed the anti-inflammatory effect of LCEO, and the medium dose had the best effect (Figure 1E).

[image: Figure 1]

FIGURE 1
 (A) Experimental design in mice. (B) The effect of LCEO of DAI index in all groups. (C) Pathological sections of the intestinal of various groups of mice (20×). (D) Effect of LCEO on the level of liver inflammatory cytokines. (E) Effect of LCEO on the level of duodenum inflammatory cytokines. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.




3.2. Molecular docking of LCEO

Table 2 lists the binding energies of nine different docking methods between citral and 4 inflammatory compounds. Binding energy indicates the affinity of the ligand to the receptor, and less than 0 kcal/mol indicates that these ligands and receptors can bind spontaneously. The lower the binding capacity, the more stable the binding of the ligand to the receptor. The docking result is shown in Figure 2. In molecular docking, the higher the absolute value of the binding energy, the more stable the binding. The molecular docking of citral and the inflammatory factors showed that citral can bind well with IL-1β, IL-6, TNF-α, and Nrf2, and citral has an anti-inflammatory function. Citral binds to the LYS-209 and GLN-164 of IL-1β through hydrogen bonds, binds to the ARG-196 of IL-6 through hydrogen bonds, binds to the SER-197 of IL-6 through a hydrophobic interaction, binds to the GLN-137 of TNF-α through hydrogen bonds, binds to the GLN-225 of TNF-α through a hydrophobic interaction, and binds to the LYS-50 of Nrf2 through hydrogen bonds (Figure 2).



TABLE 2 Molecular docking binding energy.
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FIGURE 2
 Molecular docking of LCEO (A) Molecular docking of citral with IL-1β. (B) Molecular docking of citral with IL-6. (C) Molecular docking of citral with TNF-α. (D) Molecular docking of citral with Nrf-2.




3.3. Analysis of the intestinal microbial community after the essential oil intervention

The community barplot analysis elucidated pronounced disparities in microbiological constitution between fecal samples procured prior to LPS injection, and intestinal content samples succeeding LPS injection. Nonetheless, the deviation in microbiological composition between fecal samples and the intestinal content of the control group was marginal (Figures 3A–C). Within the quintet of fecal material groups, an array of microbial taxa, encompassing Bacteroides, Blautia, Staphylococcus, Akkermansia, unclassified_k_norank_d_Bacteria, Parasutterella, unclassified_f_Ruminococcaceae, Erysipelatoclostridium, Ruminococcus_gnavus_group, norank_f__Oscillospiraceae, anaerotruncus, unclassified_f__Oscillospiraceae, unclassified_o_Bacteroidales, and norank_f__Desulfovibrionaceae, demonstrated considerable disparities. It is noteworthy that Staphylococcus, Akkermansia, and Klebsiella were conspicuously absent in the LCEO cohorts. In contrast, the essential oil intervention group exhibited a substantial upsurge in Lactobacillaceae, Lachnospiraceae, Eggerthellaceae, and Marinifilaceae (Figures 3D,E).
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FIGURE 3
 Composition of the gut microbiota and fecal samples. (A) bacterial taxonomic compositions at the levels of genus in the intestinal digesta and the feces. (B) PLS-DA score plots. (C) Community heatmap analysis on Family level. (D) KrusKal-Wallis H test bar plot of fecal samples. (E) KrusKal-Wallis H test bar plot of intestinal content. (F) Ternary analysis of intestinal content. (G) Ternary analysis of fecal samples.


In pursuit of delineating the effects of essential oils on intestinal flora, a ternary diagram was leveraged, elucidating variations in community structure abundance at the family echelon among distinct treatment groups (control, model, and essential oil). Each dot embodied an OTU, with its size, hue, and position denoting the relative abundance, taxonomy, and cluster classification of the OTUs, correspondingly. Scrutiny of gut contents manifested pronounced disparities in flora abundance between the trinity of essential oil doses and the model and control groups (Figures 3F,G). The MG group manifested the utmost abundance of Bacteroidales, whereas the CG group disclosed heightened prevalence of Lactobacillales, accompanied by Lachnospiraceae bacteria in the LCEO-L group, Lactobacillaceae in the CG group, and Muribaculaceae bacteria in the MG group. Notably, no explicit bacterial predilection was discernible among the trio of essential oil groups. An ensuing ternary analysis was undertaken using fecal samples, which presented a more intricate composition. However, marked differences in fecal flora were discernible between the essential oil cohorts and the model and control groups. In comparing disparate doses of essential oils, the FLCEO-L group was typified by heightened abundance of Rikenellaceae, the FLCEO-M group by abundant Lachnospiraceae and Marinifilaceae, while the FLCEO-H group by prevalence of Helicobacteraceae and Bacteroidaceae. In contrasting the essential oil and control groups with the model group, the control group exhibited diminished abundance of associated flora in their feces, whereas the model group revealed a heightened abundance of Lachnospiraceae and Lachnospiraceae. These findings underscore significant discrepancies in the intestinal microbial community structure between intestinal contents and fecal matter.



3.4. Analysis of the association between the gut microbiota and factors of intestinal inflammation

Our preliminary analysis of the flora in the feces and intestinal contents using bubble plots revealed that three genera, namely Lachnospiraceae, Muribaculaceae, and Helicobacter, were more affected in both sample types. In the intestinal contents, the abundance of Lachnospiraceae was significantly higher in the essential oil groups than in the other groups, indicating that essential oils had an important effect on the abundance of Lachnospiraceae. In contrast, the abundance of Muribaculaceae was inhibited by the intervention of essential oils, particularly in the intestinal contents (Figure 4A). By creating co-occurrence network diagrams to visualize the co-occurrence of the species in the different samples, we confirmed the differences in the effects of different doses of essential oils on the gut microbiota (Figure 4B). The present study aimed to explore the intricate relationships between inflammatory factors and selected species at both the genus and species level. To achieve this, we used a correlation heatmap analysis, which revealed that the correlation between the two was dynamic, with some interactions exhibiting a positive correlation (depicted in blue) and others showing a negative correlation (depicted in red) (Figure 4C). This analysis was performed to gain more insight into the protective effects of essential oil on the gut microbiota and the parameters of LPS-induced inflammation in mice. The result showed that the potential correlations between the gut microbiota at the species level and the expression levels of specific genes, including IL-1β, IL-6, and TNF-α in the duodenum. The results showed that the groups of bacteria that showed a negative correlation with inflammatory factors were Peptostreptococcaceae, Lactobacillaceae, Erysipelotrichaceae, and Bifidobacteriaceae. Conversely, the groups that showed a positive correlation with inflammatory factors were Anaerovoracaceae, Ruminococcaceae, Eggerthellaceae, Acholeplasmataceae, Marinifilaceae, Clostridia, Lachnospiraceae, Oscillospiraceae Butyricicoccaceae, Corynebacteriaceae, Prevotellaceae, Peptococcaceae, Monoglobaceae, Desulfovibrionaceae, Enterococcaceae, Deferribacteraceae, and UCG-010. Overall, this analysis provided a comprehensive understanding of the intricate relationships between inflammatory factors and selected species on the genus and species level, thus emphasizing the importance of considering both factors in the context of inflammation. In addition, we used a redundancy analysis (RDA) or canonical correspondence analysis (CCA) to analyze the complex interplay between the microbiota and environmental factors. The RDA/CCA analysis had red arrows to represent the quantitative environmental factors, with the length of each arrow reflecting the degree of the environmental factor’s influence on the species. The angles between the arrows of the environmental factors were used to signify positive and negative correlations, with an acute angle indicating a positive correlation, an obtuse angle signifying a negative correlation, and a right angle implying no correlation between the environmental factors and the species. The results showed that IL-1β, IL-6, and TNF-α were positively related to each other, and that the MG group was greatly affected by inflammatory factors (Figure 4D).
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FIGURE 4
 (A) The composition of the intestinal and fecal samples in bubble chart. (B) The network analysis on genus level intestinal and fecal samples. (C) Correlation heatmap between inflammatory factors and selected species on Genus and Species level. (D) RDA/CCA analysis of the relationship between microbiota and inflammatory factor.




3.5. Specific bacterial taxa in the feces and intestinal contents

The histogram depicting the distribution of the LDA values and the evolutionary branch diagram were meticulously crafted through the LDA effect size (LEfSe) analysis. These insightful visualizations enabled the exploration of biomarkers, showcasing statistical disparities among the experimental cohorts. The taxonomic cladogram of LEfSe offers a captivating portrayal of the pivotal bacterial modifications, using diverse hues to represent the distinct groups, while the sizes of the circles reflect their relative abundance. The outcomes revealed notable divergence in the composition of the gut microbiota among the different groups. Notably, the LEfSe analysis successfully discerned numerous genera that serve as noteworthy biomarkers, delineating taxonomic discrepancies among the five cohorts. In the intestinal contents samples, 16 genera were identified as discriminating biomarkers, one in the CG group (Lactobacillus), eight in the LCEO-L group (Ruminococcus_gnavus_group, unclassified_f_Lachnospiraceae, Lachnoclostridium, norank_f_Lachnospiraceae unclassified_c_Clostridia, Colidextribacter, norank_f_Oscillospiraceae, and Odoribacter), two in the LCEO-M group (unclassified_f_Eggerthellaceae, and Enterorhabdus), five in yjr LCEO-H group (Ruminococcus_gnavus_group, Lachnospiraceae_UCG-006, A2, Eubacterium_brachy_group, and norank_f_norank_o_Gastranaerophilales) (Figure 5A). Additionally, 16 genera were identified as discriminating biomarkers only in the fecal samples (Ruminococcus_gnavus_group, Lachnospiraceae_FCS020_group, Tuzzerella, Blautia, GCA-900066575, unclassified_f_Ruminococcaceae, Candidatus_soleaferrea, Anaerotruncus, UBA1819, UCG-009, Oscillibacter, norank_f_Oscillospiraceae, unclassified_f_Oscillospiraceae, Eubacterium_nodatum_group, Family_XIII_AD3011_group, and norank_f_Peptococcaceae) (Figure 5B). Subsequently, we performed an evolutionary tree analysis of the gut microbes and found that Lactobacillus was the most abundant of all groups, followed by Muribaculaceae (Figure 5C).
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FIGURE 5
 The specific microbiota taxa in samples (A) Species with significant differential effects at different taxonomic levels in LEfsa analysis in intestinal. (B) Species with significant differential effects at different taxonomic levels in LEfsa analysis in fecal. (C) polygenetic tree on genus level.





4. Discussion

The therapeutic potential of essential oils, especially their role in inflammation modulation, is well-documented. In a rigorous analysis, mice subjected to geranium oil treatment showed an increased incidence of yeast-form cells in vaginal smears, indicating the potential of geranium oil and its component, geraniol, to prevent vaginal candidiasis. In vitro evaluations revealed geranium oil and geraniol’s efficacy in inhibiting fungal filament growth at a modest concentration (25 μg/mL), despite a lack of impact on yeast growth (Maruyama et al., 2008). Concurrently, kanuka and manuka essential oils demonstrated potent antimicrobial and anti-inflammatory properties, suggesting potential utility as pharmaceutical antibiotics, cosmeceutical agents, and dietary supplements (Chen et al., 2016). Furthermore, investigations into the biological activities of 10 essential oils (nine individual and one blend) within a human dermal fibroblast system simulating chronic inflammation revealed notable anti-inflammatory, tissue remodeling, and immunomodulation effects. These findings reinforce the therapeutic potential of essential oils as potential adjunct treatments for a range of conditions (Han et al., 2017).

Historically, the essential oil derived from L. cubeba has primarily been investigated for its anti-inflammatory and antibacterial attributes. Notably, Lin elucidated the oil’s potential prophylactic capabilities in mitigating rheumatoid arthritis, employing a rat model with Freund’s complete adjuvant-induced arthritis (Lin et al., 2013). The consequential discoveries underscored a substantial mitigation of arthritis via downregulation of pro-inflammatory cytokines and inflammatory enzymes, concurrently with an increase in anti-inflammatory cytokine IL-10 levels, thereby implying prospective applications of L. cubeba roots in human arthritis therapeutics. Our research subsequently emphasizes LCEO’s impact on gastrointestinal health. Our analysis revealed the oil’s potential as a treatment for diarrhea and its protective effect on gut integrity, with evidence of reduced intestinal tissue damage and maintained crypt and colon epithelial integrity. Moreover, the oil displayed anti-inflammatory characteristics, as evidenced by reduced TNF-α, IL-6, and IL-1β levels in hepatic and intestinal tissues. A prior study on the antibacterial action and kinetics of LCEO identified aldehydes—comprising about 70% of the total constituents—as the key contributors to its antibacterial efficacy, with minor components synergistically enhancing this effect. Therefore, given its antimicrobial properties, L. cubeba oil exhibits broad utility in industries ranging from flavoring and spicing to antimicrobial interventions (Li et al., 2014).

Previous research has shed light on the significant interactions between citral, a major component of Litsea cubeba essential oil, and the Nrf2 pathway. For instance, a study by Ka et al. showed that citral could ameliorate the severity of lupus nephritis by enhancing Nrf2 activation and inhibiting the activation signal of the NLRP3 inflammasome (Ka et al., 2015). Another research conducted by Yang et al. highlighted the renoprotective effect of citral in a model of focal segmental glomerulosclerosis, partly attributed to the activation of the Nrf2 pathway (Yang et al., 2013). Furthermore, a recent study demonstrated the protective effects of citral against LPS-induced endometritis, finding that these effects were exerted through inhibiting ferroptosis and activating the Nrf2 signaling pathway (Zhao et al., 2023). Given these compelling evidences of citral’s interaction with the Nrf2 pathway, and the pivotal role this pathway plays in regulating oxidative stress and inflammation, we selected it as a primary focus of our research. This added context underpins our investigation into the impacts of LCEO, and particularly citral, on gut health. Citral, as the main natural compound of LCEO, which is also found in citrus fruits and essential oils such as lemongrass and lemon verbena, possesses various beneficial properties. One notable function of citral is its potential anti-inflammatory activity. We also found that citral exhibited anti-inflammatory effects by modulating inflammatory factors involved in the immune response. In our study, citral showed strong binding to IL-1β, IL-6, and TNF-α, and exerted anti-inflammatory effects via hydrogen-bonding interactions. It was found to bind effectively to inflammatory factors such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α), which were key mediators in the inflammatory process. Through these hydrogen-bonding interactions, citral interacts with specific amino acid residues in these inflammatory factors, thereby inhibiting their activity. By binding to IL-1β, IL-6, and TNF-α, citral may interfere with the signaling pathways that promote inflammation, thereby reducing the production and release of pro-inflammatory cytokines. Overall, citral shows promise as a natural compound with anti-inflammatory properties. Moreover, some researchers have investigated its in vitro effects on the production of cytokines (IL-1β, IL-6, and IL-10) both before and after LPS incubation, demonstrating the anti-inflammatory effects and potential role of citral in inhibiting the production of cytokines through suppression of the transcription factor NF-KB (Bachiega and Sforcin, 2011). In addition, citral was found to activate PPAR-γ, and its anti-inflammatory effects were reversed by the PPAR-γ antagonist GW9662. Using a well-established rat model of systemic LPS administration, Ka et al. (2015) reported the in vivo antipyretic effects of citral, suggesting that its protective mechanism in the mouse ASLN model involved inhibiting the activation of the NLRP3 inflammasome signal and enhancing the Nrf2 antioxidant signal. Muñoz-Pérez (Munoz-Perez et al., 2021) further investigated the modulatory role of citral in inflammation resulting from infection with S. aureus and discovered a significant inhibition of PGF-2α-induced contractions, a concentration-dependent increase in myometrial cAMP levels, and a concentration-dependent decrease in the LPS-induced production of TNFα and IL-1β, while the production of IL-10 was significantly increased. In conclusion, according to the findings of others and the present study, we have reason to believe that citral plays a key role in alleviating LPS-induced intestinal inflammation in mice, and that these studies have contributed to a comprehensive understanding of the potential therapeutic applications of citral and the underlying mechanisms of various biological processes.

In addition to its inflammatory effect, essential oils have an important impact on the abundance of intestinal flora and bacteria. Previous studies found that a mixture of organic acids and essential oils had a beneficial effect on the gut microflora and improved the immune response and disease resistance of L. vannamei (He et al., 2017). In another study, the researchers evaluated the effects of three essential oils, namely cinnamon bark oil (CNO), clove bud oil (CLO), and ajwain seed oil (AJO), with different major chemical structures as alternatives to antibiotic growth promoters (AGPs) on the gut health, immune response, and antioxidant status of broiler chickens (Chowdhury et al., 2018). In our research, we used community barplot analysis to discern significant disparities in the microbiological composition within fecal samples and intestinal contents before and after the essential oil intervention. Prominent variations in the taxa were identified, revealing marked differences in the abundance of flora among the essential oil groups, the model group, and the control group. The MG group displayed the highest abundance of Bacteroidales, the CG group exhibited the most substantial abundance of Lactobacillales, and the LCEO-L group was characterized by the dominance of Lachnospiraceae. Analyses of the fecal flora revealed heterogeneity among the essential oil groups, the model group, and the control group. When we compared the different doses of essential oil, FLCEO-L had increased Rikenellaceae, FLCEO-M had an abundance of Lachnospiraceae and Marinifilaceae, and FLCEO-H had an abundance of Helicobacteraceae and Bacteroidaceae. The control group had a reduced abundance of flora in the feces, whereas the model group had an increased abundance of Lachnospiraceae. Our findings unveil significant alterations in the composition of gut microbiota consequent to the administration of essential oils, underscoring the substantial variations observed between intestinal contents and feces. Essential oils were shown to augment the population of Lachnospiraceae in the intestinal contents while inhibiting Muribaculaceae. This demonstrates the substantial influence these oils may exert on intestinal microbial communities. Further, these modulations were observed to be dose-dependent, corroborated by co-occurrence networks. The discovery of bacterial groups inversely correlated with inflammation, such as Peptostreptococcaceae, Lactobacillaceae, Erysipelotrichaceae, and Bifidobacteriaceae, as well as those showing positive correlation, like Anaerovoracaceae, Ruminococcaceae, and Eggerthellaceae, suggests an intriguing potential for essential oils to modulate inflammation via microbiota manipulation. Future exploration could delve into investigating this anti-inflammatory potential and the precise mechanisms of action. LEfSe analysis revealed discriminatory biomarkers, including the genera Lactobacillus, Ruminococcus_gnavus_group, and Lachnoclostridium among others. Notably, Lactobacillus, the most abundant genus, and Muribaculaceae revealed distinct divergence in their distributions within the evolutionary tree, presenting potential targets for future investigation. The stark divergence in the gut microbiota composition demands further exploration to elucidate the possible impacts on host health and disease resistance. The findings of this study suggest that essential oils can cause significant changes in the composition of gut microbiota. Importantly, essential oils were found to increase the population of Lachnospiraceae while decreasing Muribaculaceae. This suggests that essential oils may have a significant influence on the balance of microbial communities within the intestine, and these changes appear to be dose-dependent. Another key aspect of this research was the discovery of bacterial groups that correlated negatively with inflammation, including Peptostreptococcaceae, Lactobacillaceae, Erysipelotrichaceae, and Bifidobacteriaceae, as well as bacterial groups that correlated positively with inflammation, such as Anaerovoracaceae, Ruminococcaceae, and Eggerthellaceae. This finding could have significant implications for the development of essential oil-based treatments or preventive strategies for inflammatory diseases, suggesting a potential mechanism through which essential oils might exert their effects by modulating the gut microbiota.

Overall, this study propounds a comprehensive understanding of the potential applications and mechanisms of essential oils in various animal production settings. However, the far-reaching implications of these findings go beyond the realm of animal health. Given the burgeoning interest in the human gut microbiome’s role in health and disease, our insights could pioneer new avenues for employing essential oils in manipulating gut microbiota for promoting human health, with possible applications in disease treatment, health maintenance, and even personalized nutrition. In this study, we explored the effects of LCEO on LPS-induced intestinal inflammation and the gut microbiome. Our findings demonstrated that the LCEO treatment alleviated gut inflammation and suggested its potential in the treatment of intestinal inflammation. However, there are certain limitations to consider in our study. Firstly, our study focused on the effects of LCEO on LPS-induced intestinal inflammation in experimental models. Further investigations are needed to evaluate its efficacy in clinical settings, as well as its safety profile. Secondly, while we observed changes in the composition of the gut microbiome following the LCEO intervention, our study only provided a snapshot of the microbial community at a specific time point. Longitudinal studies would provide a more comprehensive understanding of the dynamic changes in the gut microbiome over time. Thirdly, the mechanisms underlying the anti-inflammatory effects of LCEO and its interaction with the gut microbiome remain to be fully elucidated. Additional research is warranted to explore the specific pathways and molecular mechanisms involved in the observed effects. Moreover, our study focused on the evaluation of citral as the main natural compound in LCEO. While citral has demonstrated anti-inflammatory properties, further studies are needed to investigate its specific mechanisms of action and its potential as a therapeutic agent. Lastly, our study primarily relied on animal models and in vitro experiments. The translation of these findings to human subjects may vary, and clinical studies are needed to validate the efficacy and safety of LCEO in human populations. In conclusion, while our study provides valuable insights into the anti-inflammatory effects of LCEO and its impact on the gut microbiome, further research is necessary to address the limitations and fully understand the therapeutic potential of LCEO in the management of intestinal inflammation.
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Gout is an acute arthritis caused by the elevated levels of serum uric acid (UA), and its prevalence has been rapidly increasing. Alcohol abuse could lead to a series of health problems. Multiple pieces of evidence suggest that alcohol intake affects the development and progression of gout, while the gut microbiota plays an important role in the development of gout and the long-term alcohol consumption could affect the stability of the gut microbiota. This study aimed to explore the effects of alcohol intake at different concentrations on gouty arthritis based on the gut microbiota. We investigated the effects of different concentrations of alcohol on gouty arthritis in mouse models of acute gouty arthritis established by injection of monosodium urate (MSU) crystals into C57BL/6 mice. The results indicated that the high-alcohol consumption not only exacerbated joint swelling and pain, increased the levels of UA, tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6), but also showed dramatic effects on the composition and structure of the gut microbiota in gouty mice. Two key microorganisms, Parasutterella and Alistipes, could aggravate gout symptoms through lipopolysaccharide biosynthesis, riboflavin metabolism, phenylalanine metabolism, and arginine and proline metabolisms. In conclusion, our study suggested that high-concentrations of alcohol altered the gut microbiota structure in gouty mice induced by MSU crystals, which could exacerbate gouty symptoms by enhancing pro-inflammatory pathways.
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1. Introduction

Gout is an acute arthritis caused by elevated serum uric acid (UA) levels, activation of inflammatory mediators, and cytokine release, ultimately leading to deposition of monosodium urate (MSU) crystals in the joints (So and Martinon, 2017). In addition, gout can lead to kidney diseases such as uric acid nephrolithiasis and chronic nephropathy (Singh and Gaffo, 2020). In recent years, the prevalence of gout has been rapidly increasing worldwide due to the changes in dietary habits and lifestyle (Kuo et al., 2015). The overall estimated prevalence of gout is 2.6%, with a significantly higher proportion in males (3:1 to 4:1) (Ankli and Daikeler, 2023). Alcohol is generally considered a potential risk factor for acute gouty arthritis and recurrent gout attacks (Neogi et al., 2014).

Alcohol abuse could lead to a range of health problems (Barbería-Latasa et al., 2022). For example, it has been reported that an increase in alcohol consumption is closely associated with an increased risk of gout, with a 1.17-fold increase in risk for every 10 grams of alcohol consumed per day (Tu et al., 2017). A cross-sectional study has shown that gout patients with consumption of 15–30 g and 30–60 g of alcohol per day gained increased risks of recurrence by 1.36-fold and 1.51-fold, respectively, compared to non-drinking gout patients (Neogi et al., 2014). Consumption of various alcoholic beverages, e.g., liquor, beer, and wine, could increase the UA levels and thereby increase the risk of gout attacks (Neogi et al., 2014). Furthermore, some of the non-alcoholic components in alcoholic beverages may contain different purine contents, thus excessive alcohol consumption could induce the progression of gouty arthritis by providing excessive exogenous purines (Liu et al., 2021). However, the molecular mechanisms underlying the exacerbation of gouty arthritis by alcohol are still not clearly known.

Studies have found that the homeostasis of the gut microbiota influences the development of human physical and mental health (Postler and Ghosh, 2017), while the gut microbiota could influence the progression of gouty arthritis (Guo et al., 2016). Recent research has shown that β-carotene and green tea powder diet could alleviate gout symptoms by modulating the structure of the gut microbiota in gouty mice (Feng et al., 2022). Furthermore, studies have shown that alcohol could increase the diversity of gut microbiota in mice and cause damages in both hepatic and colon tissues (Wang et al., 2018). Moreover, strong evidence has suggested that gut microbiota composition in alcohol abusers greatly differs from that in healthy individuals (Dubinkina et al., 2017).

Dietary habits are important factors affecting the composition and function of gut microbiota (Qin et al., 2022). Alcohol abuse could alter gut permeability, leading to bacterial translocation to mesenteric lymph nodes and hepatic tissue, further exacerbating the disease progression (Leclercq et al., 2014; Wang et al., 2016). Therefore, we hypothesized that alcohol could alter the structure of the gut microbiota in gouty mice, which could exacerbate the progression of gout. In this study, our goals were to establish a mouse model of acute gouty arthritis by injection of MSU crystals and to further investigate the effects of alcohol at different concentrations on gout symptoms, pro-inflammatory cytokines, and gut microbiota in mice. The results showed that high concentrations of alcohol changed the structures of the gut microbiota and aggravated gout symptoms in gouty mice, whereas the significant effects of low concentrations of alcohol on mice with gout were not observed.



2. Materials and methods


2.1. Consumable alcohol and MSU crystals

Consumable alcohol (ethanol and water, 98–99% of total) was purchased from Beijing Hongxing Co. (Beijing, China). MSU was purchased from Sigma Aldrich Trading Co. (Shanghai, China; Cat. U2875).

A total of 800 mg of MSU was accurately weighed and added into the boiling Milli-Q water (155 mL) with the pH of the solution adjusted to 7.2 using both NaOH (5 mL) and hydrochloric acid, and gradually cooled with stirring at room temperature. Then, MSU crystals were colledted by centrifugation at 3000 g and 4°C for 2 min (Model 5430R, Eppendorf, Germany) and stored after sterilization at 180°C for 2 h (Ruiz-Miyazawa et al., 2017).



2.2. Animals

Thirty Specific Pathogen Free (SPF) C57BL/6 male mice (4 weeks old with average weight = 15 ± 2 g) were purchased from Beijing Vital River Experimental Animal Technology Co., Ltd. (Beijing, China). All mice were continuously provided with food and water in a standard environment (12/12 h light/dark cycle, 40% humidity, and temperature of 22 ± 1°C). During the entire experiment (6 weeks), there were no deaths or other abnormal conditions observed in any of the mice. The Animal Ethics Review Board of the Provincial Hospital of Shandong First Medical University approved this study (Permit No. 2022–025).



2.3. Experimental design

After 1 week of rearing in a standardized environment, 30 mice were randomly and evenly grouped and kept in 6 cages (i.e., 5 mice per cage), including the healthy control group (CTL), the acute gouty arthritis model group (AGA), the two low-concentration alcohol experimental groups (treated with 0.3 and 0.8% alcohol, respectively), and the two high-concentration alcohol experinmental groups (treated with 10 and 20% alcohol, respectively). Previous clinical studies have confirmed a correlation between daily alcohol consumption in adults and an increased risk of gout (Tu et al., 2017). Therefore, the alcohol concentration consumed by mice in the low concentration alcohol group was calculated based on the ratio of daily alcohol consumption in adults to body weight. The concentration of alcohol consumed by mice in the high-concentration alcohol groups was determined based on previous studies (Wang et al., 2018). All six groups of mice were given a normal diet every day (protein content 18–22% Kcal, fat content 4–8% Kcal, total 3.56 Kcal/g; Wuhan Shisheng Biotechnology Co., Wuhan, China). In the CTL and AGA groups, mice were orally administered drinking water daily, while the mice in the alcohol groups were given alcohol orally. Additionally, every 10 d, mice in the CTL group were injected with 40 μL of PBS into the right hind paw pad, while 1 mg of MSU crystals mixed with 40 μL of PBS was injected into the right hind paw pad of the other five groups of mice (Figure 1A; Lin et al., 2020). During the entire experiment (6 weeks), both food and alcohol bottles were weighed every morning at 10 am to calculate the food and alcohol intakes by the mice.
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FIGURE 1
 Effect of alcohol on body weight and foot joint gout symptoms in mice. (A) Schematic diagram of the experimental treatments. MSU, monosodium urate. (B) Schematic representation of the appearance of foot joints in six groups of mice. CTL, control. AGA, acute gouty arthritis. (C) Comparison of changes in footpad swelling in six groups of mice. (D) Comparison of changes in footpad pain thresholds in six groups of mice. (E) Comparison of changes in serum uric acid (UA) levels in six groups of mice. (F) Food intake of the six groups of mice. (G) Comparison of changes in alcohol intake in mice of the alcohol group. (H) Comparison of body weight changes in six groups of mice after 6 weeks of feeding. Data are presented as mean ± standard deviation. Statistical differences are determined by p < 0.05 (*) and p < 0.01 (**), respectively; “ns” represents no statistical significance.




2.4. Evaluation of foot joint hypersensitivity and oedema

Monosodium urate crystals were injected into the right hindfoot pads of mice at 10 a.m. each day. Starting from the second injection of MSU crystals, the thickness of the right hindfoot pads of all mice was measured using digital calipers (Meinaite, Germany) before and at 4, 24, 48, and 72 h after injection. The mechanical withdrawal threshold (MWT) was quantified using von Frey monofilaments (Danmic Global LLC Co., Ltd., USA) to assess the foot pain. Foot swelling was expressed as the ratio of Δmm/mm (baseline) of the joint (Lin et al., 2020).



2.5. Sample collection

At the end of the 6 week (42 day) experiment, all mice were weighed and samples were collected. The mouse blood was collected through the orbital vein, then centrifuged to collect serum and stored at −80°C. Subsequently, all mice were exectued using CO2 (100%) for 5 min, and fresh fecal samples were immediately collected from mouse colon tissues that were stored at −80°C. In addition, the hepatic and right foot joint tissues in mice were collected in an ice water bath environment and stored at −80°C after rapid freezing in liquid nitrogen.



2.6. Measurements of cytokines and enzymes

The mouse foot joint specimens and hepatic specimens were kept at room temperature for slow thawing, followed by homogenization of the tissues (0.05 g of tissue per 1.0 mL of buffer solution) and centrifugation of the tissues at 6,500 g and 4°C for 10 min to collect the supernatant. Previous studies have shown that xanthine oxidase (XOD) and adenosine deaminase (ADA) in the hepatic could further influence the uric acid production by participating in the purine metabolism (Lou et al., 2020). Therefore, the enzymatic activities of myeloperoxidase (MPO), XOD, and ADA were assayed using a mouse ELISA kit (Kelvin, Suzhou, China). Previous studies have shown that the pro-inflammatory cytokines IL-6, IL-1β, and TNF-α were associated with inflammatory activity in gout patients (Galozzi et al., 2021). The levels of serum UA and proinflammatory cytokines (i.e., IL-1β, IL-6, and TNF-α) in mice as well as in foot joint supernatants were measured by mouse ELISA kits (Novus, Germany).



2.7. Histopathological assessment of foot joint

Foot joint tissues of mice were thawed at room temperature and washed with PBS solution. Subsequently, the foot joints were immersed in 10% paraformaldehyde for 12 h and then decalcified with EDTA for 14 d. The decalcified foot joint tissues were embedded in paraffin for sectioning of 5 μm thickness. The sections were then stained with hematoxylin and eosin (HE) and observed for morphological changes and degree of inflammation in the foot joint tissues.



2.8. Gut microbiota analysis

Nucleic acids were extracted from mouse fecal samples using the TGuide S96 Magnetic Soil/Fecal DNA Kit (Tiangen Biotechnology Co., Ltd., Beijing, China) according to the manufacturer’s instructions. The 16S rRNA gene was amplified and sequenced on the Illumina Miseq platform using the universal bacterial primer 338F (5’-ACTCCT ACGGGAGGCAGCA-3′) and 806R (5’-GGACTACHVGGGT WTCTAAT-3′) by BioMarker Technologies Co. (Beijing, China) (Zhang et al., 2021). Sequencing libraries were quality checked for high-quality tag sequences. The 16S rRNA sequences were analyzed using QIIME version 1.9.3. Sequences were clustered at 97% similarity level (USEARCH, version 10.0), and OTUs were filtered using 0.005% of the number of all sequences as a threshold. Species annotation and classification were performed based on the Silva database1 and RDP Classifier.2 Alpha diversity indices were calculated using Mothur (version v. 1.30). Beta diversity analysis was performed by principal coordinate analysis (PCoA) to compare differences in community composition and structure among samples. Finally, biomarker taxa that were statistically different between groups were screened at the genus level. Spearman’s correlation coefficients between microbial communities and gout symptoms were calculated using the “cort.test” function in the R statistical software, and the correlations were visualized in heat maps. In addition, the metabolic functions of the gut microbiota were predicted using Picrust (Feng et al., 2022). These predictions were precalculated based on the gene functional annotation using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.3 The datasets used in this study are deposited in the NCBI database4 with the accession number PRJNA990312.



2.9. Statistics

Biochemical data were plotted using GraphPad Prism (V8.0.2). Significant differences in microbial structure and gene expressions between two groups were determined using t-test based on p < 0.05.




3. Results


3.1. Gout symptoms aggravated in mice with intake of high concentration of alcohol

The effects of different concentrations of alcohol on weights and foot joint gout symptoms in mice were evaluated by measuring the daily food and alcohol intakes, foot pad swelling and pain threshold, levels of serum UA (Figure 1). Compared to the CTL group, the level of foot joint swelling in other groups of mice was significantly higher, the foot pad mechanical pain thresholds were significantly decreased, and the serum UA level were significantly increased (Figures 1B–E). The above indexes indicated that the MSU crystals were injected into the right hind paw of mice to successfully establish an acute gouty arthritis mouse model. In addition, compared to the AGA group, the mice of the alcohol groups were observed with significantly increased degree of foot joint swelling, as the concentrations of alcohol were increased, while the foot pad mechanical pain thresholds were significantly decreased (Figures 1C,D). Compared to the AGA group, the serum UA levels were significantly increased in mice fed with high concentrations of alcohol (Figure 1E).

The results of daily weighing of food and alcohol bottles showed that as the concentration of alcohol was increased, the food intake of the mice was gradually decreased and the alcohol intake was gradually increased (Figures 1F,G). After 6 weeks of feeding, all mice in the alcohol group showed a significant decrease in body weight compared to the AGA group (Figure 1H).



3.2. Gout inflammation index aggravated in mice with intake of high concentration of alcohol

To further investigate the effects of alcohol on gouty arthritis, the inflammation of gouty sites in mice was evaluated in each group of mice (Figure 2). Histological analysis showed that compared to the CTL group, the AGA group of mice exhibited significantly increased infiltration of inflammatory cells in the foot joints (Figure 2A). Compared to the AGA group, treatment of high concentrations of alcohol dramatically increased the infiltration of inflammatory cells in the foot joints of gouty mice, while the significant changes were not observed in the number of foot joint inflammatory cells of mice treated with low concentrations of alcohol (Figure 2A). Similarly, compared to the AGA group, the high alcohol concentration group showed significantly higher levels of MPO, IL-1β, IL-6, and TNF-α in the right foot joints of mice, and there were no significant changes in the levels of these inflammatory factors in the right foot joints of mice in the low-concentration alcohol group (Figure 2B).

[image: Figure 2]

FIGURE 2
 Gout-associated inflammatory markers aggravated by alcohol in mice. (A) HE analysis of the right hindfoot pads of six groups of mice. (B) Comparison of changes in the levels of cytokines interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-α (TNF-α), and the enzymatic activity of myeloperoxidase (MPO), in foot joint tissues of six groups of mice. (C) Comparison of changes in serum cytokine (i.e., IL-1β, IL-6, and TNF-α) levels in six groups of mice (based on ELISA). Data are presented as mean ± standard deviation. Statistical differences are determined by p < 0.05 (*) and p < 0.01 (**), respectively; “ns” represents no statistical significance.


In order to further investigate the changes in inflammatory factors associated with gout, the expression levels of IL-1β, IL-6, and TNF-α were re-examined in serum (Figure 2C). Serum IL-1β levels were significantly higher in gouty mice in the high-alcohol group compared with the AGA group, while no significant changes were detected in mice treated with low concentrations of alcohol. Conversely, as the concentrations of alcohol were increased, the serum of mice in all alcohol groups showed progressively higher levels of TNF-α and IL-6.



3.3. Intestinal microbial structure in mice altered by the intake of high concentrations of alcohol

The 16S rRNA sequencing was used to analyze fecal samples from gouty mice to study the effect of alcohol on the gut microbiota of mice. The results showed that the microbial alpha diversity of mice was gradually increased as the concentration of alcohol was increased, compared to the AGA group (Figure 3A). The microbial alpha diversity was significantly increased in mice with gout treated with high concentrations of alcohol (Figure 3A; Supplementary Figure S1). PCoA results showed that the gut microbiota of mice in the high alcohol concentration group was significantly different from that of mice in the CTL and AGA groups, while the gut microbiota of mice in the low alcohol concentration group was not significantly different from that of mice in the CTL and AGA groups (Figure 3B). Analysis of the changes in the dominant bacterial groups at the phylum level showed a gradual decrease in the ratio of Firmicutes to Bacteroidota (F/B) as the concentration of alcohol was increased (Figures 3C,D). Similarly, at the genus level, there were significant differences in the structure of the gut microbiota in different groups of mice (Figure 3E). Compared to the AGA group, alcohol consumption in mice resulted in decreased relative abundances of unclassified_Lachnospiraceae and Ligilactobacillusp., while the relative abundances of unclassified_Muribaculaceae and Parasutterella were increased (Figure 3E).
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FIGURE 3
 Comparison of changes in gut microbiota in six groups of mice. (A) Alpha diversity analysis of the intestinal microbiota in six groups of mice. (B) Principal coordinate analysis (PCoA) of intestinal microbiota in six groups of mice. (C) Variations in the relative proportions of Firmicutes and Bacteroidota in the intestines of six groups of mice. (D) Comparison of changes in the composition of the intestinal microflora at the phylum level in six groups of mice. (E) Comparison of changes in the composition of the gut microbiota at the genus level in six groups of mice. Data are presented as mean ± standard deviation. The statistical difference is determined by p < 0.05 (*).


The effects of low concentrations of alcohol intake on the gut microbiota of gouty mice were found to be insignificant by α-diversity and β-diversity analyses (Figures 3A,B), only the effect of high concentration of alcohol on intestinal microbiota of mice was further explored (Figure 4). At the genus level, the relative abundances of bacteria greater than 1% were compared between the mice of AGA group and the high alcohol concentration group (Figures 4A,B). Compared to the AGA group, the relative abundances of Parasutterella, Alistipes, and Dubosiella were significantly decreased in the 10% alcohol group (Figure 4A), while the relative abundances of Parasutterella, Alistipes, Parabacteroides, and unclassified_Oscillospiraceae were significantly increased in the 20% alcohol group (Figure 4B). Therefore, two genera, i.e., Parasutterella and Alistipes, common to both the 10 and 20% alcohol groups of mice, were identified as the key bacteria. In addition, changes in the relative abundances of critical bacteria in each of the samples from the 4 groups of mice were visualized with the heatmaps (Figure 4C).
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FIGURE 4
 Comparative analysis of changes in the genus level of key bacteria in mice in high alcohol concentration groups. (A) Volcano plot analysis of changes in the intestinal microbiota of mice in the 10% Alcohol group compared to the AGA group. (B) Volcano plot analysis of changes in the intestinal microbiota of mice in the 20% Alcohol group compared to the AGA group. The significant difference is determined by t-test. Bacteria with relative abundance >1% are identified as key bacteria. (C) Heatmap showing the relative abundance of the key bacteria co-occurring in both (A,B).




3.4. Intestinal microbial interactions in mice altered by the intake of high concentration of alcohol

Spearman’s correlation ≥0.1 and p ≤ 0.05 were used as screening criteria to select the 50 most relatively abundant microbials for further study of their correlation in the gut microbiome.The results showed that the intestinal microbes were closely associated with each other (Figure 5). The interactions among intestinal microbes were increased in mice of AGA group compared to the CTL group (Figures 5A,B). In contrast, administration of high concentrations of alcohol to mice significantly reduced the gut microbial interactions (Figures 5C,D). For example, in the CTL group, Desulfovibrio (#24) was negatively correlated with unclassified_Lachnospiraceae (#36) and unclassified_Oscillospiraceae (#1) (Figure 5A). Desulfovibrio (#29) was negatively correlated with Bacteroides (#4), Oscillibacter (#5), Muribaculum (#6), and Prevotellaceae_UCG_001 (#10) in the AGA group (Figure 5B). In the 10% alcohol group, Desulfovibrio (#24) was negatively correlated with Enterorhabdus (#27) (Figure 5C). In the 20% alcohol group, Desulfovibrio (#48) was negatively correlated with Candidatus_Arthromitus (#29) and Ileibacterium (#33) (Figure 5D). The most pronounced decrease in interactions between gut microbes was observed in mice treated with 20% alcohol (Figure 5D).
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FIGURE 5
 Correlation of microbiota among the top 50 taxa at the genus level in the intestines of four groups of mice, including the CTL group (A), the Model group (B), the 10% Alcohol group (C), and the 20% Alcohol group (D). The size of the circle represents the relative abundance, the line represents the correlation between the two taxa at both ends of the line, the thickness of the line represents the level of the correlation, the orange line represents positive correlation, and the green line represents negative correlation.




3.5. Metabolic functions of the intestinal microbiota in mice altered by the intake of high concentration of alcohol

Gut microbiota functions in mice were predicted by PICRUSt based on the KEGG database (Figure 6). The results indicated that the levels of the four metabolic pathways, compared to the AGA group, namely, lipopolysaccharide biosynthesis, riboflavin metabolism, phenylalanine metabolism, and arginine and proline metabolism, were significantly elevated in the gut microbiota of mice in the high concentration alcohol group (Figures 6A,B). The levels of purine metabolic pathways, which are closely related to uric acid levels, were not significantly increased (Figure 6C). The results of activities of two enzymes (i.e., XOD and ADA) related to purine metabolism in the hepatic tissue revealed no significant changes in the hepatic enzyme activities of mouse XOD and ADA in the high-alcohol group compared to the AGA group (Supplementary Figure S2).
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FIGURE 6
 Comparison of the relative abundances of functional profiles of the intestinal microbiota of mice in high alcohol concentration groups based on Picrust. (A) Volcano plot analysis of altered KEGG pathways in mice of the 10% Alcohol group vs. Model group, with mean relative abundance >0.1%. (B) Volcano plot analysis of altered KEGG pathways in mice of the 20% Alcohol group vs. Model group, with mean relative abundance >0.1%. The significant difference is determined by t-test. (C) Relative abundance of five key metabolic pathways identified in both (A) and (B) showing the significant difference in the four groups of mice. Data are presented as mean ± standard deviation.




3.6. Correlations among key gut microorganisms, inflammatory indicators, and metabolic pathways in mice

Spearman rank correlation coefficient heatmap analysis was applied to analyze the association between key bacterial taxa, pro-inflammatory factors, serum UA, foot and joint MPO, hepatic XOD, and ADA levels, and four key metabolic pathways (Figure 7). The results showed that the two key bacterial genera, Parasutterella and Alistipes, were not correlated with XOD and ADA activity levels, but were significantly and positively correlated with the levels of IL-1β, IL-6, TNF-α, UA, and MPO (Figure 7A). Both Parasutterella and Alistipes were also positively correlated with four metabolic pathways, i.e., lipopolysaccharide biosynthesis, riboflavin metabolism, phenylalanine metabolism, and arginine and proline metabolism (Figure 7A), while both lipopolysaccharide biosynthesis and riboflavin metabolism were positively correlated with the levels of IL-1β, IL-6, TNF-α, and MPO, negatively correlated with the level of ADA, and not correlated with XOD and UA levels (Figure 7B). Phenylalanine metabolism as well as arginine and proline metabolism were not significantly correlated with XOD and ADA levels, but were positively correlated with UA, IL-1β, IL-6, TNF-α, and MPO levels (Figure 7B).
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FIGURE 7
 Correlation analyses between microorganisms, pro-inflammatory cytokines, enzymes, and metabolic pathways in mice. (A) Correlation between key intestinal microorganisms (i.e., Parasutterella and Alistipes) and pro-inflammatory cytokines, enzymes, and metabolic pathways. (B) Correlation between metabolic pathways and both pro-inflammatory cytokines and enzymes. The relative R values range from −1 to 1 (i.e., blue to red). B, blood; H, hepatic tissue; F, foot joint tissue. Statistical differences are determined by p < 0.05 (*) and p < 0.01 (**), respectively.





4. Discussion

Acute gout attacks could severely affect people’s physical and mental health (Terkeltaub, 2017). Strong evidence has suggested a close relationship between alcohol consumption and the development of gout, with intestinal microbiota playing an important role in gout (Neogi et al., 2014; Guo et al., 2016). The results of this study showed that treatment of high concentrations of alcohol exacerbated the acute gout symptoms induced by MSU crystals in mice and altered the gut microbial composition of gout mice. It is commonly known that changes in gut microbiota could lead to metabolic disorders. Our results showed that the production of abnormal metabolites enhanced the gout symptoms by promoting the release of inflammatory mediators (Figure 8).
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FIGURE 8
 Intestinal bacterial disorders and abnormal metabolic pathways as well as increased levels of pro-inflammatory factors and uric acid caused by alcohol and monosodium urate (MSU) crystals to exacerbate gout symptoms.


Alcohol is an addictive substance consumed worldwide, and the alcohol consumption levels and patterns are closely associated with various types of chronic diseases (Hendriks, 2020). Many studies have suggested that moderate drinking could lower the risk of death, mainly due to reduced risks of cardiovascular diseases and diabetes (Larsson et al., 2016; Li et al., 2016). However, chronic alcohol abuse could cause alcohol use disorders and increased risks of various types of cancers and neurological diseases (Larsson et al., 2013; Hendriks, 2020). Currently, there are still a large number of significant controversies surrounding the safe intake levels of alcohol (Barbería-Latasa et al., 2022).


4.1. High concentration alcohol intake alters the structure of gut microbiota in mice

Gut microbiota, generally considered an endocrine organ, plays an important role in regulating the host immune system and maintaining the intestinal barrier integrity (Kogut et al., 2020). A healthy gut microbiota promotes host growth and development, whereas alterations in the structure of the gut microbiota could have many detrimental effects on the host (Compare et al., 2016). Furthermore, research has shown that the long-term alcohol consumption could affect the stability of the gut microbiota (Dubinkina et al., 2017), while alcohol-impaired mice have been revealed with a significantly increased diversity of gut microbiota, with varied degrees of damage to both the hepatic and colon tissues (Wang et al., 2018). Moreover, alcohol could induce osteoporosis in mice by regulating variations in the gut microbiota to further activate osteoclasts (Cheng et al., 2021).

Studies have shown that MSU crystals could alter the structure of the gut microbiota (Vieira et al., 2015). Furthermore, previous studies revealed significant changes in gut immunity and environment during the acute and recurrent phases of arthritis (Nemoto et al., 2020). Our results showed that as the concentrations of alcohol consumed by gout mice were gradually increased, the alpha diversity of gut microbiota in gout mice was also gradually increased, while the relative abundance of Firmicutes was decreased. Firmicutes is generally considered an anti-inflammatory bacterium (Natividad et al., 2015). The imbalance of the F/B ratio may lead to metabolic syndrome, such as obesity and diabetes (Turnbaugh et al., 2006). In addition, studies have found that Lactobacillus paracasei X11 can restore the ratio of F/B in the gut microbiota of gout mice and improve the structure and function of the gut microbiota (Cao J. et al., 2022). Therefore, we speculated that the decrease in the ratio of F/B caused by alcohol could contribute to the exacerbation of gout symptoms. At the genus level, the treatment of high concentrations of alcohol significantly increased the relative abundances of Parasutterella and Alistipes in mice. Parasutterella, a core member of the gut microbiota in both human and mouse, is closely associated with the development of inflammatory bowel disease (Blasco-Baque et al., 2017). Metabolomic studies have shown that Parasutterella affects the metabolism of aromatic amino acids, bilirubin, purines, and bile acids (Ju et al., 2019). Furhtermore, a significant increase was revealed in the relative abundance of Parasutterella in a chronic hepatic injury model induced by alcohol in mice (Sang et al., 2021). Moreover, feeding high-fat food to gout mice was also detected to increase the relative abundance of Parasutterella, exacerbating the symptoms of gout (Lin et al., 2020). Bacteroidota are often associated with chronic intestinal inflammation (Parker et al., 2020), while Alistipes is a genus of the phylum Bacteroidota. Previous studies have revealed the associations between Alistipes and various medical disorders, e.g., hepatic fibrosis, colorectal cancer, and other potential diseases (Moschen et al., 2016; Rau et al., 2018). Furthermore, Alistipes uses its unique way of fermentation of amino acids, i.e., putrefaction, which plays a crucial role in inflammation and diseases (Kaur et al., 2017). An increase in the relative abundance of Alistipes has also been observed in alcohol-intoxicated mice (Wang et al., 2018). Additionally, it has been found that the increased relative abundance of Alistipes could aggravate gout symptoms by regulating the purine metabolism (Shirvani-Rad et al., 2023).



4.2. Effects of intake of high concentration of alcohol on metabolism in mice

Our results showed that consumption of high concentrations of alcohol significantly increased the levels of lipopolysaccharide biosynthesis, riboflavin metabolism, phenylalanine metabolism, and arginine and proline metabolism. Lipopolysaccharide has been revealed with many harmful effects and has worsen the disease progression by enhancing the release of inflammatory mediators (Schaffert et al., 2009). Recent studies showed that the bacteria releasing lipopolysaccharide could participate in the pathogenesis of gout by stimulating the immune system (Shirvani-Rad et al., 2023). Furthermore, studies have shown that phenylalanine promotes the alcohol-induced oxidative stress (Hu et al., 2017), while metabolomic studies have revealed a significantly positive correlation between the level of plasma phenylalanine and gout in humans (Mahbub et al., 2017). A recent study found that fructose could aggravate the colonic inflammation by inducing dysregulation of arginine and proline metabolism (Song et al., 2023). Purine metabolism disorder could result in a significant amount of UA production, which in turn affects the progression of gout (Kuo et al., 2015). The riboflavin metabolism in gut microbiota is considered a function involved in purine metabolism (Jiménez et al., 2005), which could lead to higher levels of UA. Furthermore, metabolic studies have shown that alcohol consumption could lead to increased level of serum lactat, thereby blocking the renal excretion of urate salts and potentially leading to increased level of UA (Choi et al., 2004).

Previous studies have demonstrated that Parasutterella and Alistipes have been implicated in the pathogenesis of constipation and heart disease, respectively, through their impact on lipopolysaccharide biosynthesis and exacerbation of inflammatory responses (Wan et al., 2019; Yang et al., 2021). Studies have shown that taking the new type of synbiotics can lower the relative level of Parasutterella, thereby reducing the relative abundance of lipopolysaccharide biosynthesis, as well as significantly reduces the levels of serum LPS, TNF-α, and IL-6, to inhibit the inflammatory response and improve constipation in rats (Yang et al., 2021). In addition, associations between Parasutterella and Alistipes with phenylalanine metabolism have been detected in ulcerative colitis and brain-related diseases such as Alzheimer’s disease and Parkinson’s disease (Cao C. et al., 2022; Eicher and Mohajeri, 2022). Bacteria with pro-inflammatory characteristics (Alistipes) may be involved in microglial cell activation and neuroinflammatory responses by increasing the production of pro-inflammatory cytokines through the modulation of phenylalanine metabolism, thereby contributing to the pathogenesis of brain-related diseases (Eicher and Mohajeri, 2022). Furthermore, in an alcoholic hepatic injury mouse model, an association between Parasutterella and riboflavin metabolism was discovered (Lv et al., 2022). Our study revealed no significant effect of high-concentration alcohol consumption on purine metabolism. However, significantly positive correlations were detected among the key bacterial taxa (i.e., Parasutterella and Alistipes), UA, IL-1β, IL-6, TNF-α, and MPO, as well as the levels of four metabolic pathways (i.e., lipopolysaccharide biosynthesis, riboflavin metabolism, phenylalanine metabolism, and arginine and proline metabolism) in gout mice (Figure 7A). Therefore, it was speculated that high-concentration alcohol consumption alters the taxonomic structure of the gut microbiota and promotes an inflammatory response that could exacerbate gout symptoms. Further studies are needed to provide more evidence to support these speculations.

Considering that both ADA and XOD affect the purine metabolism, we further investigated the enzymatic activation with ADA and XOD in mouse hepatic to explore the exacerbation of gout symptoms by alcohol via purine metabolism. Although our results showed that high alcohol consumption slightly increased the activation of ADA and XOD in mouse hepatic, the differences were not statistically significant due to the small sample size. We hypothesized that this might be related to the lower concentration of alcohol consumed and the shorter treatment time. In the high concentration alcohol group, we found that both 10 and 20% alcohol intake significantly exacerbated acute gouty arthritis symptoms and related clinical indicators, and it was difficult to differentiate the differences between the high concentration alcohol groups. Therefore, we focused on the joint effect of 10 and 20% alcohol intake. Further experimental studies are needed to analyze the differences between 10 and 20% alcohol intake. Notably, while treatment of high-concentration alcohol increased the diversity of the gut microbiota, it significantly reduced the negative correlation between the gut microbiota. We hypothesize that the decrease in negative correlation between bacteria may be responsible for the increased diversity of the gut microbiota. However, our results still need to be validated by further studies. In addition, although our research results indicate that low-concentration alcohol treatment does not have a significant impact on the gut microbiota of gout mice, it also does not have an effect in improving gout symptoms. Therefore, it is highly recommended that the alcohol consumption be avoided during the acute phase of gout.




5. Conclusion

In conclusion, our results suggested that high concentrations of alcohol altered the gut microbiota structure in gout mice induced by MSU crystals, possibly exacerbating gout symptoms by enhancing the pro-inflammatory pathways. These results recommended that alcohol consumption should be avoided during the acute phase of gout. Our study provides novel insights into the exacerbation of gouty arthritis by alcohol consumption.
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Commercial acacia gum (AG) used in this study is a premium-grade free-flowing powder. It is a gummy exudate composed of arabinogalactan branched polysaccharide, a biopolymer of arabinose and galactose. Also known as food additive, acacia gum (E414), which is presently marketed as a functional dietary fiber to improve overall human gut health. The health effects may be related to the luminal pH regulation from the short-chain fatty acids (SCFA) production. Studies suggested that amylolytic and butyrogenic pathways are the major factors determining the SCFA outcome of AG in the lower gut. However, the primary bacteria involved in the fermentation have not been studied. This study aimed to investigate the putative primary degraders of acacia gum in the gut ecosystem. Isolation and identification of gum-fermenting bacteria were performed through enrichment culture fermentation. The experiment was conducted in an anaerobic chamber for 144 h in three stages. The study was conducted in triplicate using an anaerobic chamber system. This culture system allows specific responses to support only bacteria that are responsible for gum fermentation among the gut microbiota. Five bacterial strains were isolated and found to be gum-fermenting bacteria. Based on the 16s RNA sequence, the isolates matched to butyrate-producing Escherichia fergusonii, ATCC 35469.
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1. Introduction

Despite the development of culture techniques and fast-moving molecular identification technology, there is still a substantial amplitude of uncultured microbial diversity within the gut ecosystem, a vast number of gut microbes yet to be characterized (Lu et al., 2014; Shin et al., 2019). As reviewed by Rawi et al. (2020), human gut bacteria largely classified into Bacteroides, Prevotella, and Ruminococcus, which predominantly inhabit by phyla Firmicutes and Bacteroidetes (Walker et al., 2011). Another recent metagenomic analysis conducted by Forster et al. (2019) revealed that the most frequent genomes were Ruminococcus bromii, Alistipes putredinis, and Eubacterium rectale. All are known to colonize the human gut (Rajilić-Stojanović and deVos, 2014), confirming that these species are common members of the intestinal microbiota. These data suggest that, despite being known colonizers of the intestinal microbiota, these clades still contain considerable uncultured diversity. Therefore, the detection of many uncultured species assigned to this genus may reflect the current taxonomic limitations rather than biological signals. A review also suggested that specific microbial strains are responsible for the metabolism of certain substrates. Giving the impression that the gut environment is similar to the ecosystem will make the microbiome relationship within the gut more sensible. It can be postulated that the gut bacteria can be compared to the animal kingdom, while prebiotics or other indigestible substances in the colon serve as sources of food, similar to producers in an ecosystem. Just like in a food chain, a combination of food chains makes up a food web. The various undefined linkages between gut bacteria can be explained by their cross-feeding situation, which leads to both competitive and cooperative relationships through the intermediate fermentation products from one or more bacterial species to another. In the animal kingdom, there is a hierarchy of creatures, where prey and predators are further differentiated, and the prey typically includes primary to tertiary consumers. On the other hand, the bacteria could be categorized either as commensal, pathogenic or beneficial species. If an imbalance exists in the ecosystem, the condition of the colon is called gut dysbiosis (DeGruttola et al., 2016).

Enrichment culture is a closed system that can isolate organisms that utilize a specific nutrient substrate among complex microbial communities (Kishimoto et al., 2006). The enrichment culture employed a liquid growth medium containing acacia gum, creating an environment strictly desirable to isolating the primary substrate-utilizing organisms. This approach facilitates the isolation and subsequent study of the targeted microbes. Anaerobic enrichment culture techniques, as described by Beck (1971), are effective in isolating a variety of obligate and facultative anaerobic bacteria. The biological phenomena of the isolated bacteria were observed using enrichment culture techniques. The essence of this technique is to provide growth conditions that are favorable for the organism of interest and as unfavorable as possible for competing organisms. Simultaneously, an enrichment culture can be applied by modifying the media.

At least two decades of gut research have passed, and many of the unknowns before scientists now become clearer. Together with the host immune system, the gut microbiota acts as a barrier and prevents the invasion of pathogenic bacteria in the gastrointestinal tract. FOS has been extensively studied as a prebiotic that regulates and selectively stimulates bacterial populations in the colon (Tuohy et al., 2001; Palframan et al., 2002; Hidalgo et al., 2012; Cueva et al., 2013). Fermentation of AG results in bacterial proliferation (May et al., 1994). Thus, an increased population of colonic bacteria promotes the production of beneficial metabolites, such as short-chain fatty acids (SCFA), which play an important role in many physiological effects. The study involved observations on selective agar medium, with culture-dependent techniques dominating assessment methods during that period. Thus, selective media that only targeted beneficial bacteria were not sufficient to verify the fermentability of AG by colonic bacteria. In addition, AG been reported to break down in the colon of rats and humans (Ross et al., 1984; Walter et al., 1988; Phillips, 1998). While these studies were evaluated in vivo, there is no direct proof to support the findings since the parameters were only evaluated after the administration of the candidate after being fed AG during the study. In 2006, an animal study by Kishimoto et al. (2006) found that the predominant microbes from pooled cecal inocula of pigs responsible for AG fermentation and contributing to propionate production were Prevotella ruminicola-like bacteria. In contrast, studies using human and porcine fecal inoculum with 2% acacia gum isolated Bifidobacterium longum and Bacteroides ovatus, Bacteroides oris, Bacteroides buccae, and Prevotella ruminicola-like bacteria (Wyatt et al., 1986). While the study utilized human fecal samples, the conclusions drawn were primarily derived from culture plating techniques rather than molecular-based DNA sequencing. Notably, the latter method, which emerged in the 1970s, might not have been accessible in their laboratory during that period. Therefore, the traditional detection of many uncultured species assigned to this genus may reflect the current taxonomic limitations rather than biological signals. The chemical composition of AG varies slightly based on origin, sources, climate, season, tree age, and species (Williams and Phillips, 2009). The high carbohydrate content within these complex polysaccharides serves as the basis for evaluating the prebiotic potential of acacia gum. Species differences in AG were considered to determine the extent to which the species affected the fermentation performance of the colon. Thus, the evaluation of SCFA production and bacterial composition changes due to the input of AG as a substrate is the foundation for the benefits of human colon health. The limitation of simulating the interaction between the host and gut microbes in a fermentation system may also be one of the criteria for a fermentation system.

In this study, the enrichment technique was applied to AG in nutrient medium. A microbial strain that specifically utilized acacia gum as a nutrient source was isolated using an anaerobic enrichment culture fermentation system. Therefore, this study addressed possible pathways of AG fermentation by colonic bacteria. Investigation of the putative primary degrader of acacia gum based on enrichment culture was used to generate more information on the relationships between different microbial species in the gut. Hence, through this study, it is possible to enhance our understanding of the prebiotic applications of acacia gum in various industries, particularly nutraceuticals. Despite this, the current study is the first to show new insights towards the old knowledge about the prebiotic potential of AG. This study also opens the new perspectives on substrate-species relationship in the metabolism of food products.



2. Materials and methods


2.1. Acacia gum (AG) as the substrate

In this study, Acacia senegal gum (obtained from Natural Prebiotic Sdn. Bhd., Malaysia), which is a water-soluble, free-flowing powder. This commercially available product, marketed as a dietary fiber drink, consists of A. senegal gum in its raw form. Notably, the highly branched structure of this gum, composed of β-(1,3)-galactopyranose chains forming the backbone with branched side chains linked through the 1,6 positions comprising galactose, arabinose, rhamnose, and glucuronic acid, renders it resistant to human gut hydrolysis. These complex structures are not available as free sugar molecules for bacteria.



2.2. Anaerobic enrichment culture

The following methods was based on the study of Kishimoto et al. (2006) with modification. The experiment was conducted in a Bactronez-2 (Sheldon Lab, United States) anaerobic chamber following the manufacturer’s operating procedure. Fecal inoculum was obtained from three healthy human volunteers who fulfilled all the exclusion criteria as described previously. A portion of fecal material (10 g) from healthy volunteers was pooled and homogenized in a stomacher with buffer (1:10 w/v, pH 6.5, 1X PBS) at a normal speed for 2 min. An amount of 40 mL pre-reduced basal medium (pH 6.8) consisting of (peptone water (2 g/1), yeast extract (2 g/1), NaCl (0.1 g/1), K2HPO4 (0.04 g/1), KH2PO4 (0.04 g/1), NaHCO3 (2 g/1), MgSO4•7H2O (0.01 g/L), CaC12•6H2O (0.01 g/1), tween 80 (2 mL/1), hemin (50 mg/1), vitamin Kl (10 μL), L-cysteine HCl (0.5 g/1), bile salts (0.5 g/1), resazurin (0.25 g/L) (4.0 mL) with 1% AG was added into 100 mL Schott bottles and were autoclaved before transferred into the anaerobic chamber.

The 10 mL of fecal slurry prepared was inoculated into the (40 mL) medium and placed in an incubator at 37°C and subjected to continuous stirring. Three independent vessels were run in parallel and served as replicates. An additional set of vessels containing only media, without AG (as negative control), is concurrently run alongside the treatments to verify and validate culture growth. An amount of 1 mL of the culture was sampled from each vessel at 0 (start of incubation), 6, 12, 18, 24, 30, 36, and 48 h after the beginning of incubation. At the end of the culture period (48 h), 10 mL of the culture was transferred to fresh medium, and the culture and sampling were repeated. At the end of the second incubation (48 h), 10 mL of the culture was transferred to fresh medium, and culture and sampling were repeated for the last stage.



2.3. Chemical and molecular ecological analyzes

The sampled culture (1 mL) was centrifuged at high speed of 13,000 rpm for 10 min. The resulting supernatant was used for SCFA analysis using ion-exclusion HPLC, as described previously. Bacterial genomic DNA was extracted using the GF-1 Bacterial DNA Extraction Kit (Vivantis) following the manufacturer’s protocol. First, 1 mL of the sample was centrifuged at 6000 × g for 2 min. The supernatant was completely removed, and the pellet was resuspended in 100 μL of Buffer R1 and aspirated with a pipette. The sample was treated with 10 μL lysozyme (50 mg/mL) and incubated at 37°C for 20 min. The cell suspension was centrifuged at 10000 × g for 3 min. The supernatant was completely decanted. The pellet was resuspended in 180 μL Buffer R2 and 20 μL Proteinase K. The suspension was denatured at 65°C for 20 min with occasional mixing every 5 min. Bacterial genomic DNA buffer (two volumes) was added to each sample. The suspension was homogenized and incubated at 65°C for 10 min. The samples were precipitated using 200 μL of absolute ethanol. The samples were transferred to a spin column assembled in a clean collection tube. The sample was centrifuged at 10000 × g for 1 min. Wash buffer was added before the second centrifugation with the same parameters. The flow-through was discarded. The pellet was eluted with preheated elution buffer (50 μL) and centrifuged (10,000 × g for 1 min) in a clean microcentrifuge tube. The extracted DNA was stored at 4°C until further analysis.



2.4. Polymerase chain reaction

The universal primers 27F (5′AGAGTTTGATCMTGGCTCAG) and 1492R (5’GGTTACCTTGTTACGACTT) from the first Base IDT were used to amplify the 16S rRNA gene regions of the extracted DNA. Amplification was performed with XP Cycle (BioER) using the following cycling conditions:94°C for 5 min; 27 cycles of 94°C for 1 min, 51.3°C for 1 min, 72°C for 1 min, and 72°C for 10 min. Amplicons were purified by agarose (First Base) gel electrophoresis using a PCR Purification Kit (Qiagen, QIAquick) prior to DNA sequencing to identify the strain species. The DNA ladder used was 100 bp plus (Vivantis) and pre-stained with 6X Loading Dye (Vivantis).



2.5. Organic acids analysis

The organic acid quantification was based on Rawi et al. (2021). The fermentation sample from each sampling period was pipetted into a 2 mL microcentrifuge tube for centrifugation (Centrifuge-5804, Eppendorf) at 13000 rpm for 10 min to obtain a clear supernatant. The supernatant was filtered through a 0.22 μm syringe filter unit (Millipore) into an HPLC vial (Agilent Technologies, Cheshire, United Kingdom). Prominence Series Liquid Chromatography (Shimadzu Corp., Japan) using a reverse phase ion-exclusion C12 column (Rezex ROA, Phenomenex) was used for SCFA analysis. Analytes were detected using a UV detector at a wavelength of 210 nm. The isocratic mobile phase used was 0.25 mM sulphuric acid (H2SO4). A 15 μL sample was injected into the heated column (40°C) programmed to run in isocratic elution at a flow rate of 0.5 mL/min for 40 min. The peaks and response factors within the sample were calibrated and calculated using the LC Solutions software (Shimadzu). The standard solution contained of 12.5, 25, 50, 75, 100, 125, 150, 175, and 200 mM acetate, butyrate, propionate, and lactate.



2.6. Isolation of acacia gum fermenting bacteria

A portion (1 mL) of the culture was collected at the end of enrichment (144 h after commencement of the enrichment culture). This sample was subjected to serial 10-fold dilution (10−2–10−6) in anaerobic 1× PBS buffer. Diluted samples (100 μL) were plated on agar with the same constituents as the basal media, with the addition of AG and bacteriological agar (20.0 g). Incubation condition was at 37°C for 48 h. The developed colonies were randomly isolated and subjected to colony purification before being transferred to a fresh slant medium containing the same ingredients. Successfully isolated colonies were transferred to broth medium containing the same ingredients, except for agar. After incubation at 37°C for 48 h, organic acids were analyzed, and cell morphology was examined. This step is important for verifying the ability of the isolate to ferment acacia gum. The 16S rRNA gene sequences of selected isolates were examined.



2.7. Gram staining

Gram staining was performed as previously described (Coico, 2006). A thin layer of the cells was smeared onto a glass slide using a sterilized loop inside a drop of distilled water. The sample was heated over a spirit lamp and dried to fix onto a slide. Cells were stained with crystal violet and incubated for 1 min. Subsequently, the slide was rinsed under a gentle stream of water for approximately 5 s. The slides were then shaken to remove excess water. Next, an iodine solution (iodine and potassium iodide) was added and incubated for 1 min. Subsequently, the slide was rinsed under a gentle stream of water for approximately 5 s. The slides were then shaken to remove excess water. Next, in a slightly tilted position on the slide, a few drops of ethyl alcohol were run through the sample until the last purple color ceased to wash away from the smear and rinse with a gentle stream of water for approximately 5 s. The slides were then shaken to remove excess water. Safranin was added to the smear and incubated for 1 min. Washed with a gentle stream of water for approximately 5 s and excess water is blotted around the ages of the smear with bibulous paper prior to microscopic observation.




3. Results


3.1. Anaerobic enrichment fermentation

Enrichment experiments of AG were conducted in vitro, using an anaerobic chamber to contain the culture. This study aimed to identify the first-hand microorganisms in human feces responsible for the fermentation of acacia gum. Furthermore, the putative isolates were verified for their ability to ferment acacia gum in monocultures. To the best of our knowledge, this is the first study on enrichment cultures using a complete anaerobic chamber. The benefit of using an anaerobic chamber is that it eliminates the possibility that the target bacteria may be exposed to perpetuate atmospheric oxygen during the transfer of the culture at any point. It is worth noting that any exposure to oxygen might reduce the chances or viability of anaerobic bacteria, especially strictly anaerobic ones. Therefore, keeping exposure to atmospheric air at a minimum, the probability of culturing bacteria that were once very difficult to grow in vitro was higher.



3.2. SCFA concentration from enrichment culture

Figure 1 shows different SCFA production during the 144 h of anaerobic enrichment by acacia gum. The enrichment culture consisted of three stages, where each stage indicates 48 h of incubation (stage 1:0–48 h, stage 2:48–96 h, and stage 3:96–144 h). The culture was transferred to fresh medium between stages (48 and 96 h). Acetate, propionate, and butyrate were the major SCFA produced during the incubation. At every stage, all the SCFA showed an incremental trend. The enrichment culture of acacia gum started with acetate and shifted towards health-promoting butyrate later in the incubation period. Acetate had the highest concentration at most of the time points in stages 1 and 2, whereas butyrate was the most abundant in stage 3. While the rate of acetate production decreased, that of butyrate production increased as enrichment progressed to stages 2 and 3. The molar proportion of propionate was very low and progressively diminished following the first and second medium transfer (Figure 1). A reduction in SCFA production was observed at every initial in each stage (0, 0–48, and 0–96 h). This can be expected from a multistage enrichment culture because the transferred culture to the subsequent stage contains a lower number of bacterial species. Therefore, lower bacterial compositions were present in the diluted samples transferred to the next series.

[image: Figure 1]

FIGURE 1
 Short chain fatty acids concentration during enrichment culture on acacia gum (■, acetate; ▲, propionate; ●, butyrate). Transfer of culture to a fresh medium was performed at 48 h and 96 h.




3.3. Monoculture fermentation of acacia gum by isolated strains

The isolated bacteria were assessed to verify their ability to ferment acacia gum in pure culture. All five isolated strains with putative gum-fermenting abilities were reconfirmed by anaerobic monoculture fermentation for 48 h (Figure 2). All five isolates produced butyrate during monoculture, conforming to butyrate elevation in stage 3 of the enrichment culture, with a small amount of acetate and propionate. The elevation was significant as soon as 6 h for Strain 2, and 5 before it remained stationary at the same concentration level and continued until the end of fermentation. The same trend was observed for butyrate concentration at 6 h in strain 1, but it ended with a significant spike at 48 h. Furthermore, our observations, based on both culture-dependent methods and metabolite analysis, have confirmed that the isolated strains cannot thrive in basal media broth and agar without the presence of AG or other essential nutrients. This mirrors the observations made in mixed-culture feces, which also require the addition of nutrients for sustained growth. Therefore, two of the isolates (S3 and S4) were chosen to have the best fermenting ability (achieved maximum butyrate levels compared to other strains, 197 mM, and 203 mM, respectively).

[image: Figure 2]

FIGURE 2
 Trend analyses of the concentration of short chain fatty acids of each strain (S1, S2, S3, S4 and S5) during the monoculture fermentation.




3.4. Homology analysis of isolates

Five bacterial strains (S1, S2, S3, S4, and S5) were isolated at the end of the enrichment period. Among these bacteria, an evaluation was performed to identify different isolates based on their growth morphology. These isolates were found to be gram-negative. Based on the results of the BLASTN search (Table 1) of the 16 s ribosomal rRNA sequences of the five isolated strains, all isolates were matched (100% identity) to complete the sequence of the type of strain (holotype) Escherichia fergusonii ATCC 35469, partial sequence of E. fergusonii strain NRBC 102419, partial sequence of E. coli strain JCM 1649, and partial sequence of Shigella flexneri strain ATCC 29903.



TABLE 1 List of the sequences that showed similarity with the Enterobacteriaceae group.
[image: Table1]




4. Discussion


4.1. Substrate-species specific pathways

Bifidobacterium spp. is considered an important reference to see the impact of tested prebiotic since immense worked have been involving the use of species from this group and suggested a favorable impact belongs to the genera in the large intestine (Rawi et al., 2021). It is well known that gut fermentation of prebiotic within the colon produced metabolites known as short chain fatty acids (SCFA) beneficial to enhance the colonic health and reduce the risk of colonic diseases and disorders such as colonic cancer, inflammatory bowel disease and irritable bowel syndrome (Roediger, 1980; Jenkins et al., 1999; Floch and Hong-Curtiss, 2002; Hijova and Chmelarova, 2007). SCFA comprises of one to six carbon atoms organic fatty acids derived from anaerobic bacterial fermentation such as polysaccharide, oligosaccharide, or arabinogalactans as its reactant substrate (Miller and Wolin, 1979; Cummings and Macfarlane, 1991). According to Macfarlane and Gibson (1997), the ingested organic matter is digested through pathways such as glycolytic pathway and pentose phosphate pathway to transform into simple sugar molecules, pyruvate, energy for microbial growth and also other metabolites in the colon. From anaerobic fermentation of pyruvate, the process end up with a series of end products which include SCFA (Cummings, 1981). These SCFA are mainly metabolites such as acetate, propionate, butyrate, valerate and also other metabolites such as lactate, pyruvate, ethanol, succinate, gases of hydrogen, carbon dioxide and methane gas (Cummings, 1995; Levitt et al., 1995; Macfarlane and Macfarlane, 2003; Flint, 2006). The study of Macfarlane and Macfarlane (2003), Roberfroid (2005), and Cook and Sellin (1998) concluded that the production of SCFA is highly depending on the population of colonic microflora, gut transit time and also type of substrate. In other words, different sources of organic matter resulted in different composition of SCFA thus will affect colon physiology condition differently. The end fermentation products of AG include gases (methane, hydrogen, carbon dioxide) and short chain fatty acid (acetate, propionate, butyrate and valerate). Other intermediate products such as organic acids (lactate, succinate and formate), branch short chain fatty acid (BCFA) (isobutyrate and isovalerate), and alcohols (methanol and ethanol) are also produced with much smaller amount.


4.1.1. Amylolytic bacteria

In the human colon, there is a range of undigested starch content, varying from 10% to a maximum of 40%. This undigested starch is fermented by colonic bacteria with amylolytic activity, resulting in the production of beneficial metabolites such as acetate, propionate, and butyrate (Salyers, 1979; Roediger, 1980; Cummings, 1981; Cummings and Macfarlane, 1991; Mortensen and Clausen, 1996). Amylolytic lactic acid bacteria (ALAB), have the ability to degrade starch using amylase during fermentation. These bacteria are naturally found in starchy fermented foods derived from cassava, sweet potatoes, grains, and maize. The breakdown of starch involves enzymes such as α-amylase for α-1,4 linkage, type I pullulanase for α-1,6 linkage, and amylopullulanases for both 1,4 and 1,6 linkages (Erra-Pujada et al., 1999). Species from three major phyla, namely Firmicutes, Bacteroidetes, and Actinobacteria, are known to participate in starch fermentation. Lactobacillus strains are generally considered amylolytic bacteria, but some Bifidobacterium strains isolated from the human gastrointestinal tract also exhibit amylolytic activity (Ji et al., 1992; Lee et al., 1997, 1999). Additionally, Crittenden et al. (2001) identified two amylolytic strains, Bifidobacterium pseudolongum (ATCC 25526) and Bifidobacterium adolescentis (VTT E-001561), which prefer α-1,4-linked glucose sugars. Undigested starchy substrates that survive upper digestion undergo various pathways in the colon, ultimately contributing to lactic acid production. Starch is initially broken down into simpler sugars through enzymatic saccharification, acid or alkali hydrolysis, and the action of amylolytic microbes. This is followed by a second-step fermentation by lactic acid bacteria (LAB) to produce lactic acid. Notably, amylolytic lactic acid bacteria (ALAB) have the unique ability to directly metabolize starch into lactic acid without the need for the first hydrolysis step. This pathway is also observed in co-culture simultaneous saccharification and fermentation, involving a mixture of LAB and ALAB or the integration of two or more fermentation steps. Certain bacteria, such as Butyrivibrio fibrisolvens, Roseburia inulinviorans, and Roseburia intestinalis, produce cell-associated amylase and are known as butyrate-producing bacteria. Other predominant amylolytic lactic acid bacteria (ALAB) include Lactococcus, Streptococcus, Pediococcus, Carnobacterium, Bacteroides, Fusobacterium, and Butyrivibrio (Macfarlane and Englyst, 1986; Bhanwar and Ganguli, 2014). Bacteroides vulgatus, one of the most abundant strains in the human colon, is an amylolytic gram-negative anaerobic bacteria. Bifidobacteria produce amylase extracellularly, while Bacteroides strains like B. vulgatus and B. ovatus produce cell-bound amylase (Ji et al., 1992; Degnan et al., 1997). This partial hydrolysis of starchy material is efficiently converted into lactic acid by amylolytic bacteria in a single step, enhancing the economic feasibility of the fermentation process (Sanoja et al., 2000; Fossi and Tavea, 2013).



4.1.2. Butyrogenic bacteria

Butyrate, a beneficial short-chain fatty acid (SCFA) metabolite, is produced by various commensal gram-positive microbes in the human gut. The identification of these butyrogenic bacteria is an important area of research. Butyrate is typically generated through the fermentation of colonic microbiota. The XIVa cluster, particularly related to Eubacterium rectale, Eubacterium ramulus, and Roseburia cecicola, is the most abundant group (42%) within this cluster (Barcenilla et al., 2000). Among the major butyrogenic colonic microbes frequently detected in human feces are those from the Clostridial group, primarily clusters IV and XIVa of the Firmicutes phylum. Faecalibacterium prausnitzii and Eubacterium rectale are included in Cluster IV, while Roseburia spp., Eubacterium spp., Anaerostipes caccae, Butyrivibrio fibrisolvens, and Coprococcus spp. are significant butyrogenic bacterial strains within Clostridium Cluster XIVa. Subdoligranulum variabile and Anaerotruncus colihominis from Clostridium Cluster IV are also involved in butyrate production (Vital et al., 2014). These butyrogenic microbes produce butyrate by fermenting dietary fiber that survives upper gastrointestinal digestion. This process involves saccharolytic pathways related to carbohydrate metabolism and, to a lesser extent, proteolytic pathways associated with protein metabolism (Vital et al., 2014). Furthermore, butyrogenic bacteria exhibit specificity in fermenting unique types of dietary fiber (Moro et al., 2019).

Based on the results, in stage 1 (0–48 h) of the enrichment culture, the individual ratio of acetate:propionate:butyrate was 56:25:18, as shown in Figure 3, which is proportional to the ratio normally seen in the gut content. Different ratios were observed during stage 2 (48–96 h), and stage 3 (96–144 h) which are 44:14:42 and 32:6:62, respectively. Inevitably, a lower bacterial composition means lower production of SCFA compared to the previously cultured inoculum. This explains why the molar ratio of individual SCFA shifted to different proportions depending on which microorganisms were selected and could utilize acacia gum. As predicted, groups of amylolytic and butyrogenic bacteria were the major focus in determining the outcome of AG fermentation in the gut. Acetate, butyrate, and propionate exhibited an increasing trend from the beginning of every stage to the end of the same stage, but the gradient or the rate of production so to speak of acetate and propionate were significantly diminished compared to their respective times at the end of every stage (170 mM (48 h) > 134 mM (96 h) > 121 mM (144 h); 76 mM (48 h) > 42 mM (96 h) > 23 mM (144 h), whereas for butyrate, the opposite was observed, (69 mM (48 h) < 117 mM (96 h) < 176 mM (144 h). This explains why butyrate-producing bacteria were subsequently enriched, whereas others were screened out in the previous stage. Two independent pathways have been described for butyrate production. The less common pathway, the pyruvate from the Embden-Meyerhof-Parnas (EMP) pathway is further transformed by bacteria into three components: acetyl-CoA, succinate, and lactate. For acetyl-CoA, proceed into butyrate kinase pathways (Zhu et al., 2005) and are transformed into either butyrate or acetate with reciprocal transition. The acetate produced may be utilized by butyryl-CoA:acetate-CoA transferase as a CoA acceptor in another butyrate synthesis cycle carried out by Roseburia intestinalis (Duncan et al., 2002).
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FIGURE 3
 Average molar proportion of acetate, propionate and butyrate in every stage (48 h), n = 8.





4.2. Acacia gum fermenting bacteria

Sequence analyzes of certain isolates often suggested that the 16 s rRNA sequence was from multiple strain as it is not easily distinguished. The sequence matched the complete sequence of Escherichia fergusonii ATCC 35469, whereas the rest only matched partial sequences available in GenBank for the Enterobacteriaceae group. They are most closely related to Escherichia coli. E. fergusonii was first isolated from the clinical specimens of a one-year-old boy by Farmer et al. (1985). Another study isolated E. fergusonii from healthy cattle (Balqis et al., 2018), and this type of strain was described as a non-pathogenic species (non-virulent in a mouse model) (Forgetta et al., 2012). Therefore, it is deemed commensal. The E. fergusonii strains tested positive for indole production, methyl red, lysine decarboxylase, ornithine decarboxylase, and motility. E. fergusonii can metabolize several compounds such as d-glucose, adonitol, L-arabinose, L-rhamnose, maltose, d-xylose, trehalose, cellobiose, and d-arabitol. However, they lacked the ability to ferment lactose, sucrose, myo-inositol, d-sorbitol, raffinose, and a-methyl-D-glucoside. E. fergusonii was found to have both α- and β-galactosidase (Maheux et al., 2014), encoded by LacZ (Reznikoff and Miller, 1978). β-galactosidase has three enzymatic activities (Huber et al., 1976). First, it degrades lactose into glucose and galactose prior to being forwarded into glycolysis. Next, the enzyme catalyzes the transgalactosylation of lactose to allolactose. The last function is to further break the allolactose into monosaccharides. In this perspective, β-galactosidase is best recognized for its high specificity for the galactose part β-D-galactopyranosides linked to a substituted indole substrate (Juers et al., 2012). Apart from this strain, other E. fergusonii species have been isolated from many diseases associated with animals, humans, and food samples (Wragg et al., 2009; Weiss et al., 2011; Maifreni et al., 2013).

Findings emerged with various statement of suggesting E. fergusonii or E. coli-related species as an opportunistic bacterium, and prone to be pathogenic in high number as reviewed by Gastra et al. (2014). It is thus interesting to mention that Escherichia fergusonii could be another anti-inflammatory commensal bacterium as evident in Faecalibacterium prausnitzii (also a major butyrate-producer), based on human clinical data (Sokol et al., 2009; Miquel et al., 2013). The lack of a selective medium for the isolation of E. fergusonii from materials such as feces, which have high background flora, has been a major hurdle to its detection. This is a novel study on the isolation of gum-fermenting E. fergusonii and the first to employ complete enrichment techniques in an anaerobic chamber. The potential role of E. fergusonii in biodegradation should also not be neglected (Sriram et al., 2011; Pasumarthi et al., 2013). In our interpretation, it is proposed that E. fergusonii encoded LacZ for β-galactosidase in membrane-associated proteins; thus, we speculated that extracellular hydrolysis occurred in the presence of acacia gum molecules. As mentioned in a gene insertion of E. fergusonii close relation, Escherichia coli mutant, it was revealed that there were resulting mutants that showed β-galactosidase activity in membrane fractions (Komeda, 1988). This is the first study to show that Escherichia fergusonii is a gum-fermenting bacterium. β-Galactosidase can act on β-D-galactopyranosides linked to oxygen via glycosidic bonds (Lederberg, 1950; Cohn and Monod, 1951), nitrogen (Sinnott and Withers, 1974), or sulfur and fluorine, but with significantly reduced catalytic efficiency (Wallenfels and Weil, 1972). Its active site specificity targeting d-galactose (Brockhaus et al., 1979; Nam Shin et al., 1980; Huber and Gaunt, 1983) and orientation (2, 3, and 4 positions) for reactions to activate is especially important because only D-galactopyranose, L-arabinopyranose, D-fucopyranose, and D-galactal react in the reverse direction when D-glucose is the other reactant. The enzyme can also slowly react upon exposure to p-nitrophenyl- a-L-arabinopyranoside and p-nitrophenyl-b-D-fucopyranoside (which do not have O6 hydroxyls) (Loeffler et al., 1979). All these studies conformed to the ability of E. fergusonii to break the complex chain of acacia gum polysaccharides in this study, considering the β-galactosidase specificity towards substrate structures. However, further studies are needed to understand the mechanism and capacity of E. fergusonii as an important commensal for fermenting complex polysaccharides.



4.3. Factors affecting the efficacy of in vitro fermentation

Previous research aimed at identifying acacia gum-fermenting bacteria found several different species and has not been consistent. Human and porcine fecal inocula with 2% acacia gum were used to isolate Bifidobacterium longum, Bacteroides ovatus, Bacteroides oris, Bacteroides buccae, and Prevotella ruminicola-like bacteria (Wyatt et al., 1986; Kishimoto et al., 2006). Kishimoto et al. (2006) reported that the isolated bacteria were propionate-producing bacteria. This highlights that propionate is the largest product of lactate metabolism (Stevani et al., 1991; Hove and Mortensen, 1995; Ushida and Hoshi, 2002). However, in our study, butyrate might have been derived from lactate as a precursor according to the monoculture isolates. Several factors can be ruled out to identify the differences between our study and the previous studies. In vitro fermentation systems are commonly used to simulate the human gastrointestinal environment for research purposes. To accurately mimic in vivo conditions, various factors need to be carefully controlled, including the type and concentration of substrate, preparation of inoculum, type, and components of the medium, incubation conditions, and stability of maintaining these conditions. The type and concentration of substrate used in prebiotic studies have a significant impact on the fermentation system. Different substrates react differently in the same system, and their physicochemical properties influence the availability of nutrients for bacterial growth and metabolism. Factors such as solubility, particle size, and nutritional composition of the substrates, as well as their structural properties, affect the accessibility of nutrients for bacteria. Soluble fiber is reported to have a higher influence on bacterial growth compared to insoluble fiber. Carbohydrate-type substrates lead to carbohydrate metabolism and the production of metabolites like lactate, acetate, butyrate, and propionate, while protein-type substrates contribute to protein metabolism and the production of branch chain fatty acids (BCFA).

The type and ratio of inoculum used in fermentation also affect the results. In general, inoculum can be saccharolytic (carrying out carbohydrate metabolism), proteolytic (carrying out protein metabolism), or a combination of both. Some bacteria can follow both pathways depending on substrate availability. Using a proteolytic inoculum for carbohydrate-based substrates can decrease the efficacy of fermentation conditions. It is also possible to use a mixture of various inoculum strains in an in vitro fermentation system. Overall, controlling the type and concentration of substrate, as well as the type and ratio of inoculum, is crucial for accurately simulating the human gastrointestinal environment in in vitro fermentation studies. Fundamentally, inoculum sources by Stevani et al. (1991), Ushida and Hoshi (2002) and by Kishimoto et al., 2006 were isolated from pigs, but in current study, feces were pooled from all healthy human volunteers. Next, different media preparations were used in all these studies. The composition was either from very simple media or a filtered fecal slurry, whereas this study used a more intricate medium, based on Gibson and Wang (1994), which was tested to support the growth of intestinal bacteria during incubation. Furthermore, the pH of the initial incubation is also an important issue to consider. Acidity can affect the regulation of lactate conversion by microbiota (Mackie and Gilchrist, 1979; Counotte and Prins, 1981). As such, more butyrate is produced at pH 5.8–6.0 as compared to pH 6.9 as lactate is converted into butyrate (Counotte et al., 1983). Butyrate production is linked to the transformation of other bacterial metabolites (Dominika et al., 2011). For example, Megasphaera elsdenii produces a wide range of butyrate from lactate, depending on the environmental pH (Counotte and Prins, 1981). Alternatively, the pH effect may be due to the tolerance of lactate-utilizing bacteria to acidity (Mackie and Gilchrist, 1979). In the current study, an initial pH of 6.8 in the enrichment culture was set and was not further controlled as the culture progressed. This explains how much acid level had progressed during the fermentation process, which may contribute to the regulation of butyrate-producing bacteria.

Next, the composition of microbiota in individuals could contribute to different SCFA profiles, despite all replications being administered under the same controlled conditions. Based on our findings, in the in vitro colon model, among all the replications, the human microbiota did not have the same SCFA proportion, suggesting that the microbiome metabolized lactate in a different manner. Additionally, the pooled feces in the enrichment study also showed a different outcome (butyrate vs. propionate) compared to the mix of the three human microbiota, which may suggest a propionate-producing type (Hove and Mortensen, 1995). Overall, the current study will serve as a basis for developing selection strategies for the isolation of new butyrate-producing bacteria from the human intestinal microbiota. In addition, there has been recent interest in determining the exact role of butyrate in ameliorating colonic diseases. It is also important to consider inter-individual differences in the study of prebiotics making progress into the market.

Furthermore, acacia gum fermentation showed that these food components are not digestible but are very rapidly fermented once in the large intestine, where fermentation transiently induces accumulation of lactate and therefore could greatly affect butyrate production based on our enrichment study. Acacia gum is a very heterogeneous, and many methods used to demonstrate such as in fractional precipitation, ion exchange chromatography (IEC), gel permeation chromatography (GPC), and hydrophobic affinity chromatography (HAC). Different species and compositions can exert different prebiotic effects. Acacia gum polysaccharides were fractionated to yield three main fractions: arabinogalactan, arabinogalactan protein, and glycoprotein (Randall et al., 1989). These fractions differ in their molecular weights and chemical compositions. Among these fractions, arabinogalactan represented 88% of the total weight and had a low molecular weight. The arabinogalactan moieties were not distributed evenly, and different compositions were quantified throughout the various molecular components present. Furthermore, acacia gum resisted enzyme hydrolysis, suggesting that the arabinogalactan component is enclosed in the core of the molecule and is inaccessible to the enzyme active sites. A. senegal possess the higher branching structure than A. seyal (78.2% vs. 59.2%) including the galactopyranoses, shorter arabinosyl side branches, and more rhamnopyranoses in terminal position could explained the degree of resistance of AG1 is better than AG2 according to the percent of total carbohydrate reduction (3.63% vs. 11.59%) (Rawi et al., 2021). Many studies agree that it is a highly branched structure composed of β-(1,3)-galactopyranose chains as the backbone with branched side chains joined through the 1,6 positions comprising galactose, arabinose, rhamnose, and glucuronic acid (Anderson et al., 1966; Churms et al., 1983).

Research on acacia gum as a potential prebiotic in this study confirmed other in vitro studies and complemented other in vivo studies involving animal and human trials. Undoubtedly that prebiotic research has opened a formerly unknown health potential, which is now becoming an alternative approach for mediating gut illness. For example, an animal study on obese mice by Everard et al. (2011) reported that prebiotic feeding improved glucose tolerance and reduced fat accumulation, oxidative stress, and inflammation. In a simulated model of the human colon, the use of synbiotic can alter the dominant bacteria and the production of short-chain fatty acids (SCFAs) in the fecal microbiota (van Zanten et al., 2012). Thus, there is a need to understand the role of gut microbiota in nutrition and health (Valdes et al., 2018).
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Dysbiosis of gut microbiota and metabolic pathway disorders are closely related to the ulcerative colitis. Through network pharmacology, we found that puerarin is a potential ingredient that can improve the crypt deformation and inflammatory infiltration in mice, and decrease the levels of IL-1β, IL-6 and TNF-α significantly. Listeria, Alistipes and P. copri gradually became dominant bacteria in UC mice, which were positively correlated with inflammatory factors. Puerarin effectively improved dysbiosis by reducing the abundance of Alistipes, P. copri and Veillonella, and increasing the level of Desulfovibrionacea. Correlation network and metabolic function prediction analysis of the microbiota showed that they formed a tightly connected network and were widely involved in carbohydrate metabolism and amino acid metabolism. Specifically, we observed significant changes in the tryptophan metabolism pathway in DSS mice, with an increase in the abundance of Bacteroidetes and Enterobacteriaceae involved in tryptophan metabolism. However, this metabolic disorder was alleviated after puerarin treatment, including the reversal of 3-HAA levels and an increase in the abundance of Rhodobacteraceae and Halomonadaceae involved in kynurenine metabolism, as well as a significant increase in the purine metabolite guanosine. In conclusion, our study suggests that puerarin has a good therapeutic effect on UC, which is partially achieved by restoring the composition and abundance of gut microbiota and their metabolism.

KEYWORDS
 puerarin, ulcerative colitis, network pharmacology, gut microbiota, untargeted metabonomics


1. Introduction

Ulcerative colitis (UC) is a relapsing disease characterized by chronic inflammation. Clinical symptoms include diarrhea, abdominal pain, and hematochezia. According to the latest data, the prevalence of UC was estimated to be 5 million cases around the world, and there is an increasing trend in some emerging industrialized countries (Le Berre et al., 2023; Liu J. et al., 2023).

The pathogenesis of UC is multifactorial, of which the epithelial barrier defects and disorder of immune response are important factors. Persistent inflammation in the gut can lead to dysbiosis of gut microbiota and abnormal accumulation of microbiota metabolites. These abnormal metabolites can further stimulate the immune system, ultimately resulting in impaired mucosal barrier function and exacerbated inflammation (Neurath, 2014).

The current mainstream treatment for UC is the use of salicylic acid drugs to inhibit the synthesis of prostaglandins and leukotrienes. However, they have significant side effects, such as nausea, rash and liver dysfunction, which make them unsuitable for long-term use (Kucharzik et al., 2020). Given the long course and high recurrence rate of UC, it is necessary to search other natural active substances for intervention to achieve a relieving effect.

Radix Puerariae is the dried root of the leguminous plant Pueraria lobata, which contains abundant isoflavones and has been widely used in the food and health product industries (Wang et al., 2022). Previous studies have found that water extracts containing Radix Puerariae can increase tight junction protein expression (Wang et al., 2023), lower NF-κB activation, reduce inflammatory factor expression in the colon and relieve oxidative stress (Li et al., 2016). These findings suggest that Radix Puerariae has a beneficial regulatory effect on intestinal barrier function and inflammation. However, its specific active ingredients and their effects on the composition of the intestinal microbiome and metabolite levels in UC have not been fully elucidated.

In recent years, with the proposal of disease network and systems pharmacology theory (Nogales et al., 2022), it has become a convenient and efficient method to systematically analyze and predict the “substance-gene-target-disease” action network and find potential effective active ingredients based on technologies such as genomics, high-throughput screening, network visualization, and network analysis (Wang et al., 2021).

Based on this, this article first uses network pharmacology to mine the single active ingredients in Radix Puerariae, and then establishes a DSS-induced colitis mouse model to verify its improvement effect. In order to further explore possible mechanisms of action, untargeted metabolomics and 16S rRNA technology are used to investigate the improvement of gut microbiota and metabolites by active ingredients.



2. Materials and methods


2.1. Virtual compound screening

We utilized the TCMSP database1 to retrieve compounds by searching for ‘Radix Puerariae’ as the primary keywords. To screen the active ingredients and corresponding targets, we applied OB ≥ 30% and DL ≥ 0.18 as screening conditions (Jiao et al., 2022). Additionally, we included substances with active ingredients that have been widely reported in Radix Puerariae for subsequent analysis. Then combined these active targets with compound active targets obtained from the Drugbank database2 to obtain the total active targets for pueraria. Subsequently, we used uniprot database3 to convert the corresponding gene names (Zhang H. et al., 2021).

For searching the disease targets, we used DisGeNET4 and GeneCards database.5 Then used Cytoscape software to map the cross-gene information between UC and Radix Puerariae. Additionally, we conducted PPI analysis using the STRING database,6 as well as GO and KEGG analyses using the DAVID database7 (Li et al., 2022).



2.2. Molecular docking

We searched the PubChem database8 to obtain the 3D structure files of puerarin, genistein, formononetin, and daidzein. And downloaded the crystal structures of TNF-α, IL-1B, and IL-10 from the PDB database.9 We then docked the small molecules with these proteins and visualized the results of small molecule-protein binding pockets and interactions between the small molecules and amino acid residues by using PyMol 2.5.5 software.



2.3. Animals and experimental treatment

C57BL/6J mice (male, 6–7 weeks old, 20–23 g) were obtained from Spafu Biotechnology (Beijing, China) and housed in a SPF animal facility with a 12 h light/dark cycle. The mice were provided with standard rodent feed and purified water, and the ambient relative humidity was maintained between 40 and 60% at a temperature of 25°C ± 2°C. The experiment was approved by the Animal Experimentation Ethical Committee of Nanchang University (License number: SYXK 2021-0001), and all animal feeding and procedures were conducted in accordance with the experimental animal welfare ethical code of Nanchang University.

The animal experiment procedures are depicted in Figure 1C. After 1 week of adaptive feeding, mice were randomly assigned to four groups: Control group (CON), Model group (UC), Positive group (Sulfasalazine, SASP), and Puerarin group (PUE). All mice were fed the same diet. During the first week, the Model group, Positive group, and Puerarin group received intragastric administration of DSS aqueous solution three times a day, while the Control group received an equivalent amount of normal saline. For the next 2 weeks, the Puerarin group received 200 mg/kg·BW puerarin via gavage, while the Positive group received 200 mg/kg·BW SASP via gavage (Huang et al., 2017). The Model and Control groups were administered an equivalent volume of normal saline via gavage. The weight and diet of all mice were monitored on a weekly basis.

[image: Figure 1]

FIGURE 1
 Active ingredient puerarin was screened out by network pharmacology, and it has a good effect on the growth performance of mice. (A) Diagram of overlapping genes’ network between UC and active components in Radix Puerariae. (B) Protein–protein interaction analysis of overlapping genes. (C) Schematic diagram of mouse modeling. (D) Changes in body weight of mice during the experiment. (E) Changes of food intake of mice compared with CON group during the experiment. **p < 0.01, compared to the CON group.




2.4. Colitis induction and evaluation

To ensure that each mouse receives an equal dose of DSS during modeling, we induced colitis by gavage with DSS in this study. During the first week, mice in the model group were gavaged with 0.1 mL/g (0.23 mL) of 15% DSS water solution at 10:00, 15:00 and 20:00 each day until the end of modeling, with an average cumulative intake of DSS of 31.5 mg/g per mouse. After modeling, the DAI index was used for preliminary evaluation of the model (Peng et al., 2020). The detailed scoring criteria can be found in Supplementary Table S1.



2.5. Biochemical assays of the serum

Whole blood was obtained by puncturing the submandibular vein. To be specific, we inserted a blood collection needle into the posterior aspect of the top of the mandible, where the vein was located, and collected blood. After that, we applied a dry cotton ball to the puncture site to stop bleeding. The whole blood of mice was placed in the tube and centrifuged at 3000 rpm for 15 min at 4°C to obtain serum. The concentrations of TNF-α, IL-6, and IL-1β in the serum were measured using an ELISA kit in accordance with the manufacturer’s instructions (Zhao et al., 2021).



2.6. Hematoxylin and eosin staining

The colon tissue was fixed in 4% paraformaldehyde, embedded in paraffin to make 4 mm thick sections, stained with hematoxylin and eosin (H&E) staining solution, and observed under the orthostatic optical microscope (Zhang et al., 2022).



2.7. 16S rRNA and microbiota data analysis

We used QIAamp DNA Stool Kit (Qiagen, Hilden, Germany) and extracted the DNA according to the instructions. The V3-V4 region of the gene was amplified using primers with barcodes, and the resulting amplicons were sequenced on the Illumina NovaSeq platform (Yan et al., 2020).

The initial sequencing data were processed using QIIME2 (2021.8) to generate a sample metadata file (Ding et al., 2021). DADA2 was used for denoising analysis to obtain corresponding feature tables and ASVs data. A Venn diagram was constructed to display the diversity information of ASVs data, showing the abundance of different species and groups. Beta diversity analysis was performed to reveal differences in community structure among different sample groups using principal coordinates analysis (PCoA) and orthogonal partial least squares discriminant analysis (OPLS-DA). Linear discriminant analysis effect size (LEfSe) was used to identify significant differences in microbial composition between different groups (Xu et al., 2022).



2.8. Untargeted metabolomics

In untargeted metabolomics experiments, an X500R HPLC-Q-TOF/MS (SCIEX) was used with an XSelect Premier HSS T3 column (100 mm × 2.1 mm, Waters Corporation, Milford, Massachusetts, USA) for chromatographic separation (Jing et al., 2021). The mobile phase consisted of 0.1% formic acid in water (solvent A) and acetonitrile (solvent B), with a gradient duration of 18 min and a flow rate of 0.3 mL/min (Mi et al., 2023). ESI was used for ionization in both positive and negative ion modes, with ion source gasses 1 and 2 set at 55 psi and curtain gas at 35 psi. The ion source temperature was set to 550 C, while the positive and negative ion source voltages were set to 5,000 V and − 4,500 V, respectively. TOF/MS scans were performed over a m/z range of 50–1,200 Da, while TOF/MS/MS scans were performed over a m/z range of 30–1,200 Da. MS/MS data was detected using information-dependent acquisition (IDA).

Data acquisition was controlled using SCIEX OS 2.0 software (AB SCIEX). Metabolite annotation was performed using MetDNA and SCIEX OS 2.0 software. Statistical analysis was conducted using unsupervised principal component analysis (PCA) and supervised orthogonal partial least squares discriminant analysis (OPLS-DA) in MetaboAnalyst 5.010 to identify differences in the studied metabolites and screen for potential biomarkers (Zhang Q. et al., 2021). After verifying the differential metabolites in the public database HMDB, we performed metabolic pathway analysis based on the KEGG database (Zhou et al., 2021).



2.9. Statistical analysis

The data collected in this study were analyzed by using SPSS statistical software (24.0). One-way analysis of variance (ANOVA) was used to compare mean differences among the groups, with significance set at p < 0.05. The results were expressed as mean ± SD.




3. Results


3.1. Puerarin is a potential ingredient that restored the growth performance of colitis mice

A total of 8 potential active components have been screened from Radix Puerariae (detailed information can be found in Supplementary Table S2) and identified 46 overlapping genes between core disease targets (1090) and active ingredient targets (113). Using Cytoscape software, we constructed a network diagram of the ingredient-disease-target interactions (Figure 1A), which revealed that genistein, puerarin, and daidzein had the highest degree of overlap with disease targets. We also performed protein interaction analysis on the overlapping genes and identified key genes such as IL1β, TNF, TP53, and INS (Figure 1B), and are involved in TNF, PI3K-Akt, and VEGF signaling pathways (Supplementary Figures S1–S3).

Subsequent molecular docking revealed that puerarin had the most stable docking with the core target (Figure 2; Supplementary Table S3). And considering the low OB and DL values of genistein (OB = 17.93%, DL = 0.21), we prioritized the use of puerarin, which showed similar good effect, for subsequent animal experiments.
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FIGURE 2
 Docking of active ingredients in Radix Puerariae with target molecules. (A) Schematic diagram of docking of puerarin with TNF-α. (B) Schematic diagram of docking of Puerarin with IL1B. (C) Schematic diagram of docking of Puerarin with IL10.


As shown in Figures 1D,E, mice that were orally administered DSS in the first week exhibited a significant decrease in body weight and food intake compared to the control group (p < 0.01). However, after stopping the modeling and supplementing with puerarin or sulfasalazine, the body weight of mice gradually recovered, and their food intake also increased. After 2 weeks of oral administration, the food intake of mice in the modeling group gradually returned to normal levels and approached those of mice in the control group.



3.2. Puerarin alleviates the symptoms of DSS induced colitis in mice

We performed DAI scoring on mice at the end of both modeling and treatment (Figure 3A). Representative images of fecal samples from mice at the end of modeling/treatment are shown in Supplementary Figure S4A. The control group showed no abnormalities throughout the experiment, while severe bloody stools were observed in the other three groups after modeling. Some mice in the UC group still had mild red stool, while some mice in the PUE group had mild soft stools without blood and had returned to normal status.
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FIGURE 3
 Puerarin improved disease score, colonic tissue morphology and reduced inflammatory factor expression in mice. (A) DAI score of each group at the end of modeling and administration. (B) Colon length of mice in each group. *p < 0.05, compared to the CON group; #p < 0.05, compared to the UC group. (C) HE section of colon of mice in each group. (D) The expression levels of IL-1β, IL-6 and TNF-α in each group (n = 8). **p < 0.01, compared to the CON group; ##p < 0.01, compared to the UC group; &&p < 0.01, compared to the SASP group.


Observation of colon tissue morphology revealed that DSS-induced colitis significantly shortened colon length (p < 0.05), while supplementation with puerarin significantly increased colon length compared to the UC group (p < 0.05), and showed no difference compared to the control and SASP groups (Figure 3B; Supplementary Figure S4B).



3.3. Puerarin improved colonic tissue morphology and reduced inflammatory factor expression

Figure 3C shows the HE staining of intestinal sections from mice in each group. In the control group, the colon tissue appeared normal, with intact crypt epithelial cells, goblet cells, and submucosa. However, in the UC group induced by DSS, ulcers appeared in the colon and spread to the mucosa and submucosa. The mucosal layer showed infiltration of inflammatory cells, and there was significant damage to the crypts with structural deformation. In contrast, mice treated with PUE did not show obvious colonic ulcers, and only a small amount of inflammatory cell infiltration was observed in the mucosal layer. The deformation of crypts also improved.

As shown in Figure 3D, compared to the CON group, the concentrations of IL-1β, IL-6 and TNF-α were significantly increased (p < 0.01) in the UC group. This suggests that there was significant inflammation in the intestines of UC mice. After treatment with SASP or PUE, the concentrations of these three cytokines significantly decreased (p < 0.01), but did not fully recover to normal levels (vs CON). Notably, PUE showed a more significant decrease in IL-1β and IL-6 compared to SASP, indicating that puerarin has a better effect on improving inflammation caused by DSS-induced cytokine surge.



3.4. Effect of puerarin on intestinal microorganisms in mice with colitis

By examining the species accumulation curve in microbial analysis (Supplementary Figure S5) and conducting α-diversity, β-diversity analysis on different microbial groups, the sample size and community richness were evaluated. The PCoA (Figure 4A) and NMDS plot (Figure 4B) showed significant separation between the UC group and the control group, indicating that DSS significantly altered the composition of the microbiota in mice, which was distinct from that of the control group. Moreover, there was no overlap between the PUE group, SASP group and UC group, suggesting that administration induced significant changes in gut microbiota composition with a trend toward normalizing to that of the control group.
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FIGURE 4
 Changes of microbiota composition in mice after puerarin intervention. (A) PcoA diagram. (B) NMDS chart. (C) ASV Venn diagram of mice in each group. (D) Comparison of α diversity between UC and PUE groups. (E) Species composition at phylum level. (F) Species composition at genus level.


A Venn diagram was constructed to characterize the overlap of ASVs among the microbiota based on the ASV information table obtained from QIIME2 denoising analysis. As shown in Figure 4C, the four groups contained 264 (CON), 97 (UC), 147 (SASP), and 237 (PUE) unique ASVs respectively, with a total of 105 ASVs shared as their core microbiota. The results indicated that induced colitis significantly reduced gut species composition, while the number of ASVs increased after SASP intervention and was significantly higher after PUE intervention.

Figure 4D displays the changes in α-diversity of gut microbiota after modeling and intervention. It was observed that the Shannon, ACE, and Chao indices of mice in the UC group were significantly lower than those in the PUE group, indicating that puerarin intervention partially restored the species composition and abundance of gut microbiota in mice.

Furthermore, the top 5 species at the phylum level and top 10 species at the genus level were analyzed (Figures 4E,F). The major microbiota included Firmicutes, Bacteroidetes, Proteobacteria, Deferribacteres etc. DSS modeling increased the level of Bacteroidetes and decreased the level of Firmicutes. However, compared to the UC group, the PUE group reversed the change in F/B ratio and showed a trend toward normalization to that of the control group.

The major species at the genus level included Allobaculum, S24-7, Lactobacillus, Prevotella, Bacteroides, and Turicibacter. Comparing the changes in gut microbiota at the genus level revealed that DSS modeling significantly increased the levels of Prevotella, S24-7, Bacteroides and Mucispirillum, while decreased the levels of Allobaculum and Lactobacillus. Compared to the UC group, PUE intervention reversed the changes in Allobaculum, Prevotella, Bacteroides, and Mucispirillum levels while decreased S24-7 levels and moving toward a microbiota structure similar to that of the control group.

In addition, we used linear discriminant analysis effect size (LEfSe) to examine the differences in fecal species abundance between two groups of mice at different levels (Figures 5A,B). A total of 26 differentially abundant species were identified, including 11 in the UC group: Prevotella, S24-7, Bacteroides, Veillonella, Veillonellaceae, Listeria, Eysipelotrichaceae, Ovatus, Alistipes, Copri and Enterobacteriaceae. The PUE group had 6 differentially abundant species: Rhodothermi, Alteromonadaceae, Halomonas, Halomonadaceae, Marinobacter and Bilophila. The SASP intervention had 6 significant species: Turicibacter, Turicibacteraceae, Turicibacterales, Reuteri, Parabacteroides, and Johnsonii.
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FIGURE 5
 (A) Evolutionary branching diagram. (B) LEfSe multi-level species discrimination. (C) Correlation network of gut microbiota in PUE Group. (D) Correlation network of gut microbiota in UC Group. The red lines indicate negative correlation, while the blue lines indicate positive correlation. The red circles represent the bacteria with a larger number of associations. (E,F) The heat map of correlation analysis between inflammatory factors and significantly different microorganisms. * indicates p < 0.05; ** indicates p < 0.01.


In order to further elucidate the potential relationships among gut microbiota, we conducted a correlation analysis of the gut microbiota in UC and PUE mice. The resulting visualization network diagram is shown in Figures 5C,D. Our analysis revealed that in the UC state, the abundance of Allobaculum, which is notably reduced in the UC state, exhibits a significant negative correlation with the dominant bacterium Prevotella. While various pathogenic bacteria such as Alistipes, Listeria, and Rikenellaceaeg formed a tightly connected network with multiple bacteria. After puerarin intervention, we observed a significant enrichment of Halomonas, while Bilophila and Halomonas were negatively correlated with Prevotella. Additionally, Allobaculum was negatively correlated with Marinobacter and Marinimicrobium. These correlation analysis results indicate that there are extensive connections among gut microbiota, and the dominance of different bacteria in different states may be due to their interactions with each other.

Similarly, to understand the relationship between differentially abundant species and inflammatory factors, we conducted a correlation analysis between inflammatory factors and significantly different species (Figures 5E,F). We found that in the UC group, Enterobacteriaceae, Alistipes and Listeria (p < 0.01), Copri, Veillonellaceae and S24_7 (p < 0.05) were positively correlated with the concentration of pro-inflammatory factors, while Eysipelotrichaceae (p < 0.01) was negatively correlated with them. In the PUE group, Alteromonadaceae and Halomonadaceae (p < 0.05) were negatively correlated with the concentration of pro-inflammatory factors, while Balneola and Marinobacter were negatively correlated with TNF-α (p < 0.05).



3.5. Effect of puerarin on intestinal metabolism in mice with colitis

In unsupervised mode (Figure 6A), the UC group was clearly separated from the control group, indicating significant differences in fecal metabolites between the two groups; PUE and SASP interventions caused their metabolite characteristics to move away from the UC group and toward the control group. At the same time, in the supervised OPLS-DA mode, each group could also be well separated (Figures 6B–D): UC vs. control group (R2 = 0.618, Q2 = 0.342), SASP vs. UC group (R2 = 0.793, Q2 = 0.364), PUE vs. UC group (R2 = 0.602, Q2 = 0.35). The results indicate that there are differences in metabolites in feces of each group.
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FIGURE 6
 Changes of metabolite levels in each group. (A) PCA diagram between four groups. (B–D) OPLS-DA diagram between two groups. CON vs. UC; UC vs. SASP; UC vs. PUE. (E) Volcano plot of untargeted differential metabolites in UC mice compared to control group. (F) Volcano plot of differential metabolites in SASP mice compared to UC group. (G) Volcano plot of differential metabolites in PUE mice compared to UC group. (H) Bubble plot of differential metabolic pathways analysis in UC mice compared to control group.


By setting the conditions of FC >1 or FC <1/2 and p < 0.1, differentially abundant metabolites were screened out, and volcano plots were used to represent the differentially abundant metabolites obtained from different groups (Figures 6E–G). From the figure, it can be seen that compared to the CON group, there were 13 metabolites (such as 3-hydroxybenzoic acid, docosahexaenoic acid, indolelactic acid, etc.) increased and 18 metabolites decreased (such as azelaic acid, sebacic acid, uridine, etc.) in the UC group. Compared to the UC group, there were 7 metabolites increased and 1 metabolite (L-methionine) decreased in the SASP group; while there were 17 metabolites increased and 1 metabolite (docosahexaenoic acid) decreased in the PUE group. Specific information on differentially abundant metabolites can be found in Supplementary Tables S4–S6.

Further setting VIP value >1, 26 differentially abundant metabolites obtained from the secondary screening of the UC group were subjected to metabolic pathway analysis (Figure 6H), and it was found that these metabolites had a major impact on 7 metabolic pathways, including the biosynthesis of phenylalanine, tyrosine and tryptophan, D-glutamine and D-glutamate metabolism, taurine and hypotaurine metabolism, phenylalanine metabolism, alanine, aspartate and glutamate metabolism, arginine biosynthesis and cysteine and methionine metabolism.

To investigate the relationship between differentially abundant metabolites and differentially abundant species in gut microbiota, we performed correlation clustering analysis, as shown in Figure 7A. Enterobacteriaceae and Listeria were significantly negatively correlated with undecanedioic, sebacic acid, azelacic acid, sebaric acid, guanosine, and uridine. While bilophila was positively correlated with taurine, 4-Hydroxy-3-methylbenzoic acid and negtively correlated with various fatty acids levels. On the other hand, the enrichment of several bacterial taxa may affect the levels of 3-Hydroxybenzoic acid, azelaic acid and sebacic acid.
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FIGURE 7
 (A) Correlation analysis chart of gut microbiota and fecal metabolites. * indicates p < 0.05; ** indicates p < 0.01. (B) Prediction and analysis of gut microbiota function in mice.


To gain a deeper understanding of the roles and functions of gut microbiota in mice, we conducted a comprehensive functional prediction analysis (Figure 7B). Our findings revealed that these gut microbiota are widely involved in various metabolic activities, including carbohydrate metabolism, amino acid metabolism, metabolism of cofactors and vitamins etc. These results reveal that gut microbiota play a significant role in maintaining the host’s homeostasis and health, and this impact is closely related to their metabolic activities.




4. Discussion

Nowadays, there is a widespread and profound understanding of the role of natural products in disease intervention. Due to the large number and variety of small molecules, it is still necessary to seek more efficient and convenient methods to explore potential effective small molecule substances. Network pharmacology, which utilizes multiple databases and integrates various bioinformatics analyses, can effectively aid in addressing these issues (Wang et al., 2021).

In this study, we first utilized network pharmacology techniques to analyze the active ingredients in Radix Puerariae, and based on GO and PPI analysis, core protein targets for ulcerative colitis were identified, and molecular docking was performed between active ingredients and targets, resulting in the identification of puerarin as the most promising potential small molecule substance. We confirmed that it can effectively improve the pathological symptoms of DSS-induced colitis in mice, including restoring mouse weight and colon length, inhibiting intestinal tissue damage, and reducing DAI scores. In our experiments, the decrease in concentrations of IL-1β, IL-6 and TNF-α indicated that puerarin has an inhibitory effect on intestinal inflammation. Previous studies have also shown that puerarin can promote goblet cell secretion of mucin to rebuild the mucus layer, forming a barrier between bacteria and epithelial cells to alleviate colitis (Wu et al., 2021).

The microbial community inhabiting the gut plays an essential role in maintaining intestinal health. This study revealed that UC mice exhibited a reduction in Firmicutes levels and an increase in Bacteroidetes levels within their gut microbiota. The change in the F/B ratio is considered a manifestation of gut dysbiosis. Firmicutes are known to produce more energy from equivalent amounts of food compared to other bacterial groups, thus their reduction may lead to weight loss observed in colitis mice. Conversely, Bacteroidetes exhibit pro-inflammatory properties due to their lipopolysaccharides (Shen et al., 2018). The observed decrease in F/B ratio is closely associated with inflammatory bowel disease (Stojanov et al., 2020).

In DSS-induced colitis mice, Alistipes, P. copri, Enterobacteriaceae, Veillonella and other bacterial groups are significantly enriched. Studies have shown that they can enhance susceptibility to colorectal cancer and arthritis by interfering with IL-6/STAT3 signaling pathway and bile acid metabolism (David et al., 2014; Hofer, 2014; Parker et al., 2020). The differential bacteria Listeria has a higher infectivity for immunodeficient patients and also has a higher pathogenicity in IBD (Azimi et al., 2018). Recent studies have also suggested that Enterobacteriaceae can use mucosal inflammation to gain a competitive advantage in obtaining energy among symbiotic bacteria, thereby enriching and exacerbating the development of colitis (Garrett et al., 2010). In addition, our correlation analysis between inflammatory factors and differential species also shows a highly positive correlation between these inflammatory pathogenic bacteria and the concentrations of IL-1β, IL-6 and TNF-α. All of these indicate that the enrichment of these pathogenic and pro-inflammatory microorganisms as significant differential species in the UC group is a key factor leading to dysbiosis in the gut microbiota of colitis mice.

Compared with the UC group, after treatment with puerarin, the F/B ratio was restored, inflammation subsided, and the dominant pro-inflammatory bacterial groups were no longer present. Furthermore, it further reversed the significant changes in abundance of bacterial groups in the model group, such as increasing the level of Desulfovibrionaceae, which is also a type of bacteria that performs well in anti-inflammatory and anti-obesity aspects (Popli et al., 2022).

For better understanding the role of these bacteria in the gut and their interrelationships, we first conducted Spearman correlation analysis on the microbiota of mice in the model group and the puerarin intervention group. We found that the bacteria formed a tightly connected network. Interestingly, some bacteria that significantly decreased in disease, such as Allobaculum, showed significant negative correlations with pathogenic bacteria such as Alistipes and Listeria. This suggests that in a diseased state, bacteria may resist the growth of other bacterial species by taking advantage of their ecological niche, ultimately resulting in increased abundance, while bacteria negatively correlated with them decrease in abundance. In addition, using PICRUSt to predict the function of the mice microbiota, we found that the top-ranking abundance were involved in various metabolic activities, such as carbohydrate metabolism, amino acid metabolism, and metabolism of cofactors and vitamins. These results all indicate that the gut microbiota, as a special type of organism within the body, has a crucial impact on the host due to its close interrelationships and rich metabolic activities.

Recently, there have been continuous discussions about how metabolites from gut microbiota affect immune homeostasis, host energy metabolism and intestinal mucosal integrity in inflammatory bowel disease (Lavelle and Sokol, 2020). Our previous study found that indole-3-propionic acid derived from the tryptophan pathway can enhance mucous barrier by increasing secretion of mucin (MUC2 and MUC4) and goblet cell products (Li J. et al., 2021). Song et al. also reported that 3-oxo-deoxycholic acid, a bile acid metabolite, can regulate Foxp3 Treg cell homeostasis in the intestinal lamina propria to exert anti-inflammatory properties (Song et al., 2020). Although the oral bioavailability of screened puerarin did not reach ideal standards, recent reports suggest that these polyphenolic small molecules can remain in the intestinal lumen and participate in gut microbiota metabolism to exert their functions (Luca et al., 2020).

In this experiment, it was found that levels of fecal metabolites such as glutamate and 4-pyridoxic acid decreased while taurine levels significantly increased in UC mice. Taurine is known to activate NLRP6 inflammasomes leading to inflammatory reactions in the intestinal mucosal layer and activation of vitamin B6 degradation pathways during cellular immune responses (Levy et al., 2015). However, no changes were observed in these metabolic pathways after treatment with puerarin. Additionally, tryptophan was not detected but its secondary metabolite indole derivative significantly increased in DSS-induced colitis mice.

Further metabolic pathway analysis of UC mice showed significant changes in the tryptophan metabolism pathway. In recent studies, it has similarly been found that DSS-induced colitis disrupts tryptophan/kynurenine metabolism through the regulation of the rate-limiting enzyme IDO1, and this phenomenon is closely associated with alterations in the gut microbiota (Zhao et al., 2023). Differential species analysis of fecal microbiota also revealed a significant increase in the abundance of the Bacteroides and Enterobacteriaceae in the UC group. Previous reports have suggested that Bacteroides is involved in many important metabolic activities in the colon, including carbohydrate fermentation, nitrogenous substance utilization, and biotransformation of bile acids and other steroids. Some species of Bacteroides can produce indole-3-lactic acid, indole-3-acetic acid, and tryptamine (Liu Y. et al., 2023; Nie et al., 2023). Enterobacteriaceae have also been reported to have the ability to metabolize tryptophan in vivo (Zhang J. et al., 2021). These findings suggest that there may be an imbalance and excessive utilization of tryptophan in the UC mice. Therefore, metabolic disorders such as the indole pathway, urea cycle, glutamate, vitamins, and taurine may exacerbate the development of intestinal inflammation in colitis mice.

After administration of puerarin, the abundance of the Bacteroides in the gut was found to be decreased, and the metabolic levels of 3-HAA, picolinic acid, and niacin metabolites were reversed. Among them, 3-HAA is a type of anti-inflammatory tryptophan metabolite, an increase in its concentration can inhibit the development of inflammation in collagen-induced arthritis models. Other studies have shown that 3-HAA can induce apoptosis in liver cancer cells as a ligand-activated transcription factor YY1 and has anti-cancer effects (Kolodziej, 2013; Shi et al., 2021). Puerarin may have an inhibitory effect on intestinal inflammation by regulating the tryptophan metabolism pathway. Yang et al. found that the active ingredient, theabrownin, in Fu Brick Tea can effectively correct intestinal damage in UC mice and promote the secretion of indole derivatives, which are downstream products of the tryptophan metabolic pathway (Yang et al., 2023). This effective improvement of the disease by alleviating the dysregulation of tryptophan metabolism in the microbiota was also observed after turmeric polysaccharides intervention (Yang et al., 2021).

In our results, the differential bacterial groups Rhodobacteraceae and Halomonadaceae after puerarin treatment contain enzymes that break down tryptophan into kynurenine and downstream metabolites (Vujkovic-Cvijin et al., 2013). Therefore, we speculate that the improvement effect of puerarin on UC may be partially achieved by restoring the function of gut microbiota and thus restoring tryptophan metabolism.

In addition, we correlated differential species and metabolites and found that Enterobacteriaceae and Listeria were significantly and negatively correlated with undecanedioic, sebacic acid, azelacic acid, sebaric acid, guanosine, and uridine, which are pathogenic bacteria that dominate under disease conditions. After treatment, we also observed a significant increase in purine metabolites such as uridine and guanosine, which have been reported in previous studies to activate the PPARγ signaling pathway in human colonic epithelial cells and restore mucosal barrier function (Li D. et al., 2021). These results well demonstrate that puerarin alleviates DSS-induced colitis by restoring the abundance and metabolic advantage of specific bacterial communities in mice.

Overall, our research indicates that puerarin intervention effectively reduced pathological damage and inflammatory status in DSS-induced colitis mice, and partially restored gut microbiota and metabolic disorders. Our study expands on the potential effects of puerarin in improving intestinal inflammation based on previous research, providing data support for the exploration and development of such natural small molecule substances in the future.
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A high-fiber diet is widely recognized for its positive effects on the gut microbiome. However, the specific impact of a high-fiber diet on the gut microbiome and bowel habits of patients with colon cancer remains poorly understood. In this study, we aimed to assess the effects of a modified microbiota-accessible carbohydrate (mMAC) diet on gut microbiota composition and clinical symptoms in colon cancer patients who underwent surgical resection. To achieve this, we enrolled 40 patients in two groups: those who received adjuvant chemotherapy and those who did not. Fecal samples were collected before and after dietary interventions for microbial and metabolite analyses. Each group was randomized in a 1: 1 ratio to follow either a 3-week conventional diet followed by a 3-week mMAC diet, or the reverse sequence. Although there were no significant differences in the microbial diversity data before and after the mMAC diet in both the non-chemotherapy and chemotherapy groups, distinct differences in gut microbial composition were revealed after the mMAC diet. Specifically, the abundance of Prevotella, which is associated with high-fiber diets, was further elevated with increased concentrations of acetate and propionate after the mMAC diet. Additionally, patients who experienced improved diarrhea and constipation after the mMAC diet exhibited an enrichment of beneficial bacteria and notable changes in metabolites. In conclusion, this study provides valuable insights into the potential benefits of the mMAC diet, specifically its impact on the gut microbiome and clinical symptoms in postoperative colorectal cancer (CRC) patients. These findings emphasize the potential role of a high-fiber diet in influencing the gut microbiome, and the clinical symptoms warrant further investigation.
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1 Introduction

The human gut microbiome encompasses the genomic content of gut microbiota, consisting of a diverse array of microorganisms inhabiting the human gastrointestinal tract (GIT) (Sekirov et al., 2010; Clemente et al., 2012; Sender et al., 2016). This intricate ecosystem plays a pivotal role in various aspects of health, including digestion, immunity, and overall well-being, and even contributes to survival (Zheng et al., 2020; Wilmanski et al., 2021). These microorganisms perform distinct roles, which include the production of short-chain fatty acids (SCFAs), the metabolism of nutrients and drugs, the synthesis of vitamins, and defense against pathogens (Jandhyala et al., 2015). This complex microbial community also significantly influences the body’s immune response, potentially impacting the risk and progression of cancer (Sadrekarimi et al., 2022). Studies have revealed that alterations in the composition, diversity, and function of the gut microbiota can contribute to the development and progression of CRC (Lopez et al., 2021). Gut microbial dysbiosis, with decreasing microbial diversity, induces cancer by disrupting the balance of beneficial and harmful bacteria in the GIT. Certain bacterial species, such as Fusobacterium nucleatum, Bacteroides fragilis, and Escherichia coli, have been found to be more prevalent in CRC tissues than in normal tissues, suggesting that they may play a role in cancer development (Whisner and Athena Aktipis, 2019). These harmful species are known to generate carcinogenic genotoxins/metabolites, induce inflammation, and foster immunosuppressive tumor microenvironment. On the other hand, beneficial bacteria like certain strains of Bifidobacterium and Lactobacillus have shown anti-inflammatory and anti-carcinogenic effects in the colon, by reversing gut dysbiosis and activating antitumor immune system (Wong and Yu, 2023). These findings underscore the intricate connection between the gut microbiota and cancer development.

Colorectal cancer (CRC) is the third most commonly diagnosed cancer in men and the second most common cancer in women worldwide, with an estimated 1.9 million new cases and 935,000 deaths in 2020, according to the World Health Organization. Past studies have shown that colon cancer is associated with environmental factors including diet, lifestyle, smoking and gut microbiome (Song et al., 2020). Numerous studies have demonstrated a strong link between dietary patterns and the risk of colon cancer, emphasizing the significance of adopting a healthy diet to mitigate the risk of developing this condition (Davies et al., 2011; Veettil et al., 2021). Red meat, processed meat and alcohol are associated with an increased risk of CRC, particularly for left-sided CRC (Cross et al., 2010; Baena and Salinas, 2015). Higher intakes of dietary fiber, calcium, and dairy products have been associated with reduced risk of CRC incidence (Veettil et al., 2021). Although the mechanism by which diet affects cancer is not fully elucidated, the microbiome has emerged as one possible factor in this relationship. Recent research has shed light on how diet influences the gut microbiome, potentially affecting cancer development (Spencer et al., 2021).

The formation and maintenance of a healthy gut microbiome are influenced by various factors, including age, diet, lifestyle, medication use (antibiotics and non-antibiotics), and genetics (Yang et al., 2021). Among these factors, diet plays a particularly important role in shaping the composition and diversity of the gut microbes (David et al., 2014; Singh et al., 2017). A diet rich in fiber and microbiota-accessible carbohydrate (MAC), such as whole grains, fruits, and vegetables, provides essential nutrients that support the growth of beneficial bacteria in the gut. These bacteria ferment fiber and MACs to produce SCFAs, which not only provide energy for gut lining cells, but also have anti-inflammatory effects (Koh et al., 2016). For example, butyrate levels, known for their anti-inflammatory effects and role in preventing primary cancer, were increased by fiber supplements (Scharlau et al., 2009; So et al., 2018). Despite the benefits of a high-fiber diet on the gut microbiome, it may present challenges due to the rapid gas production associated with certain fiber types, leading to abdominal discomfort (El-Salhy et al., 2017). Understanding the impact and feasibility of a high-fiber diet on the gut microbiome and bowel habits is crucial for gut health comprehension and reducing the risk of diseases linked to dysbiosis, such as colon cancer.

The objective of this study was to investigate the effects of a modified microbiota-accessible carbohydrate (mMAC) diet on the gut microbiome of colon cancer patients and its potential association with clinical symptoms. Additionally, the study aimed to assess the tolerability of the mMAC diet. By examining changes in the composition and function of the gut microbiota resulting from dietary interventions, this study sought to gain insights into the potential mechanisms underlying the impact of a mMAC diet on the gut microbiome of patients with early-stage CRC.



2 Results


2.1 Patient characteristics and nutritional analysis

Forty patients were enrolled in this study, and all participants completed the intervention. Figure 1 provides a comprehensive description of the study. Stool samples for 16S rRNA sequencing and metabolite analysis, as well as meal logs for nutritional analysis, were collected at the beginning and end of the dietary interventions (see Supplementary Figure 1A). Out of the 120 stool samples planned to be collected, 116 were successfully obtained. Among these, 113 samples met the quality control (QC) requirements for 16S rRNA sequencing, and all 116 samples underwent metabolite analysis (refer to Supplementary Figure 1B).
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FIGURE 1
 A description of the study.


The baseline characteristics of the study population are summarized in Table 1, showing a median age of 61 years (range: 38–82 years). Among the patients, 29 (72.5%) had left-sided colon cancer, with 3, 21, and 16 patients having Stage I, II, and III disease, respectively. Twenty-two patients underwent chemotherapy following surgical resection, with 21 of them receiving oxaliplatin-based chemotherapy. Currently, 16 patients (40%) consumed alcohol and 5 (12.5%) were smokers.



TABLE 1 Patients’ baseline characteristics.
[image: Table1]

During the analysis of food intake diaries over a 6-week study period, the overall compliance with the mMAC diet was 70.7%. Patients undergoing chemotherapy showed lower compliance (56.1%) compared to the non-chemotherapy group (86.1%). Relative to the conventional diet, there was an increase in average fiber intake during the mMAC diet period, from 22.38 g to 27.37 g (p < 0.0001), as well as increases in protein and fat intake, from 64.31 g to 85.97 g (p < 0.0001) and from 41.97 g to 50.79 g (p < 0.0001), respectively. Conversely, a reduction in sodium consumption was observed, from 3456.42 mg to 3245.94 mg (p = 0.0296) (see Supplementary Figure 2). The percentage of diet composition consumed relative to the recommended daily intake is detailed in Supplementary Table 1.



2.2 Analysis of gut microbiota diversity and composition according to the baseline characteristics

Initially, we analyzed the microbial diversity and composition in relation to cancer stage and location. The cancer stage analysis involved classifying patients into either stage I and II or stage III. While little difference in alpha diversity was noted between these two groups, a significant difference in beta diversity was identified by weighted Unifrac distance (p = 0.046) (refer to Supplementary Figures 3A,B). The LEfSe analysis, conducted to identify distinct microorganisms for each group, revealed that Rothia, Coprobacillus, Solobacterium, [Eubacterium]_eligens_group, Veillonella, and Lactobacillus were significantly more abundant in stage III patients (see Supplementary Figures 3C–E).

Regarding the analysis based on location, no significant differences were found in alpha diversity between left and right-sided colon cancer (Supplementary Figure 4A). However, principal coordinate analysis (PCoA) using weighted Unifrac distance indicated a significant difference in beta diversity (p = 0.023) (Supplementary Figure 4B). In patients who underwent surgery for left-sided colon cancer, Sellimonas, [Eubacterium]_eligens_group, and Anaerofustis were significantly enriched. Conversely, in patients with right-sided cancer who underwent surgery, there was a significant increase in Peptoniphilus, Lachnospiraceae_UCG-010, [Ruminococcus]_torques_group, Dorea, Blautia, and Holdemanella (Supplementary Figures 4C–E).



2.3 The effect of mMAC diet on non-chemotherapy and chemotherapy groups

To evaluate the effects of a high-fiber diet on microbiome differences, we compared the diversity and microbial composition before and after the mMAC diet. Due to the compliance gap between the non-chemotherapy and chemotherapy groups, each group was analyzed separately. No significant differences were observed in alpha and beta diversity Before and After the mMAC diet in either group (Figures 2A,B,D,E). However, LEfSe analysis revealed distinct microbial differences between the Before and After mMAC diet groups. In the non-chemotherapy group, post-diet samples showed significant enrichment for Lactococcus while UBA1819 and [Eubacterium]_fissicatena_group were decreased (Figure 2C and Supplementary Figures 5A,B). In the chemotherapy group, Fusobacterium and Catabacter were decreased in the After group (Figure 2F and Supplementary Figure 5C).
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FIGURE 2
 The effect of mMAC diet on microbial diversity and composition in non-chemotherapy and chemotherapy groups. (A) Alpha-diversity, as measured by the Chao1, Observed ASVs, Shannon, and Simpson indices, is depicted for the non-chemotherapy group both Before (green) and After (red) the mMAC diet. (B) PCoA plots represent beta-diversity, specifically Bray Curtis (top) and weighted Unifrac (bottom). In these plots, each point symbolizes a single sample, color-coded as Before (green) and After (red) the mMAC diet in the non-chemotherapy group. (C) Genus-level LEfSe analysis identified taxa with differential abundance Before (green) and After (red) the mMAC diet in the non-chemotherapy group. (D) Alpha-diversity metrics are plotted for the chemotherapy group Before (green) and After (red) the mMAC diet. (E) PCoA plots for this group also represent Bray Curtis (top) and weighted Unifrac (bottom) beta-diversity. (F) The genus-level LEfSe analysis in the chemotherapy group revealed significantly abundant taxa Before (green) the mMAC diet.


Precise LEfSe analysis up to the species level confirmed that the post-mMAC diet samples had an increased presence of several species belonging to the genera Lactococcus, Lactobacillus, and Bifidobacteria (Supplementary Figures 5D–I).



2.4 Short chain fatty acid analysis according to three dominant bacteria for enterotypes: Prevotella, Bacteroides and Ruminococcus

The human gut microbiome can be classified into one of three traditionally reported enterotypes of bacterial patterns: Bacteroides (enterotype 1), Prevotella (enterotype 2), and Ruminococcus (enterotype 3) (Arumugam et al., 2011; Gorvitovskaia et al., 2016).

We thus examined the abundance of Bacteroides, Prevotella, and Ruminococcus in individuals before and after adopting the mMAC diet. Notably, the abundance of Prevotella increased in the after group, particularly among those not undergoing chemotherapy (p = 0.0218). In contrast, the abundances of Bacteroides and Ruminococcus showed no significant differences (Figures 3A–C).

[image: Figure 3]

FIGURE 3
 The abundance and correlation analysis of three enterotype dominant taxa and metabolites. (A–C) The abundance of Prevotella (A), Bacteroides (B), and Ruminococcus (C) in patients Before (green) and After (red) the mMAC diet. The comparison includes the entire patient cohort (left), the non-chemotherapy group (middle), and the chemotherapy group (right). (D) A correlation analysis was conducted between Prevotella and SCFAs (acetate and propionate). The analysis utilized Prevotella’s amplicon sequence variant (ASV) count and the concentration (μmol/g) of SCFAs. A black line on each graph represents the trend line for all samples, with the corresponding equation, R-squared (R2) values, and p-values indicated.


Furthermore, a positive correlation was observed between the abundance of Prevotella and two SCFAs, acetate and propionate, with R2 values of 0.2298 and 0.5365, respectively (p = 0.00984 and p < 0.0001) (Figure 3D). Butyrate showed a weak positive correlation (R2 = 0.021, p = 0.4615) (Supplementary Figure 6A). The correlations between Bacteroides or Ruminococcus and SCFAs were generally negative but weak, with only the correlation between Bacteroides and valerate reaching statistical significance (R2 = 0.0995, p = 0.007812) (Supplementary Figures 6B,C).



2.5 The impact of mMAC diet on bowel habits and its association with the gut microbiome

Following the mMAC diet, 28 and 27 patients reported improvement in diarrhea and constipation, respectively, while 10 and 13 patients experienced worsening symptoms. To assess the relationship between the gut microbiome and symptom relief, we compared the microbial diversity and SCFAs in patients with either aggravated or improved diarrhea and constipation post-mMAC diet consumption. Notably, there were no significant differences in alpha and beta diversity between the Improved and Aggravated diarrhea groups (Figures 4A,B). However, the Chao1 and Observed ASV indices in the Improved constipation group tended to be higher compared to the Aggravated group (Figure 4D). Additionally, Bray Curtis and weighted Unifrac beta diversity indices showed significant differences between these two groups (p = 0.008 and p = 0.069) (Figure 4E). LEfSE analysis revealed an association between Akkermansia and the Improved diarrhea group (Figure 4C and Supplementary Figures 7A,B). Furthermore, the genera Family_XIII_AD3011_group, Howardella, Bilophila, Paraprevotella, UCG-002, Subdoligranulum, Ruminococcus, Holdemanella, Catenibacterium, and Collinsella were associated with Improved constipation (Figure 4F and Supplementary Figures 7D,E). In the metabolite analysis, levels of acetate and propionate were slightly increased in the Improved diarrhea group (p = 0.0945 for both) and valerate was significantly increased in the Improved constipation group (p = 0.0118) (Supplementary Figures 7C,F).
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FIGURE 4
 The effect of mMAC diet on microbial diversity and composition according to gastrointestinal (GI) symptom. (A) Alpha-diversity measurements are depicted for the Aggravated (red) and Improved (green) diarrhea groups following the mMAC diet. (B) PCoA plots illustrate beta-diversity using Bray Curtis (top) and weighted Unifrac (bottom) methods. (C) Genus-level LEfSe analysis identified significantly abundant taxa in both the Aggravated (red) and Improved (green) diarrhea groups. (D) Alpha-diversity plots are shown for the Aggravated (red) and Improved (green) constipation groups post-mMAC diet. (E) PCoA plots again represent Bray Curtis (top) and weighted Unifrac (bottom) beta-diversity for these groups. (F) The genus-level LEfSe analysis reveals significantly abundant taxa in the Aggravated (red) and Improved (green) constipation groups.





3 Discussion

This study examined the impact of the mMAC diet on the gut microbial composition of patients with early-stage CRC. Our primary objective was to ascertain any differences in the microbiome before and after the mMAC diet, considering factors such as chemotherapy and bowel habits. The findings revealed that a three-week mMAC diet regimen did not significantly alter the alpha and beta diversities of the gut microbiome in both the non-chemotherapy and chemotherapy groups. However, notable microbial differences were observed in both groups post-diet. Importantly, beneficial intestinal bacteria, including Lactobacillus and Bifidobacterium, were found to be enriched following the mMAC diet. Additionally, a significant increase in the abundance of Prevotella was observed in the non-chemotherapy group after following the mMAC diet. This increase in Prevotella was positively correlated with higher levels of SCFAs such as acetate and propionate.


3.1 Gut microbiome and tumor stages and locations

Previous studies have demonstrated variations in bacterial populations across different sites and stages of CRC (Nakatsu et al., 2015; Mima et al., 2016a). Distinct microbiome profiles have been observed between left-sided and right-sided CRC (Zhong et al., 2020; Miyake et al., 2021). However, the results obtained among various studies did not align or prove to be reproducible. It is likely that various factors influencing the microbiome played a role, as evidenced by a study that observed differences in microbiomes among different geographical regions in patients with CRC (Zhong et al., 2020). Among harmful microorganisms, Fusobacterium nucleatum, in particular, has been implicated in the carcinogenesis of right-sided CRC (Sheng et al., 2019; Yachida et al., 2019). Additionally, the levels of Fusobacterium nucleatum have been positively associated with advanced stages of CRC (Mima et al., 2016b). In our study, however, we observed no significant difference in Fusobacterium nucleatum levels across different stages and locations of CRC (data not shown). Our analysis was conducted using fecal samples, and it’s possible, as noted in prior research, that the quantity of Fusobacterium nucleatum in fecal samples was insufficient compared to that in tumor tissues (Sheng et al., 2019).

In contrast to the majority of previous studies that analyzed the microbiome before surgical resection, we compared the microbiome of patients who underwent resection for CRC. We found that beta-diversity was significantly different, with distinct microbial profiles emerging after surgical resection of right-sided CRC compared to left-sided CRC. A previous study reported lower levels of Gemellaceae in patients who underwent right CRC resection, while the Firmicutes phylum was found to be abundant in those who underwent sigmoid colon cancer resection (Suga et al., 2022). Taken together, our results underscore the difference in microbiome composition based on the location of resection.

We also found distinct microbial profiles between Stages. Increased levels of Rothia, Coprobacillus, Solobacterium, [Eubacterium]_eligens_group, Veillonella, and Lactobacillus were found in patients with stage III CRC. Rothia dentocariosa and Veillonella, members of the oral microbiota, have been suggested to contribute to the pathogenesis of inflammatory bowel disease (IBD) and CRC (Koliarakis et al., 2019). Conversely, Lactobacillus brevis has been associated with suppressing the progression of CRC (Sakatani et al., 2016). Further research is necessary to explore the interactions between these beneficial and harmful bacteria and to understand how the overall microbial ecosystem influences the development and recurrence of CRC.



3.2 The impact of mMAC diet on gut microbiome and SCFA

MACs are carbohydrates that can be fermented by gut microbes, serving as the main source of energy. They are used in the production of various metabolites, including SCFAs, which play crucial roles in maintaining gut health and influencing various physiological processes MAC as novel gut microbiome modulators in noncommunicable diseases. In previous studies, reduced MAC intake was associated with decreased bacterial diversity leading to dysbiosis (Sonnenburg et al., 2016; Fehlbaum et al., 2018). This, in turn, suggests that a MAC-rich diet may increase bacterial diversity. But, clinical trials showed contradictory results and some have even demonstrated decreased alpha diversity after the use of MAC (Cantu-Jungles and Hamaker, 2023). This could be attributed to various factors that have been suggested to affect diversity, such as the number of microbes sharing the dietary fiber substrate, the initial abundance of bacterial taxa, and the composition of MACs. Despite the high fermentable fiber content of the mMAC diet used in this study, no significant changes in microbial diversity were observed before and after the MAC diet. It is possible that the three-week duration of the dietary intervention was not long enough to affect a notable increase in microbial diversity.

In line with prior research (Wu and Kasper, 2020), we noted an increase in the abundance of Prevotella following the mMAC diet, especially in the non-chemotherapy group. This increase was positively correlated with two SCFAs, acetate and propionate. Up to now, the association of dietary fibers with SCFAs has not been fully elucidated (Vinelli et al., 2022). Further investigation is essential to elucidate the interplay among dietary fiber, SCFAs, and their effects on patients with CRC.



3.3 Feasibility and changes in bowel habits with the mMAC diet

In this study, we discovered that postoperative CRC patients are able to tolerate a high-fiber diet, specifically the mMAC diet, which includes a daily intake of 30 grams of fiber. Contrary to the initial concerns about potential discomfort, the compliance rate for the mMAC diet was notably high at 70% (Ioniță-Mîndrican et al., 2022). 28 patients (73.7%) experienced an improvement in diarrhea, while 27 patients (67.5%) showed improvement in constipation after mMAC diet. Previous studies have demonstrated that the gut microbiota, especially dysbiosis, significantly influences gastrointestinal symptoms such as diarrhea and constipation (Ohkusa et al., 2019; Li et al., 2021). Modulating the gut microbiota through interventions such as diet control, probiotics, prebiotics, and fecal transplantation has been attempted to control GI symptoms. Our study found distinct microbial profiles in improved groups compared to aggravated groups. Patients who experienced improvements in constipation showed a significant trend toward an increase in bacteria, such as Paraprevotella, Subdoligranulum and Holdemanella. Patients who experienced improved diarrhea showed higher Akkermansia. While the role of Akkermansia muciniphila in IBD is still a subject of debate, some studies have suggested its potential in regulating immune cells (Zhang et al., 2021). Given that our study included patients undergoing adjuvant chemotherapy, caution is needed when interpreting the results of the microbiome, as they may not solely be attributed to the effects of the mMAC diet. In subsequent studies, it is necessary to elucidate the respective impacts of cancer treatment and the mMAC diet on the gut microbiome in CRC patients.



3.4 Limitations of this study

Despite these intriguing findings, our study has several limitations. First, we did not assess the impact of the mMAC diet on critical clinical outcomes, such as cancer recurrence or survival, focusing solely on patients with early stage CRC within a limited timeframe. Secondly, the crossover of the dietary intervention may have influenced outcomes, as the former diet might have a carry-over effect. Thirdly, the small sample size limited the comprehensive assessment of changes in gut microbiome diversity, rendering the observed results exploratory in nature.



3.5 Conclusion

In conclusion, this study provides valuable insights into the potential benefits of the mMAC diet, specifically its impact on the gut microbiome and clinical symptoms in postoperative CRC patients. Although the mMAC diet did not lead to significant diversity, notable trends in microbial composition were observed in patients with improved diarrhea symptoms. These findings emphasize the potential role of a high-fiber diet in influencing the microbiome, and the clinical symptoms warrant further investigation.




4 Patients and methods

We conducted a prospective, randomized, crossover trial with dietary intervention in patients with localized CRC patients who underwent surgery. Written informed consent was obtained from all patients. This study was approved by our Institutional Review Board (2021AN0489) and was registered at ClinicalTrials.gov (NCT05039060). The trial procedures were performed in accordance with the Declaration of Helsinki and Guidelines for Good Clinical Practice.


4.1 Patient selection

The patients were enrolled in the group receiving adjuvant chemotherapy for half of the patients (chemotherapy group) and the other half for not receiving adjuvant chemotherapy (non-chemotherapy group) according to the postoperative stage from Korea University Anam Hospital. Each group was randomized separately in a 1: 1 ratio to start with one of two diet sequences: either a conventional diet followed by an mMAC diet or an mMAC diet followed by a conventional diet, with each diet lasting 3 weeks (see Supplementary Figure 1A). The inclusion criteria were Stage I to III CRC patients who underwent complete curative surgical resection, did not have an ileostomy, were appropriate for a solid diet, were above 19 years of age, and had Eastern Cooperative Oncology Group (ECOG) scores of 0 to 2. The exclusion criteria were Stage IV CRC, a history of antibiotics within 1 month, a history of food allergy, uncontrolled diabetes mellitus (HbA1c > 8.0 g/dL), and other medical conditions that impair the ability to adhere to diet intervention.



4.2 Subject characterization

Demographic and laboratory information were obtained for all subjects; including Sex, Age, BMI, ECOG performance status, body mass index, Tumor location, Cancer stage, adjuvant chemotherapy regimen. The clinical symptoms, including diarrhea and constipation, were assessed using The European Organization for Research and Treatment of Cancer (EORTC) Quality of Life Questionnaire, QLQ-C30 (version 3.0).



4.3 Dietary intervention

In each treatment group, the participants were further divided into two groups through random assignment and assigned to a 3-week mMAC diet group or a conventional diet group, followed by a diet switch for the next 3 weeks. During the 6-week study period, the patients kept records of their diets and defecation in their diaries. At the end of the study, diaries were collected to evaluate the participants’ food intake and defecation status at the end of the study (Supplementary Figure 1).

The mMAC diet was designed to adapt to a high-fiber diet including 30 g of dietary fiber daily and delivered to the patient’s home for 3 weeks as a meal kit supported by Dr. Kitchen Corp (Supplementary Table 2).



4.4 Stool sample collection and DNA extraction

All stool samples were kept in a participant’s home freezer (−20°C) wrapped in ice packs until they were transferred on ice to the research laboratory and stored in a deep freezer (−80°C). After thawing, each sample was manually homogenized using a sterile tip and small aliquots of the sample were collected in a 2.0 mL microtube (0.2 g) for microbiome and metabolome analysis. Fecal bacterial genomic DNA extraction was performed using the Mag-Bind® Universal Pathogen Kit (Omega Bio-tek, Norcross, GA, US). Detailed stool DNA extraction and next generation sequencing methods are described in the Supplementary Methods section.



4.5 Next generation sequencing and metabolite analysis

Next generation sequencing (NGS) was performed to analyze the composition and diversity of the gut microbiota. Headspace sampler-gas chromatography-flame ionization detector (HSS-GC-FID) analysis was performed for microbial metabolite analysis. Detailed methods are described in the Supplementary Methods section.



4.6 Microbial diversity, taxonomic profiling and statistical analysis

Alpha diversity was quantified as the number of observed ASVs, Chao1, Shannon, and Simpson indices. Wilcoxon signed-rank tests were used to evaluate the differences in diversity among samples. Bray Curtis and weighted Unifrac distance matrices for beta diversity were obtained and q-values were calculated using QIIME2. Subsequently, these matrices were imported into R to obtain principal coordinate analysis (PCoA) plots. The Linear Discriminant Analysis (LDA) Effect Size (LEfSe) algorithm was applied to identify taxonomic biomarkers in genera and species level. Default parameters were used for significance (p < 0.05) and the linear discriminant analysis threshold (LDA score > 2.0). The Mann–Whitney test was applied to compare individual microbiota and SCFAs. SCFAs and microbial correlation was confirmed by linear regression with R2 and value of p.

All analyses were performed using R packages (Qiime2R, Microbial, Microbiomeutilities) and GraphPad Prism (version 9.0).
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The purpose of this study was to explore the mechanism of red quinoa polysaccharide (RQP) in alleviating type 2 diabetes (T2D) through in vivo and in vitro experiments. Results of HPLC and FITR showed that RQP was a complex polysaccharide and contained more glucose, galactose and acarbose. In vitro experiments, RQP showed strong antioxidant capacity and inhibition on α-amylase and α-glucosidase. In vivo experiments, RQP was proved to induce a significant improvement of diabetes after 4 weeks of ingestion, including the abilities of lowering blood glucose, regulating lipid metabolism, anti-oxidation and promoting secretion of SCFAs. Furthermore, 16S rRNA study demonstrated that RQP transformed the intestinal microbiota composition in diabetic mice, decreased the abundance of norank_f_Muribaculaceae and Lachnospiraceae_NK4A136_group, and increased the relative abundance of Akkermansia, unclassified_f_Lachnospiraceae, norank_f_Eubacterium_coprostanoligenes_group, unclassified_f_Atopobiaceae and norank_f_Lachnospiraceae. The biosynthetic pathways, metabolic pathways and intestinal microbiome phenotypes in mice also changed accordingly. In conclusion, this study suggests that RQP can inhibit the development of diabetes by correcting the imbalance of intestinal flora.
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GRAPHICAL ABSTRACT
 



1 Introduction

T2D is a serious health problem worldwide. It is defined by insulin insufficiency caused by pancreatic beta cell failure and insulin resistance in target organs (Chatterjee et al., 2017). The data showed that increased availability of high-calorie foods and decreased physical activity have led to lifestyle changes, that have resulted in a global increase in T2D and prediabetes (Saeedi et al., 2019). The International Diabetes Federation (IDF) Diabetes Map 2021, 10th edition, 537 million people have diabetes globally in 2021, and it will reach 783 million by 2045 (Magliano and Boyko, 2021). Researchers around the world are currently focusing on the causes, prevention, and treatment of T2D. Therefore, in this context, the beneficial role of polysaccharides in plant extracts in lowering blood glucose and inhibiting the development of diabetes mellitus has received extensive attention by researchers.

Quinoa (Chenopodium quinoa Wild, family Amaranthaceous) is a pseudo-cereal from the Andean region that was once called the “mother of grains” by the Incas and is now becoming increasingly popular because of its great nutritional value (Campos et al., 2018). Quinoa is rich in protein and has a balanced ratio of amino acids, with a nutritional value like milk, and is easily absorbed by the body (Ren et al., 2023). Studies have shown that quinoa also contains many biologically active substances such as flavonoids and polysaccharides. These substances have been shown to prevent many diseases such as cancer, inflammatory disease, and cardiovascular diseases (Ren et al., 2023). Some studies have proved the biological activities of quinoa polysaccharides (Cao et al., 2020). However, there are few reports on the health function of red quinoa polysaccharide.

According to a recent study, alterations in the composition of the gut microbiota are linked to the emergence of diabetes and are related to the other metabolic diseases (Salgaco et al., 2019). Numerous studies have demonstrated that controlling the intestinal microbiota of the host can reduce the symptoms of diabetes (Cani et al., 2008; Gurung et al., 2020). The host’s energy homeostasis can be affected by gut microbiota through the method of altering the number of active substances, which in turn controls the production of insulin (Wu et al., 2021). The influence of red quinoa polysaccharide on modifying the make-up of the gut microbiota has not yet been properly clarified. We investigated whether red quinoa polysaccharide has hypoglycemic and lipid-lowering effects on C57BL/6 mice fed a high-fat diet (HD) in the current study.



2 Materials and methods


2.1 Materials

Red quinoa seeds were obtained from the Hexi Farm (Golmud City, Qinghai Province, China). We purchased 21 male C57BL/6 mice which were maintained in a specific-pathogen-free (SPF) place from Changsheng Biotechnology Co., Ltd. (Liaoning Province, China). Normal diet (ND) and high-fat diet (HD) were provided from Maohua Biotechnology Co., Ltd. (Liaoning Province, China). Assay kits were used to assess the serum’s biochemical characteristics. Assay kits for total cholesterol (TC), triglyceride (TG), low density lipoprotein cholesterol (LDL-C), high density lipoprotein cholesterol (HDL-C), alpha-alanine aminotransferase (ALT), catalase (CAT), glycosylated hemoglobin (HbA1c), insulin (INS), Tumor Necrosis Factor-α (TNF-α), interleukin -1β (IL-1β), nitric oxide (NO), reduced glutathione (GSH), glutathione peroxidase (GSH-PX) and malondialdehyde (MDA) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu Province, China). All other chemicals and reagents are analytically pure.



2.2 Preparation of RQP

The extraction and purification of polysaccharides from red quinoa was performed according to the methods described by Hu with a slight modification (Hu et al., 2017). Seeds of quinoa were ground into powder. The powder was passed through an 80-mesh sieve and extracted with petroleum ether (1:10, v/v) for 8 h to remove lipids and pigments. The red quinoa powder was then extracted using ultrasonic-assisted extraction technology and distilled water (250 w, 40 KHz). The ultrasonic process took place at a temperature of 60°C for 51 min with a water to material ratio of 20 mL/g. Centrifuge and collect the supernatant, adjust the pH of the supernatant to 8, add protease, bathe in water at 37°C for 30 min, then bathe in water at 90°C for 30 min, cool and adjust the pH to 4.5, and place for 12 h.

Subsequently, the extract was centrifuged at 4,000 × g for 20 min and adjusted to pH 7. The supernatant was then reduced using a rotary evaporator to one tenth of its volume at 60°C and precipitated with 95% ethanol (1:4, v/v) for 12 h at room temperature. Centrifugation was used to gather the resultant precipitate, which included crude polysaccharides. The unprocessed polysaccharide was placed into the dialysis bag for 24 h of dialysis, and throughout that time, the pure water was changed frequently to remove other pollutants. The red quinoa polysaccharide was stored at −20°C after freeze drying.



2.3 Characterization of RQP

The structure of RQP was analyzed by FTIR spectrometer. The monosaccharide composition of RQP was measured by HPLC method (Tan et al., 2021). Briefly, RQP was dissolved in 3.0 mL of 2.0 M trifluoroacetic acid (TFA) and hydrolyzed at 120°C for 4 h in sealed glass tubes, respectively. After 4 h, the methanol was added and blow dry with nitrogen to completely remove the remaining TFA and then redissolve it in 3.0 mL of water. The 250 uL of RQP solution was mixed with 250 uL of 0.60 mol/L NaOH and 500 uL of 0.40 mol/L PMP-methanol in 5.0 mLEP tube. Then, the reaction was done at 70°C for 1 h and cooled in water for 10 min. The 500 uL of 0.30 mol/L HCL was added to neutralize and the 1.0 mL of chloroform was added to vortex for 1.0 min and centrifuge at 3,000 r/min for 10 min. The supernatant was extracted three times. The obtained supernatant was put into HPLC for determination.



2.4 In vitro experiments


2.4.1 In vitro antioxidant of RQP

The scavenging and reducing abilities of RQP on DPPH (1,1-diphenyl-2-picryl-hydrazyl radical), ABTS [2,2′-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid)], OH (hydroxyl free radical), and O2− (superoxide anion) at various doses (0.20, 0.40, 0.60, 0.80, and 1.0 mg/mL, respectively; Ke et al., 2020). The vitamin C (VC) were determined as a comparative to aid with comprehension. The IC50 value, which was inversely associated with antioxidant activity and used to measure antioxidant activity. Each experiment was repeated three times to take the average value.

Inhibition of DPPH by RQP. The RQP solution 2.0 mL (0.20, 0.40, 0.60, 0.80, and 1.0 mg/mL) were mixed with 2.0 mL DPPH solution (2.0 × 10−4 mol/L, dissolved in anhydrous ethanol). The reaction was done for 20 min without light, and the absorbance was measure at 517 nm (A1). Anhydrous ethanol was used instead of DPPH as a control group (A2). Pure water was used as a blank group instead of polysaccharide samples (A0).

[image: image]

Inhibition of ABTS by RQP. The 0.20 g ABTS and 0.0344 g potassium persulfate were mixed in 52 mL of distilled water. Then stored at room temperature in the dark for 24 h as ABTS mother liquor and was measured at 734 nm (0.70 ± 0.02). 0.4 mL of RQP solution with different concentrations was taken from each test tube, and then 3.6 mL of ABTS solution was added and the reaction took 15 min at room temperature. The absorbance of samples with different concentrations was measured at 734 nm (A1). Distilled water is added to the RQP solution instead of the ABTS solution (A2). The absorbance of blank solution (A0).

[image: image]

Inhibition of ·OH by RQP. The RQP solution 1.0 mL (0.20, 0.40, 0.60, 0.80, and 1.0 mg/mL) were added with 1.0 mL 5 mmol/L FeSO4, salicylic acid and H2O2 solution, respectively. The reaction was carried out at 37°C for 30 min, and the absorbance at 510 nm was measured (A1). Distilled water was added to the RQP solution instead of the H2O2 solution (A2). The absorbance of blank solution (A0).

[image: image]

Inhibition of O2− by RQP. The 5.0 mL 0.05 mol/L Tris–HCL buffer (pH 8.2) in a water bath at 25°C for 20 min. The above different concentrations of RQP solution 1.0 mL and pyrogallol solution 1.0 mL were added and shaken. The reaction was carried out in a water bath at 25°C for 5 min. Then, the reaction was terminated by adding 1 mL of 10 mol/L HCL, and the absorbance was measured at 320 nm (A1). Distilled water was added to the RQP solution instead of the o-toluene trios’ solution (A2). The absorbance of blank solution (A0).
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2.4.2 Effects of RQP on inhibition of α-amylase and α-glucosidase

The previously published method was used to assess the α-amylase inhibitory activities of RQP at various concentrations (0.10, 0.20, 0.40, 0.60, 0.80, and 1.0 mg/mL) with a few minor modifications (Lv et al., 2021). Acarbose was selected as the positive control. Each experiment was repeated three times to take the average value.

Preparation of α-amylase and starch with phosphate buffer solution (0.10 mol/L PBS, pH 6.8). 0.50 mL of α-amylase (1 U/mL) and 1.0 mL of RQP at different concentrations were added to the test tubes and incubated for 10 min at 37°C. Then 2.5 mL of starch solution (10 g/L) was added and incubated for 8 min at 37°C. The 1.0 mL of DNS developer was added in the test tubes and incubated for 8 min at 95°C. After cooling to room temperature, the appropriate amount of distilled water was added to dilute and measured the absorbance value at 540 nm. The following formula was used to calculate the inhibitory activity of α-amylase:
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Where As was the absorbance of the test sample system, Ab was the absorbance of the test sample system without the enzyme solution, and A1 and A2 were the absorbances of the starch system and the starch system, respectively.

The polysaccharide’s ability to block α-glucosidase was tested using this methodology, with a few minor modifications (Lv et al., 2021). The 2.0 mL of RQP solution (0.10, 0.20, 0.40, 0.60, 0.80, and 1.0 mg/mL) were mixed with 2.0 mL of 0.10 mol/L phosphate buffer solution (pH = 6.8) and 1.0 mL of 1.0 U/mL of α-glucosidase, respectively. The reaction was warmed in a water bath at 37°C for 15 min. 2.0 mL of 1 mmol/L PNPG was added and mixed thoroughly. 37°C water bath was used for 20 min. 3.0 mL of 0.20 mol/L Na2CO3 was added to terminate the reaction. The absorbance was measured at 405 nm. The formula below was used to calculate the inhibitory activity of α-glucosidase:
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Where As, Ab, and A0 stood for the absorbance of the test sample system, a mixture of polysaccharide and PNPG without an enzyme, and a combination of PNPG and an enzyme without a mixture of polysaccharide, respectively.



2.4.3 Simulated digestion of RQP

The simulated digestion of RQP was performed as the procedures described in the literature with minor modifications (Ma et al., 2022). RQP was reacted with saliva to simulate oral digestion (0, 1, and 2 h), and mixed with simulated gastric to reacted (0, 2, 4, and 6 h). The liquid after digestion of simulated gastric juice for 6 h was collected and added to simulated intestinal fluid to reacted (0, 2, 4, and 6 h). The samples collected at different time periods were inactivated in a boiling water bath for 5 min to determine the contents of reducing sugar.




2.5 Animal experiment


2.5.1 Experimental design

Animal experiments carried out in this study have complied with the ARRIVE guidelines and the U.K. Animals (Scientific Procedures) Act, 1986, EU Directive 2010/63/EU for animal experiments, and the National Research Council’s Guide for the Care and Use of Laboratory Animals and were approved by the Experimental Animals Ethics Committee of Heilongjiang Bayi Agricultural University (Laboratory Animal Approval Number: SPXY2023001). 6 weeks old, 21 ± 1 g, specific pathogen-free male C57BL/6 J mice were subjected to the treatment after a week of acclimatization to the lab environment. The mice were kept in an animal home with free access to food and water under regulated circumstances (temperature: 22°C ± 2°C, relative humidity: 45% ± 5%, and a 12 h light/12 h dark cycle). Seven mice in the ND group were fed a standard pellet diet. Mice in the HD group (14 mice) were fed a high-fat diet (10% lard, 20% sucrose, 1% cholesterol, 0.2% sodium deoxycholate and 68.8% standard pellets) to induce diabetes in the mice. After 4 weeks, all mice were fasted overnight and given free access to water. Fresh STZ solution (0.10 mol/L citrate buffer, pH 4.5) was intraperitoneally given into the HD mice at a dose of 30 mg/kg body weight (Jiang et al., 2013; Zang et al., 2023). Citrate buffer was administered into mice in ND. After 72 h, the levels of fasting blood glucose (FBG) were measured using a glucometer (Sinocare, Changsha, China). Diabetic mice were defined as those with FBG levels over 11.1 mmol/L (Lan et al., 2023; Zhao et al., 2023).

The diabetic mice were then randomly split into two groups: HD with daily administration of dosage (800 mg·kg−1·day−1) red quinoa polysaccharide, and model control group with high-fat diet (Wang et al., 2016; Mao et al., 2020). After 12 h without food but with unlimited access to water, all mice had an anesthetic for anatomy after 4 weeks. Body weight, fasting blood sugar, and food intake were all monitored on a weekly basis. In the last day of treatment, after anaesthetized for anatomy the serum was separated from the abdominal aorta and centrifuged (4°C, 3,500 r/min, 10 min). For further study, liver and colon contents were immediately frozen in liquid nitrogen and transferred to a temperature of −80°C for storage.



2.5.2 Determination of serum and liver biochemical parameters

Serum markers (TC, TG, LDL-C, HDL-C, INS, HbA1c, TNF-α, IL-1β) and markers in liver homogenate (GSH-PX, GSH, MDA, NO, ALT, CAT) were measured with the kit.



2.5.3 Determination of SCFAs in cecal contents

The content of SCFAs were determined by high performance liquid chromatography according to the method of Guo et al. (2022).




2.6 Gut microbiota detected by 16S rRNA gene sequencing technology

The DNeasy PowerSoil kit (QIAGEN) was used to extract total genomic DNA from fecal samples. Using Nanodrop (Thermo Scientific, NC2000) and agarose gel electrophoresis, the quantity and purity of DNA were verified. Then, using PCR as described in the prior study, the microbiota V3-V4 hypervariable areas of the 16S rRNA gene were amplified. Primer 338F 5-ACTCCTACGGGAGGCAGCAG-3 and Primer 806R 5-GGACTACHVGGGTWTCTAAT-3 were used in the current investigation. A six-base sequence that is exclusive to each sample makes up the barcode. The DNA libraries were created using the TruSeqTM DNA Sample Prep Kit after the PCR products were separated by gel electrophoresis, purified with the AxyPrep DNA Gel Extraction Kit (Axygen, AP-GX-500), and purified. For the library’s quality assurance, the Agilent 2100 Bioanalyzer System (High Sensitive DNA Chip) was utilized. On the Illumina MiSeq platform, the pooled DNA product was paired-end sequenced in accordance with the recommended procedures.

After passing quality control, the Illumina MiSeq sequences were used in the analysis and uploaded to QIIME (Quantitative Insights into Microbial Ecology, v1.9.1) for additional research. The Simpson index, Chao1 index, and Shannon diversity index were calculated by Mothur (v1.30.2) using the operational taxonomy units of representative sequences and their relative abundance. The principal coordinates analysis (PCoA) with weighted and unweighted UniFrac analysis in R software was used to determine the abundance and diversity of the communities among the normal group, high fat group, and red quinoa polysaccharide. Then, using the PCoA scores, MANOVA was used to evaluate the statistical significance of the difference between the groups. According to the LEfSe approach, which employed the Kruskal-Wallis and Wilcoxon rank sum test (P<0.05), mothur was utilized to identify significant communities that were crucial for differentiating the various treatment groups. The main communities of the gut microbiota and the serum and liver index were correlated using the Spearman analysis with a threshold p-value of 0.05.



2.7 Statistics and analysis

The software Origin 2022 (Origin Lab Corporation, Northampton, MA) was used to draw every single figure. Data from repeated measures were analyzed in SPSS 26 using one-way analysis of variance and Tukey’s tests.




3 Results


3.1 Characterization of RQP

The yield of RQP is 1.57 ± 0.38%. Figures 1A,B show the HPLC chromatograms of the monosaccharide standards and RQP, respectively. The HPLC chromatogram in Figure 1B revealed that RQP was made up of 10 monosaccharides. Among them, glucose, galactose, and arabinose accounted for more than 90% of the monosaccharide composition of RQP (Table 1).

[image: Figure 1]

FIGURE 1
 HPLC spectra of RQP. (A) monosaccharide standards; (B) RQP.




TABLE 1 Monosaccharide composition.
[image: Table1]

Figure 2 displays the FTIR spectroscopy data used to describe RQP. The spectra showed polysaccharide absorption peaks around 800–1,200, 1,300–1,800, and 3,200–3,600 cm−1. At 3415.18 cm−1, the hydroxyl group (O-H) displayed a recognizable broad stretch peak (Li et al., 2021). The presence of uronic acid in RQP can be inferred from the strong band at 1657.42 cm−1 and the weak band at 1402.2 cm−1 caused by the absorption of a carboxylic group (COO−; Ye et al., 2021). The frequency band at 1330.9 cm−1 is caused by the stretching vibration of C = O (Li et al., 2021). The 950–1,200 cm−1 FITR range that is utilized to pinpoint the location and strength of unique bands in polysaccharides (Ye et al., 2021). The band at 1108.98 and 848.10 cm−1, respectively, verified the presence of pyranose rings and a-glycosidic connections in the monosaccharide blocks of RQP (Portincasa et al., 2022).
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FIGURE 2
 FTIR spectra of RQP.




3.2 In vitro experiments


3.2.1 In vitro antioxidant

As shown in Figure 3, RQP had strong scavenging ability of DPPH and ABTS free radicals. In terms of DPPH and ABTS scavenging ability, the IC50 values of RQP were 0.51 mg/mL and 0.52 mg/mL. Furthermore, RQP have lower scavenging ability of O2− and ·OH, when compared to the VC group.
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FIGURE 3
 Antioxidant activities of RQP. (A) DPPH; (B) ABTS; (C) O2−; (D) OH. The values are expressed as means ± SD (n = 3). Data followed by the different letters are significantly different (p < 0.05) by Duncan’s test.




3.2.2 Inhibition of α-amylase and α-glucosidase by RQP and in vitro digestion of RQP

As shown in Figure 4, The inhibition rates of RQP on the activities of α-amylase and α-glucosidase increased with the increase of its concentration in a dose-dependent manner. When the concentration of polysaccharide was 1.0 mg/mL, The inhibition rates of RQP on α-amylase and α-glucosidase were 29.50% and 35.77%, respectively.
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FIGURE 4
 Inhibition on α-amylase (A) and α-glucosidase (B) activity of RQP. The values are expressed as means ± SD (n = 3). Data followed by the different letters are significantly different (p < 0.05) by Duncan’s test.


Through the preliminary experiment, we got the standard curve of reducing sugar: y = 1.5151x − 0.0135 (R2 = 0.9991). To further explore the changes of reducing sugar contents in RQP during digestion include oral cavity, stomach, and small intestine (Supplementary Table S1). As shown in Supplementary Table S1, RQP were not digested in the mouth, stomach, and small intestine. RQP can maintain its original morphology and interact with intestinal microorganisms in the large intestine.




3.3 Animal experiments


3.3.1 Effects of RQP on mice body weight, organ index, FBG, OGTT, HbA1c and insulin level

After 4 weeks high fat diet feeding, a significant decline on body weight was found in the RQP group mice, when compared with the HD group (Figure 5A). Additionally, had decreased of epididymal fat and mesenteric fat, and increased brown fat were found in the RQP group mice, when compared with the HD group (Figures 5B,C).
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FIGURE 5
 Effects of RQP on diabetic mice: (A) body weight; (B) organ weight; (C) representative images of mice; (D) FBG; (E) OGTT; (F) AUC; (G) HbA1c; (H) INS. The values are expressed as means ± SD (n = 5). Data followed by the different letters are significantly different (p < 0.05) by Duncan’s test.


The diabetic mice in the HD group showed a significant increase in blood glucose and HbA1c levels (Figures 5D,G,H). However, this elevation was inhibited by treatment with RQP. In Figure 5H, RQP reduced insulin level compared with the HD group, which indicated that RQP may be able to minimize the stress caused by hyperglycemia. As shown in Figure 5E, The blood glucose levels in the HD and RQP groups peaked 30 min after loading glucose. Additionally, at each time point, the HD group’s blood glucose level was higher than that of the other groups. The AUC’s fluctuations throughout the OGTT are depicted in Figure 5F. The model group responded to oral glucose delivery with a considerable hyperglycemic response. When compared to the HD group, the AUC of the blood glucose response was considerably lower in the RQP group.



3.3.2 Effects of RQP on lipid levels

TC, TG, and LDL-C levels were significantly lower in the RQP group compared with the HD group (Figures 6A–C). The TC content in the RQP group decreased by 16.82%, the TG content decreased by 19.0%, and the LDL-C content decreased by 50.0%. And as shown in Figure 6D, the HDL-C content in the RQP group was significantly increased, which was comparable to that of healthy mice.
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FIGURE 6
 Effects of RQP on lipid level, antioxidant levels and inflammatory factors. (A) TC; (B) TG; (C) LDL-C; (D) HDL-C; (E) GSH; (F) MDA; (G) NO; (H) GSH-PX; (I) IL-1β; (J) TNF-α; (K) ALT; (L) CAT. The values are expressed as means ± SD (n = 5). Data followed by the different letters are significantly different (p < 0.05) by Duncan’s test.




3.3.3 Effects of RQP on antioxidant levels in liver

Figures 6E,H show that the GSH-PX content was significantly reduced, but there was no significant difference in GSH content in the RQP group when compared with the HD group. Figure 6G shows that the NO content of RQP was significantly lower than that of HD group. Lipid peroxidation produces MDA, which elevated levels can cause inflammation, necrosis, and damage to cell membranes (Yuan et al., 2018). Figure 6F demonstrates that the MDA level in the HD group was substantially higher than that in the ND group, while it decreased significantly in the RQP group. These findings showed that RQP had a significant impact on the antioxidant levels in diabetic mice.



3.3.4 Effects of RQP on inflammatory factors

TNF-α and IL-1β levels (Figures 6I,J) in the RQP group were significantly decreased compared with the HD group. In addition, the ALT content significantly decreased by while CAT significantly increased in the RQP group (Figures 6K,L), respectively. The results showed that RQP has the potential to improve liver cell injury.



3.3.5 Effects of RQP on SCFAs

When compared to the HD group, the concentrations of acetic acid and total acid in the cecal contents of RQP increased significantly, while propionic acid and butyric acid levels increased slightly (Figure 7). The results showed that feeding RQP increased SCFAs levels, which had a potential effect on improving intestinal function of diabetic mice.
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FIGURE 7
 Effects of RQP on SCFAs of C57BL/6 J mice. The values are expressed as means ± SD (n = 5). Data followed by the different letters are significantly different (p < 0.05) by Duncan’s test.




3.3.6 Effects of RQP on diversities of gut microbiota

According to the findings, fecal samples from the ND, HD, and RQP groups were chosen for 16S rRNA sequencing to examine the variations in gut microbiota. Figures 8A–C demonstrate that the RQP group’s microbial community’s species diversity and abundance were lower than those of the HD group. For β-diversity, PCoA analysis, analysis of similarities (ANOSIM) and PLS-DA analysis were performed (Figures 8D–F). The results demonstrated the existence of three distinct clusters within the microbial community, each of which contained a concentrated distribution of samples. Both high-fat diet and RQP had a significant effect on gut microbiological composition, which was demonstrated by more significant between-group changes than within-group differences (p < 0.05).
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FIGURE 8
 Effects of RQP on the diversity of gut microbiota in diabetic mice. (A) Shannon index; (B) Simpson index; (C) Chao1 index; (D) Principal co-ordinates analysis (PCoA); (E) Analysis of similarities (ANOSIM); (F) Venn analysis. Data are presented as the mean ± SD (n = 3).


The relative abundances of several bacterial taxa in each sample were counted at the phylum and genus levels to determine the impact of RQP on the make-up of the bacterial community. In the RQP group, the composition of the gut microbiota considerably changed at the phylum and genus levels (Figure 9A). Compared with the ND group, the Bacteroidota level increased and the Firmicutes, Verrucomicrobiota, Actinobacteriota levels were decreased in the HD group. However, compared to the HD group, the RQP group had significantly higher abundances of Firmicutes, Verrucomicrobiota, Actinobacteriota, and Desulfobacterota, and significantly decreased abundances of Bacteroidota. As shown in Figure 9B at genus level. After RQP treatment, the abundance of norank_f_Muribaculaceae decreased from 36.38% to 0.71% as well as the prevalence of the Lachnospiraceae_NK4A136_group from 7.49% to 4.93%. On the other hand, the abundances of unclassified_f_Lachnospiraceae increased from 2.95% to 6.38%, while the abundances of Akkermansia increased to 27.23%. Additionally, norank_f_Lachnospiraceae, unclassified_f_Atopobiaceae, and norank_f_Eubacterium_coprostanoligenes_group in the RQP group were significantly higher than those in the HD group. The results showed that RQP directly impacted the intestinal microbiota of diabetic mice. For further understanding the differences in intestinal flora at the genus level, heat map analysis was performed on the ND, HD, and RQP groups (Figure 9C). Verrucomicrobia decreased, because of RQP’s enhanced Akkermansia abundance in comparison to the HD group. RQP inhibited the increase of harmful intestinal flora in diabetes mice by reducing the abundance of A2, Odoribacter, norank_f_norank_o_Rhodospirillales, Ruminococcus, Muribaculum, Mucispirillum, Rikenellaceae_RC9_gut_group, Parabacteroids, Parasutterella, Prevotella, Alloprevotella, unclassified_f_Prevotellaceae and Alistipes. In addition, the abundance of some beneficial bacteria increased after RQP treatment, such as Eubacterium_brachy_group, Eubacterium_xylanophilum_group, Coriobacteriaceae UCG-002, Ruminococcus_torques_group and Faecalibaculum.
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FIGURE 9
 Effects of RQP on the gut microbiota composition in diabetic mice. (A) The relative abundance of gut microbiota at the phylum level; (B) genus level; (C) Community heatmap analysis on genus level. Data are presented as the mean ± SD (n = 3).


In addition, LEfSe analysis highlights the core bacterial phenotype from phylum to genus, to understand the changes in microbial composition. As shown in Figures 10A,B, there was no significant difference among the three groups in Proteobacteria, Bacteroidota, Firmicutes, Actinobacteriota, Cyanobacteria. However, the ND group were enriched with the phylum Spirochaetota, the class Spirochaetia, the order Spirochaetales and Bifidobacteriales, the family Spirochaetacea and Bifidobacteriaceae, the genus Treponema, Spirochaetia, Spirochaetales, Spirochaetaceae, Bifidobacteriales, Bifidobacteriaceae, Bifidobacterium, Faecalibaculum and Lachnospiraceae_UCG-010. The HD group were enriched with the class Cyanobacteriia and Alphaproteobacteria, the order Chloroplast, the family Chloroplast and Prevotellaceae, the genus Cyanobacteriia, Chloroplast, f_norank_o_Chloroplast, g_Prevotellaceae_UCG-001, Alphaproteobacteria, g_Prevotellaceae_UCG-001, f_Prevotellaceae, g_Alloprevotella, g_unclassified_f_Prevotellaceae, g_Butyricimonas, g-Muribaculum, g_Alistipes, g_Rikenellaceae_RC9_gut_group, g_Candidatus_Arthromitus, g_norank_f_Prevotellaceae. The above results showed that the intestinal flora of mice fed with high-fat diet changed significantly. The gut microbiota enriched in the RQP group were the phylum Verrucomicrobiota, the class Verrucomicrobiae, the order Verrucomicrobiales, the family Akkermansiaceae and f_unclassified_o_Oscillospirales, the genus f_Akkermansiaceae, p_Verrucomicrobiota, c_Verrucomicrobiae, o_Verrucomicrobiales, f_unclassified_o_Oscillospirales, g_Akkermansia, g_Parvibacter, g_unclassified_o_Oscillospirales.
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FIGURE 10
 Core bacterial phenotype analysis in in diabetic mice (n = 3). (A) LDA scores of taxa enriched at different taxonomy levels (LDA significant threshold = 4); (B) Taxonomic cladogram generated by LEfSe analysis.


According to the evolutionary relationship among the species in the sample, the phylogenetic tree was constructed to reveal the genetic relationship of the species in the sample during the evolution process from the perspective of molecular evolution. As shown in Figure 11, there are significant differences in the evolutionary distance between the bacteria, especially after RQP treatment. The results showed that RQP could change the disorders of intestinal microbiota in diabetic mice induced by high-fat diet.
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FIGURE 11
 Phylogenetic tree on Genus level.


To determine if RQP-induced alterations in the composition of the gut microbiota and the amounts of biochemical indicator molecules might be related, we used Spearman’s correlation analysis (Figure 12). Specifically, Akkermansia are significantly positively correlated with GSH-PX, negatively correlated with TNF-α, INS, ALT, LDL-C, ALT, MDA, TC, TG, brown fat and upper testis body fat. Mucispirillum, Prevotella, A2, Helicobacter, ASF356, Oscillibacter, Prevotellaceae_UCG-001, Alloprevotella are significantly positively correlated with HbA1c, body weight, NO and mesenteric fat, negatively correlated with SCFAs.
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FIGURE 12
 Spearman correlation heatmap between gut microbes and physiological indicators in mice at the genus level.




3.3.7 BugBase phenotype prediction

The phenotype of the microbiome was studied. The relative abundance of aerobic bacteria and mobile elements bacteria is depicted in Figure 13, Facultatively_Anaerobic bacteria and Forms_Biofilms were lower. In contrast, Anaerobic bacteria, and microorganisms with potential for disease were more prevalent overall. However, the situation was the opposite in the RQP group. The relative abundance of Gram_Negative, Gram_Positive and Stress_Tolerant were not significantly difference between HD and RQP group. Therefore, RQP can also affect the composition of intestinal microorganisms by changing bacterial phenotypes.
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FIGURE 13
 Effects of RQP on microbiome phenotypes. (A) aerobic bacteria; (B) anaerobic bacteria; (C) Contains_Mobile_Elements bacteria; (D) Facultatively_Anaerobic bacteria; (E) Forms_Biofilms bacteria; (F) Gram_Negative; (G) Gram_Positive; (H) Potentially_Pathogenic; (I) Stress_Tolerant. Data are presented as the mean ± SD (n = 3). Data followed by the different letters are significantly different (p < 0.05) by Duncan’s test.




3.3.8 PICRUSt1 and FAPROTAX function prediction

PICRUSt1 function prediction can be used for OTU annotation information at the functional level of COG and the abundance information of each function in different samples. FAPROTAX function prediction can be used to predict the metagenomic contribution of intestinal microbiota. As shown in Figure 14A, RQP significantly changed the abundance of OTU in the biosynthetic pathway and metabolic pathway, compared with the HD group. Figure 14B indicated that high-fat diet may lead to the production of potential pathogens, such as human_pathogens_pneumonia and human_pathogens_all. RQP can effectively inhibit the production of these two bacteria. The above experimental results further indicate that RQP can alleviate intestinal flora disorders and related metabolic dysfunction.
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FIGURE 14
 PICRUSt1 and FAPROTAX function prediction. (A) PICRUSt1 function prediction results stacked bar chart; (B) The prediction of intestinal microbiota function between HD and RQP by heatmap analysis.






4 Discussion

In this study, we evaluated the hypoglycemic, hypolipidemic, and gut microbiota effects of RQP in diabetic mice. According to HPLC data, RQP in this study had a yield of 1.57 ± 0.38% and was a complex glycoconjugate. RQP is primarily composed of Man (2.17%), Rib (1.76%), Rha (1.37%), GlcA (0.90%), GalA (1.21%), Glu (64.55%), Gal (13.22%), Xyl (0.54%), Ara (13.15%), Fuc (1.04%). These findings are in line with the previous studies on RQP, and Glu, Gal, and Ara are prevalent in it (Tan et al., 2021). The results of monosaccharide composition, FITR and HPLC preliminarily revealed the composition and basic structure of RQP, which provided a framework for future research on the functional activity of RQP.

RQP was proved good antioxidant activities in vitro. Compared with O2− and ·OH, RQP showed higher antioxidant effects on DPPH and ABTS radicals, which may be due to the different antioxidant systems and different antioxidant mechanisms (Huang et al., 2017; Mu et al., 2021). The good antioxidant activities may be connected with low molecular weight of polysaccharides, which contributed by ultrasound-assisted extraction, and reported to be easier to transfer electrons from uronic acid groups (Huang and Huang, 2020) Another explanation is RQP contains high proportion of glucose, acarbose, and galactose, which was proved to contribute to higher effects on DPPH and ABTS scavenging (Huang and Huang, 2020). Inhibitors of α-amylase and α-amylase were essential for delaying human carbohydrate absorption and reducing the release of glucose from carbohydrates (Lv et al., 2021). A previous study has shown that the arabinose and xylose content of polysaccharides determines the inhibitory effect of polysaccharides on α-glucosidase and α-amylase (Lv et al., 2021). In the present study, the arabinose and xylose contents of RQP were 13.15% and 0.54%, respectively. This could be the reason for the lower inhibition of α-amylase and α-glucosidase by RQP. In this study, the inhibitory effects on both α-glucosidase and α-amylase may partly contribute to the improvement of hyperglycemia and hyperlipidemia in mice (Zhang et al., 2019). To function as prebiotics, polysaccharides must pass through the digestive tract and saliva to reach the colon. Previous studies have shown that polysaccharides are not hydrolyzed by digestive enzymes in saliva, gastric juice, and small intestinal fluid, which are consistent with our findings (Ding et al., 2019; Ma G. et al., 2022).

T2D is a persistent medical condition distinguished by elevated blood glucose levels, often accompanied by cardiovascular disease, renal disease, eye disease, and other consequences. These complications arise from the impaired functionality of islet β cells within the body, leading to insulin resistance (Chatterjee et al., 2017). Long-term intake of high-fat diet can lead to weight gain, fat accumulation and elevated blood glucose in diabetic mice, resulting in insulin resistance, which makes the mice endocrine more insulin to maintain normal glucose and lipid metabolism in the body (Luo et al., 2021). We found that body weight, organ index, and FBG were significantly decreased in diabetic mice after 4 weeks RQP treatment. These results indicated that RQP effectively regulates glycolipid metabolism in an in vivo setting by enhancing glucose absorption and utilization in mice with T2D. The average blood glucose levels of the three groups of mice during the experiment were indicated by the OGTT and HbA1c readings (Liu et al., 2018). Compared with the HD group, RQP improved OGTT and significantly reduced HbA1c level in diabetes mice, indicated that the intake of RQP improved insulin resistance, helps maintain blood sugar homeostasis in the body (Yang et al., 2021). Disorders of lipid metabolism are another prominent feature of diabetes (Kane et al., 2021). Following consumption of a high-fat diet, the mice mostly displayed an increase in serum levels of TC, TG, LDL-C, while exhibiting a decrease in HDL-C (Athyros et al., 2018). This study found that RQP significantly improved the dyslipidemia caused by high fat-diet, decreased the contents of serum TC, TG, LDL-C, and increased HDL-C of diabetic mice. The findings suggest that RQP could modulate lipid metabolism and concurrently preserve blood glucose stability, hence exerting a partial inhibitory effect on diabetic outcomes.

Previous studies have indicated a strong association between oxidation and diabetes, whereby oxidative stress is heightened, hence exacerbating the advancement of T2D and its associated consequences (Rehman and Akash, 2017; Yaribeygi et al., 2020). Prolonged consumption of a high-fat diet can lead to an alteration in the equilibrium of free radicals inside the human body, leading to an excessive generation of free radicals and subsequently triggering a reaction of oxidative stress (Pasaoglu et al., 2004). In the context of T2D, it was observed that the high-fat diet administered to mice resulted in an elevation of lipid oxidation, hence contributing to oxidative damage (Yaribeygi et al., 2020). The antioxidative properties of RQP were demonstrated by its capacity to reduce the levels of MDA, NO, and GSH, while simultaneously increasing the levels of GSH-PX and CAT in the bloodstream. Further, significant decreases in IL-1β, TNF-α and ALT activities were also found in mice of the RQP group, which were inflammatory factors and play vital role in the development of insulin resistance in T2D cases (Liu et al., 2016). The findings of this study indicated that the treatment of the RQP has the potential to mitigate oxidative damage and inflammatory levels resulting from hyperglycemia and hyperlipidemia.

Based on the above findings, this experiment further found that RQP intake significantly increased the content of SCFAs. SCFAs are important metabolites that regulate intestinal inflammation and metabolism, which were produced by microorganisms and difficult-to-digest polysaccharides (Sivaprakasam et al., 2016). SCFAs have the capacity to influence glucose homeostasis and modulate blood glucose levels through their regulatory effects on glucose absorption and utilization inside the human body (Rauf et al., 2022). Polysaccharides are fermented by the intestinal flora in the large intestine, where they are converted into different short-chain fatty acids due to their different structures and monosaccharide composition (Zhang et al., 2020). Acetic acid is produced mainly by the fermentation of glucuronic acid, xylose, galactose, and galacturonic acid, propionic acid is produced by the fermentation of glucose, xylose, and arabinose, and butyric acid is produced from xylose, glucuronic acid, galactose, and galacturonic acid. Acetate, propionate, and butyrate serve as metabolic substrates in the process of cholesterol production (Wang et al., 2019). In addition, propionate can also inhibit the synthesis of cholesterol and fatty acids in the liver (Portincasa et al., 2022). In this study, RQP increased the content of acetic acid and total acid compared with the HD group, indicated that RQP could improve the intestinal function of diabetic mice by increasing the contents of SCFAs, thereby regulating lipid metabolism, reducing blood glucose and lipid accumulation (Portincasa et al., 2022).

There is a growing body of evidence supporting the significant involvement of gut bacteria in the development and progression of lipid metabolic diseases (Ma et al., 2019). The composition of gut microbiota plays a crucial role in the manifestation and progression of metabolic syndrome through its impact on host energy metabolism, immune system function and inflammatory response (Wu et al., 2021). We investigated the regulatory effect of RQP on intestinal microflora by comparing special bacteria. The results showed that RQP intervention reversed the abundance of Bacteroidetes and Firmicutes, indicated that it could improve the proportion of bacteria in the body, inhibit the growth of some pathogenic bacteria and reduce inflammation (Ma Q. et al., 2022). Our study also found that Akkermansia was the dominant bacteria after RQP intervention, which was reported to produce SCFAs in the metabolic process, and expected to be a potential target for improving metabolic diseases such as obesity, diabetes, liver disease and cardiac metabolic disorders (Rodrigues et al., 2022). Another study showed that Akkermansia can also produce Amuc _ 1100, P9 and other proteins which directly involved in the regulation of glucose and lipid metabolism and immune response, while as stimulates glucagon-like peptide 1 (GLP-1) secretion by producing short-chain fatty acids such as acetic acid and propionic acid to regulate host energy balance and improve glucose homeostasis in mice (Yoon et al., 2021). In this study, increased Akkermansia may be one of the reasons that RQP intervention, could regulate glycolipid metabolism and inhibit the development of diabetes.

This study employed the PICRUSt1 approach to assess the abundance of OTUs at the functional level. Additionally, the BugBase analytic method was utilized to investigate the impact RQP on microbial phenotype. After RQP treatment, the abundance of biosynthetic and metabolic pathways was change, such as carbohydrate transport and metabolism and translation, ribosomal structure, and biogenesis. The observed decline in the abundance of anaerobic bacteria and potentially pathogenic bacteria inside the intestinal tract of the RQP group suggests that RQP has the capacity to mitigate the quantity of pathogenic bacteria and promote the restoration of intestinal health. The above results indicate that RQP can improve the biosynthetic pathway in diabetic mice, reduce intestinal metabolic disorders in mice, and reverse the potential risks of related pathogens.



5 Conclusion

In this study, RQP is a complex polysaccharide composed of a variety of monosaccharides, which has good antioxidant activity and α-amylase and α-glucosidase inhibitory activity in vitro. At the same time, this study indicated that RQP showed effective antioxidant and hypoglycemic activity in obese diabetic mice and regulated the structure of intestinal flora. Specifically, the supplementation of RQP reduced the weight gain of obese mice feed with a high-fat diet, which has regulated lipid metabolism and inhibited insulin resistance to reduce blood glucose. RQP also improved the antioxidant capacity of the body reduced inflammation and promoted the production of SCFAs in diabetic mice. Furthermore, structural alterations of the gut microbiota induced by high-fat diet were modulated by RQP, which would be one of the important hypoglycemic lipid-lowering mechanism. Our findings indicate that polysaccharides from red quinoa may possess potential health properties in alleviating the symptoms associated with T2D.
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Background: Okra contains a viscous substance rich in water-soluble material, including fibers, pectin, proteoglycans, gum, and polysaccharides. This study explored the use of okra polysaccharides by microorganisms and their potential to improve microbiota.

Methods: The regulation of microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation on intestinal microbiota was assessed through 16S metagenomic analysis and short-chain fatty acids (SCFAs) in App
NL-G-F/NL-G-F
 mice (Alzheimer’s disease; AD model).

Results: We found that Lactobacillaceae and Lactobacillus were majorly regulated by microcapsules prepared from okra polysaccharides in AD mice. Similarly, microcapsules prepared from okra polysaccharides with L. plantarum encapsulation markedly elevated the abundance of Lactobacillaceae and Lactobacillus and increased SCFAs in AD mice.

Conclusion: Our results suggest that microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation may improve intestinal microbiota by elevating Lactobacillus levels in AD mice.
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1 Introduction

There are approximately 1013–1014 microbial cells in the human gastrointestinal tract, which is 10 times the total number of human cells; the total number of genes expressed by microorganisms exceeds the total number of human genes expressed by approximately 150 times or more (Qin et al., 2020). In terms of taxonomy, 50 phyla of microorganisms have been discovered and defined, of which 10 are found in the gut, including primarily Bacteroides spp., followed by Actinobacteria and Proteobacteria (Rajilic-Stojanovic et al., 2011).

The goblet cells and enterocytes in the gut produce mucin and mucus, and many gut microbes can use these substances as a source of growth nutrients (prebiotics) for their own growth and reproduction and to produce short-chain fatty acids (e.g., acetic acid, propionic acid, butyric acid, and valeric acid). Microorganisms that have this ability (e.g., Akkermansia muciniphila and Faecalibacterium prausnitzii) are known as next-generation probiotics, and their role is valued due to the ability of short-chain fatty acids to inhibit intestinal pathogens (Machiels et al., 2014; De la Cuesta-Zuluaga et al., 2017).

In addition to being consumed as a vegetable, okra (Abelmoschus esculentus) is also used in traditional medicine (Lengsfeld et al., 2004; Sengkhamparn et al., 2009; Sami et al., 2013). Okra contains a viscous substance that is rich in polysaccharides. Studies have reported that okra contains water-soluble fibers, such as pectin, proteoglycans, and gum arabic, which can be used as thickeners in cooking and food preparation (Woolfe et al., 1977; BeMiller et al., 1993), and have the characteristics of high viscosity, strong stability, and good suspension (Romanchik-Cerpovicz et al., 2002). Chemical analysis revealed that okra polysaccharides are composed of rhamnose, xylose, galactose, and arabinose (Sami et al., 2013). An early study extracted viscous substances from okra via acid hydrolysis and found that galactose, rhamnose, and galacturonic acid are the major carbohydrates in okra (Whistler and Conrad, 1954). It has also been suggested that the viscous substances extracted from okra are composed of acidic polysaccharides, proteins, and minerals. After hydrolysis, the ratios of galacturonic acid, galactose, rhamnose, and glucose obtained by colloidal chromatography were 1.3:1.0:0.1:0.1, respectively (Woolfe et al., 1977). In recent years, many research reports have pointed out that okra polysaccharides have neuroprotective functions, which can reduce nerve damage caused by amyloid beta and metabolic syndrome (Huang et al., 2020; Yan et al., 2020b; Huang et al., 2023). Due to the increasing attention to the relationship between neurodegenerative diseases and gut microbiota (Zhou et al., 2012), although there are relevant literature reports on the effect of okra polysaccharides on neurological diseases, the potential of okra polysaccharides to regulate gut microbiota to alleviate neurodegenerative diseases still needs further evaluation. Therefore, this study utilized App
NL-G-F/NL-G-F
 mice to investigate the ability of okra polysaccharides to modulate the gut microbiota composition.

To date, large numbers of studies have explored the relationship between gut microbiota and Alzheimer’s disease (AD), and many intestinal microbes have been found to accelerate its progression (Zhou et al., 2012). These microbes are often associated with metabolic diseases; a high proportion of Firmicutes/Bacteroidetes microbes is linked to intestinal inflammation and an increase in the incidence of AD (Soscia et al., 2010; Cowan et al., 2014; Chen et al., 2016). In the App
NL-G-F/NL-G-F
 mouse model, in which Aβ accumulates without the overexpression of APP, leading to artificial phenotypes, Aβ deposition starts at 2 months of age, and plaques accumulate over time (Sakakibara et al., 2018). There are three mutations within the Aβ sequence in APP peptides, Aβ amyloidosis is aggressively accelerated, and neuroinflammation is observed in subcortical structures and cortical regions. These observations consistently indicate that App
NL-G-F/NL-G-F
 mice represent a model for preclinical AD and are useful for studying AD prevention rather than treatment after neurodegeneration (Sakakibara et al., 2018). Several studies have explored the relationship between intestinal flora and AD. Many intestinal microorganisms have been found to accelerate AD progression, and these microorganisms are usually associated with metabolic diseases. Chen et al. (2016) confirmed that the amyloid protein produced by microorganisms in the intestine enters the central nervous system through the bloodstream and increases the aggregation and deposition of Aβ.

Because okra polysaccharides are mucin-like polysaccharides, these macromolecules are similar to mucin and mucus secreted by human intestinal cells (enterocytes and goblet cells) and may maintain the intestinal barrier and prevent the penetration of microorganisms into the intestinal lumen. When harmful bacteria exist in large quantities in the intestinal tract, the epithelial cells of the intestinal tract lose their normal physiological functions, resulting in inflammation and increased permeability of intestinal cells (gut permeability), a phenomenon known as leaky gut (Turner, 2009). The viscous substance in okra contains polysaccharides, which can be used as a material to promote the growth of probiotics to improve intestinal health. Okra polysaccharides have the ability to modulate the gut microbiome and thus are able to inhibit inflammation (Yan et al., 2020a,b). Microcapsules are materials with encapsulating structures that can protect their contents. In many healthy products, microcapsules are used to encapsulate probiotics to increase their survival ability in the intestine. Carbohydrates and polysaccharides are commonly used materials for preparing microcapsules. In this study, okra polysaccharides were used as a common material for encapsulating probiotic (Lactiplantibacillus plantarum) microcapsules. Additionally, the intestinal protective effect of okra polysaccharides against gut microbiota dysfunction was evaluated in this study.



2 Methods


2.1 The preparation of okra polysaccharides

The dried experimental okra stored at 4°C was taken out and pulverized, and the extraction was carried out with hot water for 3 h with double distilled water. After extraction, sedimentation was carried out with 4-fold the volume of 95% ethanol, and finally, the sediment was dried in a freeze dryer; the obtained powder is okra crude polysaccharide, which is stored in a 4°C refrigerator for the determination of polysaccharide content and subsequent experiments. To ensure whether the crude okra polysaccharide has residual protein, take 50 μL of okra polysaccharide aqueous solution, mix it with 200 μL of protein quantitative analysis solution (Bio-Rad, United States) in a 96-well culture plate, and observe its color change for 2 min. The original solution of protein quantitative analysis solution is reddish-brown, and the Coomassie Brilliant Blue G-250 contained in it will combine with protein and turn into blue, which can confirm no protein contamination in crude okra polysaccharide.



2.2 Assay for polysaccharides properties

Polysaccharide concentrations were determined using the phenol–sulfuric acid method (Dubois et al., 1956). Glucose solutions (0, 25, 50, 75, 100, and 125 mg/L) were prepared for use as standards. Then, 1 mL of glucose standard solutions (different concentrations) or sample (okra polysaccharides) were mixed with 0.5 mL of 5% phenol and 2.5 mL of sulfuric acid and allowed the reaction for 20 min at room temperature. The absorbance was measured at 490 nm with spectrophotometer, and the concentration of polysaccharides was calculated from the standard curve. The molecular weight of okra polysaccharides was identified by nuclear magnetic resonance (NMR). The okra polysaccharides were fluorescently labeled according to the manual (SugarLighter, New Taipei City, Taiwan). In brief, adlay polysaccharide powder (1 mg) was mixed with hydrolysis solution (1 mL) for reaction at 80°C for 2 h. The solution was mixed with 2 mg 2,3-naphthalenediamine, 1 mg iodine, and 1 mL acetic acid (stirring for 1 h) for monosaccharide fluorescent labeling (Lin et al., 2010). The molecule weight was measured by diffusion ordered NMR spectroscopy (DOSY, Bruker AV600) at 600 MHz to obtain the diffusion coefficient and H1 profile (Lee et al., 2023).



2.3 Lactiplantibacillus plantarum culture

Lactiplantibacillus plantarum were purchased from the Bioresource Collection and Research Center (BCRC11697) in Taiwan (Hsinchu, Taiwan). These lactic acid bacteria were inoculated into MRS broth (BD Biosciences, San Jose, Calif., United States) or MRS agar at 37°C and transferred monthly. This strain has been reported to exhibit anti-cancer (Liu and Pan, 2010) and use in fermentation (Kuo et al., 2021).



2.4 Preparation of okra polysaccharide microencapsules

The okra polysaccharides were mixed with sodium alginate (4.5, 5, and 5.5%) in different proportions to prepare wall material solution. Subsequently, the core material solution (2 x 1010CFU/mL lactic acid bacteria suspension) was mixed with wall material solution at 1: 1 (w/w). This mixed solution was transported and separated by gas and solidify by 5% CaCl2 for 20 min for microcapsulation (Nasiri et al., 2021). The crystal microcapsules were washed and frozen-dried.



2.5 Analysis of microencapsule properties

For encapsulation efficiency, the okra polysaccharides were used as the stock solution and diluted with deionized water into five different concentrations, and then, the absorbance was measured with a spectrophotometer to make a standard calibration. The absorbance of okra polysaccharide microcapsules was measured, and the encapsulation efficiency was calculated according to a study by Nasiri et al. (2021). For swelling capacity, the 0.3 g of sample into a 10 mL graduated cylinder, add 10 mL of distilled water and let stand at room temperature for 24 h, then read the volume of the impregnated sample (Ralet and Della, 1993). For the mechanical strength test, the microencapsules (3 g) were stained by crystal violet and add 30 mL of deionized water. This microcapsules solution was stirred at 400 ± 10 rpm for 180 min, and the morphology and broken were observed and calculated.



2.6 Animals treatment

The App
NL-G-F/NL-G-F
 mice contained a humanized amyloid beta (Aβ) region and introduced the Swedish mutation and the Beyreuther/Iberian mutation into the mouse amyloid precursor protein (APP) gene. This mouse model will overexpression Aβ42 and a high Aβ42/40 ratio, which causes cognitive decline at 6 months. Animals (10 months old) were divided into three groups (n = 6/group), including Group-A: transgenic (TG) mice group (App
NL-G-F/NL-G-F
 mice), Group-B: TG mice administered with microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%), and Group-C: TG mice administered with L. plantarum-encapsulated microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%). The dosage (200 mg/kg bw) of okra polysaccharides was accorded to a study, which could show bioactivity (Liao et al., 2019). All animals were kept in the cages at 25 ± 2°C under the 12-h/12-h light/dark cycle, and the relative humidity was 55 ± 10% with free to water and fed. Experimental animals used in this study had been reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) in National Cheng Kung University in Taiwan with IACUC approval No. 108317. At the end of the experiment, the mice were deprived of food for 12 h and were euthanized with carbon dioxide. Intestinal feces were collected and stored at −20°C until analyzed.



2.7 Assays for intestinal microbiota

Feces in the colon of each mouse (n = 6) were collected and immediately soaked in liquid nitrogen and stored at −80°C for subsequent use. The total genomic DNA from samples was extracted using QIAamp PowerFecal DNA Kit (Qiagen) for 16S gene sequencing. V3–V4 region was amplified by specific primer set (319F, 5’-CCTACGGGNGGCWGCAG-3′, 806R, 5’-GACTACHVGGGTATCTAATCC-3′) according to Illumina MiSeq PE300 platform. In brief, 12.5 ng of gDNA was used for the PCR reaction under the conditions: 95°C for 3 min; 25 cycles of: 95°C for 30 s, 55°C for 30 s, 72°C for 30 s; 72°C for 5 min and hold at 4°C. 16S analysis using QIIME2 alignment platform1 with SILVA132 annotation database.



2.8 Assay for short-chain fatty acids

The levels of SCFAs such as acetic acid, propionic acid, and butyric acid were performed by gas chromatography–flame ionization detection (GC-FID) that used the Shimadzu GC-2010 (Shimadzu Corp, Tokyo, Japan) with a capillary column (BP21 FFAP 30 m × 0.53 mm i.d., 0.50 μm film thickness, Trajan, Melbourne, Australia). The carrier gas was nitrogen, and the split less injection volume was 1 μL. Auxiliary gasses for the flame ionization detector were hydrogen (30 mL/min of flow rate) and dry air (300 mL/min of flow rate). The temperatures of the injector and detector were 220°C and 240°C, respectively. The temperature of the GC oven was first set at 90°C for 1 min and elevated to 150°C at 10°C/min, then to 200°C at 20°C/min, and following held for 1 min. Triplicate repeats were analyzed, and the obtained data were normalized to the concentrations of external standards and are shown in μM (Lee et al., 2021a).



2.9 Statistical analysis

The experiments were performed in five repeats, and the results are expressed as the mean ± standard error of mean. The results were examined by using one-way analysis of variance and Duncan’s multiple range tests, and the significance of differences between sample means was calculated. A p-value of ≤0.05 was considered significant. For β diversity of microbiota analysis, pairwise analysis of similarities (ANOSIM) with permutations were conducted and evaluated using principal coordinate analysis (PCoA) based on different distance matrices, where p-values were reported after Benjamini–Hochberg multiple testing correction. The value corresponding to the heatmap represents the Z-score obtained by the abundance of each species in all groups. The Z-score of a sample on a certain classification is the value of the average abundance of the sample on the category and all samples in the classification. Linear discriminant analysis (LDA) effect size (LEfSe) uses non-parametric factorial Kruskal–Wallis (KW) sum-rank test to find species with significant differences in abundance and uses linear regression discriminant analysis (LDA) to estimate the impact of abundance of each species to find out the communities or species that have a significant difference in the sample division. LEfSe analysis of the screening value of LDA score is set to 4.




3 Results


3.1 Molecular weight of okra polysaccharides

On analysis of the composition of okra polysaccharides, the proportion of water-soluble polysaccharides was found as 84% (W/W). The okra monosaccharide composition was composed of glucose (20.1%), mannose (16.7%), galactose (19.2%), arabinose (13.5%), xylose (5.7%), fructose (16.7%), and rhamnose (4.2%) (Table 1). The molecular weight distribution of okra polysaccharides by NMR spectrum has been performed. The molecular weight of polysaccharides ranges from 1 KDa to 2,767 KDa, and the highest peak of diffusion coefficient is the molecular weight of 1 KDa. The spectrum of 18 Da is solvent (H2O) (Figure 1).



TABLE 1 Monosaccharide composition.
[image: Table1]
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FIGURE 1
 Diffusion-ordered NMR spectroscopy (DOSY) spectrum of adlay polysaccharides. Average molecular weight of purified adlay polysaccharides was determined and shown by 2D DOSY spectra. The horizontal axis represents the peak of NMR hydrogen ion absorption, and the vertical axis represents the self-diffusion coefficients. The molecular weight of polysaccharides ranges from 1 KDa to 2,767 KDa, and the highest peak of diffusion coefficient is the molecular weight of 1 KDa. The spectrum of 18 Da is solvent (H2O).




3.2 Analysis of microcapsules properties

The microcapsules were prepared from okra polysaccharides with different concentration of sodium alginate (4.5, 5, and 5.5%). We found that low concentration (4.5%) of sodium alginate resulted in serious tailing phenomenon in microcapsules, which may cause of low viscosity to lead to incomplete formation. From these results, it can be concluded that the mixed colloid with a sodium alginate concentration of 5.0% is the most suitable condition for the preparation of okra polysaccharide microcapsules (Figure 2A). The encapsulation efficiency, swelling capacity, and mechanical strength test of microcapsules prepared from okra polysaccharides with different concentration of sodium alginate were evaluated (Figure 2B). The encapsulation efficiency is related to the concentration of the wall material, the properties of the wall material, and the interaction between chemical molecules. The results showed that highest encapsulation efficiency (79.86%) could be found in microcapsules prepared from okra polysaccharides with 5% sodium alginate. The microcapsules were mixed with water, and then, the swelling capacity was investigated. The results for moisture content and particle size of microcapsules prepared from okra polysaccharides with sodium alginate are shown in Supplementary Table S1. The different particle sizes (214 μm, 237 μm, and 248 μm) were found in microcapsules by various concentrations of sodium alginate (4.5, 5, and 5.5%). We found that the concentration of sodium alginate markedly affected swelling capacity (4.5% > 5.5% > 5%) in microcapsules prepared from okra polysaccharides. In addition, the mechanical strength test was evaluated, which suggested that 5 and 5.5% sodium alginate could elevate resistance against microcapsules broken (Figure 2B).

[image: Figure 2]

FIGURE 2
 Effects of different sodium alginate concentrations on appearance of okra polysaccharide microcapsules. (A) Morphology of microcapsules prepared by 4.5, 5%, or 5.5% sodium alginate with okra polysaccharides. (B) Encapsulation efficiency, swelling capacity, and mechanical strength test (broken) of okra polysaccharide microcapsules with different sodium alginate concentrations. *Each value is expressed as mean ± S.D. (n = 3). Each value on the top right of means in the same column bearing of different letters is significantly different (p < 0.05).




3.3 Effects of administration with microcapsules prepared from okra polysaccharides with or without Lactiplantibacillus plantarum encapsulation on intestinal microbial diversity in App
NL-G-F/NL-G-F
 mice

The intestinal flora is closely related to the health of the human body and the development of diseases. In healthy individuals, the microbiota in the intestinal environment originally has a balanced bacterial composition, with imbalance arising in conjunction with aging, stress, environment, and dietary habits. The composition of the intestinal flora changes and causes some flora to form dominant species in the intestinal ecological environment. To assess whether okra polysaccharides have potential to regulate intestinal microbiota in vivo, the fecal bacteria of mice were subjected to 16S metagenomic analysis in this study. The Simpson index was used to evaluate microbial alpha diversity in the intestine, and the index was negatively correlated with diversity. The AD mice were administered with microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation which increased bacterial alpha diversity compared to the AD mice (Figure 3A). Moreover, 233, 109, and 116 different bacteria (operational taxonomic units; OTU) were found in AD mice (Group-A), AD mice administered with microcapsules (200 mg/kg bw) (Group-B), and AD mice administered with L. plantarum-encapsulated microcapsules (200 mg/kg bw) (Group-C). However, there are 276 bacteria co-occurred among these three groups (Figure 3B). Beta diversity is a differential analysis of the microbial composition between different groups. According to the species annotation, the ASV information was merged for members belonging to the same classification group to obtain the species abundance. We used non-metric multidimensional scaling (NMDS), partial least squares discriminant analysis (PLSDA), and principal component analysis (PCA), including correlation matrix (PCA_corr) and covariance matrix (PCA_cov), to assess beta diversity. Our results indicate that both microcapsules prepared from okra polysaccharides (200 mg/kg bw) and L. plantarum-encapsulated microcapsules (200 mg/kg bw) could increase beta diversity in AD mice (Figure 4).

[image: Figure 3]

FIGURE 3
 Assay for alpha diversity in intestinal microbiota in mice administered with microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation. (A) The Simpson indexes of alpha diversity obtained from the analysis of bacterial microbiota between groups. (B) Venn diagrams of analysis for the microbial OTU in each group. A: App
NL-G-F/NL-G-F
 transgenic mice; B: App
NL-G-F/NL-G-F
 transgenic mice administered with microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%); C: App
NL-G-F/NL-G-F
 transgenic mice administered with L. plantarum-encapsulated microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%).


[image: Figure 4]

FIGURE 4
 Assay for beta diversity in intestinal microbiota in mice administered with microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation. (A) Non-metric multidimensional scaling (NMDS), (B) partial least squares discriminant analysis (PLSDA), (C) principal component analysis (PCA)-covariance matrix, and (D) PCA correlation matrix. A: App
NL-G-F/NL-G-F
 transgenic mice; B: App
NL-G-F/NL-G-F
 transgenic mice administered with microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%); C: App
NL-G-F/NL-G-F
 transgenic mice administered with L. plantarum-encapsulated microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%).




3.4 Effects of administration with microcapsules prepared from okra polysaccharides with or without Lactiplantibacillus plantarum encapsulation on intestinal microbiota in App
NL-G-F/NL-G-F
 mice

Among the top-10 most abundant microbial families and genera, our results indicated that the levels of Lachnospiraceae, Ruminococcaceae, and Bacteroidaceae in AD mice were higher than that in AD mice administered with microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation. However, the administration of microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation elevated Lactobacillaceae (family) and Lactobacillus (genus) levels in AD mice (Figure 5). We performed an analysis of intestinal microbiota at the genus and species level using a heatmap showing the ratio of intestinal microbiota in mice administered with microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation compared to the AD mice. Figure 6 shows the top 35 families and genera in each group included in the heatmap plot. The results indicated an increase in the intestinal abundance of Burkholderiaceae, Rikenellaceae, Bacteroidaceae, Desulfovibrionaceae, Peptococcaceae, Lachnospiraceae, Ruminococcaceae, Tannerellaceae, Christensenellaceae, Anaeroplasmataceae, Peptostreptococcaceae, Defluvitaleaceae, Deferribacteraceae, and Clostridiales_vadin BB60_group (family) in AD mice. We also observed a greater abundance of genera including Alistipes, Ruminiclostridium_5, Marvinbryantia, Ruminiclostridium_9, Oscillibacter, Anaerotruncus, Parabacteroides, Lachnospiraceae_UCG_001, Blautia, Butyricicoccus, Rikenellaceae_RC9_gut_group, Ruminiclostridium_6, Ruminococcaceae_UCG-014, Parasutterella, Lachnospiraceae_NK4A136_group, Bacteroides, and Desulfovibria in AD mice. However, these bacteria were suppressed in AD mice administered with microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation, even though populations of Alloprevotella, Muribaculum, Odoribacter, and Lactobacillus were increased in AD mice treated by microcapsules prepared from okra polysaccharides. We also found that the Lachnospiraceae_UCG_006, Lactobacillus, Candidatus saccharimonas, Dorea, Rikenella, and Enterorhabdus levels were increased in AD mice by administering microcapsules prepared from okra polysaccharides with L. plantarum encapsulation. Lactobacillaceae and Lactobacillus are mainly affected by microcapsules prepared from okra polysaccharides treating AD mice. Similarly, microcapsules prepared from okra polysaccharides with L. plantarum encapsulation markedly elevated the abundance of Lactobacillaceae and Lactobacillus in AD mice (Supplementary Figure S1). A study has also reported similar results, administration of lactic acid bacteria elevated the abundance of Bifidobacterium, Bacteroides, Alistipes, and Alloprevotella, but the numbers of Parabacteroides, Lachnoclostridium, Lachnospiraceae UCG-006, Eubacterium, and Romboutsia were reduced in high-fat diet-induced mice (Li et al., 2020). Our results suggested that microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation elevated the levels of lactic acid bacteria (Lactobacillales, Lactobacillaceae, and Lactobacillus) and maintain intestinal microbiota (Atopobiaceae, Actinobacteria, Coriobacteriia, and Coriobacteriales) in AD mice.

[image: Figure 5]

FIGURE 5
 Assay for intestinal microbiota in mice administered with microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation. The top-10 abundance from taxa analysis of microbiota composition at (A) family and (B) genus. A: App
NL-G-F/NL-G-F
 transgenic mice; B: App
NL-G-F/NL-G-F
 transgenic mice administered with microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%); C: App
NL-G-F/NL-G-F
 transgenic mice administered with L. plantarum-encapsulated microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%).


[image: Figure 6]

FIGURE 6
 Intestinal taxa microbiota composition for (A) family level and (B) genus level in mice administered with microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation by heatmap. A: App
NL-G-F/NL-G-F
 transgenic mice; B: App
NL-G-F/NL-G-F
 transgenic mice administered with microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%); C: App
NL-G-F/NL-G-F
 transgenic mice administered with L. plantarum-encapsulated microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%).


The abundance of significant differences in species was evaluated by linear discriminant analysis (LDA) effect size (LEfSe) assay. The predominant microbial groups in AD mice including Lachnospiraceae, Ruminococcaceae, Clostridia, and Clostridiales are significantly elevated and potentially serve as biomarkers. However, these bacteria are all decreased in the gut of AD mice by administration with microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation, respectively (Figure 7). Furthermore, bacterial populations such as Lachnospira, Blautia, Lachnospiraceae_UCG_001, and Peptococcus, although not the most abundant in terms of richness, are notably suppressed by the administration with microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation (Figure 8). These results indicate that okra polysaccharides themselves possess the potential to regulate the gut microbiota of AD mice.
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FIGURE 7
 Use the non-parametric factorial Kruskal–Wallis (KW) sum-rank test to find species with significant differences in abundance by linear discriminant analysis (LDA) effect size (LEfSe) assay. Linear regression discriminant analysis (LDA) was used to estimate the magnitude of the effect of each species abundance on the difference. A: App
NL-G-F/NL-G-F
 transgenic mice; B: App
NL-G-F/NL-G-F
 transgenic mice administered with microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%); C: App
NL-G-F/NL-G-F
 transgenic mice administered with L. plantarum-encapsulated microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%).


[image: Figure 8]

FIGURE 8
 Relative abundance of the gut microbiota in mice administered with microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation. Abundance of Lachnospira, Blautia, Lachnospiraceae_UCG_001, Peptococcus, and Lactobacillus changed significantly among the groups. *p < 0.05 and **p < 0.01. A: App
NL-G-F/NL-G-F
 transgenic mice; B: App
NL-G-F/NL-G-F
 transgenic mice administered with microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%); C: App
NL-G-F/NL-G-F
 transgenic mice administered with L. plantarum-encapsulated microcapsules (200 mg/kg bw) prepared from okra polysaccharides were mixed with sodium alginate (5%).




3.5 Effects of microencapsules prepared from okra polysaccharides with Lactiplantibacillus plantarum on fecal short-chain fatty acid (SCFA) in App
NL-G-F/NL-G-F
 mice

We evaluated the fecal SCFA levels (including acetate, propionic acid, and butyrate) of AD mice after administering microcapsules prepared from okra polysaccharides with L. plantarum encapsulation (Table 2). Our results indicated that microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation markedly elevated acetate and propionic acid levels in AD mice, but only butyrate levels were increased by microcapsules prepared from okra polysaccharides with L. plantarum encapsulation. Similar to other studies, the SCFA levels in vivo were promoted by okra supplementation (Zhang et al., 2019).



TABLE 2 Productions of short-chain fatty acid productions in fecal of TG mice administered with okra polysaccharides or lactic acid bacteria-fermented okra polysaccharides.
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4 Discussion

A bacterial amyloid known as curli is produced by Escherichia coli, and it is clearly seen through the sub-mock system that bacterial amyloids, such as prions, accelerate host Aβ aggregation (Zhou et al., 2012). Many other microorganisms have also been found to produce amyloids. For example, Pseudomonas fluorescens produces FapC, Staphylococcus aureus produces phenol-soluble modulins, Streptomyces coelicolor produces chaplins, and Klebsiella pneumonia produces MccE492, all of which are similar to human amyloid proteins (Schwartz and Boles, 2013). Studies have reported that extracellular Aβ produced by bacteria (Escherichia coli, Salmonella enterica, Salmonella Typhimurium, Bacillus subtilis, Mycobacterium tuberculosis, Staphylococcus aureus) also forms fibrous plaques after being released into the intestine (Pistollato et al., 2016). A study confirmed that amyloid proteins produced by microorganisms in the gut enter the central nervous system through the bloodstream and increase the accumulation and deposition of Aβ (Chen et al., 2016). A bacterial-derived amyloid called curli, which is produced by Escherichia coli and accelerates Aβ aggregation, similar to what occurs with prions, has been clearly observed in the sub-simulation system (Zhou et al., 2012). There are also many other microorganisms that have been found to produce amyloid-like peptides, for example, Pseudomonas fluorescens can produce FapC; Staphylococcus aureus can produce phenol-soluble modulins; Streptomyces coelicolor can produce chaplins; and Klebsiella pneumonia can produce MccE492. These proteins are considered to have human amyloid protein characteristics (Schwartz and Boles, 2013). Furthermore, other bacteria also generate extracellular Aβ, thereby forming fibrous plaques after being released, including Escherichia coli, Salmonella enterica, Salmonella Typhimurium, Bacillus subtilis, Mycobacterium tuberculosis, and Staphylococcus aureus (Pistollato et al., 2016).

Okra polysaccharides have been found to reverse metabolic disorders and cognitive function in AD mice and improve gut microbiota to protect against depression (Yan et al., 2020a,b). Many microorganisms in the gut affect host behavior and emotional performance by producing brain neurotransmitters (Foster, 2013). The probiotic bacteria Bifidobacterium infantis, when administered in germ-free mice by fecal transplantation or oral routes, can restore cranial nerve damage and cause behavioral changes (Sudo et al., 2004). In another experiment, the spatial memory and learning abilities of germ-free mice following fecal transplantation or probiotic treatment were significantly better compared with that of a control group (Gareau et al., 2011). Numerous studies have found that microbes in the gut may potentially interact to influence their growth or distribution (Zhang et al., 2013). These studies found that such changes in the intestinal microbiota could improve neuronal activity.

Microorganisms of Lachnospiraceae can cause diabetes in germ-free mice (Kameyama and Itoh, 2014). Therefore, microorganisms in this family may contain bacteria belonging to probiotics or opportunistic bacteria that cause disease. After feeding mice with lactic acid bacteria, the distribution of intestinal flora of the Lachnospiraceae NK4A136 group and Lachnospiraceae UCG-006 was increased and inhibited, respectively (Li et al., 2020), suggesting that the functions of various microorganisms within the Lachnospiraceae family may be opposing (Vacca et al., 2020). An increase in the gastric vagus nerve activity in association with Lactobacillus johnsonii has been reported (Tanida et al., 2005). Moreover, Lactobacillus rhamnosus-derived metabolites have the potential to ameliorate neuronal inflammation (Bravo et al., 2011). Recently, the effects of various polysaccharides on intestinal microbiota have been investigated, including polysaccharides derived from pitaya, Cordyceps militaris, and other edible fungal polysaccharides (Liang et al., 2021; Lee et al., 2021b, 2022; Sun et al., 2023).

Fecal microbiota transplantation or oral administration of the probiotic Bifidobacterium infantis to germ-free mice restored cranial nerve damage and led to behavioral changes (Sudo et al., 2004). In another experiment, germ-free mice that received fecal microbiota transplantation or probiotics had significantly better spatial memory and learning abilities than the controls (Gareau et al., 2011). A high bacterial phylum ratio of Firmicutes/Bacteroidetes can lead to intestinal inflammation and influence the attack rate of AD, whereas probiotics in the gut can reduce the bacterial growth of the Firmicutes phylum and increase the bacterial growth of the Bacteroidetes phylum, reducing the risk of AD (Gareau et al., 2011). Although researchers currently do not fully understand the role of intestinal flora in the prevention and control of AD in healthy people, it is also impossible to know whether AD symptoms lead to changes in intestinal flora, or whether intestinal flora themselves can influence the development of this disease. However, the above results show that intestinal bacteria play an extremely important role in the occurrence of AD by okra (Supplementary Figure S2). Taken together, probiotics in the intestinal flora can reduce the growth of Firmicutes and Bacteroidetes bacteria, consequently reducing the risk of AD (Cowan et al., 2014; Doroszkiewicz et al., 2021; Duan et al., 2021). In another study, a low-calorie diet promoted healthy gut flora, including bacteria of the genus Lactobacillus (Zhang et al., 2013).

The SCFAs were always produced from Lachnospiraceae (Vacca e al., 2020) and Ruminococcaceae (Xie et al., 2022), but the levels of these two bacteria were lowered in TG mice treated with samples. We found that the Lactobacillaceae was elevated by okra polysaccharide microcapsules with or without encapsulated-lactic acid bacteria. Recently, lactic acid bacteria that generated SCFAs in vitro (Kang et al., 2021) and promoted intestinal SCFAs in vivo (Ni et al., 2021) have been reported. We hypothesized that okra polysaccharides may be as prebiotics for upregulating lactic acid bacteria growth and SCFA production.

Taken together, the results showed that the microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation had similar effects on regulating Lactobacillus population in AD mice. Moreover, the microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation also elevated intestinal SCFA level of AD mice. According to the above, microcapsules prepared from okra polysaccharides with or without L. plantarum encapsulation have the potential to act as a dietary supplement and health food via intestinal regulation.
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Constipation is a common gastrointestinal disease that seriously affects human physical and mental health. Studies have reported that hemp seeds can improve constipation, however the specific mechanism is still unclear. This study investigates that hemp seed (HS) and its water-ethanol extract (HSE) attenuates loperamide-induced constipation in mice. The research results show that: the fecal water content and small intestinal transit rate of mice in the hemp seed group and hemp seed hydroalcoholic extract group were significantly increased compared with MC group, and the first red feces defecation time was significantly shortened; HS and HSE significantly influence serum levels of Gastrin (Gas), motilin (MTL), substance P (SP), and endothelin (ET), potentially mediating their effects on gastrointestinal motility. HS and HSE can improve colon inflammation in constipated mice with H&E staining. Compared with the model of constipation group, the content of short-chain fatty acids in the HS group and HSE group increased significantly. Gut microbiome studies have shown that the structure and abundance of intestinal flora are altered. HS and HSE changed the abundance of Odoribacter, Bacteroide, Lactobacillus and Prevotella. Together, these results suggest that HS have the potential to stimulate the proliferation of beneficial gut microbes and promote intestinal motility, thereby improving gut health and relieving symptoms of constipation.
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1 Introduction

Constipation, a term used to describe a variety of symptoms, including hard stools, over-stress, frequent bowel movements, abdominal distension and abdominal pain, is one of the most common gastrointestinal disorders worldwide (Camilleri et al., 2017). According to epidemiological data, the global prevalence of constipation in adults is 18.9% (Salari et al., 2023). It is well known that the occurrence of constipation imposes a significant economic burden and serious psychological impact on the patients. It is estimated that the cost of purchasing laxatives exceeds $800 million per year in the United States (Wang et al., 2022). Chronic constipation can induce the accumulation of pathogenic bacteria in the colon and is associated with an increased risk of gastrointestinal disorders, such as irritable bowel syndrome and colorectal cancer (Heidelbaugh et al., 2015). Currently, laxatives are the first choice for constipation. However, prolonged use of these laxatives will cause some adverse effects, such as abdominal cramps, rashes, excessive flatulence and dizziness (Ding et al., 2016), more than 50% of patients are not completely satisfied with the treatment of constipation (Huang et al., 2022). Therefore, it is of practical significance to develop a simple and affordable method to improve constipation.

Hemp seeds (HS) are the dried ripe fruit of Cannabis sativa L. (Moraceae). Hemp seeds have been utilized both as a food and medicinal ingredient in traditional Chinese medicine for at least 3,000 years (Yan et al., 2015). They have the effects of preventing constipation, promoting cardiovascular health, regulating immunity, and treating skin and gastrointestinal disorders. Hemp seeds have been listed as a Chinese herbal medicine of affinal drug and diet by the National Health Commission of the People's Republic of China. Hemp seeds are rich in nutrients and natural active ingredients. As one of the most commonly used traditional Chinese medicine for the treatment of constipation, hemp seeds are rich in plant proteins, unsaturated fatty acids, vitamins and other nutrients, containing up to 28% of dietary fiber (Opyd et al., 2020). Modern pharmacology has confirmed that hemp seeds contain fatty oil, which can stimulate the intestinal mucosa to increase secretion, promote peristalsis and reduce water absorption in the large intestine, thereby exerting a laxative effect. In a population-based cohort study of 216 patients by Zheng et al., Chinese patent drug Dama Wan (literally Cannabis pills) prepared from hemp seeds and other raw materials was shown to have a reliable and safe efficacy in functional constipation at a dose of 7.5 g bid (Cheng et al., 2011). Huang L. S. et al. (2018) reported the efficacy of Maziren Wan (literally hemp seed pills) in stimulating intestinal mucosa, reducing water absorption in the intestine, softening feces, restoring gastrointestinal homeostasis to increase intestinal peristalsis and relieve constipation. A study by Cheng et al. concluded that hemp seeds improved colonic transit, increased the bowel movement frequency, and reduced the severity of constipation in patients with functional constipation (Zhong et al., 2019).

Currently, hemp seeds are primarily used in the form of hemp seed oil (HSE) or traditional Chinese decoction, which leads to a low utility of many beneficial ingredients in hemp seeds and production of waste residue. Moreover, there are few research reports on utilization of complete hemp seed to treat constipation. Therefore, we aimed to study the protective effect of HS and HSE in mice with loperamide-induced constipation.



2 Materials and methods


2.1 Materials and instruments

Hemp seeds were purchased from Nanjing Traditional Chinese Medicine Market. Loperamide hydrochloride were purchased from Yifeng Pharmacy in Nanchang. Gastrin (Gas), motilin (MTL), substance P (SP), acetylcholinesterase (AchE), endothelin (ET), vasoactive intestinal peptide (VIP) enzyme-linked immunosorbent assay (ELISA) kit had been purchased from Shanghai Yuanju Biotechnology Center. Hematoxylin and eosin (H&E) dye, paraformaldehyde (Wuhan Qian Baidu Biotechnology Co., Ltd.). Short-chain fatty acids (SCFAs) standards: acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, and isovaleric acid standards were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.

5804R refrigerated centrifuge, 5424R refrigerated centrifuge [Ebende (Shanghai) International Trade Co., Ltd.]; SB-02 high-speed multifunctional crusher (Shanghai Puheng Information Technology Co., Ltd.); RT-6000 microplate reader {Leica DM500 upright microscope [Leica Microsystems (Shanghai) Trading Co., Ltd.]; Agilent 7890B gas chromatograph [Agilent Technologies (China) Co., Ltd.]}.



2.2 Experimental methods


2.2.1 Preparation of feed supplemented with hemp seeds

Hemp seeds were added to the grinder and crushed into uniform particles for 3 min. Grind the maintenance feed for 3 min into powder. In every 90 g of maintenance feed, 10 g of crushed hemp seeds were evenly mixed to crush particles, then put into the mold for plasticity. The oven was heated at 60 degrees Celsius for 8 h to remove excess water and fix the shape, and 10% hemp seeds were made into added feed.



2.2.2 Preparation of hemp seed extract

We accurately weighed 20.0 g of hemp seed, ground them, and added 200 mL distilled water according to the solvent ratio of 1:10, vortexed and mixed it, ultrasonic at 40°C for 1 h, centrifuged at 4,500 rpm/min for 5 min, and pour the supernatant into a clean vial. Ethanol solution (200 mL) was added 1:10 to the residue, vortexed and mixed, and the above steps were repeated. Water extraction and alcohol extraction were repeated three times, respectively, and the above extracts were combined. Rotary evaporation was carried out at the temperature of 50°C and the to a constant volume of 30 mL at a speed of 25 and extract concentrate (30 ml) was obtained and stored at −20°C for subsequent experiments.



2.2.3 Animal experiment design

Forty specific pathogen-free (SPF) female BALB/c mice, 6–7 weeks old, weighing 16–19 g, were purchased from Spefford (Beijing) Biotechnology Co., Ltd. [license number: SCXK (Beijing) 2019–0010]; mouse maintenance feed was purchased from Jiangsu Synergy Biotechnology Co., Ltd. (Nanjing, China). The experimental animals were housed in a specific pathogen-free (SPF) facility, with unrestricted access to food and water, with a 12-h light-dark cycle, and the growth environment temperature was 23°C ± 2°C. After adaptive feeding for 3 days, the mice were randomly divided into four groups (n = 10): blank control group (CN: normal saline + maintenance feed), model of constipation group (MC: loperamide 10 mg/kg + maintenance feed), hemp seed group (HS: normal saline + 10% hemp seed powder added to feed), hemp seed extract group (HSE: hemp seed extract + maintenance feed). During the entire experiment, mice in the CN group were fed standard mouse chow without any treatment. After the adaptation period, mice in MC, HS, and HSE groups were intragastrically administered loperamide 10 mg/kg at 9:00 a.m. every day for 2 weeks (Huang et al., 2022). One week after modeling, the HSE group was intragastrically administered with the test substance (0.2 mL). The Hemp seed group were given free access to the maintenance feed containing with 10% hemp seed supplemented. When the number of defecation pellets of the mice in the constipation group is significantly different from the number of defecation pellets of the mice in the blank control group, it means that the constipation model has been successfully established. During the experiment, the body weight and food intake of the mice were recorded twice a week; the physiological and fecal status of the mice were observed every day.




2.3 Moisture content of feces

After the constipation model was successfully established, mouse feces were collected every day and photos were taken to record the appearance of the feces. Each group of mice was placed in a clean cage, deprived of food and water, and allowed to defecate freely for 30 min. Fresh feces were collected in a 1.5 ml dry centrifuge tube, and the resolved samples were weighed using an electronic balance. All fecal samples were dried in an electric constant-temperature drying oven at 60°C until the samples had a constant weight. The formula for calculating feces water content is as follows:

Moisture content of feces (%) = (feces weight before drying—feces weight after drying)/feces weight before drying * 100



2.4 Defecation experiment

Preparation of red ink: a solution of 6 g phenol red in 100 ml 1% carboxymethylcellulose, which was stirred continuously and maintained at 37°C (Crowe and Kinsey, 2017).

This experiment was conducted after the 21st day, and all mice were fasted and water-free for 12 h. After the fasting, 0.2 ml of red ink was administered into the stomach and each mouse was individually transferred to a clean empty cage. The time when each mouse first discharged red stool was recorded.



2.5 Small intestinal transit rate

This experiment was conducted after the 22nd day, and all mice were fasted and water-free for 12 h. After fasting, 0.2 ml of red ink was administered into the stomach, and the eyes were anesthetized for 10 min to collect blood and then killed by neck dissection. Measure the distance traveled by the red ink and the total length of the small intestine. The gastrointestinal transit rate is calculated according to the formula:

Gastrointestinal transit rate (%) = red ink advancement distance/total length of small intestine*100



2.6 Distal colon histopathology

Colon tissue was fixed with 4% paraformaldehyde, embedded in paraffin, and cut into 4 μm thick sections. Fixed sections were dehydrocarbonated with xylene, hydrated with graded ethanol, and rinsed with distilled water. Hematoxylin and eosin (H&E) staining kit was used to detect morphological changes in the colon and ileum.



2.7 Serum biochemical analysis

After the intestinal transport experiment, the mice were anesthetized with isoflurane, and the eyeballs were enucleated and blood was collected. All blood samples were centrifuged at 4°C, 3,500 rpm (5804R desktop refrigerated centrifuge) for 15 min, and serum samples were obtained and stored in a −80°C ultra-low temperature refrigerator. According to the instructions of the enzyme-linked immunosorbent assay (ELISA) kit, the gastric motility protein (MTL), gastrin (Gas), endothelin (ET), substance P (SP), acetylcholinesterase (AChE), and blood vessels in the serum were measured. Viable intestinal peptide (VIP) levels.



2.8 Determination of short-chain fatty acid content

Gas chromatography was used to determine the contents of acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid and isovaleric acid. Mouse feces were collected, quickly frozen in liquid nitrogen, and placed in an 80°C freezer for testing. Weigh 200 mg of feces into a 1.5 ml centrifuge tube, add 1 ml of ultrapure water, add 10 μl of concentrated hydrochloric acid to acidify, homogenize for 3 min, let stand for 20 min after homogenization, centrifuge at 10,000 rpm for 10 min in a high-speed centrifuge at 4°C, and remove the supernatant The liquid is transferred to the injection bottle for testing.



2.9 Intestinal microbial 16s rRNA sequencing

Before the end of the experiment, the sterile feces of each mouse were collected, quickly frozen in liquid nitrogen, and then stored in an −80°C freezer for later use. Mouse fecal samples were taken out. Magnetic Soil and Stool DNA Kit (TianGen) was used to extract genomic DNA from the samples. The purity and concentration of DNA were detected by 1% agarose gel electrophoresis. Appropriate sample DNA was placed in a centrifuge tube and diluted to 1 ng/μL with sterile water. Then the PCR products were obtained and purified. The Library was constructed using NEB Next? Ultra™ II FS DNA PCR-free Library Prep Kit (New England Biolabs). The constructed library was quantified by Qubit and Q-PCR. Enable NovaSeq6000 to perform PE 250 on-machine sequencing. According to Barcode sequence and PCR amplification primer sequence, the sample data were separated from the disembarkation data. Qiime2 is used to analyze the raw data obtained and generate a graph of the analysis results on the Yun Tutu platform.



2.10 Data analysis

SPSS 13.0 statistical software was used for analysis, and GraphPad Prism 9.0 software was used for graphing. Data were expressed as Mean ± standard error of the mean (SEM). One-way analysis of variance was used for comparison between groups. P<0.05 is considered as statistically significant.




3 Results


3.1 Effects of hemp seeds on physiological parameters in mice with constipation

The status and fecal morphology of the mice are shown in Figure 1A. Mice in the CN group appeared to be behaviorally active, with shiny hair and normal fecal pellets in size with a smooth and moist surface. In contrast, mice in the MC group were found to be less behaviorally active by curling themselves up, with fluffy hair and dark hard stools with a rough dry surface after induced constipation. After 2 weeks of treatment with HS and HSE, improvement in physiological state was observed in both HS and HSE groups. Mice in the HS group appeared to be behaviorally active, with fecal pellets that were smooth and soft, while mice in the HSE group were in a good mental state, with smaller fecal pellets that were smooth on surface and less hard. As shown in Figures 1B, C, there was no significant difference in weight variation and food consumption across the four groups. As shown in Figure 1D, there was a significant difference in water content of feces between the CN group and the MC group, that is, a significant increase in moisture content of feces was observed for mice in the HS and HSE groups after treatment with HS and HSE, respectively (P < 0.05).


[image: Figure 1]
FIGURE 1
 Effects of hemp seeds on the growth parameters and moisture content of feces in mice with constipation (A) Physiological status and feces of mice (B) Weight variation of mice (C) Food consumption of mice, and (D) Moisture content of feces. Results are provided as mean ± SEM (n = 4–6) *P < 0.05, and **P < 0.01 compared to constipation group.




3.2 Effects of hemp seeds on intestinal tract

The time to first bowel movement and small intestinal transit rates of the mice are provided in Figures 2A, B, D. After induced constipation, the time to first bowel movement was significantly prolonged in the MC group compared with the CN group (P < 0.05), while the small intestinal transit rate was significantly decreased (P < 0.01), conforming to the characteristics of constipation in mice. After treatment with HS and HSE, the time to first bowel movement was significantly reduced in the HS and HSE groups (P < 0.01). In terms of improvement of small intestinal transit rate, the HS group showed an extremely significant change (P < 0.01) whereas the HSE group showed a significant change (P < 0.05). The experimental results showed that HS was superior to HSE in terms of the effects of reducing the time to bowel movement and promoting small intestinal transit. To further investigate the protective effects of HS and HSE on the intestinal tract in mice with constipation, we observed the histomorphological changes of the distal colon by histological staining. As shown in Figure 2C, increased infiltration of inflammatory cells, shorter crypts, fewer goblet cells and greater muscularis-crypt distance were observed in the colon of the MC group compared with the CN group. After treatment with HS and HSE, decreased inflammatory cell infiltration and increased goblet cells were noticed, indicating that constipation induced colitis in the mice and HS/HSE could relieve the inflammatory reaction caused by constipation.
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FIGURE 2
 Effects of hemp seeds treatment on intestinal transit and protective effects on colonic tissue in mice with constipation (A) Time to discharge of the first red fecal pellet (B) Small intestinal transit rate (C) HE staining in the colon of mice, and (D) Image of assay on small intestinal transit rate (each cell in the picture is 0.5 cm long). Results are provided as mean ± SEM (n = 5–6) *P < 0.05 and **P < 0.01 compared with constipation group.




3.3 Effects of hemp seeds on serum levels of neurotransmitters relating to gastrointestinal regulation

To further evaluate the effects of HS and HSE on constipation, serum parameters were measured. As shown in Figure 3, the levels of MTL, GAS and SP in the MC group were significantly lower than those in the CN group (*P < 0.05 for MTL, *P < 0.05 for GAS, and **P < 0.01 for SP), while the levels of ET and VIP increased but were not significantly different from those in the CN group, and the level of AchE decreased but was not significantly different from that in the CN group. After treatment with HS, the levels of MTL and GAS were significantly increased (*P < 0.05), and the level of ET was significantly decreased (**P < 0.01), but there were no significant differences in the levels of SP, VIP and AchE. In contrast, HSE-treated mice were observed with significant increases in the levels of MTL, GAS, and SP (**P < 0.01 for MTL, **P < 0.01 for GAS, and ***P < 0.001 for SP), and a significant decrease in the level of ET (*P < 0.05), whereas there were no significant differences in the levels of VIP and AchE.
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FIGURE 3
 Effects of hemp seeds treatment on serum levels of neurotransmitters relating to gastrointestinal regulation in mice with constipation. (A–F) represents MTL, GAS, SP, ET, VIP, and AchE, respectively. Results are provided as mean ± SEM (n = 4) *P < 0.05, **P < 0.01, and ***P < 0.001 compared with constipation group.




3.4 Effects of hemp seeds on short-chain fatty acids

SCFAs are the main products from the fermentation of indigestible carbohydrates by symbiotic bacteria. In addition to the effects of inhibiting the growth of pathogenic microorganisms and increasing the absorption of certain nutrients, SCFAs were also reported to regulate intestinal neurons and affect gastrointestinal motility. The fecal concentrations of SCFAs in this study are provided in Figure 4. The fecal concentrations of acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, isovaleric acid and total acids were significantly lower in the MC group than in the CN group. After HS treatment, the HS group was observed with a significant increase in the fecal concentrations of the six short-chain fatty acids, while the HSE group was noticed with a significant increase in the fecal concentrations of propionic acid, butyric acid, valeric acid and total acids compared with the MC group, without no significant change in the fecal concentrations of acetic acid, isobutyric acid and isovaleric acid. The results showed that HS/HOS treatment led to a change in the content of SCFAs, which was possibly the protective mechanism of HS and HSE on the mice with constipation.
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FIGURE 4
 Effects of hemp seeds treatment on short-chain fatty acids (SCFAs) in the mice with constipation. (A–G) represents acetic acid, propionic acid, butyric acid, isobutyric acid, valeric acid, isovaleric acid and total acids, respectively. Results are provided as mean ± SEM (n = 6) *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 compared with constipation group.




3.5 Effects of hemp seeds on the composition of intestinal microorganisms

To assess the effects of hemp seeds on the microbiota in intestinal feces, we performed metagenomic analysis of 16SrRNA gene sequences to examine changes in intestinal microorganisms after prophylaxis with hemp seeds (HS, HSE) and to characterize the effects on intestinal microbiota in mice after loperamide treatment. Alpha diversity (encompassing multiple indexes) is used as a measure of microbiota diversity (Cao et al., 2021). Totally 24 samples from four groups were evaluated. After sequence optimization, a total of 22,711,313 readable sequences were generated, with an average of 112,972 readable sequences per group. The results and the calculated α-diversity indexes of microbiota are shown in Figures 5A, B. At the OUT level, after Loperamide induced constipation, the Shannon and pielou_evenness indexes of intestinal microbiota in the MC group were higher than those in other groups, but there was no significant difference between groups as compared, indicating that HS and HSE treatment had no significant effect on the α-diversity of microbiota. As shown by the results of β-diversity (as measured by the Bray-Curtis distance) in Figure 5C, a trend toward segregation was observed with mice in the CN and MC group, whereas the HS and HSE groups were largely segregated from the MC group.
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FIGURE 5
 Review on the composition and diversity of intestinal microbiota in mice treated with hemp seeds for constipation. (A) Shannon Index, (B) Evenness Index, and (C) Plot of Principal Coordinate Analysis (PCoA) Score. Data are provided as mean ± SEM (n = 6).


Taxonomically, Figure 6A presents the distribution of fecal flora at the phylum level. Although a total of 11 phyla were identified in the feces from all mice, the fecal flora was mostly composed of Firmicutes/Bacteroides. Therefore, we further conducted a discussion on changes in the proportion of the two phyla. Compared with the CN group, the proportion of Bacteroides was decreased and that of Firmicute was increased in the MC group, and the Firmicutes/Bacteroides ratio was 1.14 in the MC group, being higher than the ratio of 0.99 in the CN group, without a significant difference. After treatment with HS/HSE, the proportion of Firmicutes increased in the HS group, and interestingly, the number of Bacteroides also showed a trend toward increasing in the HS group compared with the MC group, but the Firmicutes/Bacteroides ratio in the HS group was almost equal to that in the MC group. On the other hand, the proportion of firmicutes decreased but that of Bacteroides increased in the HSE group compared with the MC group, and therefore the Firmicutes/Bacteroides ratio in the HSE group was lower than that in the MC group, but there was not a significant difference, which was consistent with the study findings (Lin et al., 2022). At the genus level, as shown in Figures 6B–F, the proportions of Bacteroides and Odoribacter were significantly lower in the MC group than in the CN group. Interestingly, the microbial change trend was basically identical between HS and HSE group. Compared with the MC group, an increased proportion of Odoribacter and of Bacteroides was observed with HS and HSE group. On the other hand, the proportion of Lactobacillus genus increased significantly in the HSE group, but there was no significant increase in HS group. Compared with the MC group, the abundance of Precotella in HS and HSE groups decreased significantly. Finally, we inferred that HS and HSE exerted effects on constipation by affecting different genera of bacteria to influence intestinal microbiota.
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FIGURE 6
 review on relative abundance of intestinal microbiota in mice treated with hemp seeds for constipation- composition of the microbiota. (A) phylum and (B) genus levels, (C) Relative abundance of Odoribacter, (D) Relative abundance of Bacteroides, (E) Relative abundance of Lactobacillus, (F) Relative abundance of Prevotella. Data are provided as mean ± SEM *P < 0.05, **P < 0.01, and ***P < 0.001 compared with constipation group.


We next addressed differential changes in the relative content of microorganisms. As shown in Figure 7A, Clostridium was the most significantly enriched genus in the CN group, Roseburia and Lachnospiraceae were significantly enriched in the MC group, whilst Rikenella, Ruminococcus, Anaerotruncus, Allobaculum and Desulfovibrio were the significantly enriched genus in the HS group.
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FIGURE 7
 Differential classification of microorganisms in mice treated with hemp seeds for constipation. (A) Linear discriminant analysis effect size (LEfSe), and (B) Linear discriminant analysis (LDA). Data are provided as mean ± SEM (n = 6).


The results of linear discriminant analysis (LDA) provided in Figure 7B showed that Clostridium was the dominant genus in the NC group, Roseburia was the genus enriched in the MC group, and interestingly, Allobaculum was the genus enriched significantly in the HS group after HS treatment.




4 Discussion

There is a steady rise in the number of people with constipation in China with improvement of the living standards. Constipation, a functional gastrointestinal disorder that involves altered bowel movements, will seriously affect daily living and work and has become a common concern in the medical field (Rao et al., 2016). Loperamide is a drug intended for diarrhea control approved by the US Food and Drug Administration. It is often used as a model inducer for the treatment of constipation, by prolonging the duration of emptying, inhibiting peristalsis and reducing mucus in the colon. The feasibility and stability of loperamide in constipation model have been widely acknowledged (Wang et al., 2017). Fecal moisture content, time to first bowel movement, and intestinal charcoal propulsion rate are important measures used to assess gastrointestinal function (Fernández-Bañares, 2006). As one of traditional Chinese medicine with a long history in China, hemp seeds are one of the resources of affinal drug and diet, Meanwhile, hemp seeds have demonstrated potential for treating constipation, but it is still limited in popularization as a human food. This study discusses the effect of hemp seeds and water/ethanol extracts from hemp seeds in improving constipation in mice. The results showed that both hemp seeds and hemp seed extracts significantly improved the defecation parameters in mice, including fecal moisture content and time to first bowel movement. Parameters reflecting intestinal peristalsis are related to multiple aspects, such as fecal weight, fecal moisture content, time to fecal discharge, gastrointestinal transit time, small intestinal propulsion rate, and intestinal contractile activity (Gu et al., 2022). The improvement in defecation parameters indicates, to some extent, the effect of HS and HSE on intestinal peristalsis. In addition, the results of colon staining showed that HS/HSE improved to some extent the inflammatory reactions caused by constipation, which was possibly one of the reasons why hemp seeds have the effect of improving intestinal peristalsis.

We also studied the effects of hemp seeds on the serum levels of neurotransmitters and gastrointestinal hormones. MTL and GAS play an important role in regulating gastrointestinal peristalsis by stimulating the secretion of gastric acid and pepsin, promoting pyloric sphincter relaxation, gastrointestinal peristalsis and gastric emptying (Iijima et al., 2015). SP is an excitatory peptide neurotransmitter that stimulates intestinal peristalsis (Suo et al., 2014). Some studies have reported that SP stimulates interstitial cells of Cajal, induces contraction of gastrointestinal smooth muscles, and promotes gastrointestinal peristalsis (Faussone-Pellegrini, 2006). ET plays an important role in maintaining basal vascular tone and basic cardiovascular system. Constipation not only causes disorders (including intestinal obstruction and other serious diseases), but also induces or aggravates cardiovascular and cerebrovascular diseases in the elderly (Fevang et al., 2001).

In our study, after loperamide induced constipation, the levels of MTL, GAS and SP in the serum of mice in MC group were significantly lower than those in CN group, indicating that the occurrence of constipation is related to these neurotransmitters. After preventive treatment with hemp seeds and water/ethanol extracts from hemp seeds, hemp seed significantly increased the levels of MTL and GAS in serum of mice in HS group, and decreased the levels of ET, while hemp seed extract significantly increased the levels of MTL, GAS and SP in serum of mice in HSE group, and decreased the levels of ET. Extracts from hemp seeds demonstrated a stronger effect in regulating serum levels of neurotransmitters and gastrointestinal hormones. The differences observed were possibly a result of increased utility of the active ingredients in the extracts following extraction from hemp seeds. Variation in the levels of these gastrointestinal hormones would lead to a change in gastrointestinal peristalsis. We inferred that the improved intestinal propulsion rate and the shortened time to bowel movement were closely related to variation in the serum levels of such gastrointestinal hormones and neurotransmitters, suggesting that hemp seeds may alleviate the symptoms of constipation by regulating neurotransmitters and gastrointestinal hormones to stimulate intestinal peristalsis.

Disturbance of the intestinal microbiota is one of the characteristics of patients with constipation (Tian et al., 2020), It was revealed in the study by Huang et al. that patients with chronic functional constipation (CFC) had abnormalities in the number and composition of intestinal microbiota (Huang T. et al., 2018). Some studies suggested that changes in the intestinal microorganisms may alleviate or worsen constipation (Dimidi et al., 2017). In a study of pentose extracted from human milk to improve constipation in mice, it was shown that constipation was improved by increasing beneficial bacteria such as Lactobacillus, Ruminococcaceae_UCG-014 and Bacteroidales_S24-7 to improve the composition of intestinal microorganisms (Huang et al., 2020). In addition, hemp seeds have been widely reported to have effects on the intestinal microbiota. Changes in the intestinal microbiota in mice are primarily detected by changes in bacteria in the feces (Wang et al., 2017). Therefore, this study was of research significance by investigating whether hemp seeds could improve constipation by improving the intestinal microbiota. The results showed that after loperamide-induced constipation, significant differences in intestinal microbiota were observed between the CN and MC groups at the genus level. Our results showed that the intestinal microbiota was primarily composed of Firmicutes and Bacteroides and secondarily of Proteobacteria, and there was not a significant difference in the proportion of Firmicutes or Bacteroides at the genus level across the four groups, which was consistent with the study findings by (Gu et al., 2022). At the genus level, HS and HSE groups were observed with an increase in the proportion of Odoribacter, Bacteroides and Lactobacillus, and interestingly, the HS group and the HSE group were observed with a lower proportion of Precotella compared with the MC group. These results suggest that hemp seeds regulate the symptoms of constipation by increasing the proportion of beneficial bacteria at the genus level. Lactobacillus works to decompose oligosaccharides in the intestinal tract, produce organic acids (including butyric acid, acetic acid, and propionic acid), improve intestinal peristalsis, and reduce the time to bowel movement. In addition, lactobacillus produces a great amount of volatile fatty acids and inhibit the excessive production of aerobic harmful bacteria, thereby maintaining the balance of intestinal microbiota (Cao et al., 2018). It has been found that butyric acid can be used as a carbon source for intestinal microbiota to produce acetic acid (Zhuang et al., 2019).

Hemp seeds are able to regulate the intestinal microbiota, one ability of intestinal bacteria is to produce SCFAs, but this process is influenced by the number of bacteria, pH, and substrate in the intestinal tract (Liu and Zhi, 2021). SCFAs are the metabolites of dietary fiber fermented by intestinal microorganisms. There is also a strong association between SCFAs and constipation. They affect the intestinal secretion function and enhance the intestinal mucosal barrier by regulating the functions of cell subsets like enterocytes (proliferation and differentiation) and enteroendocrine cells through different mechanisms. Organic acids act on the intestinal wall to lower pH in the intestinal tract and regulate gastrointestinal peristalsis and gastrointestinal function (Malagelada et al., 2017). Acetic acid acts to up-regulate the barrier function of enterocytes of the host (Fukuda et al., 2011), whilst propionate reduces fat production, serum cholesterol levels, and carcinogenesis in other tissues (Hosseini et al., 2011). Butyrate, which is a major source of metabolic energy in the large intestine, is the most important SCFAs and help to maintain the integrity of the large intestine, control intestinal inflammation, and support the genomic stability (Jiang et al., 2020). In a study reported on hemp seed, hemp seed increased the concentration of short-chain fatty acids in intestinal contents to improve intestinal health (Jurgoński et al., 2020). SCFAs can promote the secretion of intestinal fluids, accelerate colonic motility and are even considered as candidates for the treatment of constipation (Nicholson et al., 2012). In our study, the HS group was found to have significantly higher concentrations of the six SCFAs compared with the MC group, and the HSE group was observed with higher levels of propionic acid, butyric acid and valeric acid than the MC group, but HSE (an extract from hemp seeds) appeared inferior to HS in terms of the effect of increasing the levels of SCFAs. This was possibly because that production of SCFAs is affected by the quantity of microorganisms, the ambient pH value and the substrate concentration. The amounts and proportions of SCFAs produced by different substrate vary (Ritzhaupt et al., 1998). After extraction, HSE was inferior to HS in terms of both the type and concentration of substrate, and this was possibly one of the reasons for differences in the levels of SCFAs between the HS and HSE groups.



5 Conclusions

This study investigated the effects of hemp seeds and hemp seed extracts in the mice with constipation. The results showed that both hemp seeds and hemp seed extracts significantly improved the moisture content of feces, shortened the time to bowel movement, and promoted intestinal peristalsis in the mice with constipation. Hemp seeds were superior to hemp seed extracts in terms of the above effects. Both affected the levels of gastrointestinal hormones in the serum, whilst hemp seed extracts exhibited a stronger effect than hemp seeds. In contrast, hemp seed extracts had less effects on the levels of SCFAs than hemp seeds. In conclusion, both hemp seeds and hemp seed extracts provide protective effects in the mice with constipation to some extent.
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Whole-genome resequencing and transcriptional profiling association analysis revealed the intraspecies difference response to oligosaccharides utilization in Bifidobacterium animalis subsp. lactis
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Introduction: As prebiotics, oligosaccharides are frequently combined with Bifidobacterium to develop synbiotic products. However, a highly diverse gene repertoire of Bifidobacterium is involved in sugar catabolism, and even phylogenetically close species may differ in their sugar utilization capabilities. To further explore the mechanism underlying the differences in Bifidobacterium animalis subsp. lactis oligosaccharide metabolism.

Methods: This study screened strains with differential oligosaccharide metabolism. Subsequently, these strains were subjected to genome-wide resequencing and RT-qPCR.

Results: The resequencing results indicated that the subspecies of B. animalis subsp. lactis had a high genome similarity. The RT-qPCR results revealed that glycosidase genes exhibited consistency in the phenotype of metabolism at the transcriptional level; the better the growth of the strains on the oligosaccharides, the higher was the expression of glycosidase genes related to the oligosaccharides. Our results suggested that the differences in the gene transcription levels led to intraspecies differences in the ability of the strains to metabolize oligosaccharides even when they belonged to the same subspecies.

Discussion: Future studies with more sample size could generalizable the conclusion to all B. animalis subsp. lactis strains, thus would lay the theoretical foundation for the utilization of the B. animalis subsp. lactis strain as probiotics and the development of synbiotic products.
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1 Introduction

The members of the genus Bifidobacterium are common inhabitants of the gastrointestinal tracts of humans and other mammals, where they ferment several diet-derived carbohydrates that cannot be digested by their hosts (O'connell et al., 2013). Until date, most studies have investigated Bifidobacterium and product development, such as the transformation of plant isoflavones by Bifidobacterium, the production of Bifidobacterium-fermented milk, and microencapsulation of Bifidobacterium (Gaya et al., 2017; Lohrasbi et al., 2020; Yan et al., 2020). The strains of B. animalis subsp. lactis are well-known health-promoting probiotics that are used commercially (Bunesova et al., 2017). The B. animalis subsp. lactis genome also contains a large number of transporters that transport complex carbohydrates, as well as genes for intracellular or extracellular hydrolases that degrade the glycosidic bonds in complex carbohydrates, which, in turn, facilitates the cell’s uptake of these complex carbon-hydrates and provides the bacterium with the energy required for growth, thereby adapting to a complex environment. The genome sequence of B. animalis subsp. lactis Bl-04 reveals putative prebiotic transport and catabolic pathways, as reported elsewhere (Paineau et al., 2008), thereby implying that the bacterium is highly adapted to the gastrointestinal tract (GIT) and can utilize diet-derived complex oligosaccharides. Certain indigestible carbon sources (oligosaccharides) consumed daily stimulate the growth of Bifidobacterium in the gut, are commonly used as the main prebiotics (Hopkins et al., 1998). Changes in the dietary composition may affect health; therefore, it is important to study the ability of Bifidobacterium to utilize carbohydrates as a theoretical guide for the rational design of new symbiotic products (“prebiotic-probiotic”).

Oligosaccharides are carbohydrates formed by 2–10 monosaccharide molecules connected by glycosidic bonds. Owing to the rich variety of monosaccharide molecules that constitute oligosaccharides and the variety of intermolecular connection types and connection positions, there are several types of oligosaccharides in the nature. They can be broadly categorized into common oligosaccharides and functional oligosaccharides based on their biological functions. Common oligosaccharides mainly include lactose, sucrose, and maltose, which are easily digested and absorbed by the intestinal tract and thereby provide energy for the body’s metabolism, growth, and development (Vieira et al., 2020; Liu et al., 2023). Functional oligosaccharides, also known as non-digestible oligosaccharides, are difficult to digest and absorb because of the lack of an enzyme system in the human intestinal tract that directly degrades these functional oligosaccharides. The functional oligosaccharides developed so far mainly include xylo-oligosaccharides (XOS), galacto-oligosaccharides (GOS), fructo-oligosaccharides (FOS), inulin, and resistant starch (Tomás-Barberán and Mine, 2013; Belorkar and Gupta, 2016). Because functional oligosaccharides are not hydrolyzed by intestinal digestive enzymes but can be decomposed, absorbed, and utilized by beneficial microorganisms in the intestinal tract, they are often used in combination with Bifidobacteria to develop symbiotic products.

However, the main challenge of using Bifidobacterium cultures directly in the food is that different matrices and environments hinder their growth and survival in food (Moradi et al., 2021). To increase the survival rate of Bifidobacterium, combining probiotics and prebiotics (symbiotic) has become a research hotspot. Prebiotics are substrates that are selectively used by host microbes to confer a health benefit (Sanders et al., 2019). However, probiotic bacteria selectively ferment prebiotics comprising mainly non-digestible oligosaccharides (Abou et al., 2013). Therefore, research was needed to understand the factors and mechanisms that the Bifidobacterium exhibits intraspecies differences in oligosaccharide utilization The application of symbiotic products is limited by the fact that not all oligosaccharides are appropriate for all Bifidobacterium. The efficacy of specific combination warrants validation before use. A past study has shown that Bifidobacterium exhibits interspecies differences in oligosaccharide utilization (Garrido et al., 2015). For example, B. longum has been found to consume most oligosaccharides, and the B. bifidum strain utilizes GOS with degrees of polymerization (DP) of 2 and 3 and exhibits very limited use of FOS (Li et al., 2017). In addition, on examining three Bifidobacterium strains, the strains exhibited specificity in utilizing human milk oligosaccharides (LoCascio et al., 2007). The B. longum subsp. infantis are more inclined to have better capabilities to metabolize human milk oligosaccharides. The XOS, FOS, soya bean oligosaccharides, and malto-oligosaccharides are more effective in promoting the growth of B. adolescentis. However, surprisingly, the oligosaccharide utilization ability varies between different isolates of the same species (Garrido et al., 2015). The presence of intraspecies differences in Bifidobacterium creates further challenges when combining symbiotic products and using Bifidobacterium. Ang-Xin Song et al. recently reported strain-specific utilization of wheat arabinoxylan by B. longum (Song et al., 2020). Furthermore, a study demonstrated that several endogalactanase-positive (GalA+) B. breve strains can utilize purified GOS (PGOS) components with a high DP, whereas endogalactanase-negative (GalA−) strains cannot. This intraspecies difference has been ascribed to galA present in B. breve strains (O'Connell Motherway et al., 2013). Bifidobacterium strain specifically utilizes oligosaccharides; such discoveries have generated substantial interest in the scientific community. The characteristics of the strains must thus be considered while producing symbiotic products. While synthesizing symbiotic products, specific prebiotics must be designed to pair with specific probiotics that will consume them and exhibit improved functional outcomes. Therefore, revealing the mechanisms underlying Bifidobacterium intraspecies differences in the metabolism of oligosaccharides and explaining the regularity of these differences are highly warranted for the development of effective synbiotics.

Most of the current studies are based on genotype–phenotype to investigate interspecies differences in the metabolism of functional oligosaccharides by Bifidobacterium (Bottacini et al., 2018; He et al., 2021). In contrast, the genomic structures of B. animalis subsp. lactis strains are similar, therefore there is a lack of differences in the metabolism of functional oligosaccharides by Bifidobacterium that can be analyzed from the transcriptional level.

The present study focused on B. animalis subsp. lactis obtained from human fecal samples of two regions with significant dietary differences. Then, we investigated their strain specificity in terms of the oligosaccharide-utilization capacity at the subspecies level. Using genome resequencing technology explored the key loci associated with oligosaccharide metabolism, combined phenotypic and genotypic data, and identified gene sequences significantly associated with differences in the oligosaccharide metabolism. RT-qPCR was performed to determine the differential gene expression during the growth of B. animalis subsp. lactis on oligosaccharides. The purpose of this study was to explore differences in the utilization phenotypes of different carbon sources, and to associate possible gene clusters for revealing the strain metabolism difference of functional oligosaccharides in B. animalis at the subspecies level and provides a theoretical basis for the study of B. animalis subsp. lactis and the application of synbiotic products.



2 Materials and methods


2.1 Materials

FOS, GOS, XOS, isomalto-oligosacchrides (IMO), raffinose, stachyos, inulin, resistant starch (RS), and glucose (Glu) were all purchased from Shanghai Yuanye Bio-Technology Co., Ltd. All other chemicals used were of analytical grade.



2.2 Sample collection and treatment

In sterile containers, we collected the fecal samples of mothers and their infants residing in Hotan, Xinjiang, China and Hainan, China. The samples were collected at the participants’ homes and immediately frozen (−20°C) in a portable freezer. These samples were then transported to the laboratory and processed immediately upon receipt. The participants were not on any special diet, and, as instructed, had not taken probiotics or antibiotics for 2 months before sampling.



2.3 Isolation of Bifidobacterium from fecal samples by using the culture method

The samples were serially diluted (10−1 to 10−4) in an anaerobic chamber, and 0.1 mL of aliquot of the 10−2, 10−3, and 10−4 dilutions were plated on Bifidobacterium specific mMRS agar. The medium (per liter) was composed of yeast extract, 5 g; peptone, 10 g; beef paste, 10 g; Tween 80, 1 mL; sodium acetate anhydrous, 5 g; ammonium citrate dibasic, 2 g; K2HPO4, 2 g; MgSO4, 0.58 g; MnSO4, 0.25 g; glucose, 20 g; L-cysteine, 0.5 g (Blotopped, China); mupirocin, 0.05 g (Bomei, Hefei, China); nystatin, 0.025 g (Bomei, China), and powdered agar, 20 g (Ventura et al., 2006; Linares-Morales et al., 2022). All other reagents involved in the composition of the culture medium were purchased from Sinopharm Chemical Reagent Beijing Co., Ltd., China. These plates were subsequently incubated under an atmosphere of 10% H2, 10% CO2, and 80% N2 in an anaerobic chamber (DG520; DWS UK) and incubated for 48 h at 37°C (Shahin et al., 2003). All colonies appearing on the dilution plates were picked in succession and inoculated into mMRS broth.



2.4 DNA extraction and bacterial strain identification

The sample DNA was isolated from 1 mL of culture by using the FastPure Bacteria DNA Isolation Mini Kit (Vazyme, Nanjing, China) according to the manufacturer’s protocol. The purity and concentration of isolated DNA were measured using a micro nucleic acid quantitative instrument (Thermo Scientific, United States). DNA with a 260/280 nm ratio of >1.8 was used as the template DNA, and its integrity was determined using 1.2% agarose gels. Next, the strains were identified by conducting molecular biology assays, including 16S rRNA gene sequencing of genomic DNA and Bifidobacterium subspecies-specific PCR (aptD gene). PCR amplification of the 16S rRNA gene was performed with primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and 1492r (5′-CTACGGCTACCTTGTTACGA-3′) (Nomoto et al., 2017). To further identify the isolated strains, atpD was PCR amplified with primers atp-1 (5′-CACCCTCGAGGTCGAAC-3′) and atp-2 (5′-CTGCATCTTGTGCCACTTC-3′) (Ventura et al., 2004). The PCR-amplified products were detected through 1.2% agarose gel electrophoresis and sequenced using GENEWIZ (Suzhou Jinweizhi Biotechnology Co., Ltd., China). The sequencing results were submitted to the GenBank of the National Center for Biotechnology Information (NCBI) for BLAST homology comparison. A phylogenetic tree was constructed using MAGE 7.0 software. For repetitive-element PCR (rep-PCR), the strain was grown on MRS broth under anaerobic conditions for 48 h, and DNA was extracted as described earlier. Rep-PCR was conducted to generate genomic amplification products of the test strains. Specifically, rep-PCR amplification was performed using the Tc-512 PCR gene amplification instrument (Techne, British) and BOXAIR primers (Masco et al., 2003). The gel was visualized and photographed under a UV transilluminator (Quantum CX5, France). The separation of rep-patterns was processed with CelCompar ‖ version 6.6 (Applied Maths, Sint-Matenslatem, Belgium) and analyzed using the Pearson’s correlation coefficient and the unweighted pair group method with arithmetic mean (UPGMA) clustering algorithm.



2.5 Carbohydrate utilization

After 48 h of culture, the Bifidobacterium cells were centrifuged at 5000 xg for 5 min and washed twice with 0.9% normal saline. The cell suspensions (approximately 106 CFU/mL) were used to prepare bacterial inoculants for the carbohydrate fermentation experiments.

The in vitro utilization experiment was conducted using oligosaccharides (FOS, GOS, XOS, IMO, raffinose, stachyos, inulin, RS) as the unique carbon source in a 96-well microplate (Kan et al., 2020). The carbohydrate solution with 1% final concentration was added to the medium, thereby replacing glucose as a carbon source. Four microliters of each resulting suspension were inoculated into 200 μL of the modified medium. The experiment was conducted thrice with triplicate wells (He et al., 2021). The medium in which glucose was added instead of oligosaccharides was used as the positive control, whereas the medium without any carbon source was used as the negative control. Moreover, 0.05% (w/v) L-cysteine was added to the medium to consume free oxygen and promote strain growth and reproduction. The cells were incubated at 37°C in an anaerobic chamber for 48 h. Each carbon source fermentation experiment was monitored by assessing OD at 600nm by using a microplate reader (BioTek Instruments Inc., United States).



2.6 Statistical analysis of growth

The optical density (OD) obtained for each strain grown on different substrates was compared with that obtained for each strain in the absence of a sugar source. This difference in OD (ΔOD) was used as a parameter for evaluating each strain’s ability to grow on different substrates.



2.7 Whole-genome resequencing

The strains were cultured under anaerobic conditions in MRS broth containing 0.05% [v/w] L-cysteine hydrochloride at 37°C for 36 h. Chromosomal DNA was extracted from pure bacterial cultures by using the FastPure Bacteria DNA Isolation Mini kit. After DNA was extracted, DNA quantity and purity were assessed using the NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, United States).

Then, 1 μg of genomic DNA was used to generate the sequencing libraries for each strain, followed by sequencing with the Illumina NovaSeq PE150 (Shanghai Biotree Biomedical Technology Co., Ltd.). The sequencing libraries were generated using the NEBNext® Ultra™ DNA Library Prep Kit for Illumina (NEB, USA) following the manufacturer’s recommendations, and the index codes were incorporated to attribute sequences to each sample. Briefly, the DNA sample was fragmented through sonication to achieve a size of 350 bp. The DNA fragments were then end-polished, A-tailed, and ligated with the full-length adaptor for Illumina sequencing, followed by PCR amplification. Finally, PCR products were purified (AMPure XP system). Libraries were analyzed for size distribution by using the Agilent 2,100 Bioanalyzer and quantified through real-time PCR.

After sequencing, sequence adapters, low-quality bases from paired reads, and reads with an average quality of <20 (<Q20) were first trimmed and filtered using fastp. Then, reads that passed quality-control filtering were aligned and assembled using SPAdes v3.15.3 with default k-mer sizes. Each assembly was annotated using prokka. The pairwise average nucleotide identity (ANI) values were calculated using pyANI v0.2.9 with default BLASTN+ settings (cut-off: ≥95% identity). Roary v.3.12.0 was used to obtain core genome data and perform multiple sequence alignment. The core genome phylogenetic tree was constructed using FastTree v2.1.91 with the GTR model having 1,000 bootstrap iterations. Whole-genome sequence alignments for single nucleotide polymorphisms (SNPs) and indel identifications were performed using Snippy v3.13. Publicly available gene sequences of B. animalis type strains were downloaded from the NCBI Genome database. All Bifidobacterium genomes were input into dbCAN2 v2.0.1 [47] to annotate carbohydrate utilization-related genes based on the carbohydrate-active enzymes database (amino acid identity ≥30%, E-value ≤1 × 10−5). The t-test function implemented in SPSS v26 was used to calculate statistically significant differences between the average numbers of glycosyl hydrolase (GH) genes belonging to the predominant GH families (p < 0.05).



2.8 RNA preparation

Total RNA was isolated from 1 mL of B. animalis subsp. lactis cells (approximately 1 × 108 CFU/mL) in the log-phase cultures grown on oligosaccharides or glucose as the sole carbohydrate source. The samples were centrifuged at 8,000 rpm for 1 min at 4°C on a bench centrifuge to collect cell pellets. The pellets were washed twice with 500 μL of DEPC-treated ddH2O to remove the culture medium and centrifuged at 10,000 rpm. To disrupt the collected cell pellets, they were ground in liquid nitrogen. The Spin Column Bacteria Total RNA Purification Kit (Sangon Biotech) was used for extracting the total RNA. The extracted RNA was eluted in DEPC-treated ddH2O. RNA degradation and contamination were monitored through 1.2% agarose gel electrophoresis. The electrophoretic results of the extracted RNA revealed that the bands of 23S and 16S rRNAs were bright and clear and that of 5S rRNA was darker. This finding indicated that the RNA extracted from the strains had good integrity, was less degraded, and could be used for the follow-up experiments. The RNA sample concentration was measured using the micro nucleic acid quantitative instrument to calculate the volume required for reverse transcription. The RNA samples were then immediately stored at −80°C until further use.



2.9 Real-time quantitative PCR analysis

Reverse transcription was conducted using the PerfectStart® Uni RT&qPCR Kit (TransGen Biotech, China). The expression of oligosaccharide metabolism-related differential genes was detected through three RT-PCR replicates. Specific primers for each gene (Table 1) were designed using Primer Premier 6 software. The experiments were conducted using the Real-Time Q-PCR System (MX3000P, Stratagene, United States) in combination with the PerfectStart® Uni RT&qPCR Kit and the PerfectStart® Green qPCR SuperMix (TransGen Biotech, China).



TABLE 1 Target gene oligonucleotide primers for RT-qPCR.
[image: Table1]

The gene expression was normalized using the ∆∆CT method, and groEL was used as the reference gene for the calculations. The control group consisted of strains cultured in MRS medium containing glucose as the carbon source, while the experimental group consisted of strains cultured in MRS medium containing each oligosaccharide as the carbon source. The experimental results were visualized by plotting heatmaps.



2.10 Statistical analysis

All experiments were three biological replicates. The data were statistically analyzed using SPSS V26 (IBM, Armonk, NY, United States). Data for all variables were normally distributed and allowed for parametric tests of significance. Equal variance data were analyzed by ANOVA, followed by Duncan’s multiple range test with 95% confidence intervals; the differences were considered significant at p < 0.05. Evolutionary trees were analyzed by MEGA7.0 software. A heatmap and the principal component analysis (PCA) were constructed in R software (ver 4.0.4).




3 Results


3.1 Isolation and identification of strains

In total, 68 Bifidobacterium strains were obtained from different sources of fecal samples (Hotan Prefecture and Hainan Province) and 9 strains were screened through the rep-PCR and carbohydrate utilization, and the 16S rRNA gene sequence of 9 isolates was determined and compared with the published sequences obtained from the GenBank nucleotide database by using the BLAST algorithm. All 16S rRNA gene sequences reported in this study have been deposited at GenBank (Figure 1). Because our phylogenetic analysis based on 16S rRNA gene sequences revealed that all strains possessed high sequence similarities (99.5%) to B. animalis subsp. lactis, the isolates were tentatively identified as B. animalis subsp. lactis.
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FIGURE 1
 Phylogenetic tree and the functional oligosaccharide metabolism of B. animalis subsp. lactis strains. The color tending to red indicates that the strain grown better in the associated oligosaccharides, while that tending to blue indicates grown poorly in the associated oligosaccharides.




3.2 Growth of Bifidobacterium animalis subsp. lactis on different oligosaccharides

To investigate the intraspecies differences in oligosaccharide metabolism, we monitored the growth of B. animalis subsp. lactis strains on modified Rogosa medium containing 1% different oligosaccharides as the sole carbohydrate source. The results are shown in Figure 1, where strain-specificity exists in the utilization of sugars by different strains, but the general trend is that all strains exhibited vigorous growth on media containing FOS, XOS, Glu, GOS, raffinose, stachyose, and IMO as the sole carbon source. The higher growth performances of B. animalis subsp. lactis strains were noted on the media containing FOS, XOS, GOS, and IMO. HN5 exhibited poor growth on the medium containing FOS as the sole carbon source. HT20 and HN7 exhibited poor growth on the XOS-containing medium, whereas the other strains reached a high OD. When compared with FOS, XOS, GOS, and IMO, the strains grew moderately in raffinose and stachyose. Although most strains could utilize oligosaccharides, two exceptions were the utilization patterns of inulin and RS, where low or poor growth was observed in a few cases. HN5 and HN9 failed to grow in the media containing inulin and RS. All isolates from Hotan failed to grow in the inulin-containing medium. HN10 failed to grow in the RS-containing medium.

In order to assess whether there were area differences in oligosaccharide metabolism among the resequenced strains, PCA analyzed experimental data on carbohydrate utilization. As depicted in the PCA diagram (Figure 2), the strains were clustered depending on the area. The results demonstrated that the selected strains from different areas exhibited differences in metabolizing functional oligosaccharides. The strains from Hainan (HN9, HN10, HN16, and HN24) and the strains from Hotan (HT12, HT13, and HT20) were clustered separately.
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FIGURE 2
 PCA diagram of functional oligosaccharide metabolism of resequenced strains.




3.3 General features of Bifidobacterium animalis subsp. lactis isolates

To better comprehend the differences in the B. animalis subsp. lactis genomes, we resequenced 9 strains from China representing various geographical regions, including 3 strains from Hotan and 6 from Hainan. The results are shown in Table 2, and the genome size predicted for the strains ranged from 1.90 to 2.21 Mb. The genomes had an average G + C% content of 60.32%, an average predicted CDS number of 1,576, and the number of tRNA genes ranging from 53 to 59. In total, 1,452 core genes, 23 shell genes, and 171 cloud genes were identified in the B. animalis subsp. lactis genomes. The core genes, softcore genes, shell genes, and cloud genes were present in 99–100%, 95–99%, 15–95%, and 0–15% of the strains, respectively. The average nucleotide identity values were defined as the average base similarity between homologous segments of two microbial genomes. Nucleotide-level genomic similarities between the 9 genomes were determined using pyANI. The results indicated that B. animalis subsp. lactis ANI values ranged from 99.98 to 99.99% (Supplementary Table S1), indicating higher levels of sequence identity among all strains.



TABLE 2 Genome information for publicly available B. animalis subsp. lactis DSM 10140 and nine B. animalis subsp. lactis strains used in this study.
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3.4 Glycobiome of the Bifidobacterium animalis subsp. lactis isolates

We further searched for the CAZymes profiles in B. animalis subsp. lactis genome. Of the 1736 gene families in the pangenome, 233 were determined to encode CAZymes, constituting 13.42% of functionally annotated genes, which reflects the saccharolytic character of the B. animalis subsp. lactis. These CAZymes included 315 glycosyl hydrolase (GH), 180 glycosyltransferases (GT), 36 carbohydrate esterases (CE), and 18 carbohydrate-binding motif-containing proteins (Figure 3). The most abundant CAZymes were GH13 (12 ± 0% GH genes per genome), followed by GT2 (8 ± 0% GH genes per genome), and GH43 and GH3 (3 ± 0% GH genes per genome). All these CAZymes encode enzymes associated with the hydrolysis plant-derived poly- and oligosaccharides, such as stachyose, raffinose and xylans, etc. And these poly- and oligosaccharides are major components of the adult diet. Studies have shown that the CAZymes profiles in Bifidobacteria genome are species and/or strain-specific, however, according to bioinformatic predictions, strain-specific CAZymes were not observed in this study (Genomics of the Genus Bifidobacterium Reveals Species-Specific Adaptation to the Glycan-Rich Gut Environment). On the contrary, regardless of the isolation source, all tested strains shared the same CAZyme repertoires.
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FIGURE 3
 General Features of B. animalis subsp. lactis Genomes. (A) The maximum-likelihood trees were constructed based the core-genome alignment employing ‘GTR’model with 1,000 bootstraps. Heatmap represents abundance of specific GH families. See also Supplementary Table S2. (B) Pan- and core genes of B. animalis subsp. lactis. (C) Pairwise SNP Distances between B. animalis subsp. lactis. Strains.


We then explored the nucleotide-level differences in GH genes between the B. animalis subsp. lactis strains. The SNP analysis was conducted to compare the genomes of the 9 B. animalis subsp. lactis strains and B. animalis subsp. lactis DSM10140. Upon comparison of these 10 complete genome sequences, 493 validated SNPs were identified, and found that the B. animalis subsp. lactis strains exhibited low strain diversity, with the respective mean pairwise SNP distances of 46.73 ± 16.4 SNPs. Subsequently, these SNPs were functionally annotated. The results revealed that these SNPs were significantly associated with the transport and the metabolisms of carbohydrates (oligosaccharide). However, we found no significant SNPs that may cause functional changes in CAZyme genes. Interestingly, the experimental strains exhibited phenotypic differences in metabolizing different oligosaccharides. Therefore, we predicted that these SNPs were noncoding variants. Transcription factors play crucial roles in gene regulation by harboring these SNPs (Li et al., 2020).



3.5 Real-time quantitative PCR analysis

Thus, to reveal the phenotypic differences in the B. animalis subsp. lactis strains in metabolizing different oligosaccharides at the transcription level, total RNA isolated from the experimental strains was reverse-transcribed into cDNA, and then, the expression of relevant key enzyme genes was detected through real-time quantitative PCR (RT-qPCR). In the culture medium containing different functional oligosaccharides, the expression of the carbohydrate transporter gene changed to varying degrees at the mRNA level (Figure 4). The composition of oligosaccharides and monosaccharides are similar. However, their carbon chain lengths are different, and thus, they can induce the expression of the same or similar genes. On the other hand, a substrate can induce the expression of several carbohydrate metabolism genes. In this study, The results showed that the OD600nm values of HN9, HN10, and HN16 strains were greater than 0.8 after 48 h of incubation in medium with FOS as the carbon source, and their relative expression of glycosidase genes (Balat_1241 and Balac_0888) related to FOS was higher than that of HN7, HT13, and HN5 (the OD600nm values were 0.5 ± 0.04, 0.61 ± 0.01, and 0.26 ± 0.02, respectively). For GOS metabolism, the HT12 and HT13 strains exhibited a strong ability to metabolize than HN9, HT20, and the expression of genes (Balat_0483, Balat_0484, Balat_0475) related GOS metabolism higher than HN9, HT20 strains. The OD600nm vanlues of HT12, HN24, HN7 and HT20 in the medium with XOS as carbon source were 1.05 ± 0.06, 0.87 ± 0.02, 0.42 ± 0.05 and 0.42 ± 0.05 respectively, and the expression levels of XOS-relevant metabolic genes (Balat_0517, Balac_0511, Balac_0514, and Balac_0521) of HT12 and HN24 higher than HN7 and HT20. However, the sample size of the resequencing and reverse transcription validation experimental strains in this study was small, and if further confirmation of intraspecies differences in metabolized oligosaccharides within the B. animalis subsp. lactis caused by transcriptional rather than the genetic levels is desired, the sample size of the experiments should be increased in subsequent studies in order to overcome the limitations caused by small sample sizes. And generalization of the conclusions to all strains of B. animalis subsp. lactis.
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FIGURE 4
 The relative expression of glycosidase genes in four oligosaccharides as the unique carbon source. (A–D): Metabolic phenotypes of FOS, GOS, IMO and XOS and mRNA transcription levels of related genes by strains, respectively. The phenotype of metabolism was classified by the following labels: “+” OD600nm 0.25–0.5, low- level growth; “++” OD600nm 0.5–0.8, medium-level growth; “+++” OD600nm >0.8, high-level growth.





4 Discussion

B. animalis subsp. lactis are widely distributed in humans and other mammalian guts and are widely supplemented to multiple functional foods. Furthermore, B. animalis subsp. lactis possesses a saccharolytic lifestyle as well as the ability to utilize multiple oligosaccharides from a variety of host and dietary sources. Multi-omics techniques and the increased number of published Bifidobacterium sequences are beneficial for analyzing different strains of genomic multiplicity and the difference in functionality (Andersen et al., 2013; O'Connell Motherway et al., 2013; Nomoto et al., 2017). In this study, we explored the differences in the functional oligosaccharide metabolism of B. animalis subsp. lactis from three levels: phenotypic characteristics, gene level, and transcription level, and then analyzed the preference and utilization of different oligosaccharides by different strains so as to provide a theoretical reference for the development of suitable synbiotic (“probiotics-prebiotic”) products.

In this study, B. animalis subsp. lactis were recovery from Hotan, Xinjiang, China and Hainan, China. The results of PCA analysis showed regional variability in the utilization of polysaccharides by B. animalis subsp. lactis isolated from Hotan and Hainan regions. It could be due to the growth of the Bifidobacterium strains may be affected by the environment and eating habits. According to the accumulating evidence, intraspecies differences might occur because of the human gastrointestinal environment (Holscher, 2020). Diet is considered the main environmental contributor to the gastrointestinal microbiota structure and function in humans and animals; therefore, can markedly influence the functionality of indigenous microbiota (Gibson et al., 2004; Hansen et al., 2018). This study resequenced analyzing the strains to explore the mechanism of metabolic oligomerization differences in B. animalis subsp. lactis.

Studies have shown that about 14% of the genes of Bifidobacteria genome are involved in carbohydrate metabolism (Genomics of the Genus Bifidobacterium Reveals Species-Specific Adaptation to the Glycan-Rich Gut Environment). The predominant CAZymes class found in this study were GH43, GT2, GH3, and GT13, which were responsible for the metabolism of multiple plant-derived carbohydrates (Lugli et al., 2019; Liang et al., 2023; Srivastava et al., 2023). In line with this result, our in vitro experiments showed that B. animalis subsp. lactis could assimilate several plant-derived carbohydrates, such as IMO, GOS, and XOS, which may explain why B. animalis subsp. lactis could efficiently colonize several animal guts. According to B. animalis subsp. lactis glycobiome, all of the tested strains shared the same CAZymes profile. Nevertheless, our analysis detected strain-specific variation in carbohydrate utilization within 9 B. animalis subsp. lactis.

However, oligosaccharide utilization capacities of the B. animalis subsp. lactis strains differed because of the difference in the gene transcription level. In several studies, the Bifidobacterium genome functional annotation results revealed that most of the functions encoded by genes were related to carbohydrate metabolism (Milani et al., 2016). The oligosaccharide metabolism experiment combined with the PCR validation of functional genes indicated that the experimental strains could use 5–6 types of oligosaccharides and have genes encoding key enzymes involved in functional oligosaccharide metabolism. This finding suggests that the carbohydrate-utilizing ability of Bifidobacterium is crucial for its life activities. The study results are similar to those reported by Janer et al. (2004). In this past study, all experimental strains (B. animalis subsp. lactis) had genes encoding key enzymes involved in inulin metabolism, as determined through PCR amplification of the gene for β-fructosidase. However, almost none of the strains could metabolize inulin. This finding suggests that although strains possess key enzyme genes for metabolizing functional oligosaccharides, this finding does not confirm that they can surely metabolize relevant oligosaccharides, which could be because the associated genes are not expressed or less expressed. Global gene expression profiles were obtained for 9 B. animalis subsp. lactis, growing on 4 potential prebiotic oligosaccharides (FOS, GOS, XOS and IMO). RT-qPCR results unveiled that differentiation of gene expression regulation influences metabolic capabilities. HN9, HN10 and HN16 upregulated the expression of glycosyltransferase (Balat_0888) and β-fructofuranosidase (Balat_1241) which are allows to uptake FOS. HN24 and HN5 were observed to utilize IMO via upregulated ABC transporter (Balac_1599), isoamylase (Balat_0977), GH13_311, 6-α-Glucosidase (Balac_1593), 4-α-glucanotransferase (Balat_0373), and glucan phosphorylase (Balat_0076). Transporter differentially up regulated on XOS was also found in HT24, HN7, HT12 and HT20. Glycosidase genes exhibited consistency in terms of phenotype of functional oligosaccharide metabolism at the transcriptional level.

Similarly, the 16th International Symposium on Probiotics and Health reported that probiotics B. animalis subsp. lactis Probio-M8 and V9 shared similar carbohydrate metabolism-related genes, albeit their phenotypes of carbohydrate metabolism varied remarkably. As noted in the aforementioned report, our study results suggest that all experimental strains (B. animalis subsp. lactis) had similar genes related to the key enzymes involved in functional oligosaccharide metabolism, but their phenotypes of functional oligosaccharide metabolism were different. The difference in the phenotypes of metabolism may be caused by the difference in the gene transcription level and the protein translation level of relevant key enzymes. Differences were noted in the gene transcription of Saccharomyces cerevisiae in the presence of different long-chain fatty acids (Han Li et al., 2019). Moreover, the addition of glycerol effectively increased the transcription level of the lactone ring synthesis-related gene in Streptomyces ambofaciens. The relative transcript level of related genes unveiled that the increase in the oxygen supply level effectively promoted the relative transcription level of the forosamine synthesis-related gene. Thus, it was confirmed that the external growth environment can affect gene expression.



5 Conclusion

In this study, B. animalis subsp. lactis strains were isolated from human fecal samples collected from participants from across Hotan and Hainan. Comparison and analyses of their abilities were performed to utilize 8 types of functional oligosaccharides as well as their differences at the gene and transcription levels. The results indicated that, on one hand, the selected strains from different areas exhibited differences in metabolizing functional oligosaccharides. On the other hand, the ability of the strains to utilize the oligosaccharides was consistent with the transcript levels of the related glycosidase genes. This study provided a case for understanding functional diversity due to small gene expression changes within the B. animalis subsp. lactis. And the synbiotic formulations could be optimized through uncovered gene expression impacts phenotypic variations in B. animalis subsp. lactis. Subsequent studies could design targeted interventions through understanding the regulatory pathways involved in gene expression, thus developing more effective synbiotic products. This study may provide new ideas for the development of targeted bifidogenic functional oligosaccharides, for specific probiotic strains.
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Objective: To examine the effects of an intervention with fructooligosaccharides (FOS), Saccharomyces boulardii, and their combination in a mouse model of colitis and to explore the mechanisms underlying these effects.

Methods: The effects of FOS, S. boulardii, and their combination were evaluated in a DSS-induced mouse model of colitis. To this end, parameters such as body weight, the disease activity index (DAI), and colon length were examined in model mice. Subsequently, ELISA was employed to detect the serum levels of proinflammatory cytokines. Histopathological analysis was performed to estimate the progression of inflammation in the colon. Gas chromatography was used to determine the content of short-chain fatty acids (SCFAs) in the feces of model mice. Finally, 16S rRNA sequencing technology was used to analyze the gut microbiota composition.

Results: FOS was slight effective in treating colitis and colitis-induced intestinal dysbiosis in mice. Meanwhile, S. boulardii could significantly reduced the DAI, inhibited the production of IL-1β, and prevented colon shortening. Nevertheless, S. boulardii treatment alone failed to effectively regulate the gut microbiota. In contrast, the combined administration of FOS/S. boulardii resulted in better anti-inflammatory effects and enabled microbiota regulation. The FOS/S. boulardii combination (109 CFU/ml and 107 CFU/ml) significantly reduced the DAI, inhibited colitis, lowered IL-1β and TNF-α production, and significantly improved the levels of butyric acid and isobutyric acid. However, FOS/S. boulardii 109 CFU/ml exerted stronger anti-inflammatory effects, inhibited IL-6 production and attenuated colon shortening. Meanwhile, FOS/S. boulardii 107 CFU/ml improved microbial regulation and alleviated the colitis-induced decrease in microbial diversity. The combination of FOS and S. boulardii significantly increased the abundance of Parabacteroides and decreased the abundance of Escherichia–Shigella. Additionally, it promoted the production of acetic acid and propionic acid.

Conclusion: Compared with single administration, the combination can significantly increase the abundance of beneficial bacteria such as lactobacilli and Bifidobacteria and effectively regulate the gut microbiota composition. These results provide a scientific rationale for the prevention and treatment of colitis using a FOS/S. boulardii combination. They also offer a theoretical basis for the development of nutraceutical preparations containing FOS and S. boulardii.
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1 Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory condition affecting the intestinal tract, and it includes ulcerative colitis and Crohn’s disease (Wu et al., 2021). The clinical symptoms of IBD include celialgia, diarrhea, hematochezia, weight loss, and oxidative stress and patients with IBD are at an increased risk of colon cancer (Wang et al., 2019). The prevalence of IBD has been increasing year after year, making this disease an important global public health issue (Shi et al., 2020; Dong et al., 2022).

Several factors contribute to the pathogenesis of IBD including genetic susceptibility, intestinal barrier injury, environmental risk factors, and an imbalance of symbiotic flora (Liu et al., 2022; Yang et al., 2022). The three main goals of IBD management are to induce and maintain remission; prevent disease-related complications; and improve quality of life and minimize adverse events. The treatment strategies for IBD are based on the location and severity of inflammation, and account for the expected progression of the disease (Taleban et al., 2015). At present, colitis is mainly treated using clinical agents such as aminosalicylates, corticosteroids, immunosuppressants, and monoclonal antibodies. Of these, aminosalicylates are used to treat mild-to-moderate IBD. However, they cause adverse effects such as headache, nausea, and fatigue in 10 to 45% of treated patients. Additionally, they can induce allergic reactions such as rash, fever, Stevens-Johnson syndrome, hepatitis, pneumonitis, hemolytic anemia, and bone marrow suppression (Pithadia and Jain, 2011). Corticosteroids are effective at establishing but not maintaining remission in cases of moderate-to-severe IBD (Kornbluth et al., 2010). However, long-term corticosteroid use makes patients vulnerable to systemic side effects such as an increased risk of osteoporosis, opportunistic infections, and death (Toruner et al., 2008). Immunosuppressant drugs can serve as invaluable adjunct therapeutic agents for patients with intractable IBD or complex, inoperable perianal disease. Although immunosuppressant treatment causes some adverse effects, it is safer and more tolerable than long-term steroid hormone therapy. Notably, the adverse effects of immunosuppressants are rare and include leukopenia and hypersensitive interstitial pneumonitis, although long-term treatment can cause hepatic fibrosis (Pithadia and Jain, 2011). Monoclonal antibodies can also be an option in moderate-to-severe IBD, especially in steroid-dependent or steroid-resistant patients. Cottone et al. reported a 12% risk of serious infections including pneumonia and sepsis, in older patients under treatment with monoclonal antibodies. Overall, 3% of the patients in their cohort died due to septic shock (Cottone et al., 2011). In other studies, monoclonal antibodies have also been reported to cause dermatological problems, infusion reactions, and neurological sequelae. Hence, the current drugs used to treat colitis have several disadvantages such as serious adverse effects, and are not suitable for long-term use (Jeong et al., 2019; Qu Y. et al., 2021).

Fructooligosaccharides (FOS) are a typical prebiotics that can increase the diversity of the human intestinal microbiota, selectively promoting the growth of beneficial bacteria in the human gut, improving the intestinal environment and intestinal function, and decreasing the level of proinflammatory cytokines (Genda et al., 2017; Mao et al., 2018; Tandon et al., 2019). Relevant studies have shown that pretreatment with a mixture of FOS and galactooligosaccharides (GOS) can alleviate the symptoms of dextran sulfate sodium (DSS)-induced colitis in mice (Liu et al., 2021).

Saccharomyces boulardii is a subspecies of Saccharomyces yeast, and it is the only probiotic species of yeast discovered to date (Pais et al., 2020). Research on S. boulardii has gradually expanded in recent years, and many studies have shown that this yeast shows good efficacy in the treatment of various gastrointestinal diseases (Gao et al., 2023; Salazar-Parra et al., 2023).

Given the complexity of colitis and its etiology, treatment with FOS and S. boulardii alone has shown limited anti-colitis efficacy (Sivananthan and Petersen, 2018; Simoes et al., 2022). Moreover, there have been few studies on the combination of FOS and S. boulardii for colitis management. Hypothetically, the combination of FOS and S. boulardii could simultaneously provide a prebiotic and probiotic agent, synergistically enhancing the efficacy of colitis treatment (Wasilewski et al., 2015). Exploring the effects of this synbiotic combination in mouse models of colitis could provide a theoretical basis for its clinical development and application and create new therapeutic avenues for colitis management.

In this study, mice were pretreated with FOS, different concentrations of S. boulardii, and a combination of these agents. They were then treated with DSS to induce colitis. Parameters such as the disease activity index (DAI), the levels of SCFAs and proinflammatory cytokines, inflammation in the colon, and the composition of the gut microbiota were evaluated in the model mice after treatment. Accordingly, the preventive and therapeutic effects of FOS, S. boulardii, and their combination on colitis were evaluated and their regulatory effects on the mouse gut microbiota were delineated.



2 Experimental materials and instruments


2.1 Animals, microbes, reagents, and materials

The following animals, microbes, reagents, and materials were used in this study: male C57BL/6 J mice (Jiangsu GemPharmatech Co., Ltd. license NO: SYXK (Zhejiang) 2020–0022), S. boulardii (Angel Nutritech Co., Ltd. CAT.NO: 22011001), FOS (Baolingbao Biological Co., Ltd. CAT.NO: 22021012), DSS (MP Biomedicals Co., Ltd. CAT.NO: S7708), fecal occult blood qualitative detection kit (Shanghai Yuanye Bio-Technology Co., Ltd. CAT.NO: M03HR177092), and mouse tumor necrosis factor α (TNF-α) kit, interleukin-6 (IL-6) kit, and interleukin-1β (IL-1β) kit (Shanghai Enzyme-linked Biotechnology Co., Ltd. CAT.NO: YJ002095, YJ063159, YJ301814).



2.2 Instruments

The following equipment was used in this study: GC-2010 plus Gas Chromatographic instrument (Shimadzu Co., Ltd., Japan), DB-FFAP gas chromatographic column (Agilent Technologies, Inc., USA), JB-P5 embedding machine, JJ-12 J dehydrator, JB-L5 freezing table (Wuhan Junjie Electronics Co., Ltd.), KD-P water bath-slide drier (Jinhua Kedi Instrument Equipment Co., LTD.), RM2016 microtome (Leica Instrument Co., LTD.), DP260s dyeing machine (Shenzhen Dakewe Medical Technology Co., LTD.), ECLIPSE E100 microscope (NIKON Company, Japan), and Spectramax M2 Full Wavelength enzyme-labeling Apparatus (Molecular Devices, USA).



2.3 Methods


2.3.1 Mice and housing conditions

Forty-two healthy male SPF C57BL/6 J mice (8 weeks old; average body weight, 25.25 ± 0.7 g) were housed in cages at a room temperature of 21–25°C and relative humidity of 40–70%. The lights were artificially controlled to maintain a 12-h light/dark cycle, and the corncob bedding was changed twice a week.



2.3.2 Experimental protocol

The mice were randomly divided into seven groups of six mice each. These included the control group, DSS group, HSb group (High-S. boulardii), LSb group (Low-S. boulardii), FOS group, HFSb group (High-S. boulardii + FOS). and LFSb group (Low-S. boulardii + FOS). The experiment was carried out over a total duration of 17 days, including stage T1 (days 1–9) and stage T2 (days 10–17). On day 17, the mice were sacrificed, and samples (Stool, blood, and colon) were collected. Each treatment agent was administered to the mice via oral gavage (0.15 ml). The Ctrl group received the intragastric administration of sterile water, whereas the DSS group received sterile water at the T1 stage and 3% DSS at the T2 stage. Throughout the experimental period, the HSb group and the LSb group received 109 CFU/ml and 107 CFU/ml S. boulardii suspensions, respectively. Meanwhile, the FOS group was given a 0.8% FOS solution. The HFSb and LFSb groups received 0.8% FOS + 109 CFU/ml S. boulardii suspension and 0.8% FOS + 107 CFU/ml S. boulardii suspension, respectively. In addition, the Ctrl group was allowed to drink water freely throughout the experiment. Meanwhile, the other six groups drank water freely during the T1 stage, and the drinking water was changed to a 3% DSS solution (0.03 g/ml) during the T2 stage to induce colitis (Figure 1).
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FIGURE 1
 Schematic diagram of the experimental design.


The DAI was recorded every day during the T2 stage. At the end of the experiment, stool samples were obtained to detect their short-chain fatty acid (SFCA) content. Moreover, blood samples were collected to detect serum proinflammatory cytokine levels, and colon contents were obtained for bacterial community analysis via 16S rRNA gene sequencing. Colon tissue samples were collected and stained for histological analysis.



2.3.3 Preparation of Saccharomyces boulardii suspensions

Saccharomyces boulardii was cultured in yeast liquid medium at 32°C and 160 rpm for 36 h. Subsequently, the culture medium was centrifuged at 4°C and 3,000 rpm for 5 min. The supernatant was discarded, and the pellet was suspended in sterile PBS. The procedure was repeated twice to remove any residual medium. Finally, the pellet was resuspended in sterile PBS, and the number of S. boulardii cells was measured using a hemocytometer. Finally, S. boulardii suspensions with concentrations of 109 CFU/mL and 107 CFU/mL were prepared.



2.3.4 Detection of proinflammatory cytokines in the serum

To detect the levels of TNF-α, IL-6, and IL-1β in the serum, standard, blank, and sample wells were set up on ELISA plates. Then, 50 μl of a standard solution was added to the standard well, 100 μl of the sample diluent was added to the blank well, and 40 μl of the sample diluent and 10 μl of serum were added to the sample well. The contents of each well were mixed, and subsequently, 100 μl of conjugate reagent was added to all wells except the blank wells. After incubation at 37°C for 60 min, the plates were washed five times. Then, 50 μl of color developer A and B were added successively to each well, and the color was developed at 37°C for 15 min, away from light. At the end of the color development phase, 50 μl of stop buffer was added to each well, and the absorbance of each well was measured at 400 nm. A standard curve was drawn, and the serum concentrations of the three proinflammatory cytokines were calculated.



2.3.5 Preparation, staining and histopathological analysis of colon sections

The colon tissues were fixed in formaldehyde and subsequently embedded in paraffin. Paraffin-embedded specimens were cut into 4-μm-thick sections and stained with hematoxylin and eosin (H&E). The presence and extent of neutrophil infiltration, cryptitis, crypt abscesses, epithelial erosion, and ulceration in the colon sections were evaluated based on the modified Riley score. The modified Riley score classifies histological activity as follows: 0 for neutrophils present in the epithelium but no crypt involvement; 1 for neutrophils present in the epithelium and <25% crypt involvement; 2 for neutrophils present in the epithelium and ≥25% to ≤75% crypt involvement; 3 for neutrophils present in the epithelium and > 75% crypt involvement; 4 for neutrophils present in the lamina propria with a mild but unequivocal increase; 5 for neutrophils present in the lamina propria with a moderate increase; 6 for neutrophils present in the lamina propria with a marked increase; and 7 for erosion or ulceration (Ates et al., 2022).



2.3.6 Detection of SCFAs in fecal samples

Mouse feces were mixed with sterile water (1:10) and centrifuged for 5 min (4°C, 10000 rpm). Subsequently, the SCFA content in the supernatant was determined using gas chromatography. The column temperature was maintained at 80°C for 1 min and then increased to 190°C at a rate of 10°C/min. It was further increased to 240°C at 40°C/min, where it was maintained for 5 min. The vaporizing chamber and FID detector were maintained at 240°C. The flow rates of the three carrier gases were 400 ml/min (air), 40 ml/min (hydrogen), and 20 ml/min (nitrogen). A standard curve was plotted based on the peak area ratio between the standard solutions of SCFAs (acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid) and crotonic acid, and the content of SCFAs in each sample was calculated.



2.3.7 16S rRNA sequencing

A DNA extraction kit was used to extract DNA from the colon contents of the mice. The V3-V4 hypervariable region of the 16S rRNA gene was amplified by PCR using the primers 341F (5’-CCTAYGGGRBGCASCAG-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′). Purified amplicons were paired-end sequenced on an Illumina NovaSeq PE250 platform. The raw sequencing reads were deposited into the NCBI Sequence Read Archive (SRA) database (Accession Number: PRJNA1040442).




2.4 Data and statistical analysis

SPSS 23 was used for statistical analysis, and GraphPad Prism 8.0.1 was used for mapping. Bacterial community analysis and mapping were carried out on the diversity cloud platform of Shanghai OE Biotech Co., Ltd. The Shapiro–Wilk test was used to assess the normality of data distribution. When comparing multiple groups, the Kruskal–Wallis test was performed to analyze data showing a non-normal distribution, and one-way ANOVA and Tukey’s post hoc comparison test were performed on data showing a normal distribution.




3 Results


3.1 Analysis of body weight and DAI

The body weight changes in the mice during the experimental period are shown in Figure 2A. On day 10 (the end of T1), the average body weight of the mice increased in all other groups except the FOS group increased. On day 15 (day 6 after DSS intervention), the body weight of the mice in the other groups was significantly lower than that in the Ctrl group (p < 0.05), consistent with previous findings (Liu et al., 2023). On day 16 (day 7 after DSS intervention), all mice except those in the Ctrl group excreted loose and bloody stools. Their body weights decreased significantly, while their DAI values increased significantly. The DAI values of mice in all other groups were significantly higher than those in the Ctrl group on day 12 (day 3 after DSS intervention) (Figure 2B). On day 16 (day 7 after DSS intervention), only the DAI values in the LSb (p = 0.017), LFSb (p = 0.012), and HFSb groups (p = 0.036) were significantly lower than those in the DSS group.
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FIGURE 2
 Effect of FOS and Saccharomyces boulardii on the body weight and disease activity index of the mice. (A) Body weight; (B) Disease activity index. Data are represented as the mean ± SEM. The Shapiro–Wilk test was used to evaluate whether the data were normally distributed. Subsequently, one-way ANOVA and Tukey’s post hoc comparison test were conducted. # indicates a significant difference compared with the Ctrl group: # indicates 0.01 < p < 0.05; * indicates a significant difference compared with the DSS group: * indicates 0.01 < p < 0.05.




3.2 Analysis of proinflammatory cytokine levels in the serum

The serum levels of proinflammatory factors were detected using ELISA in all groups of mice. The serum IL-1β concentration was significantly higher in mice from the DSS group (p = 0.012) and HSb groups (p < 0.001) than in those from the Ctrl group. Meanwhile, the serum IL-1β concentration was significantly lower in the FOS group (p = 0.015), LSb group (p = 0.026), LFSb group (p = 0.018), and HFSb group (p = 0.013) than in the DSS group (Figure 3A). Compared with the Ctrl group, the LSb group showed significantly elevated serum IL-6 levels (p = 0.029). Meanwhile, the serum IL-6 levels (p = 0.032) in the HFSb group were significantly lower than those in the DSS group (Figure 3B). Compared with the Ctrl group, the LFSb group showed significantly decreased serum TNF-α levels (p = 0.005), but the serum TNF-α levels were significantly increased in the HSb group (p < 0.001). The serum TNF-α levels in the LFSb group (p = 0.018) and the HFSb group (p = 0.040) were significantly lower than those in the DSS group (Figure 3C).
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FIGURE 3
 Serum levels of proinflammatory cytokines in the mice. (A) IL-1β; (B) IL-6; (C) TNF-α. Data are represented as the mean ± SD. The Shapiro–Wilk test was used to evaluate whether the data were normally distributed. Subsequently, one-way ANOVA and Tukey’s post hoc comparison tests were conducted. # Indicates a significant difference compared with the Ctrl group; # indicates 0.01 < p < 0.05, ## indicates 0.001 < p < 0.01, and ### indicates p < 0.001; * indicates a significant difference compared with the DSS group: * indicates 0.01 < p < 0.05.




3.3 Colon characteristics and histology

An important manifestation of DSS-induced colitis in mice is a shortened colon. The more severe the inflammation, the shorter is the colon length (Fonseca-Camarillo and Yamamoto-Furusho, 2015). Hence, colon length and morphology were compared among all groups in this study (Figure 4). Compared with the Ctrl group, the other groups showed a shorter colon length; notably, the colon length of mice in the DSS group (p = 0.009) and the FOS group (p = 0.011) was significantly reduced (Figure 4). Compared with the DSS group, the HSb group (p = 0.021) and HFSb group (p = 0.023) showed a significantly higher colon length, although no significant difference in colon length was observed between the LSb and LFSb groups (Figure 4).
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FIGURE 4
 Colon length and colon morphology in mice from different groups. (A) Colon length; (B) Colon morphology. Data are represented as the mean ± SD. The Shapiro–Wilk test was used to evaluate whether the data were normally distributed. Subsequently, one-way ANOVA and Tukey’s post hoc comparison tests were conducted. # Indicates a significant difference compared with the Ctrl group: # Indicates 0.01 < p < 0.05, and ## indicates 0.001 < p < 0.01; * indicates a significant difference compared with the DSS group: * indicates 0.01 < p < 0.05.


By observing the microscopic morphology of colon tissues — such as intestinal villi, goblet cells, and crypts — the degree of inflammation can be estimated (Monk et al., 2018; Li M. X. et al., 2022). Therefore, colon tissues were histologically analyzed using H&E staining according to the modified Riley Scoring System (Figure 5). Healthy mice in the Ctrl group showed normal colon tissue morphology. However, DSS-induced colitis damaged the integrity of the colon mucosa. In animals with DSS-induced colitis, the goblet cells either decreased in number or completely disappeared. In these animals, the crypt was deformed, atrophied, or even absent. There were ulcers in the submucosa and neutrophil infiltration was also detected. These results indicated the successful establishment of the mouse colitis model.
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FIGURE 5
 Histological analysis of the colon tissues of mice from different groups. (A) Histological scores; (B) Staining of colon tissues. Data are represented as the mean ± SEM. The Shapiro–Wilk test was used to evaluate whether the data were normally distributed. Subsequently, one-way ANOVA and Tukey’s post hoc comparison test were conducted. # Indicates a significant difference compared with the Ctrl group: ### means p < 0.001; * indicates a significant difference compared with the DSS group: * indicates p < 0.05, ** Indicates p < 0.01. (a) Goblet cells; (b) Crypts; (c) Submucosa; (d) Neutrophils.


The colonic morphology of mice in the LFSb and HFSb groups showed the most significant improvement when compared with the DSS group. In these groups (p < 0.01, p < 0.05), goblet cells with mucus-secreting functions were largely preserved. Meanwhile, the structural integrity of the crypts and submucosa was also significantly improved, and inflammatory cell infiltration was only detected locally in the mucosa.

The colon morphology of mice in the LSb and HSb groups was also improved to a certain extent, with intestinal villi and cup cells being partially retained. However, in these groups, some crypts were deformed and atrophied, and considerable local inflammatory cell infiltration was detected. The histological scores in the LSb and HSb groups were not significantly better than those in the DSS group. In contrast, the villi in the FOS group were significantly atrophied. In this group, the goblet cells had largely disappeared, and the crypts were also deformed or had disappeared. With the exception of the DSS group, the FOS group had the highest histological score. Furthermore, the histological scores of the DSS and FOS groups were both significantly higher than those of the control group (p < 0.001). In summary, a significant amelioration of colon injury was observed in the LFSb and HFSb groups. While the LSb and HSb groups also showed some degree of improvement, the improvement was not as high as that in the LFSb and HFSb groups.



3.4 Analysis of SCFA content in feces

The excrements of mice were collected, and six types of SCFAs were detected in mouse stool samples. Standard solutions for six concentration gradients of the SCFAs (acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid) were prepared. Subsequently, standard curves were generated based on the peak area ratio and concentration ratio between each SCFA and crotonic acid. Fecal samples were subjected to various hydrolysis and methyl esterification conditions (different durations, temperatures, and gas usage conditions) to obtain maximum extraction efficiency. The total SCFA content was significantly higher in the DSS (p = 0.002) and the LFSb group (p = 0.006) than in the Ctrl group. However, it was significantly lower in the LSb (p = 0.030) and the HSb group (p = 0.006) than in the DSS group (Figure 6A). The proportion of acetic acid in the fecal samples was much higher than that of the other SCFAs. The between-group differences in the levels of these individual SCFAs were similar to the between-group differences in the total SCFA content (Figure 6B). The propionic acid content in the LSb (p = 0.015) and LFSb groups (p = 0.004) was significantly higher than that in the Ctrl group. Moreover, the propionic acid levels in the LFSb group (p = 0.047) were significantly higher than those in the DSS group (Figure 6C). The contents of butyric acid and isobutyric acid in the DSS group and the other five experimental groups were significantly higher than those in the Ctrl group, while the contents of butyric acid in the LFSb (p = 0.004) and HFSb groups (p = 0.038) were significantly higher than those in the DSS group (Figures 6D,E). In addition, the contents of valeric acid (p = 0.045) and isovaleric acid (p = 0.042) in the LFSb group and the contents of isovaleric acid (p = 0.028) in the HFSb group were significantly higher than those in the DSS group (Figures 6F,G).
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FIGURE 6
 Effects of FOS and S. boulardii on short-chain fatty acid (SFCA) contents in the feces of different groups. (A) Total SCFA content, i.e., total contents of six SCFAs; (B) Ace (acetic acid); (C) Pro (propionic acid); (D) Isob (isobutyric acid); (E) But (butyric acid); (F) IsoV (Isovaleric acid); (G) Pen (valeric acid). Data are represented as the mean ± SD. The Shapiro–Wilk test was used to evaluate whether the data were normally distributed. Subsequently, one-way ANOVA and Tukey’s post hoc comparison tests were conducted. # Indicates a significant difference compared with the Ctrl group: # indicates 0.01 < p < 0.05, and ## indicates 0.001 < p < 0.01; * indicates a significant difference compared with the DSS group: * indicates 0.01 < p < 0.05, and ** indicates 0.001 < p < 0.01.




3.5 Analysis of gut microbial composition

The colon contents of mice were sequenced using 16S rRNA gene sequencing, and the composition of the gut microbiota in different groups of mice was analyzed. First. the α-diversity of the colon microbiota was examined (Figures 7A,B). Compared with Ctrl treatment, the DSS intervention significantly reduced the Chao1 index and Shannon index of the gut microbiota in mice. Thus, DSS-induced colitis significantly reduced the abundance and diversity of the gut microbiota. In addition, a significant decrease in the Shannon index was observed in all other treatment groups except the LFSb group. This indicated that LFSb could partly attenuate the decrease in gut microbiota diversity. However, there was no significant difference in the abundance and diversity of the gut microbiota between the other five experimental groups and the DSS group.
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FIGURE 7
 Microbial composition analysis of primary fecal samples and fermentation samples at the genus level. (A) Alpha-diversity analysis based on the Chao1 index; (B) Alpha-diversity analysis based on the Shannon index; (C) Beta-diversity analysis based on Bray-Curtis distances and PCoA; Data are represented as the mean ± SD. The Shapiro–Wilk test was used to evaluate whether the data were normally distributed. Subsequently, one-way ANOVA and Tukey’s post hoc comparison tests were conducted. # Indicates a significant difference compared with the Ctrl group: # indicates 0.01 < p < 0.05, ## indicates 0.001 < p < 0.01, and ### indicates p < 0.001.


Principal coordinate analysis (PCoA) revealed a distinct separation between the ꞵ-diversity of the Ctrl group and that of the other six groups. This indicated that after the DSS intervention, a significant alteration in the gut microbiota was in all groups (when compared with the Ctrl group) (Figure 7C). However, there was a small difference between the DSS group and the other five experimental groups. In addition, there was no overlap between the FOS group and the LFSb group, indicating a significant variation in the composition of the gut microbiota between these two groups (Figure 7C).

The abundance of intestinal bacteria was examined at the phylum level. Firmicutes and Bacteroidota were the dominant phyla in the colons of healthy mice, accounting for more than 95% of the total microbes, followed by Actinobacteriota and Desulfobacterota (Figure 8A). The relative abundance of Deferribacterota increased significantly after DSS intervention, and this was one of the dominant phyla in the DSS group.
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FIGURE 8
 Colon microbiota composition and group differences at the phylum level. (A) Microbial composition at the phylum level; Differences in the relative abundance of Bacteroidota (B) and Proteobacteria (C) between different groups. Data are represented as the mean ± SD. The Shapiro–Wilk test was used to evaluate whether the data were normally distributed. Subsequently, the Kruskal-Wallis test was conducted. a, b, c: different lowercase letters represent significant differences between different groups.


The mean relative abundance of Firmicutes in the LFSb group was higher than that in the other groups, but there was no significant difference in its abundance among the other groups. Notably, there were significant differences in the relative abundance of Bacteroidota and Proteobacteria among the groups. The abundance of Bacteroidota in all other groups except the LSb group was significantly lower than that in the Ctrl group (Figure 8B). Meanwhile, the relative abundance of Proteobacteria in the DSS group, FOS group, HSb group, and HFSb group was significantly higher than that in the Ctrl group. In contrast, the relative abundance of Proteobacteria in these five experimental groups was significantly lower than that in the DSS group (Figure 8C).

The top 30 genera (based on relative abundance) in the mouse gut are shown in Figure 9A. Muribaculaceae was the genus with the highest relative abundance in the colons of healthy mice, accounting for more than 50% of the total microbes. It was followed by Lachnospiraceae_NK4A136_group (13.35%), Clostridia_UCG-014 (4.70%), and Lactobacillus (3.83%). The composition of the microbiota in the other groups was significantly different from that in the Ctrl group, with Muribaculaceae of Bacteroidota showing the most significant change (Figure 9B). The relative abundance of Parabacteroides in the FOS and LFSb groups was significantly higher than that in the Ctrl and DSS groups (Figure 9C). The relative abundance of Escherichia-Shigella was significantly elevated in all other groups except the LFSb group (Figure 9D). Meanwhile, the relative abundance of Parasutterella increased significantly in the DSS, HSb, and HFSb groups, when compared with the Ctrl group, and also tended to increase in the FOS, LSb, and LFSb groups (Figure 9E). The relative abundance of Ileibacterium in the FOS, LSb, HSb, and LFSb groups was significantly lower than that in the DSS group (Figure 9F).
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FIGURE 9
 Colon microbiota composition and group differences at the genus level. (A) Microbial composition at the genus level; (B–F) Differences in Muribaculaceae, Parabacteroides, Escherichia−Shigella, Parasutterella, and Ileibacterium between groups. Data are represented as the mean ± SD. The Shapiro–Wilk test was used to evaluate whether the data were normally distributed. Subsequently, the Kruskal–Wallis test was conducted. a, b, c: different lowercase letters represent significant differences between different groups.





4 Discussion

The present study found that typically, FOS and S. boulardii alone cannot prevent the occurrence of DSS-induced colitis. However, FOS/S. boulardii mixed suspensions (107 CFU/ml and 109 CFU/ml) and the 107 CFU/ml S. boulardii suspension may significantly attenuate the increased DAI in mice after DSS treatment and alleviate the clinical symptoms of colitis to a certain extent.

A previous study reported that 109 CFU/ml of S. boulardii may also reduce the DAI and prevent colon damage in DSS-induced mouse models of colitis. However, this study did not compare the effects of different concentrations of S. boulardii (Rodriguez-Nogales et al., 2018). Gao H et al. found that S. boulardii suspensions of 105 CFU/mL may significantly prevent weight loss in DSS-induced mouse models of colitis, improve the DAI, and reduce the colon weight/length ratio (Gao H. et al., 2021). Meanwhile, different concentrations of S. boulardii have also been shown to reduce colon inflammation to varying extents, and their combination with FOS has been found to enhance this improvement.

IL-1β, IL-6, and TNF-α are important cytokines that regulate inflammation and their release triggers and promotes the inflammatory response. Therefore, these cytokines are often used as inflammatory markers to estimate the severity of inflammation in the body (Qu S. et al., 2021; Nakase et al., 2022). In the present study, the HFSb group showed significantly reduced levels of these proinflammatory cytokines. The anti-inflammatory effect was the strongest in the HFSb group, (significant reductions in IL-6, IL-1β, and TNF-α), followed by the LFSb group (significant reductions in IL-1β and TNF-α). Meanwhile, the FOS and LSb groups only exhibited significantly reduced levels of IL-1β, and the HSb group did not show any obvious alteration in proinflammatory cytokines. Gao et al. reported that S. boulardii suspensions of both 105 CFU/mL and 107 CFU/ml can reduce the levels of IL-1β, IL-6, and TNF-α. This indicates that a high concentration of S. boulardii, such as 109 CFU/ml, may indeed have a poor effect on improving inflammation (Gao H. et al., 2021). Zhang et al. discovered that FOS combined with GOS can decrease the serum levels of IL-1β, IL-6, IL-8, and TNF-α in mice with DSS-induced colitis (Zhang S. et al., 2023). Meanwhile, Rajkumar et al. found that the combination of Lactobacillus salivarius and FOS can significantly lower the serum levels of IL-1β, IL-6, IL-8, and TNF-α in adults, and combination treatment provides more obvious treatment effects than Lactobacillus salivarius alone (Rajkumar et al., 2015). Therefore, the combination of FOS and S. boulardii appears to be more effective at inhibiting the release of proinflammatory cytokines than either of these agents alone. Moreover, the concentration of S. boulardii also seems to affect the inhibitory effect of this probiotic on proinflammatory cytokines.

The SCFAs present in mouse feces represent the residual products that are synthesized by gut microbes but not absorbed by the body. Notably, the integrity of the intestinal mucosa determines the absorption efficiency of SCFAs (Zhou et al., 2020; Guo et al., 2021). DSS-induced colitis can cause intestinal mucosal damage in mice, thus inhibiting nutrient absorption. This may partly explain the increase in SCFA content in the feces of mice from the DSS group (Niu et al., 2023; Wu et al., 2023). SCFAs, especially butyric acid, have a strong anti-inflammatory effect. Hence, they can help maintain the integrity of the intestinal mucosal barrier and thus improve colon health (Parada Venegas et al., 2019; Li W. et al., 2022). In this study, the content of butyric acid was significantly higher in the LFSb and HFSb groups than in the DSS group, which further explains why the intestinal damage was the least severe in these two groups. In addition to butyric acid, a variety of other SCFAs also showed significantly higher levels in fecal samples from the LFSb group than in those from the Ctrl group. The combination of FOS and S. boulardii promoted the production of SCFAs by intestinal microbes and the SCFA content in the LFSb group was higher than that in the LSb and FOS groups. These results indicated that FOS combined with S. boulardii was more effective at promoting fermentation than either agent alone. This result was consistent with the conclusion derived by Morales-Ferre C et al. regarding the preventive effects of probiotics and prebiotics on early rotavirus-induced diarrhea in rats. Combination of probiotics and prebiotics, such as FOS and S. boulardii, can significantly reduce intestinal permeability and increase the levels of SCFAs when compared with single-agent treatment (Morales-Ferre et al., 2022). However, in the present study, some differences were detected between the LSb group and HSb group and between the LFSb group and HFSb group, indicating that the concentration of S. boulardii also plays a key role in regulating fermentation activity in gut microbiota.

By examining the gut microbiota composition in mice, this study showed that DSS could inhibit Bacteroidota and promote the growth of Proteobacteria. Meanwhile, LSb could attenuate these changes and maintain the balance of the gut microbiota. Notably, LFSb could also inhibit the growth of Proteobacteria and promote the growth of Firmicutes to a certain extent. These findings were consistent with the results obtained by Yu L et al. in their intervention study that focused on liver injury induced by D-Galactosamine in mice. These researchers found that S. boulardii significantly increases the relative abundance of Bacteroidota, and decreases the relative abundance of Firmicutes and Proteobacteria (Yu et al., 2017).

Compared with the Ctrl group, the other groups also showed a significantly reduced relative abundance of Muribaculaceae from the phylum Bacteroidota. Interestingly, Muribaculaceae is known to have a probiotic effect and can influence mucus layer formation and barrier function in the colon (Mu et al., 2021; Zhang Y. et al., 2023). In the present study, its mean relative abundance was the lowest in the DSS group and the FOS group, which may be one reason why colitis injury was more severe in these two groups. Furthermore, Parabacteroides from the phylum Bacteroidota has been shown to inhibit the inflammatory response by regulating IL-10 levels and Treg cells (Strandwitz et al., 2019; Koh et al., 2020). The relative abundance of Parabacteroides in the FOS and LFSb groups was significantly higher than that in the Ctrl and DSS groups, which may partly explain why inflammation was alleviated in the LFSb group. Although the abundance of Parabacteroides was also significantly increased in the FOS group, the other microbial indicators in this group were poor. Hence, the findings suggested that the anti-inflammatory effect in the FOS group was limited. Muribaculaceae and Parabacteroides have previously been identified as potential SCFAs-producing bacteria (Cui et al., 2022; Yang et al., 2023). Studies have demonstrated a strong positive correlation between Muribaculaceae and propionic acid production as well as a moderate association between Muribaculaceae and butyric acid production (Pei et al., 2023). Meanwhile, Parabacteroides has been shown to have a positive correlation with the level of acetic acid production (He et al., 2023).

Escherichia–Shigella from the phylum Proteobacteria can increase intestinal permeability and exacerbate colitis (Zorraquin-Pena et al., 2021). Escherichia–Shigella are negatively correlated with SCFA production (Huang et al., 2023). Among all the treatment groups in this study, only the LFSb group showed no significant increase in the abundance of Escherichia–Shigella. This suggested that LFSb effectively inhibited the growth of the harmful bacteria Escherichia–Shigella, thereby protecting the intestinal tract and reducing damage due to colitis. The relative abundance of Parabacteroides and Escherichia–Shigella was similar between the HFSb and DSS groups. However, HFSb did not provide the same effects as LFSb, which indicated that the concentration of S. boulardii affects the efficacy of microbiota regulation. Previously, the increase in Parasutterella (phylum Proteobacteria) in the gut has been linked to dysbiosis and decreased microbial diversity (Jang et al., 2019). In this study, although the FOS, LSb, and LFSb groups showed a higher relative abundance of Parasutterella than the Ctrl group, this difference was not significant. This may be one reason why the microbial diversity in the LFSb group did not decrease remarkably. Furthermore, the relative abundance of Ileibacterium in the FOS, LSb, HSb, and LFSb groups was significantly lower than that in the DSS group. Ileibacterium is a genus from the phylum Firmicutes, and it is a harmful group of bacteria. Ileibacterium has previously been linked to metabolic disorders and intestinal inflammation (Gao X. et al., 2021; Lin et al., 2022). However, some studies have shown that Ileibacterium and Parasutterella are positively correlated with butyric acid production (Huang et al., 2023; Cao et al., 2024). In the present study, the abundance of Ileibacterium and Parasutterella in the Ctrl group was significantly lower than that in the DSS group. This could explain why the butyric acid content in the Ctrl group was lower than that in the DSS group.

Although both the LFSb and HFSb groups showed a lower relative abundance of Proteobacteria than the DSS group, their levels were much lower in the LFSb group. In fact, the relative abundance of Proteobacteria was comparable between the LFSb group and the Ctrl group. Notably, only the relative abundance of Escherichia–Shigella and Parasutterella (both belonging to phylum Proteobacteria) was significantly lower in the LFSb group than in the DSS group, and there was no significant difference in the relative abundance of these bacteria between the LFSb group and the Ctrl group. The relative abundance of Ileibacterium (phylum Proteobacteria) in both groups was significantly lower than that in the DSS group, but only the LFSb group showed similar levels of Ileibacterium as the Ctrl group. In addition, compared with the DSS group, the relative abundance of Parabacteroides (phylum Bacteroidetes) was significantly elevated in the LFSb group, but not in the HFSb group. Overall, these results demonstrated that the concentration of S. boulardii has an important effect on modulating the reduction in intestinal inflammation and improving the gut microbiota, as suggested by several previous studies. Therefore, additional studies involving more concentration gradients of S. boulardii in combination with FOS are warranted. Overall, accurate evidence and theoretical confirmation are required for the combined use of these agents in clinical settings.



5 Conclusion

Intervention with DSS can cause a gut microbiota imbalance and reduce the richness and diversity of the gut microbes. By establishing a DSS-induced colitis mouse model, this study analyzed the correlation between the composition and characteristics of intestinal microbiota and the levels of proinflammatory cytokines in the serum and SCFAs in feces, while accounting for the severity of colitis. Therefore, this study provided a potential strategy for managing colitis by regulating the intestinal microbiota. This study showed that 107 CFU/ml of S. boulardii combined with FOS can reduce colitis-induced injury and protect the intestinal mucosal barrier by attenuating intestinal dysbiosis, promoting the growth of the beneficial bacteria Parabacteroides, and inhibiting the growth of the harmful bacteria Escherichia–Shigella. The effect of the combination was found to be obviously better than that of FOS or S. boulardii alone, and the concentration of S. boulardii appeared to be a key factor affecting the efficacy of the intervention. These results provide a scientific basis for the improved prevention and treatment of colitis using a FOS/S. boulardii combination. They also offer a theoretical basis for the development of preparations containing FOS combined with S. boulardii.
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Introduction: The gut barrier, comprising gut microbiota, plays a pivotal role in chronic kidney disease (CKD) progression and nutritional status. This study aimed to explore gut barrier alterations in hemodialyzed (HD) patients, non-HD (NHD) CKD patients, and healthy volunteers.

Methods: Our cross-sectional study enrolled 22 HD patients, 11 NHD patients, and 11 healthy volunteers. We evaluated fecal microbiota composition (assessed via bacterial 16S rRNA gene sequencing), fecal IgA levels, surrogate markers of gut permeability, serum cytokines, appetite mediators, nutritional status, physical activity, and quality of life.

Results: HD patients exhibited significant alterations in fecal microbiota composition compared to healthy volunteers, with observed shifts in taxa known to be associated with dietary patterns or producing metabolites acting on human host. In comparison to healthy volunteers, individuals with HD patients exhibited elevated levels of inflammatory markers (CRP, IL-6 and TNF-α), glucagon-like peptide-2, and potential anorexigenic markers (including leptin and peptide YY). NHD patients had increased levels of CRP and peptide YY. Overall fecal microbiota composition was associated with height, soft lean mass, resting energy expenditure, handgrip strength, bone mineral content and plasma albumin and TNF-α.

Discussion: Compared to healthy volunteers, HD patients have an altered fecal microbiota composition, a higher systemic inflammation, and a modification in plasma levels of appetite mediators. While some differences align with previous findings, heterogeneity exists likely due to various factors including lifestyle and comorbidities. Despite limitations such as sample size, our study underscores the multifaceted interplay between gut microbiota, physiological markers, and kidney function, warranting further investigation in larger cohorts.
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Introduction

Chronic kidney disease (CKD) has a worldwide prevalence of 10 to 16% (Kazancioğlu, 2013). End-stage renal disease, which refers to an estimated glomerular filtration <15 mL/min/1.73m2 (Vassalotti et al., 2016), is generally treated with dialysis. Over 2.5 million of patients receive renal replacement therapy and this number is expected to double within 10 years. A low glomerular filtration rate is related to complications such as protein-energy wasting (PEW), decreased physical function, cardio-vascular diseases, pulmonary edema, anemia, bone disease, and neuropathy (National Kidney Foundation, 2000). As PEW is highly prevalent and increases the risk of hospitalization and mortality (Huang et al., 2010; Mak et al., 2011), the National Kidney Foundation recommends routine assessment of the nutritional state in patients with end-stage kidney disease through measurements of body weight and composition, laboratory parameters, and nutritional intakes (National Kidney Foundation, 2019).

The gut barrier could be involved in the pathogenesis of CKD and its complications. It is secured by the gut epithelium and its tight junctions, the mucus, the gut-associated lymphoid tissue, and the microbiota (Magnotti and Deitch, 2005). Especially the gut microbiota encounters an increased interest in the scientific community. It can synthesize and/or metabolize uremic toxins (Popkov et al., 2022; Krukowski et al., 2023) which are substances that accumulate in the blood in case of CKD and have been related to cardio-vascular diseases and CKD progression (Vanholder et al., 2018). Thus, the gut microbiota composition and function may influence the outcome of CKD patients and be a therapeutic target (Sumida et al., 2021). Several studies suggest alterations of gut microbiota in CKD. In rats, uremia leads to gut dysbiosis, with a decreased abundance of Lactobacillaceae and Prevotellaceae (Vaziri et al., 2013a), and a disruption of intestinal tight junctions (Vaziri et al., 2013b). Cross-sectional human studies, summarized in a recent review, found alterations of the fecal microbiota composition and its metabolites in patients with advanced CKD, whether hemodialyzed (HD) or not, as compared to healthy persons (Chung et al., 2019). Most of these studies did not evaluate other parameters of the gut barrier and did not differentiate the impact of hemodialysis per se from uremia, although it may also affect the gut microbiota (Luo et al., 2021). If hemodialysis is associated with additional alterations in gut microbiota, the treatment of CKD progression and complications by gut microbiota modulation may be different in HD than in non-dialyzed patients with CKD (termed NHD) patients.

The first aim of the study was to compare the gut barrier and microbiota of HD patients, NHD, and healthy volunteers. We hypothesized that HD patients have an altered composition of fecal microbiota, an increased gut permeability and systemic inflammation, and an imbalance of plasma appetite mediators in favor of anorexigenic mediators, compared to the other groups. The second aim was to evaluate the associations between fecal microbiota and clinical and biological parameters, including nutritional parameters.



Methods

This cross-sectional analysis took place in the University Hospitals of Geneva and Lausanne, the Clinic of Champel Geneva, and the Hospital of Sion between August 1st 2016 and August 31st 2019. The protocol was accepted by the local Ethical Committees, registered under clinicaltrials.gov (NCT 02962089), and all participants signed an informed consent.


Study population

This post-hoc analysis encompasses three groups of subjects, i.e., 22 HD patients, 11 NHD patients and 11 healthy volunteers.

The inclusion criteria for the HD patients were maintenance HD ≥3 months and absence of systemic antibiotics for an acute infection in the previous month. This group consisted of 11 patients with features of PEW at screening (plasma albumin <38 g/L, or body weight loss >5% of dry body weight over the last 3 months; daily dietary intakes <30 kcal/kg and < 1 g protein/kg as calculated by 24 h dietary recall), recruited for an interventional nutritional study (Genton et al., 2021), and 11 patients without these features. Initially, the four groups (HD patients with PEW, without PEW, NHD patients and healthy volunteers) were matched for age (± 5 years) and sex. Features of PEW were assessed at screening. However, there were no significant differences in albumin and dietary intakes at the time of measurement between groups (Friedman ANOVA: albumin, Friedman test = 10.761, p = 0.376; dietary intakes, Friedman test = 7.500, p = 0.6775). Thus, we decided to pool the data of HP patients in a single group, which led to the loss of pairing. The NHD patients included non-dialyzed patients with CKD stage 4 or 5 with daily dietary intakes >30 kcal/kg as calculated by 24 h dietary recall. The healthy volunteers were included based on the following criteria: body mass index <30 kg/m2, absence of chronic disease potentially leading to wasting such as chronic infections, cancer, rheumatoid arthritis, congestive cardiomyopathy, end stage renal disease, chronic obstructive disease, cystic fibrosis, Crohn’s disease, or alcoholic liver disease.

The exclusion criteria were the same for all participants: cognitive impairment, life expectancy <1 year, enteral or parenteral nutrition, inadequate dialysis defined by sKt/V < 1.2 (if applicable), decreased plasma albumin levels related to liver failure or exudative enteropathy, nutritional supplements containing fibers since <1 month, drugs influencing body composition since <1 month (systemic corticosteroids, insulin, testosterone, post-menopausal hormone therapy, injectable contraceptives), known endocrinological disorder leading to hypo- or hypermetabolism untreated or treated since <1 month, pregnancy and breast-feeding.



Measurements

We assessed clinical and routine biological parameters in the fasted state, as well as nutritional state, systemic inflammatory status, serum levels of appetite mediators, surrogate markers of gut permeability and fecal microbiota. The parameters of the HD patients with PEW were measured up to 6 weeks after screening, to allow them enough reflection time for their participation in the longitudinal study and for the organization of their baseline tests. The fecal microbiota composition and the biological parameters related to the study were determined in the University Hospitals of Geneva at the end of the study, while the routine biological parameters were performed in the local laboratories.



Clinical parameters

The weight and height were measured without shoes and in light clothes, immediately after dialysis for the HD participants, to calculate body mass index. Soft lean mass, bone mineral content, and fat mass were assessed by dual-energy x-ray absorptiometry (Hologic Discovery A®, Hologic, Waltham, MA, United States). In HD patients, this measurement was performed within 90 min of the end of the hemodialysis.

Energy and protein intakes of two weekdays and one day of the weekend were assessed through a 3-day food diary filled in by the patient and reviewed with a dietician. Resting energy expenditure was assessed after an overnight fast by indirect calorimetry (Quark RMR®, Cosmed, Pavone, Italy). Appetite was evaluated by a visual analog scale of 100 mm, ranging from 0 (no appetite) to 100 mm (excellent appetite) (Suneja et al., 2011).

Handgrip strength was measured with a hydraulic hand dynamometer (Baseline® 12–0240, White Plains, New York, USA), thrice with each hand. For analysis, we used the maximum value obtained from both hands (Leong et al., 2016).

Physical activity was assessed with a pedometry device worn at the waist for 7 consecutive days (Yamax Digiwalker SW-200®, London, United Kingdom) (Crouter et al., 2003; Schneider et al., 2003). For analysis, we considered the mean number of steps per day.

Quality of life was assessed with the RAND 36-item short form health survey (RAND Health Care, 2023). It evaluates eight health domains, each scoring from 0 (very unfavorable) to 100% (very favorable) (RAND Health Care, 2023): physical functioning, limitations due to physical health, limitations due to emotional health, energy/fatigue, emotional well-being, social functioning, pain, and general health.



Biological parameters

All participants underwent measurements of venous hemoglobin, prealbumin, urea, creatinine, bicarbonate, albumin, pre-albumin, and C-reactive protein (pre-dialysis if applicable). In the setting of this research, we additionally assessed the serum levels of cytokines, hormones involved in appetite regulation, and surrogate markers of gut permeability as glucagon-like peptide-2 (GLP-2) and lipopolysaccharides (LPS) (Szeto et al., 2018; Genton et al., 2021). ELISA allowed the determination of serum levels of interleukin (IL)-6, IL-10, tumor necrosis factor (TNF)-α, leptin, total ghrelin, total glucagon-like peptide-1, peptide YY (U-Plex metabolic group assays; MSD, Rockville, MD, USA), cholecystokinin (Antibodies-online, Aachen, Germany), GLP-2 and neuropeptide Y (Merck, Darmstadt, Germany) and active grehlin (Gentaur, Kampenhout, Belgium). Serum LPS levels were assessed by competitive inhibition enzyme immunoassay (Genton et al., 2021). Fecal IgA levels were measured by ELISA according to the instruction of the manufacturer (IBL International, Hamburg, Germany).



Fecal microbiota composition

Stool collection: The patients collected a nut-sized sample of their feces into Feces Tube (Sarstedt, Nürmbrecht, Germany), stored them in their fridge at 2–8°C, and transported them to the laboratory within 24 h. Stool samples were then aliquoted for fecal IgA measurements into 2 mL safe-lock Eppendorf tubes. The remaining material in the Feces Tube was used for DNA extraction. All tubes were kept frozen at −80°C. Processing of the samples occurred at the end of the study.

DNA extraction: DNA was extracted from 125 to 230 mg stool samples using ZymoBIOMICS DNA Miniprep Kit (Zymo Research, Irvine, CA, United States). Purified DNA was quantified using the Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Carlsbad, CA, United States) and stored at −20°C. Three negative extraction controls (NECs) were performed previously (Genton et al., 2021) by extracting DNA using the same extraction procedure but omitting the addition of stools.

Amplicon sequencing: The V3–4 region of the bacterial 16S rRNA genes (positions 341–805 in Escherichia coli 16S rRNA gene) was amplified using 3 ng of extracted DNA in a 25 μL volume of ZymoTaq PreMix (Zymo Research) containing each of 0.4 μM forward primer 341F 5’-CCTACGGGNGGCWGCAG-3′ and reverse primer 805R 5’-GACTACHVGGGTATCTAAKCC-3′. The PCRs were carried out with an initial denaturation at 95°C for 10 min, 29 cycles at 95°C for 30 s, 51°C for 30 s and 72°C for 60 s, followed by a final extension at 72°C for 7 min. For each sample, duplicate PCRs were combined and run on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States) for quality analysis and quantification. The amplicon barcoding/purification, library construction, 2 × 300 Illumina (San Diego, CA, USA) MiSeq sequencing, and library demultiplexing were performed as described previously (Lazarevic et al., 2016).

Sequence analysis: Paired reads were joined using PEAR v0.9.11 (-m 470 -n 390 -v 10 -p 0.0001 -u 0) (Zhang et al., 2014). Merged sequence reads were clustered into zero-radius operational taxonomic units (zOTUs) using UNOISE3 (Edgar, 2016) from USEARCH v10.0.240 package (Edgar, 2010). The zOTUs were defined using 181 samples and 3 negative controls collected during the interventional study (108 of which were analyzed in a previous contribution (Genton et al., 2021)). From zOTUs with >90% identity to reference EzBioCloud 16S database (Yoon et al., 2017) sequences (as of 19 August 2019) as revealed by USEARCH (-id 0.90 -query_cov 0.99), we removed those with <10 reads in the whole dataset (n = 784), as well as those represented with >100x higher average relative abundance in NECs than in samples (n = 12). Remaining zOTUs (n = 2,201) were classified using EzBioCloud 16S database via MOTHUR (Schloss et al., 2009) (command classify.seq with the options method = wang and cutoff = 80). Sequencing data were submitted to European Nucleotide Archive (ENA; study number: PRJEB49241). Sequencing data from the 9 of 11 here analyzed HD patients with PEW have been previously submitted [PRJEB43505 (Genton et al., 2021)]. For the 44 samples analyzed, a total of 3,543,950 raw reads were obtained. After merging forward and reverse reads, zOTU clustering, removal of putative contaminant and low abundance zOTUs as well as zOTUs with no reasonable similarity to reference 16S rRNA sequences (see above), the dataset contained 3,358,342 (merged) reads with a median (per sample) of 78,015 (range 40,031–121,019).



Statistical methods


Sample size

The determination of the sample size was based on the study of Vaziri et al. (2013a). They showed significant differences in fecal microbiota when comparing 12 healthy volunteers and 24 HD patients, who were not matched for gender. At the time when the study was set up, no methodology was available to calculate sample size using microbiota as primary endpoint.



Non-metataxonomic data

Results are shown as median (IQR) or n (frequency). Continuous parameters were compared between the HD patients, NHD patients and healthy volunteers with Kruskal-Wallis H tests. Significance was set at p < 0.05 and corrected for multiple comparisons by the Benjamini-Hochberg method (Benjamini and Hochberg, 1995). In case of significance, the groups were compared two by two with the Wilcoxon rank sum tests.



Metataxonomic data

Principal coordinates analysis (PCoA) and hierarchical clustering (group average linking method) were performed to visualize variations in bacterial communities. These analyses, relying on Bray–Curtis similarity (Bray and Curtis, 1957) matrix, were based on the square-root-transformed relative abundance, and were performed in PRIMER (PRIMER-e, Auckland, New Zealand). We used permutational multivariate analysis of variance (PERMANOVA; 9,999 permutations) (Anderson, 2001) to assess the significance of microbiota differences and the PERMDISP (9,999 permutations) test to evaluate the homogeneity of multivariate dispersion among groups (Anderson, 2006).

Ecological indices (richness and Shannon diversity index (Shannon, 1948)) were calculated from the relative abundance of zOTUs after rarefying the dataset to the same sequencing depth (40,000) using the rrarefy function in the vegan v2.6–2 R v4.2.0 package. Values were compared with Wilcoxon rank sum tests.

The differences between groups in the relative abundance of individual taxa was tested using MaAsLin2 (Microbiome multivariate association with linear models) (Mallick et al., 2021). We used the default linear model (LM) with LOG transformation and filtered relative abundance (minimum 0.001%) and prevalence (minimum 25%). Benjamini-Hochberg corrected p-values <0.05 were considered significant.

Distance-based linear model (DISTLM, PRIMER) was used to analyze the association between the bacterial community profiles and continuous non-metataxonomic variables in the whole study population. In case of significant associations, we reformatted the symbols in the PCoA plots to visualize differences in bacterial communities after dichotomizing the subjects according to the median values of the relevant variables. The involved zOTUs were identified by Spearman tests.





Results

We included 22 white HD patients (6 female and 16 male), 11 NHD patients (3 female and 8 male) and 11 volunteers (3 female and 8 male), thus a similar proportion of males and females in each group. The etiologies of CKD in HD and in non-dialyzed patients were mostly hypertension (73 and 82%, respectively) and diabetes (50 and 27% respectively), and often multifactorial. The etiology of CKD for each patient and the drugs against hypertension and diabetes are shown for each patient in the Supplementary Tables 1, 2, respectively.


Non-metataxonomic data

Table 1 shows the clinical characteristics of the participants. The body composition and handgrip strength by sex is shown in Supplementary Table 3. After correction for multiple comparisons, HD patients had lower appetite rating, physical activity and general health than healthy volunteers, but their clinical characteristics did not significantly differ from NHD patients. Table 2 highlights the abnormal routine blood parameters in HD and NHD patients, as expected. Compared to healthy volunteers, HD patients had higher serum levels of inflammatory makers (CRP, IL-6, TNF-α), GLP-2, and of some possible anorexigenic (leptin, peptide YY) and orexigenic mediators (Neuropeptide YY). Compared to NHD patients, HD patients demonstrated higher levels of CRP, LPS and peptide YY.



TABLE 1 Clinical characteristics of the participants [median (interquartile range)].
[image: Table1]



TABLE 2 Biological characteristics of the participants [median (interquartile range)].
[image: Table2]



Metataxonomic data

The most abundant bacterial families constituting the gut microbiota were Lachnospiraceae, Ruminococcaceae, and Bacteroidaceae, which are typical of gut microbiota. Figure 1 provides a summary of the variation in bacterial taxonomic profiles across individuals and studied groups. The PCoA plot revealed a trend in differentiating microbiota from healthy volunteers and patients (Figure 2A). Notably, a substantial proportion of HD samples were situated outside the area formed by healthy volunteer samples, and vice versa. PERMANOVA analysis further confirmed significant dissimilarities between HD patients and healthy volunteers (p = 0.0038, R2 = 0.0506, F = 1.6923). The PCoA plot implies that the observed significance in the PERMANOVA test is likely attributed, at least in part, to differences in community composition, despite a distinction in multivariate dispersion between HD patients and healthy volunteers (PERMDISP p = 0.0037). Bray–Curtis similarity analysis underscored the highest homogeneity of the fecal microbiota in healthy volunteers and the lowest in HD patients (Figure 2B).

[image: Figure 1]

FIGURE 1
 Variation in relative abundances of bacterial families among patients and control subjects. Each column corresponds to an individual patient. The top 50 families with the highest mean relative abundance are presented. The relative abundance scale is provided below the plot. The group average hierarchical clustering of samples is represented on the top. HD, hemodialyzed patients; HV, healthy volunteers; NHD, non-hemodialyzed patients with chronic kidney disease.


[image: Figure 2]

FIGURE 2
 (A) PCoA plot of the fecal microbiota (zOTU-level) samples from hemodialysis (HD) patients, non hemodialyzed patients with chronic kidney disease (NHD) and healthy volunteers. It shows a trend of separation between the three groups. For clearer visual differentiation, the regions encompassing samples from each group (excluding one sample from the HD group) are shaded. (B) Bray–Curtis similarity analysis at the zOTU level depicting the similarity of individuals within each of the three studied groups. HV, healthy volunteers. Statistical analysis was performed using a Wilcoxon rank sum test.


Visually, zOTUs richness and diversity seemed to be similar across the groups, although Shannon diversity index was significantly higher in the NHD patients compared to HD patients (Figure 3).

[image: Figure 3]

FIGURE 3
 Richness (A) and Shannon diversity (B) index calculated from the relative abundance of zOTUs in hemodialysis (HD) patients, non-hemodialyzed patients with chronic kidney disease (NHD) and healthy volunteers (HV).


The MaAsLin2 analysis identified a larger number of differentially abundant zOTUs and higher-level taxa between HD and healthy volunteers in comparison to the differences between HD and NHD patients or NHD and healthy volunteers (Supplementary Table 4). Regarding short-chain fatty acid generating bacteria, we observed a decreased level of the unclassified Oscillibacter in NHD and HD versus heathy volunteers, and an increase in Dialister invisus in NHD patients as compared to healthy volunteers or HD patients. Eubacteriaceae had higher levels in both HD and NHD patients compared to healthy volunteers. Clostridium scindens, a bacterium involved in bile acid metabolism, exhibited higher levels in individuals with HD compared to healthy volunteers. However, after adjusting for multiple comparisons, none of the differences among groups remained statistically significant.

The overall zOTU composition was associated with height, soft lean mass, bone mineral content, resting energy expenditure, handgrip strength, and plasma levels of albumin and TNF-α (Table 3). The median values of these parameters in the whole study population were 170.0 (162.8–175.0) cm, 51.2 (32.9–66.1) kg, 2.3 (1.9–2.5) kg, 1,618 (917–2,445) kcal/day, 30.0 (11.0–50.0) kg, 43.0 (41.0–46.0) g/L, and 2.4 (0.5–5.7) pg/mL, respectively. The zOTUs associated with these variables are shown in Supplementary Table 5. Visually, the fecal microbiota communities seemed different between individuals dichotomized according to soft lean mass, resting energy expenditure, handgrip strength, and plasma albumin (Figure 4).



TABLE 3 Associations between overall zOTU-level microbiota composition and continuous variables by DISTLM.
[image: Table3]
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FIGURE 4
 PCoA plot of the fecal microbiota samples at the zOTU level from all subjects. The subjects were categorized according to the median values of height (A), soft lean body mass (B), bone mineral content (C), resting energy expenditure (D), handgrip strength (E), plasma albumin (F), and plasma levels of TNF-α (G). Bacterial communities of subjects with values below the median value are shown in blue, and the others in red.





Discussion

This study showed that HD patients, as compared to healthy volunteers, display alterations in overall fecal microbiota composition and specific taxa, have higher blood levels of GLP-2, of inflammatory markers, and of several possible anorexigenic mediators, and impaired appetite, physical activity and general health. NHD patients also tended to show alterations in the gut barrier, although to a smaller extent than HD patients. Overall zOTU composition was significantly associated with several nutritional and inflammatory parameters.

A few cross-sectional studies have previously compared the fecal microbiota of adult patients with end-stage renal disease and healthy volunteers. At the phylum level, several studies described a higher proportion of Proteobacteria, Actinobacteria and Firmicutes (Vaziri et al., 2013a; Chao et al., 2023), and a lower abundance of Bacteroidetes (Hu et al., 2020; Wu et al., 2023) in HD patients. Although we could not confirm these differences, we found that the overall fecal microbiota composition was significantly altered in HD patients. The differences at the genus and OTU level were heterogeneous between the published studies, likely because of confounding factors like lifestyle, genetics, co-morbidities as for instance diabetes, and treatments including hemodialysis. In our study, the protein and calorie intakes were not significantly different between groups and likely do not explain the gut microbiota differences. The HD and NHD patients were supplemented in micronutrients, advised to limit their dietary intake of sodium, and, if necessary, of other electrolytes as recommended by the National Kidney Foundation (Ikizler et al., 2020). The dietary restriction in potassium and acid through reduced intake of fruits and vegetable decreases the supply of fibers which may unfavorably affect the abundance and function of saccharolytic bacteria. Whether these dietary adaptations were indeed performed in our patients has not been determined.

Some studies report a depletion in short-chain fatty acid producing-bacteria in NHD patients vs. healthy controls (Wong et al., 2014; Jiang et al., 2016; Margiotta et al., 2020). We found a depletion in the butyrate-producer Oscillibacter species, known to be low also in diabetic patients (Wu et al., 2020). In contrast to other findings (Lau et al., 2021), the acetate- and propionate- producer Dialister invisus (Louis and Flint, 2017) was higher in our NHD patients. This anti-inflammatory bacterum has been associated with a dietary pattern rich in fruits, vegetables and fish (Shi et al., 2022). However, we did not evaluate long-term dietary patterns in our NHD patients and healthy volunteers. There is also an increasing interest in bacteria generating uremic toxins, such as p-cresyl sulfate for instance, which are associated with impaired prognosis. In our study, the abundance of Eubacteriaceae was higher in HD and NHD patients compared to the healthy controls. These bacteria of the Clostridia class, already described in patients with progressing IgA nephropathy (De Angelis et al., 2014), are known to produce p-cresyl sulfate (Gryp et al., 2017). Thus, their high levels may reflect severity of CKD. Clostridium scindens, the bacterial species with the ability to transform primary bile acids into secondary bile acids and convert glucocorticoids into androgens (Ridlon et al., 2013), was found to be more abundant in HD patients than in healthy controls. There is evidence of an association between the presence of this bacterium and the induction of remission in pediatric Crohn’s disease through dietary interventions (Wang et al., 2019).

Regarding gut permeability, a cross-sectional study showed that circulating LPS, a surrogate marker of gut permeability, increased with worsening of the kidney function, correlated positively with inflammation, and was highest in patients who recently started HD (McIntyre et al., 2011). In contrast, Wong et al. found that the intestinal permeability, assessed by sugar absorption tests, was not influenced by the dialysis procedure itself (Wong et al., 2019). Other studies which assessed gut permeability through different methods reported a higher gut permeability of NHD patients as compared to healthy controls (Magnusson et al., 1991; Wang et al., 2012). In our study, we found that LPS levels were not higher in HD and NHD patients, suggesting that LPS changes in these patients may not be responsive enough to assess gut permeability. The high serum levels of active GLP-2 in HD and NDH patients, a gut-trophic hormone produced by enteroendocrine intestinal L cells, was unexpected. It could represent an adaptative response to increased intestinal permeability, as high circulating levels of GLP-2 have been described in case of intestinal injury (Drucker, 2002).

Patients with CKD were reported to have higher plasma levels of CRP, IL-6 and TNF-α than controls (de Vinuesa et al., 2006; Borges et al., 2016). We could confirm the higher inflammatory markers in HD patients but not in the NHD patients. However, inflammation appears not to occur in all patients with CKD and is promoted mostly by the severity of kidney disease and the dialysis procedure (Cobo et al., 2018).

Levels of several possible anorexigenic hormones, such as leptin and peptide YY (Bossola et al., 2006), were higher in HD and NHD patients as compared to healthy volunteers, which is in line with their lower appetite. We would have also expected a lower level of Neuropeptide Y and a higher level of cholecystokinin in these patients. A recent review reports controversial results regarding plasma levels of leptin and ghrelin in patients with CKD (Wang et al., 2022). Thus, the explanation of low appetite in HD and uremia seems more complex than an imbalance of plasma appetite mediators.

Previous studies including NHD patients could not associate fecal microbiota composition with muscle mass and function (Margiotta et al., 2020, 2021). However, bacterial uremic toxins have been linked positively with inflammation (Borges et al., 2016), and negatively with body mass index and dietary intakes (Hu et al., 2022). As a novelty, we report an association of the overall microbiota composition with several nutritional parameters, as for instance soft lean mass and handgrip strength, and inflammatory parameters (C-reactive protein, IL-6, TNF-α, albumin), but these results need confirmation in larger studies.

Finally, the low physical activity and compromised health status in HD patients are not surprising as they have been described by others (Avesani et al., 2012; Zhou et al., 2018). A low handgrip strength has been linked with a low glomerular filtration rate, and a low muscle and fat mass (Zhou et al., 2018). Our HD patients tended to have a lower handgrip strength than healthy volunteers. The unexpectedly similar soft lean mass index in HD patients compared to healthy volunteers could be due to their slightly higher body mass index.

The strength of this study were the comparisons of several gut barrier components in HD, NHD patients and healthy volunteers of similar age. Our study was limited by a relatively small population but our primary endpoint was a difference in fecal microbiota composition between groups which had been demonstrated in such small populations (Vaziri et al., 2013a).



Conclusion

Compared to healthy volunteers, HD patients have an altered composition of fecal microbiota, a higher systemic inflammation, and higher plasma levels of two anorexigenic appetite mediators, namely leptin and peptide YY. Overall bacterial composition was significantly associated with several nutritional and inflammatory parameters, but this association should be confirmed in larger studies.
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Strains Ecological origin Genomessize  No.OfCDS  No.Of tRNAs GC (%) Accession

(Mb)
HN10 Human feces 190 1572 55 59.4 SAMN40528426
HNI6 Human feces 203 1,574 54 60.38 SAMN40528427
HN24 Human feces 195 1,564 53 60.01 SAMN40528428
HNs Human feces 203 1572 55 59.65 SAMN40528429
HN7 Human feces 194 1,558 55 59.57 SAMN40528430
HN9 Human feces 215 1,59 59 60.69 SAMN40528431
HTI2 Human feces 215 1,585 58 59.93 SAMN40528432
HTI3 Human feces 195 1,560 54 59.74 SAMN40528433
HT20 Human feces 221 1,604 55 60.17 SAMN40528434

B. animalis subsp.

Human feces 194 1635 52 61.37 SAMN09742860
lactis DSM 10140
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Gene (Locus tag) Primer sequence (5" — Product size (bp)

GCTGACGATGGGAATGAC

Balac_0475 160
GCTCGACGTGTTCTACTC
CGTCGGAGTTCTTGATGG

Balac_0483 142
CAGGCAGCCTATGACTTC

CATGCCATGGGCTCAGCATCCACACAACATC
Balac_0484 1750
CTAGCTAGCTCAGCGCCTGAACGC

TGCCGTCGTGCTTCTGTT
Balat_0888 876
GCTCGTTGCGTGTGATAGG

(CGCGGATCCATGACGATGACGTTCCCGAAGGGC
Balat_1241 1200
CCGGAATTCCTACTTGGCGGAGTGCTCGGCGAT

CTTCGTTGTGCTTCTCGTTA

Balat_0977 955
CCATATTCGGATTGCGTGAT
GTCGCTTCATCAACTACACCTACATT

Balat_0373 951
ACACGCCATCCATCTGCTCAA

CTAGCTAGCGCTTCATGGTGGAAAAATGCTGTTG
Balac_1593 1632
CCCGCTCGAGTTCAATTACTTTGCTTATGAAAGCCTC

GAATTCCATATGGGCAGCGGGCAGGTCACGCTC
Balac_1599 1201
CGCGGATCCCTACTTGCGGAAGTCACGAGCC

(CGACGAATACGGCTACGACTG

Balat_0076 578
CGGCGAATGCGACCTTGTT
AACACCTCGTCGCTCTTCA

Balac_0511 902
TAGTTGTTGATGGTCGCCTTC
GCGATGCGATGCTGTGGAA

Balac_0521 932
ATTGGTGTTGCGTAGCGTCAT

(CGCGGATCCAACCGGGCCGCCGTTTC
Balat_0517 1,600
CCCGCTCGAGTTCACTCAATTCGCGGTAATC

GGCTGACCTTGGATTCTT
Balac_0514 145
CTTCTCGCCCATGTAGTTG
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Fecal SCFAs (umol/g) Baseline 2 weeks 4 weeks Value of p
Ac 101£122 12254094 11512085 0338
Propionic acid 5234047 6.55+0.81" 6.60+0.52° 0.028
Butyricacid 701118 967171 9334138 0.264
Isobutyric acid 175045 226+027" 2464027 0.019
Valericacid 208015 2354018 2432019 0076
Tsovalericacid 2422026 3154044 3034043 0.264
Hexanoic acid 180£0.20 166£0.16 171017 0517
Total SCFAs 31294288 37.90 £ 340 37072 3.04 0.205

Results are expressed as the mean & standard error The value of s were calculated using the Friedman tst. Values in bold and different superscriptletters indicate statistical significance
(p<0.05) among values obtained in the baseline and after 2 and 4 weeks of blood orange juice intake.
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Variables Baseline 2 weeks 4 weeks Value of p

Body weight (kg) 7365+ 636 7388637 7399 £6.69 0722
BMI (kg/m?) 2786+ 041 2795045 27.99:40.52 0938
Abdominal circumference (cm) 90.00 £ 1.55 88.75 £ 150 8892151 0741

Blood pressure (mmg)

Systolic 118,67+ 255 113924393 11383442 0338
Diastolic 73.08£2.35" 69.25£2.77" 69.25 £ 1.89" 0.020
Glucose (mg/dL) 79.58 336 75.08 £ 2.40 74.75+3.36 0537
Insulin (uUI/mL) 17.05 £ 1.96 1525137 14204122 0558
HOMA-IR 3434052 283027 25640.17 0338
Cholesterol (mg/dL)
HDL 50.08 + 439 47752342 4983 4.44 0112
LDL 70834697 7617 £8.03 7850+ 6.36 0338
Total 138424932 14408 £9.77 15050 £.9.02 0717
Triglycerides (mg/dL) 88.00 £ 1091 100.67 +13.67 10475+ 1531 0205
C-reactive protein (mg/dL) 2234038 2844057 2204049 0405
TNF-at (pg/mL) 3.10£0.12 312013 310012 0723
1L-6 (pg/mL) 3954067 396072 4152076 0236
IL-10 (pg/mL) 383£0.19 3884023 3924018 0976
VCAM:-1 (ng/mL) 554.99 £ 15.63° 553.62+ 14.31% 545.31 % 14.65" 0.039
ICAM-1 (ng/mL) 3675742573 35373 428,89 3493442769 0920
Fibrinogen (mg/dL) 30117+ 2391 27333 £21.25 207.75 £ 26,81 0205
LPS (EU/mL) 0.07£0.00 0.08 001 007000 0875

BMI, body mass index; HOMA-IR, Homeostasis model assessment for insulin resistance; HDL, high-density lipoprotein; LDL, low-density lipoprotein; TNF-u, tumor necrosis factor-alphas IL,
interleukin; VCAM-1, vascular cellular adhesion molecule 1; ICAM-1, intercellular adhesion molecule 1; LPS, lipopolysaccharide. The p-values were calculated using the Friedman test Values
in bold and different superscript letters indicate statistical significance (p<0.05) among values (1= 12) obtained in the baseline and after 2 and 4 weeks of blood orange juice intake,






OPS/images/fmicb-14-1199383/fmicb-14-1199383-g002.jpg
S06 || SO7 || SO8 || S12 || S13 || S16 (| S19 || S20 || S02 || S21 (| S22 || S23

1.00
0.75

@

i o

o

H

3 0.50 |

g

k]

g
0.25

B k! e
0.00 ,-'—
ABC ABC ABC ABC ABC ABC ABC ABC ABC ABC ABC ABC
Time (weeks)

[Eubacterium] coprostanoligenes group [ll CAG-352 Parasutterella
Acidaminococcus M Christensenellaceae R-7 group Phascolarctobacterium
Akkermansia Dialister Prevotella 9
Alistipes Enterobacter Ruminococcaceae UCG-002
Alloprevotella Escherichia-Shigella Ruminococcus 1
Bacteroides M Faecalibacterium Subdoligranulum
Barnesiella W Lachnospiraceae NK4A136 group Sutterella

W Bifidobacterium

Bilophila

B Butyrivibrio

Lachnospiraceae UCG-008 uncultured
Megamonas W NA
| Parabacteroides






OPS/images/fmicb-14-1199383/fmicb-14-1199383-g003.jpg
Abundance (Log?)

SN WA

S06

S07

S08

812

S$13

$16 || S19

820

S02

S21

822

823

(= =

g

=
~-

-

e=0=0

=

|
||~

i

\

~,
4

W

7

19

.
ABC ABC ABC ABC ABC ABC ABC

== Bacteroides - OTU1

Time (weeks)

ABC ABC ABC ABC

== Bacteroides - OTU2

== Prevotella 9 - OTU3

ABC






OPS/images/fmicb-14-1199383/fmicb-14-1199383-g004.jpg
Fasting glucose
(mg-dL™")

2 92 NN e e o

2833888

o 10 g ®
2 125 2 80
8 8
ﬁa 120 K S575
s °
el XL | 3f»
2 3
b Eo Ees
2 I
g 105 60
2
@ 100 55
Baseline 2weeks 4 weeks Baseline 2weeks 4 weeks
30 6
25 5
£_ I a
A ¥ -
£ & < 7
>E 15 _—— s b 5
£5 » S
2210 X2
&
5 1
0 0
Baseline 2weeks 4 weeks Baseline 2weeks 4 weeks Baseline 2weeks 4 weeks

- without IR = with IR






OPS/images/fmicb-14-1199383/fmicb-14-1199383-g005.jpg
TNF-a

Propionic acid

LPS

IL-10

env

TNF-a
Propionic acid
LPS:

Leptin

Insulin

IL-6

IL-10
HOMA-IR
HDL.
Hexanoic acid
Butyric acid
Adiponectin
Acetic acid

log2(value)

fdrweek 2 fdrweek 4
]
[ N J z
&
2
1000 @
[ ] @maem o . b
®0ce 2
®e o . s
L]
- .
.
.
o
4 3 2 4 2

abs (t-value)
® 25
@ 50
@75

@ D_1_ Bacteroidetes
® D_1_ Euryarchaeota
@ D_1_Firmicutes

@ D_1__Lentisphaerae
@ D_1__Proteobacteria
@ D_1__Verrucomicrobia





OPS/images/fmicb-15-1308866/fmicb-15-1308866-t001.jpg
Monosaccharide Sample (%)
composition

Monosaccharide

standards

Man 8950 2174
Rib 9.608 1758
Rha 5.748 1371
Glea 6534 0.987
Gala 7.133 1212
Nag 5.569 -

Glu 5.881 64545
Nad 7.160 -

Gal 9.195 13217
Xyl 10959 0543
Ara 11694 13153
Fuc 8.569 1.040

Man, mannose; Rib, ribose: Rha, rhamnose; GleA, glucuronic acids GalA, galacturonic aci
Nag, N-acetyl-glucosamine; Glu, glucoses Nad, N-acetyl-galactosamine; Gal, galactoses Xyl
syloses Ara, arabinose; Fuc, fucose.






OPS/images/fmicb-14-1165771/fmicb-14-1165771-t001.jpg
Overall

n =59

S2
n =31

S2+BB12
n=28

Age
Gender ()

Race (n)

Ethni
(n)

Mean (SD)

Male

Female
Indian/Alaskan
Black or African
‘White/Caucasian

Other/more than

one race

Hispanic/Latino

238(1.22)

28

31

1

8

40

242(1.21)
13

18

235(1.26)
15
13
1
4

2





OPS/images/fmicb-15-1305617/crossmark.jpg
©

2

i

|





OPS/images/fmicb-14-1199383/crossmark.jpg
(®) Check for updates






OPS/images/fmicb-15-1305617/fmicb-15-1305617-g001.jpg
276 KDa
121 KDa
==

ey,

10005 ledopge2sts
1.6P26:2 a2y

2 Gezs-os2y

3 change 02001 P30 tosclaround 005

.m |

Taa e o





OPS/images/fmicb-14-1199383/fmicb-14-1199383-g001.jpg
Citrus-containing
foods restriction

Baseline 2 weeks 4 weeks
Restriction of citrus- v Blood collection after 12h fasting
containing foods for  Stool collection

3 consecutive days  Blood pressure measurement

v Anthropometric parameters assessment
v/ 24-hour dietary recall recording





OPS/images/fmicb-15-1308866/fmicb-15-1308866-g012.jpg
Colidextribacter
Tachnospiraceae NK4A136_group -0
norank_I_Rumifiococcaceas

unclassified o Oscillospirales
Enterorhabd I 03

Alermansis
Eubactcrium_brachy_grou
Lachnoclostrdm
sulfovibrio
unclassified [_Atopobiaceae
norank_I"_Euacterium_coprostanaligencs_group
norank " Lachnospi
unclassified f Ruminococeaceac
Dubosiella
Lachnospiraceac_UCG-006
Ruminococeus 1orques. group
unclasified 1 Lachnospiriceae

=5

Geac

tobacillus
Roscburia
Lachnospiraceae UCG-001
norank_{_Oscillospiraceac
Anacroirimcus

norank_{_ Desulfovibrionaccac
norank™{ norank o Rhodospirillales
Parasutierella
norank_I'_Murihaculaceae
Muribicalim

Parabaccroides

Bactervides
unclassified_[_Prevotellaceae
Mucispirillunt

Prevotella

A2
Helicobacter

A

Oscillibacter
Prevotellaceae_UCG-001
Alloprevorella’

Alistipes
Rikenellaceae_RCO_gut_group






OPS/images/fmicb-15-1308866/fmicb-15-1308866-g013.jpg
e
»

RQP

ooy

5w 31

s

a

HD






OPS/images/fmicb-15-1308866/fmicb-15-1308866-g014.jpg
o =1
ey gy
S e

St mcicaion ] ::ﬂ

e p—
B R —

g rmabcioo i i Bt g o

[a i —— g,

Jr e ;;'m;‘:‘.r il
Sy






OPS/images/fmicb-15-1308866/fmicb-15-1308866-gr0001.jpg
ofoom ml

T | oo

Akken

unclas achnospirace  norunk_{ Wusibaculaccac
acuncladlil) ¢ Atopobiucca  Tachnos INK4AI3
e norank P achnospiraceae  6_SrouD

Peneth cll

!

e - °
o '. - evw’! =
@V 1nsulin scram






OPS/images/fmicb-15-1308866/fmicb-15-1308866-g009.jpg





OPS/images/fmicb-15-1308866/fmicb-15-1308866-g010.jpg





OPS/images/fmicb-15-1308866/fmicb-15-1308866-g011.jpg
Phylogenetic tree on Genus level

Bar Groups.

HD
ROP

Bacteroidota
Verrucomicrobiota
Desuobacterota
Firmicutes
Deferrbacterota
Actinobacteriota
Proteobacteria
Campiobacterota

|
|
i
|

Eubactanm_ventnosum_orovp |
asass 1
orank_Eubactarum_coprostanolgenes_grous NI
rorark_Oscilospracese
oe—
Condenrmacter |
nctassted_Osctorpraies M
anserctuncs |
unctassres Rumnccoceacese B
rerank_Ruminococcacese |
Ruminscoscus |
Dutosess M
p—
Faecaimacuien |

ok Wk 80k 120k





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Interactions between bioactive food ingredients and intestinal microbiota, volume II



		Editorial: Interactions between bioactive food ingredients and intestinal microbiota, volume II



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References









		Administration of Bifidobacterium animalis subsp. lactis strain BB-12® in healthy children: characterization, functional composition, and metabolism of the gut microbiome



		Introduction



		Results



		Participant characteristics



		Metagenomic analyses



		Metabolomic analyses



		Integration of metagenomics and metabolomics datasets









		Discussion



		Materials and methods



		Study design, participants, and setting



		Sample collection and processing



		Metagenomic profiling



		Metabolomic analysis



		Statistical analysis









		Author’s note



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Abbreviations



		Footnotes



		References









		Blood orange juice intake changes specific bacteria of gut microbiota associated with cardiometabolic biomarkers



		1. Introduction



		2. Materials and methods



		2.1. Blood orange juice



		2.2. Study population



		2.3. Study protocol



		2.4. Anthropometric and dietary intake measurements



		2.5. Characterization of cardiometabolic biomarkers



		2.6. Gut microbiota profiling



		2.7. Analysis of short-chain fatty acids



		2.8. Statistical analysis









		3. Results



		3.1. Characterization of Moro orange juice composition



		3.2. Moro orange juice intake alters specific OTUs of the gut microbiota composition



		3.3. Moro orange juice intake significantly alters metabolism of the gut microbiota



		3.4. Moro orange juice intake alters anthropometric parameters and levels of few cardiometabolic biomarkers



		3.5. Cardiometabolic biomarkers show significant correlation with specific gut microbiota OTUs









		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References









		Age-related effects on the modulation of gut microbiota by pectins and their derivatives: an in vitro study



		1. Introduction



		2. Materials and methods



		2.1. Substrates



		2.2. Determination of molecular weight by size exclusion chromatography



		2.3. Fecal sample collection and inoculum preparation



		2.4. In vitro fermentation using CoMiniGut system



		2.5. Analysis of short-and branched-chain fatty acids (SCFAs/BCFAs)



		2.6. DNA extraction and 16S rRNA gene amplicon sequencing



		2.7. Data analysis and statistics









		3. Results



		3.1. Alpha and beta diversity of microbiota



		3.2. Abundances of bacterial groups and co-occurrence network



		3.3. Acid production and correlations with microbial taxa









		4. Discussion



		4.1. Effects of pectins on the gut microbiota in relation to structural differences



		4.2. Effects of pectins on the gut microbiota in relation to donor age



		4.3. Comparative effects of pectins and inulin on the gut microbiota composition and SCFA production









		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References









		Ursolic acid ameliorates obesity of mice fed with high-fat diet via alteration of gut microbiota and amino acid metabolism



		1. Introduction



		2. Materials and methods



		2.1. Animals and diets



		2.2. Sample collection and preparation



		2.3. Histological analysis of liver



		2.4. Bioinformatic analysis of gut microbiota



		2.5. Metabolomic profiling analysis



		2.6. Statistical analysis









		3. Results



		3.1. Effects of UA administration on physiological, serological, and liver histopathological changes



		3.2. Effects of UA on gut microbiota diversity of mice



		3.3. Effects of UA on the taxonomic composition of the gut microbiota



		3.4. Treatment effects on specific phylotypes in the gut microbiota of mice



		3.5. Correlations between major microbial communities and biochemical parameters



		3.6. Effect of UA on metabolic profiles



		3.7. Changes in metabolites induced by UA



		3.8. Correlations between gut microbiota and metabolites









		4. Discussion



		4.1. UA treatment altered obesity-related serum biochemical indicators



		4.2. General effects of UA on gut microbiota



		4.3. General effects of UA on amino acid metabolism









		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Abbreviations



		Footnotes



		References









		Therapeutic potential of Litsea cubeba essential oil in modulating inflammation and the gut microbiome



		1. Introduction



		2. Methods



		2.1. Chemicals



		2.2. Experimental design and induction of colitis



		2.3. Molecular docking simulation



		2.4. Anti-inflammatory gene expression levels determined via RT-qPCR



		2.5. Histological studies



		2.6. Collection of fecal and intestinal contents and 16S rRNA sequencing



		2.7. Statistical analysis









		3. Results



		3.1. Intestinal section and diarrhea index



		3.2. Molecular docking of LCEO



		3.3. Analysis of the intestinal microbial community after the essential oil intervention



		3.4. Analysis of the association between the gut microbiota and factors of intestinal inflammation



		3.5. Specific bacterial taxa in the feces and intestinal contents









		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References









		Effects of alcohol on the symptoms of gouty arthritis and taxonomic structure of gut microbiota in C57BL/6 mice



		1. Introduction



		2. Materials and methods



		2.1. Consumable alcohol and MSU crystals



		2.2. Animals



		2.3. Experimental design



		2.4. Evaluation of foot joint hypersensitivity and oedema



		2.5. Sample collection



		2.6. Measurements of cytokines and enzymes



		2.7. Histopathological assessment of foot joint



		2.8. Gut microbiota analysis



		2.9. Statistics









		3. Results



		3.1. Gout symptoms aggravated in mice with intake of high concentration of alcohol



		3.2. Gout inflammation index aggravated in mice with intake of high concentration of alcohol



		3.3. Intestinal microbial structure in mice altered by the intake of high concentrations of alcohol



		3.4. Intestinal microbial interactions in mice altered by the intake of high concentration of alcohol



		3.5. Metabolic functions of the intestinal microbiota in mice altered by the intake of high concentration of alcohol



		3.6. Correlations among key gut microorganisms, inflammatory indicators, and metabolic pathways in mice









		4. Discussion



		4.1. High concentration alcohol intake alters the structure of gut microbiota in mice



		4.2. Effects of intake of high concentration of alcohol on metabolism in mice









		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References









		Identification of acacia gum fermenting bacteria from pooled human feces using anaerobic enrichment culture



		1. Introduction



		2. Materials and methods



		2.1. Acacia gum (AG) as the substrate



		2.2. Anaerobic enrichment culture



		2.3. Chemical and molecular ecological analyzes



		2.4. Polymerase chain reaction



		2.5. Organic acids analysis



		2.6. Isolation of acacia gum fermenting bacteria



		2.7. Gram staining









		3. Results



		3.1. Anaerobic enrichment fermentation



		3.2. SCFA concentration from enrichment culture



		3.3. Monoculture fermentation of acacia gum by isolated strains



		3.4. Homology analysis of isolates









		4. Discussion



		4.1. Substrate-species specific pathways



		4.1.1. Amylolytic bacteria



		4.1.2. Butyrogenic bacteria









		4.2. Acacia gum fermenting bacteria



		4.3. Factors affecting the efficacy of in vitro fermentation









		Data availability statement



		Ethics statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References









		Puerarin alleviates inflammation and pathological damage in colitis mice by regulating metabolism and gut microbiota



		1. Introduction



		2. Materials and methods



		2.1. Virtual compound screening



		2.2. Molecular docking



		2.3. Animals and experimental treatment



		2.4. Colitis induction and evaluation



		2.5. Biochemical assays of the serum



		2.6. Hematoxylin and eosin staining



		2.7. 16S rRNA and microbiota data analysis



		2.8. Untargeted metabolomics



		2.9. Statistical analysis









		3. Results



		3.1. Puerarin is a potential ingredient that restored the growth performance of colitis mice



		3.2. Puerarin alleviates the symptoms of DSS induced colitis in mice



		3.3. Puerarin improved colonic tissue morphology and reduced inflammatory factor expression



		3.4. Effect of puerarin on intestinal microorganisms in mice with colitis



		3.5. Effect of puerarin on intestinal metabolism in mice with colitis









		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References









		The impact of a modified microbiota-accessible carbohydrate diet on gut microbiome and clinical symptoms in colorectal cancer patients following surgical resection



		1 Introduction



		2 Results



		2.1 Patient characteristics and nutritional analysis



		2.2 Analysis of gut microbiota diversity and composition according to the baseline characteristics



		2.3 The effect of mMAC diet on non-chemotherapy and chemotherapy groups



		2.4 Short chain fatty acid analysis according to three dominant bacteria for enterotypes: Prevotella, Bacteroides and Ruminococcus



		2.5 The impact of mMAC diet on bowel habits and its association with the gut microbiome









		3 Discussion



		3.1 Gut microbiome and tumor stages and locations



		3.2 The impact of mMAC diet on gut microbiome and SCFA



		3.3 Feasibility and changes in bowel habits with the mMAC diet



		3.4 Limitations of this study



		3.5 Conclusion









		4 Patients and methods



		4.1 Patient selection



		4.2 Subject characterization



		4.3 Dietary intervention



		4.4 Stool sample collection and DNA extraction



		4.5 Next generation sequencing and metabolite analysis



		4.6 Microbial diversity, taxonomic profiling and statistical analysis









		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References









		Anti-diabetic effect of red quinoa polysaccharide on type 2 diabetic mellitus mice induced by streptozotocin and high-fat diet



		1 Introduction



		2 Materials and methods



		2.1 Materials



		2.2 Preparation of RQP



		2.3 Characterization of RQP



		2.4 In vitro experiments



		2.4.1 In vitro antioxidant of RQP



		2.4.2 Effects of RQP on inhibition of α-amylase and α-glucosidase



		2.4.3 Simulated digestion of RQP









		2.5 Animal experiment



		2.5.1 Experimental design



		2.5.2 Determination of serum and liver biochemical parameters



		2.5.3 Determination of SCFAs in cecal contents









		2.6 Gut microbiota detected by 16S rRNA gene sequencing technology



		2.7 Statistics and analysis









		3 Results



		3.1 Characterization of RQP



		3.2 In vitro experiments



		3.2.1 In vitro antioxidant



		3.2.2 Inhibition of α-amylase and α-glucosidase by RQP and in vitro digestion of RQP









		3.3 Animal experiments



		3.3.1 Effects of RQP on mice body weight, organ index, FBG, OGTT, HbA1c and insulin level



		3.3.2 Effects of RQP on lipid levels



		3.3.3 Effects of RQP on antioxidant levels in liver



		3.3.4 Effects of RQP on inflammatory factors



		3.3.5 Effects of RQP on SCFAs



		3.3.6 Effects of RQP on diversities of gut microbiota



		3.3.7 BugBase phenotype prediction



		3.3.8 PICRUSt1 and FAPROTAX function prediction















		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		References









		Lactiplantibacillus plantarum-encapsulated microcapsules prepared from okra polysaccharides improved intestinal microbiota in Alzheimer’s disease mice



		1 Introduction



		2 Methods



		2.1 The preparation of okra polysaccharides



		2.2 Assay for polysaccharides properties



		2.3 Lactiplantibacillus plantarum culture



		2.4 Preparation of okra polysaccharide microencapsules



		2.5 Analysis of microencapsule properties



		2.6 Animals treatment



		2.7 Assays for intestinal microbiota



		2.8 Assay for short-chain fatty acids



		2.9 Statistical analysis









		3 Results



		3.1 Molecular weight of okra polysaccharides



		3.2 Analysis of microcapsules properties



		3.3 Effects of administration with microcapsules prepared from okra polysaccharides with or without Lactiplantibacillus plantarum encapsulation on intestinal microbial diversity in AppNL-G-F/NL-G-Fmice



		3.4 Effects of administration with microcapsules prepared from okra polysaccharides with or without Lactiplantibacillus plantarum encapsulation on intestinal microbiota in AppNL-G-F/NL-G-Fmice



		3.5 Effects of microencapsules prepared from okra polysaccharides with Lactiplantibacillus plantarum on fecal short-chain fatty acid (SCFA) in AppNL-G-F/NL-G-Fmice









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References









		Hemp seeds attenuate loperamide-induced constipation in mice



		1 Introduction



		2 Materials and methods



		2.1 Materials and instruments



		2.2 Experimental methods



		2.2.1 Preparation of feed supplemented with hemp seeds



		2.2.2 Preparation of hemp seed extract



		2.2.3 Animal experiment design









		2.3 Moisture content of feces



		2.4 Defecation experiment



		2.5 Small intestinal transit rate



		2.6 Distal colon histopathology



		2.7 Serum biochemical analysis



		2.8 Determination of short-chain fatty acid content



		2.9 Intestinal microbial 16s rRNA sequencing



		2.10 Data analysis









		3 Results



		3.1 Effects of hemp seeds on physiological parameters in mice with constipation



		3.2 Effects of hemp seeds on intestinal tract



		3.3 Effects of hemp seeds on serum levels of neurotransmitters relating to gastrointestinal regulation



		3.4 Effects of hemp seeds on short-chain fatty acids



		3.5 Effects of hemp seeds on the composition of intestinal microorganisms









		4 Discussion



		5 Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References









		Whole-genome resequencing and transcriptional profiling association analysis revealed the intraspecies difference response to oligosaccharides utilization in Bifidobacterium animalis subsp. lactis



		1 Introduction



		2 Materials and methods



		2.1 Materials



		2.2 Sample collection and treatment



		2.3 Isolation of Bifidobacterium from fecal samples by using the culture method



		2.4 DNA extraction and bacterial strain identification



		2.5 Carbohydrate utilization



		2.6 Statistical analysis of growth



		2.7 Whole-genome resequencing



		2.8 RNA preparation



		2.9 Real-time quantitative PCR analysis



		2.10 Statistical analysis









		3 Results



		3.1 Isolation and identification of strains



		3.2 Growth of Bifidobacterium animalis subsp. lactis on different oligosaccharides



		3.3 General features of Bifidobacterium animalis subsp. lactis isolates



		3.4 Glycobiome of the Bifidobacterium animalis subsp. lactis isolates



		3.5 Real-time quantitative PCR analysis









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References









		Intervention with fructooligosaccharides, Saccharomyces boulardii, and their combination in a colitis mouse model



		1 Introduction



		2 Experimental materials and instruments



		2.1 Animals, microbes, reagents, and materials



		2.2 Instruments



		2.3 Methods



		2.3.1 Mice and housing conditions



		2.3.2 Experimental protocol



		2.3.3 Preparation of Saccharomyces boulardii suspensions



		2.3.4 Detection of proinflammatory cytokines in the serum



		2.3.5 Preparation, staining and histopathological analysis of colon sections



		2.3.6 Detection of SCFAs in fecal samples



		2.3.7 16S rRNA sequencing









		2.4 Data and statistical analysis









		3 Results



		3.1 Analysis of body weight and DAI



		3.2 Analysis of proinflammatory cytokine levels in the serum



		3.3 Colon characteristics and histology



		3.4 Analysis of SCFA content in feces



		3.5 Analysis of gut microbial composition









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References









		Gut microbiota associations with chronic kidney disease: insights into nutritional and inflammatory parameters



		Introduction



		Methods



		Study population



		Measurements



		Clinical parameters



		Biological parameters



		Fecal microbiota composition



		Statistical methods



		Sample size



		Non-metataxonomic data



		Metataxonomic data















		Results



		Non-metataxonomic data



		Metataxonomic data









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References























OPS/images/fmicb-15-1298432/fmicb-15-1298432-t003.jpg
Clinical characteristics

Height (cm) 0.0020°
Body weight (kg) 0.1200
Body mass index (kg/m?) 06943
Soft lean body mass (kg) 0.0006"
Bone mineral content (kg) 0.0046°
Fat mass (kg) 08312
Lean body mass index (kg/m’) 00572
Fat mass index (kg/m’) 0.4346
Energy intake (kcal/kg) 05390
Protein intake (g/kg) 0.4951
Appetite rating (mm) 0.1353
Resting energy expenditure (keal/d) 0.0001*
Handgrip strength (kg) 0.0006*
Pedometry (steps/d) 0.1287
General health (0 t0 100%) 0.1726

Biological characteristics

Hemoglobin (g/L) 00150
Urea (mmol/L) 02579
Creatinin (umol/L) 00172
Bicarbonate (mmol/L) 0.1671
Albumin (g/L) 0,005
Prealbumin (mg/L) 06997
C-reactive protein (g/L) 00191
Serum lipopolysaccharides (ng/mL) 02754
Serum glucagon-like peptide 2 (ng/mL) 00259
Interleukin-6 (pg/mL) 0.0238
Interleukin-10 (pg/mL) 0.4503
Tumor necrosis factor-o (pg/mL) 0.0006°
Fecal IgA (pg/ml) 08555
Total ghrelin (pg/mL) 0.0213
Active ghrelin (fmol/mL) 02032
Leptin (pg/mL) 0.2856
Active glucagon-like peptide 1 (pM) 0.7765
Cholecystokinin (pg/mL) 02978
Neuropeptide Y (pg/mL) 0,034
Peptide YY (pg/mL) 0.0384

‘Significant after correction for multiple testing.
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HD patients NHD patients Healthy volunteers

n=22(6female, n=11(3females, n=11(3females, 8

16 males) 8 males) males)

Routine parameters

Hemoglobin (g/L) 113.0 (140" 1200 (140" 1440 (14.0) 22837 <0001
Urea (mmol/L) 217 (7.5 249(115) 60(23) 24802 <0.001
Creatinin (umol/L) 6325 (235.0)" 3320 (202.0) 840 (29.0) 33.669 <0.001
Bicarbonate (mmol/L) 22028 228 (54) 267 (4.1) 19.706 <0001
Albumin (g/L) 410 200" 47.0(3.0) 45.0(50) 22786 <0.001
Prealbumin (mg/L) 3250 (63.0) 399.0(105.0)" 289.0 (98.0) 8727 0013
C-reactive protein (g/L) 6.2(850)*" 15(22) 1.4(L0) 23.942 <0.001

Intestinal permeability

Serum lipopolysaccharides (ng/

aly 644 (40.0)" 37.4(39.5)" 97.0 (30.5) 18513 <0.001
Serum glucagon-like peptide 2

et 100 (4.4 830507 28(08) 24.203 <0001
Systemic inflammation

Interleukin-6 (pg/mL) 1402y 0.7(08) 06(06) 13.436 0.001
Interleukin-10 (pg/mL) 0.1(0.0) 0.1(02) 0.1(0.1) 0033 0.983
Tumor necrosis factor-o (pg/mL) 30(16) 24(10) 15(1.2) 17124 <0001
Fecal IgA (pg/ml) 1369.0 (4363.0) 7380 (2800.0) 12000 (1725.0) 0627 0731
Appetite mediators

Total ghrelin (pg/mL) 838.2 (403.0) 737.0(713.9) 689.4(581.1) 2581 0.275
Active ghrelin (fmol/mL) 92(128) 9.9(83) 97 (114) 0.09 0.956
Leptin (pg/mL) 326434 (65775.8)" 204319 (53039.3) 102723 (10923.2) 9518 0009
C}C;‘;E shcsos e pepiiet 04(L0)" 0.102) 0.1(03) 6.764 0034
Cholecystokinin (pg/mL) 3607 (153.6)" 3284 (161.9) 4079 (87.4) 7910 0019
Neuropeptide Y (pg/mL) 61.9(57.9)" 575 (30.0) 295(15.5) 1109 0,004
Peptide YY (pg/mL) 2296 (107.9) 121.7(109.9) 543(35.2) 27672 <0001

HD: hemodialyzed patients; NHID: non-hemodialyzed patients with chronic kidney failure. All parameters were measured in the blood besides the fecal IgA concentrations. *Kruskal-Wallis
H-tests, Chi-squared corrected for ties with 2 degrees of freedom. With the Benjamini-Hochberg method, significance was corrected to p<0.026.

Significantly different from healthy volunteers.

“Significantly different from NHD patients (Wilcoxon rank sum tests).
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HD patients NHD patients Healthy volunteers

n=22(6female, n=11(3females, n =11 (3 females, 8

16 males) 8 males) males)

Age (years) 63.2(143) 62.6(17.5) 58.6(21.5) 0022 0.989
Height (cm) 1686 (15.0) 1700 (98) 173.0(102) 1082 0583
Body weight (kg) 833(25.7) 762 (165) 787 (169) 1.986 0370
Body mass index (kg/m?) 299(68) 254(72) 260(53) 5.682 0.058
Soft lean mass (kg) 537 (18.2) 49.3(13.0) 49.9(136) 0221 0895
Bone mineral content (kg) 24(07) 2.1(09) 23(06) 1.030 0599
Fat mass (kg) 263 (12.4) 233(63) 23.9(109) 3503 0174
Lean mass index (kg/m’) 185(3.8) 17.2(20) 18.1(25) 1565 0457
Fat mass index (kg/m?) 96 (3.6) 7.7 (45) 81(30) 4474 0.107
Energy intake (kcal/kg) 20307.6) 267 (10.3) 278(128) 5779 0.056
Protein intake (g/kg) 09(05) 11(0.2) 10(0.7) 1133 0.567
Appetite rating (mm) 70(10)* 80(3.0)° 80(20) 13291 0.002
Resting energy

ependite (el 15615 (644.0) 1563.0 (508.0) 1763.0 (494.0) 2861 0239
Handgrip strength (kg) 235(11.0) 340(23.0) 360 (120) 7.007 0030
Pedometry (steps/d) 3037.2 (4061.9)" 5604.2 (8244.4) 5936.8 (4045.3) 10667 0.005
General health (0 to 100%) 475 (25.0)* 400 (200)* 80.0(25.0) 17.890 <0.001

HD: Hemodialysed patients; NHD: non-hemodialyzed patients with chronic kidney failure; Body mass index= weight (kg)/height (m)’s Lean mass index=(soft lean mass+ bone mineral
content)/height (m)". *Kruskal- Wallis H tests, Chi-squared corrected for ties with 2 degrees o freedom. With the Benjamini-Hochberg method, significance was corrected to p< 0.026.
‘Significantly different from healthy volunteers; *significantly different from NHD patients (Wilcoxon rank sum tests).
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Baseline characteristics

Total (N = 40)

Chemotherapy
22

Non-chemotherapy
18

Sex Male
Female

Median age (range)

Age <60
260
BMI <25
225
ECOG PS 0
1
2
Smoking Non-smoker

Former-smoker

Current-smoker
Alcohol Non-drinker

Former-drinker

Current-drinker

Tumor location Right colon
Left colon
Cancer stage 1
1
i
Chemotherapy regimen FOLFOX
XELOX

Capecitabine

n (%)
26(65)
14(35)
61(38~82)
19(47.5)
21(525)
31(77.5)
9(225)
10025
30(75)
0
19 (47.5)
16.(40)
5(125)
20(50)
4(10)
16 (40)
11(275)
29(725)
305
21(525)
16 (40)
15(37.5)
6(15)
125)

BMI, Body Mass Index; ECOG PS, Eastern Cooperative Oncology Group Performance status.

14 (60)
8(40)
62 (46~82)
10
12
17
5
1
21

12(66.7)
6(33)
58 (38~79)
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NM_001314054.1

Primer sequence (5
CCTCGTCCCGTAGACAAAATG
TGAGGTCAATGAAGGGGTCGT
ATGTCTCAGCCTCTTCTCATTC
GCTTGTCACTCGAATTTTGAGA
AGACTTCCATCCAGTTGCCT
CAGGTCTGTTGGGAGTGGTA
ACTCATTGTGGCTGTGGAGA
TIGTTCATCTCGGAGCCTGT
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Ingredient  Chemical Protein Binding

formula energy
(kcal/mol)

Citral CI0H160 1L1p —1489
Citral CI0H170 1L1p —1.283
Citral CI0H150 1L1p —1.237
Citral CI0H190 1L1p —4175
Citral C10H200 1L1p —171
Citral CI0H210 IL1p —141
Citral C10H20 IL1p 414
Citral C10H230 IL1p —1125
Citral C10H240 IL1p —4115
Citral C10H250 IL6 1637
Citral CI0H260 L6 —4.601
Citral C10H270 IL6 —1415
Citral CI0H280 IL6 —1.266
Citral CI0H290 IL6 —1184
Citral CI0H300 iL-6 —118
Citral CI0H310 IL6 —4.144
Citral CI0H320 iL-6 —4143
Citral CI0H330 iL-6 —4131
Citral CI0H340 TNF-a ~3.759
Citral CI0H350 TNF-a ~3.466
Citral CI0H360 TNF-a ~3.416
Citral CI0H370 TNF-a ~3.402
Citral CI0H380 TNFa -3343
Citral CI0H390 TNF-a ~3.207
Citral CI0H400 TNF-« -3.042
Citral CI0H410 TNF-« ~2991
Citral CI0H420 TNF-a 298
Citral CI0H430 Nif2 ~4992
Citral CI0H440 Nif2 —445
Citral CI0H450 Nif2
Citral CI0H460 Nif2 —437
Citral CI0H470 Nif2 ~4348
Citral CI0H450 Nif2 ~4334
Citral CI0H490 Nif2 ~4311
Citral CI0H500 Nif2 -43

Citral CI0H510 Nrf2 -4.283
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165 rRNA gei Strain Accession no. Sequence
Escherichia fergusonii ATCC 35469 NR_074902.1 Complete
Escherichia fergusonii NRBC 102419 NR_114079.1 Partial
Escherichia coli JCM 1649 NR_112558.1 Partial
Escherichia fergusonii ATCC 35469 NR_027549.1 Partial
Shigella flexneri ATCC 29903 NR_026331.1 Partial

Values for the following parameters are identical for all sequences: Max Score and Total Score: 1664; Query cover: 100%; E value: 0.0; Identity: 100%.
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Acetate Propionic Butyrate
acid

Concentration (M)

A 68.0£6.1° 204108 7374 1036"
B 18484 393445 892.1481.0°
c 163+ 138" 421437 12247 £91.4*

Data are shown as mean D (n = 3). Significant difference are indicated by different letters
(a,b,and ).
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Organic acids Substrates

PPH

ELDERLY

Major SCFAs (mmol/g)

Aceticacid 1.86 (026) 234(0.28) 232(037) 2.14(026) 007
Propionic acid L11(0:88) 076 (0.09) 072(0.11) 0.6 (0.28) 045
Butyricacid 1.60 (0.75)" 104 (0:61) 115 (0.63) 0.98(0.53) 044
Total 456 (1.12)! 4.15(03)' 42(077) 3.78 (0.65) 048
BCFAs (jmol/g)

Isobutyric acid 9.17 (1.40) 10,87 (5.49) 15.78 (7.24) 1121 (13.89) 029
Isovaleric acid 368 (276) 7.95(43) 9.34(6.16) 895 (13.23) 026
2-Methylbutyric acid 298(1.75) 499 (2.82) 6.67(5.17) 6,26 (8.46) 051
Total 15.83 (5.09) 238(1222) 31.8(17.71) 2643 (35.55) 036
Other (umol/g)

Valericacid 3361 (34.65) 1333 (1261) 19.38(17.38) 2.93(1.89) 016
YOUNG

Major SCFAs (mmol/g)

Acetic acid 191(073) 231(042) 227 (047) 189 (038) 044
Propionic acid 13(0.437 0.78 (0.27)* 0.82(0.37)* 0.6 (0.2)" 0.02
Butyric acid 284(076)" 147 035 169 (0.49)" 145 (0.48)" 0.002
Total 605 (05 456 (0.24)° 478(0.25) 3.94(0.22)° <0.001
BCFAs (umol/g)

Isobutyric acid 1643 (8.8) 2189 (13.48) 2241 (541) 1161 (851) 027
Tsovaleric acid 637 (407) 1562 (1251) 13.48 (4.18) 8(7.56) 024
2-Methylbutyric acid 593 (445) 10.04 (7.84) 9.54(3.76) 605 (5) 051
Total 2873 (1638) 47.56 (33.53) 45.42(11.89) 25.66(20.16) 031
Other (umol/g)

Valericacid 14.65 (19.59) 4284 (76.64) 7462 (125.54) 50.2 (105.93) 0.65

‘Values with different superscript ltters were significantly different from each other in the same row, with their averages ranked from higher to lower following the ordera to .
“Difference in specific acid concentrations among the four substrates within the same age group.
‘Significantly different concentrations of the same acids between elderly and young on the same substrates (p<0.05).The results are shown as means (standard deviations).
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