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Abstract

:

Limosilactobacillus reuteri is a microorganism with valuable probiotic qualities that has been widely employed in humans to promote health. It is a well-studied probiotic bacterium that exerts beneficial health effects due to several metabolic mechanisms that enhance the production of anti-inflammatory cytochines and modulate the gut microbiota by the production of antimicrobial molecules, including reuterin. This review provides an overview of the data that support the role of probiotic properties, and the antimicrobial and immunomodulatory effects of some L. reuteri strains in relation to their metabolite production profile on the amelioration of many diseases and disorders. Although the results discussed in this paper are strain dependent, they show that L. reuteri, by different mechanisms and various metabolites, may control body weight and obesity, improve insulin sensitivity and glucose homeostasis, increase gut integrity and immunomodulation, and attenuate hepatic disorders. Gut microbiota modulation by ingesting probiotic L. reuteri strains could be a promising preventative and therapeutic approach against many diseases and disorders.
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1. Introduction


The use of randomized, blind, or double-blind human trials has fueled a surge in interest in the field of probiotics in recent years, coinciding with a renewed interest in studies concentrating on gut microbial ecology [1]. Probiotics are defined as “live microorganisms which when administered in adequate amounts, confer a health benefit on the host” by the World Health Organization [2]. The Lactobacillus and Bifidobacterium strains are the microorganisms most used for food probiotication and supplements, and a growing number of new strains are achieving the role of probiotics [3]. Prebiotics are closely associated with probiotics, and refer to compounds that are resistant to digestion but fermentable in the gut and able to stimulate the growth of probiotics [4].



Lactobacilli have been utilized for a long time in fermentation processes to preserve foods [5]. Lactobacilli’s main antibacterial activity is due to the release of lactic acid, which lowers the pH of the surrounding environment and the internal cell pH of pathogens. However, lactic acid is not the only organic acid involved in the antibacterial activity. Indeed, lactobacilli can produce other organic acids, such as acetic, propionic and phenyl lactic acids, which contribute both to the drop in pH and the potential inhibition of the growth of pathogenic microorganisms. Moreover, lactobacilli produce a wide variety of antimicrobial molecules, including low-molecular-mass compounds such as hydrogen peroxide, carbon dioxide, ethanol, diacetyl, and acetaldehyde, as well as more complex molecules like bacteriocins, reuterin and reutericyclin, which are the final products of metabolism performed by Limosilactobacillus reuteri strains [6,7,8,9]. Apart from their antibacterial capabilities, lactobacilli have been shown to interact with the host immune system, impacting mucosal immune cells and epithelial cells that coat the mucosa to activate the mucosal immune system’s processes. The Toll-like receptors (TLRs), the nucleotide-binding oligomerization domain-like receptor, and C-type lectin receptors are the three main signaling systems that allow the innate immune system to recognize lactobacilli. Lactobacilli can have an effect on the immune response of the host by different actions, including the cell-surface carbohydrates, the enzymes that modify the structure of lipoteichoic acids and various metabolites [10]. The biogenic amines, histamine and tyramine in particular, are metabolites from lactobacilli that can affect the immune system of the host [11]. However, the production of antibacterial and immunomodulatory chemicals is highly dependent on the strain and growth state [12].



L. reuteri is a well-studied probiotic bacterium with the ability to colonize a wide range of animals. It can be found in various parts of the human body, including the gastrointestinal (GI) tract, urinary tract, skin, and breast milk [13]. It is one of the few ex-Lactobacillus species specifically adapted to survive in the GI tract as it occurs naturally in the human intestine [14].



When L. reuteri is ingested, the protective effects are reported to be due to different metabolic mechanisms. First, certain strains of L. reuteri produce an anti-inflammatory compound that lowers the expression of the proinflammatory cytokine tumor necrosis factor alpha (TNF-α) in cultured activated macrophages by more than 90% [15,16]. Second, L. reuteri produces reuterin, an antibacterial molecule that is bactericidal against a wide range of species, including enterohemorrhagic Escherichia coli strains [17]. Reuterin, also known as 3-hydroxypropionaldehyde [3-HPA], is an intermediate in the metabolism of glycerol to 1,3-propanediol, guaranteeing that the cell replenishes NAD+ during glucose metabolism [18]. This review provides an overview of data that support the role of probiotic properties, and the antimicrobial and immunomodulatory effects of L. reuteri strains in relation to their metabolism on the amelioration of many diseases and disorders (Figure 1).




2. Limosilactobacillus reuteri and Obesity Control


Obesity is a disease that is characterized by a pathological accumulation of body fat accompanied by a decline in the state of health and quality of life. The correlation between obesity and the Western diet is well established [19]. Obesity is a major public health problem worldwide and it has a decisive impact on the duration of life because it can lead to the onset of high blood pressure, diabetes mellitus, sleep apnea and cardiovascular disease. Nowadays, the strong correlation between the gut microbiota and obesity is well established [20]. In particular, alterations in the abundance of Bacteroidetes and Firmicutes, as significant bacterial divisions, have been connected to changes in the gut microbiota and its role in obesity (Figure 2).



The therapeutic significance of probiotics is in managing gut dysbiosis, which is characterized by an aberrant microbiota composition, as well as decreased permeability of the intestinal barrier and inflammatory activation [21]. Notably, Lactobacillus and Bifidobacterium has been examined to identify their capacity to balance intestinal microbiota and for obesity treatment [22,23].



Here, we want to clarify that the term microbiota means the live organisms of an ecosystem, so the gut microbiota is a complex community of live microorganisms in the gut. Everyone has an individualized gut microbiota profile, which is not stable during their lifetime. So, there is no implication of health in the term itself, but probiotics can help to balance the gut microbiota so that is has a healthier composition [24].



L. reuteri is one of the species investigated for their effect on obesity and conflicting findings are reported in the current literature. Indeed, some authors have shown the enrichment of gut microbiota by L. reuteri with a depletion in Bifidobacterium animalis and Methanobrevibacter smithii by analyzing the stools of 68 obese people and 47 controls [25]. On the other hand, according to another study, the L. reuteri MG5149 strain reduced body weight, adipose tissue weight, and adipocyte size in epididymal tissue. In addition, it inhibited the expression of lipogenic proteins such as peroxisome proliferator-activated receptor, CCAAT/enhancer-binding protein, fatty acid synthase, and adipocyte-protein 2 in some tissues and reduced fat accumulation by upregulating the phosphorylation of AMP-activated protein kinase and acetyl-CoA carboxylase [26]. Furthermore, treatment with L. reuteri JBD30l lowered the concentration of free fatty acids (FFAs) in the small intestine’s gut fluid, lowering intestinal FFA absorption while increasing fecal FFA excretion [27]. However, there are contradictory results indicating that L. reuteri may stimulate the progress of obesity in a strain-dependent way. The link was confirmed when vancomycin-resistant L. reuteri in the gut microbiota was discovered to be a predictor of body weight increase following vancomycin treatment [28]. Other studies have associated weight gain with L. reuteri abundance, due to the level of fructose ingested [29]. L. reuteri may use fructose molecules as a source of energy to increase its growth rate, resulting in the high absorption of fructose and increasing the synthesis of intermediary molecules to produce triglycerides [29].



The regulation of energy homeostasis and satiety, alteration of gut microbiota composition, synthesis of short chain fatty acids (SCFA), improved gut barrier function, and the interruption of bile acid metabolism in the host are all the proposed mechanisms of action for probiotic-mediated weight loss [30]. As a matter of fact, L. reuteri is one of the probiotic bacteria that can perform these mechanisms to control obesity (Figure 2). On the other hand, food ingredients that enhance the growth of L. reuteri in the gut result in weight loss [31]. Further research is needed to determine whether an increase in L. reuteri is the cause of weight reduction per se or whether it is substrate-dependent.




3. Limosilactobacillus reuteri and Improvement in Insulin Sensitivity and Glucose Homeostasis


Type 2 diabetes mellitus (T2DM) is characterized by hyperglycemia and insulin insensitivity associated with a diminished incretin response, subclinical inflammatory processes, and impaired glucose tolerance [32]. The insulin resistance and the postprandial glucose response can be regulated by the modulation of the gut microbiota in animal models [33]. Furthermore, the enhanced intestinal barrier function is linked to the lowering of portal lipopolysaccharide (LPS) endotoxin concentrations and of systemic and hepatic inflammation [34]. Simon et al. [32] demonstrated that daily treatment of L. reuteri SD5865 increased glucose-stimulated GLP-1 and GLP-2, improved insulin sensitivity, and elevated insulin secretion through increasing incretin release. The blood glucose-lowering action of GLP-1 is terminated due to its enzymatic degradation by dipeptidyl-peptidase-IV (DPP-IV) [35]. Another study showed that oral gavage of L. reuteri GMNL-263 (Lr263) decreased serum glucose, insulin resistance, leptin, C-peptide, and GLP-1. Moreover, when Lr263 was given, the level of HbA1c, a key indicator of glucose metabolism, was reduced [36]. The consumption of Lr263 dramatically decreased the load of Clostridia and Bacteroidetes while boosting the number of bifidobacteria and lactobacilli. These findings suggested that Lr263 treatment may have a therapeutic effect on diabetes, particularly by increasing Bifidobacterium spp. [36,37]. However, Mobini et al. [38] did not find any improvement in HbA1c in people with T2DM on insulin therapy after 12 weeks of L. reuteri DMS intake. A subset group of patients benefited from the treatment, which may be due to the diversity in their gut microbiota.



The reduction in pro-inflammatory cytokines, enhanced bile salt hydrolase (BSH) activity, and alterations in intestinal microbiota composition are all probable explanations for the positive effects of L. reuteri consumption on T2DM treatment [36]. It has been suggested that taking probiotics can increase the integrity of the intestinal epithelium and limit the TLR 4 pathway, thus lowering pro-inflammatory signals and improving insulin sensitivity [39,40]. Microbial BSH activity has been demonstrated to increase the level of unconjugated bile acids and activate G protein-coupled receptor 5 (TGR5) to improve insulin sensitivity [41].




4. Limosilactobacillus reuteri and Immunomodulation of the Gut Microbiota


Changes in the intestinal microbiota have been identified as a key factor in the increase in the occurrence of certain GI disorders [42]. However, in recent years, the efficacy of probiotics in the prevention and treatment of GI diseases has received a lot of attention [43,44]. As mentioned before, probiotics are strain-specific in their efficiency, and each strain may contribute to host health through distinct mechanisms. Three major metabolic strategies are utilized by probiotic microorganisms, which provide actions for modulating the gut microbiota. The first is competition for nutrients and space with other microorganisms, which slows the growth of hazardous bacteria, thus limiting their pathogenic potential [45]. They can also have a direct influence on other bacteria, which inhibits pathogen adherence and colonization of the GI tract [46]. The second approach implicates the production of antimicrobial compounds such as bacteriocins, organic acids, and short-chain fatty acids [47]. Probiotics also inhibit the growth of potentially hazardous bacteria in the GI tract by changing the environment to an unfavorable one, causing pathogens to die-off and toxin inactivation [48]. The third function of probiotics is the stimulation and control of the immune system, including specific and non-specific reactions. This is accomplished through T lymphocyte activation, cytokine generation, phagocytosis induction, and stimulation of IgA antibody secretion [49,50]. Probiotics induce the body to produce defensins, antimicrobial proteins, and lecithin through interacting with many immune system cells. Consequently, the body is benefited by changing the overall profile of pro- and anti-inflammatory cytokines, and enabling the inactivation of potentially harmful microbes and/or their toxins [51,52].



The impact of modifying the microbiota of the small intestine is considered in modern theories regarding functional disorders of the GI tract [53]. Dysbiosis is characterized by an aberrant microbiota composition, as well as decreased permeability of the intestinal barrier and inflammatory activation [21]. L. reuteri DSM 17938 is one of the most thoroughly investigated probiotics in children and adults with functional GI problems [54]. The ability of a probiotic strain to adhere to the human GI tract is critical for colonization, interaction with host cells, pathogen suppression, and epithelial cell protection or immunological modulation [55]. Several studies have documented L. reuteri‘s ability to colonize, and its capacity to adhere to mucin and intestinal epithelial cells. The probable mechanism involved in adhesion has been linked to the surface protein, mucus-binding protein [56], antiadhesive properties of bacterial exopolysaccharides (reuteran and levan) [57], inulosucrase enzyme [58], D-alanyl-LTA [59], and glucosyltransferase A [54].



Furthermore, one of the best-documented probiotic pathogen-inhibiting methods is L. reuteri’s antimicrobial activity. Antimicrobial compounds produced by L. reuteri include lactic acid, acetic acid, ethanol, reuterin [60,61,62], reutericyclin [63], and the anti-inflammatory molecule, histamine [64].



Reuterin is a mixture of different forms of 3-hydroxypropionaldehyde (3-HPA) [65]. It is well known that L. reuteri can metabolize glycerol to generate 3-HPA in a coenzyme B12-dependent, glycerol dehydratase-mediated reaction [66]. Furthermore, the strength of antimicrobial activity appears to be correlated to the natural pH-dependent interconversion of 3-HPA to acrolein and vice versa [67]. Acrolein is a highly reactive and electrophilic α,β-unsaturated aldehyde, and on the basis of its structure, is anticipated to be more reactive than 3-HPA with regards to nucleophile addition. Reuterin has the ability to conjugate heterocyclic amines in addition to its antibacterial properties, which appears to be strongly dependent on the synthesis of acrolein [68], suggesting it has an essential role in the antimicrobial activity of L. reuteri strains.



Lactic acid, acetic acid, ethanol, and reutericyclin have all been found as products of various L. reuteri strains, as previously mentioned. L. reuteri has been proven to be effective against a variety of bacterial infections in the GI tract thanks to the synthesis of these compounds. E. coli, Clostridium difficile, and Salmonella are included in these infections [69,70,71]. The use of L. reuteri to treat Helicobacter pylori is one of the most well-known examples of L. reuteri’s efficacy as a probiotic against infections. Infection with H. pylori is a leading cause of chronic gastritis and peptic ulcers, as well as a possible risk for stomach cancer [72]. It has been reported that L. reuteri acts by contending with H. pylori for glycolipid receptors binding, then suppressing its growth. Consequently, H. pylori bacterial burden is reduced and the associated symptoms are also minimized [73].



A few strains of L. reuteri may convert the amino acid L-histidine, which is found in many foods, to the biogenic amine histamine [60]. Thomas et al. [74] reported that histamine produced from L. reuteri 6475 reduced the production of tumor necrosis factor (TNF). The activation of the histamine H2 receptor, which increased intracellular cAMP and protein kinase A, and the inhibition of MEK/ERK signaling were all required for this suppression [74]. The findings of this research point to the possible use of L. reuteri in the treatment of people with GI abnormalities. Similarly, osteoporosis that is predominant in Type 1 diabetes, which is mediated by TNF-α and suppression of Wnt10b expression, was prevented in animal model by L. reuteri [75].




5. Limosilactobacillus reuteri Attenuates Hepatic Disorders


The liver is constantly exposed to substances derived from the gut, such as microbial components and their products [76,77]. Hepatocytes express pattern recognition receptors, which identify bacterial components such as LPS and activate inflammatory pathways [78]. Growing evidence has revealed that a weak gut barrier, also referred to as “leaky gut”, enhances the interaction between gut bacteria and hepatic receptors, such as Toll-like receptors (TLR) [79]. In addition, TLR signals have a crucial role in the regulation of the innate immune response in the liver [77]. LPS, for instance, stimulates TLR4 in Kupffer cells, causing pro-inflammatory cytokines like TNF-α to be produced, causing hepatocyte injury. As a result, the inflammatory response caused by the gut–liver axis imbalance leads to the onset and progression of liver disorders [80], such as liver cirrhosis [81], non-alcoholic fatty liver diseases [82] and hepatic encephalopathy [83]. On the other hand, changes in the gut microbiota with probiotics have been shown to have a potential positive influence on hepatic disorders [84] (Figure 3). Thus, a treatment based on microbial intervention is a promising method to improve the pathological process in the liver [85].



Probiotics, particularly Lactobacillus, can limit the growth of pathogens while also improving the host’s immunological and metabolic functioning. L. reuteri strains are widespread in the mammalian gut and have health-promoting qualities [13]. Jiang et al. [86] showed that treatment in advance with L. reuteri DSM 17938 reduced gamma-glutamyl transferase, serum alanine aminotransferase, aspartate aminotransferase, IL-1, IL-2, IL-18, M-CSF, and MIP-3 levels, as well as tissue disorders in the last part of the ileum and liver. Additionally, L. reuteri DSM 17938 decreased the abundance of some potential pathogenic taxa, such as Actinomycetales, Coriobacteriaceae, Staphylococcaceae, and Enterococcaceae. Furthermore, it lowered the production of inflammatory genes in the liver, such as Ccl2, Ccl7, Ccl11, Ccl12, Il6, Il11, Il20rb, Mmp3 and Mmp10 [87].



Additionally, L. reuteri DSM 17938 relieves liver failure in several ways including the downregulation of retinol metabolism and the peroxisome proliferator-activated receptor (PPAR) signaling pathway, as well as the elevation of viral protein association with cytokine and cytokine receptors, and the central carbon metabolism in the cancer signaling pathways [36,88]. Previous animal studies have demonstrated that the administration of L. reuteri 263 significantly lowered aspartate aminotransferase (AST). Furthermore, the alanine aminotransferase (ALT) levels and the antioxidant activities of superoxide dismutase and glutathione reductase in rat livers were decreased [89]. Another study found that probiotic L. reuteri GMNL-89 and L. reuteri GMNL-263 reduced hepatic inflammation and apoptosis in lupus-prone rats by decreasing the MAPK and NF-B signaling pathways [90]. The preservation of normal epithelial cell structure and function, particularly tight junction (TJ) proteins, prevents bacteria from migrating transepithelially or paracellularly. According to some studies, short-chain fatty acids, proteins, polyamines, and proteins p75 and p40 are considered to have a critical role in providing beneficial effects on gut dysbiosis and liver disease through augmentation of the immune function and gut barrier integrity [91,92,93,94].



Finally, Cui et al. [80] indicated that L. reuteri ZJ617s diminished gut permeability and suppressed the secretion of hepatic pro-inflammatory cytokines by inhibiting the TLR4/MAPK/NF-B and autophagy signaling pathways, which decreased plasma concentrations of AST and ALT, and alleviated hepatic histological changes.




6. Limosilactobacillus reuteri and the Gut–Brain Axis


It is well established that brain–gut communications and vice versa have pathophysiological consequences that range from altered responses to chronic inflammation to behavioral states [95]. Microbiota play a key role in this bidirectional communication, making it a target for much research, especially in the development of various neuropsychiatric conditions [96].



Psychological stress and inflammation are common threads in the pathophysiology of disorders in which microbiota may have a role. Depression, schizophrenia, autism spectrum disorder (ASD), epilepsy, and migraine are all caused by stress, whereas depression, schizophrenia, ASD, Parkinson’s disease, epilepsy, and migraine are all caused by inflammation [97].



Research that addresses the impact of microbiota on the gut–brain axis has used complementary medicine, germ-free mice, antibiotic-treated animal models, supplementation with probiotics and fecal transplantation [95,96]. Neurogenesis, a critical process in learning and memory was reported to be regulated by microbiome [96]. On the other hand, stress and emotions will shape the gut microbiome through hormones and neurotransmitters. Neurotransmitters such as acetylcholine catecholamines, GABA and serotonin are produced by microbiota Lactobacillus, Bifidobacteria, Enterococcus and Streptococcus spp. in the gut, which greatly affect the brain function [96,98]. Moreover, serotonin, an internal mood tranquilizer, is 90% produced in the GI tract [99]. A major microbiota metabolite, SCFA, was found to modulate microglial cells’ development and function [100]. It was shown that the intake of probiotics/prebiotics may modulate brain function and behavior [100]. Patients with psychiatric disorders have shown different microbiota profiles compared to healthy individuals, with a tendency to have lower diversity and an imbalance of bacteria, towards harmful bacteria. Psychobiotics are probiotics that target one or more of the brain functions or disorders such as depression, anxiety, schizophrenia and autism through microbiota–brain interactions [101]. Although there are inconsistencies in the outcomes of treatment with psychobiotics due to dose, strains and duration of treatment by probiotics, such treatments are promising, with no side effects compared to other drugs [102]. ASD is a disorder with no medication to treat the core symptoms; however, Santocchi et al. [103] found that improvement in core symptoms of ASD by the use of probiotics was related to improvement in GI dysfunction, confirming the connection between the gut–brain axis and microbiota. On the other hand, L. reuteri showed an improvement in reversing the social deficit in genetic, environmental, and idiopathic ASD models [104]. In a pilot study of oral administration of 1010 colony forming units of L. reuteri daily or placebo for a duration of 3 months to ASD children, the authors proposed that the mechanistic understanding of L. reuteri was based on the gut–brain axis, where L. reuteri altered the GI function and gut microbiome [105]. In a genetic animal model of autism, a decreased level of Lactobacillus spp. was noted. The abundance of L. reuteri correlated significantly with the expression of each of the three GABA receptor subunits and attenuated the unsocial behavior of animals [106]. In the latter study, the authors concluded that treatment with L. reuteri regulated the behavior and several molecular mechanisms associated with ASD.




7. Limosilactobacillus reuteri and the Management of Inflammatory Bowel Disease


Chronic gut inflammation of uncertain etiology characterizes inflammatory bowel disease (IBD), which comprises ulcerative colitis (UC) and Crohn’s disease (CD). IBD’s main clinical symptoms include abdominal discomfort, diarrhea, and hematochezia, all of which have a negative impact on patients’ quality of life [107]. Abnormal immune responses, genetic predisposition, intestinal dysbiosis, recurrent intestinal infections, chronic intestinal mucosal barrier injury, poor nutrition, and other factors all have a role in the onset and progression of IBD [108]. There is a strong relationship between the composition of the intestinal microbiota and the incidence of IBD, according to several sources [109]. Patients with IBD have much less diversity in their gut microbiota than healthy people, according to a sequencing-based comparison. Evidently, the number of hazardous bacteria such as Bacteroides and Enterobacteria (including E. coli) increases, whereas the proportion of beneficial Firmicutes declines [110,111]. Additionally, in patients with IBD, a decrease in the number of bacteria that produce SCFAs has been found [112]. L. reuteri, when administered as a probiotic, helped to restore the balance of the gut microbiota [13]. In addition to the previously mentioned protective mechanisms for pathological intestinal microbiota disorder and immune dysregulation, recent mechanistic investigations revealed that under certain culture circumstances, L. reuteri CCM 3625 produces biogenic amines, such as histamine and tyramine, which may decrease the inflammatory response in the gastrointestinal tract [60]. It has been reported in one study that treatment with L. reuteri R2LC or 4659 decreased inflammation in the intestinal mucosa in a mouse model, acting by reducing the expression of proinflammatory markers [113]. Another recent study found that administration of L. reuteri F-9-35 led to anti-inflammatory benefits in a mouse model of colitis [114]. The reduced transcription of mRNA for COX-2, TNF-α, and IL-6, as well as the restoration of the intestinal equilibrium between Firmicutes and Bacteroidetes, were credited with this protective effect [114].



Innate immune responses are provoked by the recognition of bacterial pathogen-associated molecular patterns (PAMPs) by the host pattern recognition receptors (PRRs) present on leukocytes, including Toll-like receptors (TLRs), NOD-like receptors (NLR), and C-type lectin receptors (CLRs), which form the proinflammatory response that is thought to be the pathogenic basis of IBD [115]. Studies of animal models with reduced expression and activation of NOD-like receptor or TLR signaling have shown the complex and context-dependent effect of innate immunity in colitis, ranging from preventive to proinflammatory [116]. According to a recent study, L. reuteri DSM 17938 reduced experimental necrotizing enterocolitis by inducing tolerogenic intestinal dendritic cells (DCs) and Tregs, which in turn decreased the proliferation of proinflammatory lymphocytes and activation of inflammatory cytokines via a process involving TLR2 [117].



Tryptophan (Trp) is an anti-inflammatory essential amino acid that supports the intestinal microbiota. Interestingly, its concentration in the intestinal lumen may be related to Lactobacillus-mediated regulation of intestinal immunity [107]. Cervantes-Barragan et al. [118] were the first to show that L. reuteri promotes the differentiation of T cells into CD4+CD8αα+ double-positive intraepithelial T lymphocytes (DPIELs) by metabolizing Trp to indole-3-lactic acid, which then activates the aryl hydrocarbon receptor (AhR) on CD4+ T cells to downregulate the transcription factor Thpok and ultimately induce their differentiation into DPIELs. A study showed that some strains of L. reuteri activate AhR via the polyketone synthase cluster (PKS). Activation of AhR is required for the production of interleukin-22 (IL-22), which can boost the innate immune response by inducing the production of antimicrobial peptides (Reg3-lectins) to combat intestinal pathogens and tight junction proteins to protect intestinal tissues from inflammation damage [119]. Other studies have found that L. reuteri 5289 causes dendritic cells (DCs) to release IL-10 and inhibits the production of IL-12 by DCs in response to co-culture with other bacteria that typically induce IL-12 production. Interestingly, the L. reuteri-mediated inhibition of IL-12 production was linked to prolonged ERK1/2 MAP kinase phosphorylation [120].




8. Limosilactobacillus reuteri and Cystic Fibrosis


Cystic fibrosis (CF) is the most common autosomal recessive disease in the Caucasian population. Even though many initiatives have been undertaken to establish the prevalence of this illness, a number of reasons makes it difficult to ascertain the exact number of cases, including the wide range of quality in the medical/scientific literature and patient registries. However, most sources suggest that the disease affects 1 in 2500 to 3500 of the Caucasian population. CF is a multi-organ disease, which mainly affects the respiratory and digestive systems. A mutated gene, called the Cystic Fibrosis Transmembrane Regulator (CFTR) gene, causes the production of dehydrated and viscous mucus. This mucus overproduction leads to lung disfunction, closes the bronchial tubes, causes repeated respiratory infections, obstructs the pancreas and prevents pancreatic enzymes from reaching the intestine, consequently food cannot be correctly digested and assimilated [121,122]. Moreover, the inefficiency of the pancreas leads to a decline in intestinal motility, overgrowth of the bacterial population in the small intestine, functional gastrointestinal symptoms and intestinal obstruction [123]. The importance of the gut microbiota in health and disease is generally recognized, and it is increasingly recognized as an essential contributor to immunological and metabolic balance [124]. Dysbiosis, or disruption of the gut microbiota has been linked to CF gut patients with an excess of potentially harmful bacteria and a decrease in beneficial bacteria [125]. The administration of probiotics is increasingly being used to modulate the gut microbiota as a therapeutic technique for preserving health and treating diseases. Probiotics may help to repair the intestinal microbial balance disrupted by the regular use of antibiotic medications for the treatment and prevention of respiratory exacerbations in people with cystic fibrosis [126]. Some strains of L. reuteri have been reported to exert immunoregulatory properties and improve the gut health of CF patients. Di Nardo et al. [127] reported that L. reuteri ATCC55730 was found to be helpful in lowering the incidence of pulmonary exacerbations and the number of upper respiratory tract infections in patients with cystic fibrosis [127]. Although there is a long-held belief that probiotics can benefit by decreasing intestinal permeability, it is now commonly accepted that probiotics’ principal intestinal and extraintestinal effects are mediated through their interaction with gut immunity [128,129]. In this context, some authors have hypothesized a gut–lung axis of probiotic activity, resulting in improvement in both the innate and adaptive immune defenses in the respiratory tract because of the stimulus from probiotic microorganisms in contact with the gut-associated lymphoid tissue [127]. The mechanism involved in this gut–lung axis could be the increase in the IgA-secretory cells in the bronchial mucosa; the activation of natural killer cells, also known as NK cells or large granular lymphocytes; the expansion of T-regulatory cells; the production of bioactive compounds against lung pathogens; inhibition of virulence factors; and increase in the phagocytic activity of alveolar macrophages [130,131,132]. Another study found that L. reuteri could help to improve the dysbiosis of the CF gut microbiota, which is marked by the high density of proteobacterial species. In addition, there was a considerable reduction in intestinal inflammation, as well as a decrease in the levels of the gut inflammatory marker “calprotectin” and an increase in microbial diversity [133]. Thus, these studies support the view that certain L. reuteri strains influence the immune responses in the GI tract.




9. Resume of Activities and Global Market for Limosilactobacillus reuteri


The market for probiotic foods and supplements is growing fast, and the recent pandemic of SarsCov2 has given a further push to this trend. Accordingly, all the potential healthy activities of L. reuteri reported in this review and summarized in Table 1, have led to the development of new products in the probiotics market. Firstly, we want to underline that to the best of our knowledge, there are no food products in the market that contain probiotic strains of L. reuteri. However, many papers describe the functionalization of foods with L. reuteri strains [134,135,136] On the other hand, the market for supplements is full of products containing L. reuteri probiotic strains. Here, we want to give the reader an idea of the marketed products that contain this microorganism. One of the most known companies working in the field of probiotics, particularly on L. reuteri, is BioGaia. Indeed, this company, headquartered in Sweden, produces 17 supplements containing combinations of three different strains of L. reuteri, the most popular being the DSM 17938, the ATCC PTA 5289 and ATCC PTA 6475 strains, with other healthy ingredients. These products are focused on the gut, gastrointestinal, oral and bone health. Another company is the English Optibac Probiotics, which produce a supplement containing the strain RC-14 for vaginal health. The strain PBS072 is an ingredient in Lactobacillus Reuteri, a supplement from the Italian company, Yamamoto Research. An inactivated formula of the strain L. reuteri DSM 17648 is produced in Germany by the company formerly known as Naturawerk, now called Sanatura. Finally, the world leading Danish company in the microbial biomass market, Chr Hansen, produces the strains NCIMB 30242 and UALre-16.




10. Conclusions


In humans, the abundance of L. reuteri has decreased in recent decades, most likely due to modern lifestyles (e.g., antibiotic use and the Western diet). Over the same time span, there has been an increase in the incidence of inflammatory disorders. This review strongly suggests that L. reuteri and its metabolites promote human health through diverse mechanisms. In Table 1, we have listed the probiotic strains mentioned in this paper and their effects. They are effective in decreasing obesity parameters, improving insulin sensitivity and glucose homeostasis, modulating gut integrity, improving inflammation, attenuating hepatic disorders and help to improve the dysbiosis of CF patients. However, there is a need for further investigation on different L. reuteri metabolites and strains, especially in humans. In addition, many of the probiotic effects of L. reuteri are strain-dependent, as there are many strains with different host origins. As a result, combining several strains of L. reuteri to enhance their positive benefits may be useful. Most papers that support the beneficial effects of L. reuteri on humans are observational studies and only a few of them define the correlation between its metabolism and outcomes. As is well known, major national and international authorities such as the EFSA and FDA, have not authorized the health claims made for probiotics, although the generally beneficial effects of probiotics on the gut microbiota are fully recognized. This is mainly due to the lack of a clear correlation between probiotic metabolism and the specific beneficial effect. Accordingly, it is pivotal to investigate the metabolism of probiotics and to identify their precise correlation with healthy effects.







Author Contributions


All authors contributed equally to this work. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sivamaruthi, B.S.; Fern, L.A.; Rashidah, P.H.; Ismail, D.S.N.; Chaiyasut, C. The Influence of probiotics on bile acids in diseases and aging. Biomed. Pharmacother. 2020, 128, 110310. [Google Scholar] [CrossRef] [PubMed]

	



Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. The International Scientific Association for Probiotics and Prebiotics Consensus Statement on the Scope and Appropriate Use of the Term Probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506–514. [Google Scholar] [CrossRef]

	



Falcinelli, S.; Rodiles, A.; Hatef, A.; Picchietti, S.; Cossignani, L.; Merrifield, D.L.; Unniappan, S.; Carnevali, O. Influence of Probiotics Administration on Gut Microbiota Core. J. Clin. Gastroenterol. 2018, 52, S50–S56. [Google Scholar] [CrossRef] [PubMed]

	



Precup, G.; Pocol, C.B.; Teleky, B.-E.; Vodnar, D.C. Awareness, Knowledge, and Interest about Prebiotics—A Study among Romanian Consumers. Int. J. Environ. Res. Public Health 2022, 19, 1208. [Google Scholar] [CrossRef] [PubMed]

	



Chatterjee, P.; Paul, U.; Banerjee, S. Review on the Commercial and Therapeutic Implementation of Lactobacillus Species South Asian. J. Res. Microbiol. 2021, 10, 1–10. [Google Scholar] [CrossRef]

	



Ammor, S.; Tauveron, G.; Dufour, E.; Chevallier, I. Antibacterial Activity of Lactic Acid Bacteria against Spoilage and Pathogenic Bacteria Isolated from the Same Meat Small-Scale Facility. Food Control 2006, 17, 454–461. [Google Scholar] [CrossRef]

	



Stefanovic, E.; Fitzgerald, G.; McAuliffe, O. Advances in the genomics and metabolomics of dairy lactobacilli: A review. Food Microbiol. 2017, 61, 33–49. [Google Scholar] [CrossRef] [PubMed]

	



Teleky, B.-E.; Martău, G.A.; Vodnar, D.C. Physicochemical Effects of Lactobacillus plantarum and Lactobacillus casei Cocultures on Soy–Wheat Flour Dough. Ferment. Foods 2020, 9, 1894. [Google Scholar] [CrossRef]

	



Kim, S.; Joung, J.Y.; Kang, D.-K.; Oh, N.S.; Yoon, Y. Anti-obesity effects of Lactobacillus rhamnosus 4B15, and its synergy with hydrolysed lactose skim milk powder. Int. Dairy J. 2021, 123, 104997. [Google Scholar] [CrossRef]

	



Wells, J.M. Immunomodulatory Mechanisms of Lactobacilli. Microb. Cell Factories 2011, 10, S17. [Google Scholar] [CrossRef] [PubMed]

	



Babusyte, A.; Kotthoff, M.; Fiedler, J.; Krautwurst, D. Biogenic Amines Activate Blood Leukocytes via Trace Amine-Associated Receptors TAAR1 and TAAR2. J. Leukoc. Biol. 2013, 93, 387–394. [Google Scholar] [CrossRef]

	



Shokryazdan, P.; Sieo, C.C.; Kalavathy, R.; Liang, J.B.; Alitheen, N.B.; Faseleh Jahromi, M.; Ho, Y.W. Probiotic Potential of lactobacillus strains with Antimicrobial Activity against Some Human Pathogenic Strains. BioMed. Res. Int. 2014, 2014, 927268. [Google Scholar] [CrossRef] [PubMed]

	



Mu, Q.; Tavella, V.J.; Luo, X.M. Role of Lactobacillus reuteri in Human Health and Diseases. Front. Microbiol. 2018, 9, 757. [Google Scholar] [CrossRef] [PubMed]

	



Valeur, N.; Engel, P.; Carbajal, N.; Connolly, E.; Ladefoged, K. Colonization and Immunomodulation by Lactobacillus reuteri ATCC 55730 in the Human Gastrointestinal Tract. Appl. Environ. Microbiol. 2004, 70, 1176–1181. [Google Scholar] [CrossRef]

	



Jones, S.E.; James, V. Probiotic Lactobacillus reuteri Biofilms Produce Antimicrobial and Anti-Inflammatory Factors. BMC Microbiol. 2009, 9, 35. [Google Scholar] [CrossRef]

	



Lin, Y.P.; Thibodeaux, C.H.; Peña, J.A.; Ferry, G.D.; Versalovic, J. Probiotic Lactobacillus reuteri Suppress Proinflammatory Cytokines via c-Jun. Inflamm. Bowel Dis. 2008, 14, 1068–1083. [Google Scholar] [CrossRef]

	



Chung, T.C.; Axelsson, L.; Lindgren, S.E.; Dobrogosz, W.J. In Vitro studies on Reuterin Synthesis by Lactobacillus reuteri. Microb. Ecol. Health Dis. 1989, 2, 137–144. [Google Scholar] [CrossRef]

	



Doleyres, Y.; Beck, P.; Vollenweider, S.; Lacroix, C. Production of 3-Hydroxypropionaldehyde Using a Two-Step Process with Lactobacillus reuteri. Appl. Microbiol. Biotechnol. 2005, 68, 467–474. [Google Scholar] [CrossRef]

	



Martinez, K.B.; Leone, V.; Chang, E.B. Western diets, gut dysbiosis, and metabolic diseases: Are they linked? Gut Microbes 2017, 8, 130–142. [Google Scholar] [CrossRef]

	



Daniali, M.; Nikfar, S.; Abdollahi, M. A Brief Overview on the Use of Probiotics to Treat Overweight and Obese Patients. Expert Review of Endocrinology. Metabolism 2020, 15, 1–4. [Google Scholar] [CrossRef]

	



Bäckhed, F.; Fraser, C.M.; Ringel, Y.; Sanders, M.E.; Sartor, R.B.; Sherman, P.M.; Versalovic, J.; Young, V.; Finlay, B.B. Defining a Healthy Human Gut Microbiome: Current Concepts, Future Directions, and Clinical Applications. Cell Host Microbe 2012, 12, 611–622. [Google Scholar] [CrossRef] [PubMed]

	



John, G.K.; Mullin, G.E. The Gut Microbiome and Obesity. Curr. Oncol. Rep. 2016, 18, 45. [Google Scholar] [CrossRef] [PubMed]

	



Tchernof, A.; Després, J.-P. Pathophysiology of Human Visceral Obesity: An Update. Physiol. Rev. 2013, 93, 359–404. [Google Scholar] [CrossRef]

	



Berg, G.; Rybakova, D.; Fischer, D.; Cernava, T.; Vergès, M.-C.C.; Charles, T.; Chen, X.; Cocolin, L.; Eversole, K.; Corral, G.H.; et al. Microbiome Definition Re-Visited: Old Concepts and New Challenges. Microbiome 2020, 8, 103. [Google Scholar] [CrossRef]

	



Million, M.; Maraninchi, M.; Henry, M.; Armougom, F.; Richet, H.; Carrieri, P.; Valero, R.; Raccah, D.; Vialettes, B.; Raoult, D. Obesity-Associated Gut Microbiota Is Enriched in Lactobacillus reuteri and Depleted in Bifidobacterium Animalis and Methano brevibacter Smithii. Int. J. Obes. 2011, 36, 817–825. [Google Scholar] [CrossRef]

	



Choi, S.-I.; You, S.; Kim, S.; Won, G.; Kang, C.-H.; Kim, G.-H. Weissella cibaria MG5285 and Lactobacillus reuteri MG5149 Attenuated Fat Accumulation in Adipose and Hepatic Steatosis in High-Fat Diet-Induced C57BL/6J Obese Mice. Food Nutr. Res. 2021, 65, 64–76. [Google Scholar] [CrossRef]

	



Chung, H.; Yu, J.G.; Lee, I.; Liu, M.; Shen, Y.; Sharma, S.P.; Jamal, M.A.H.M.; Yoo, J.; Kim, H.; Hong, S. Intestinal Removal of Free Fatty Acids from Hosts by Lactobacilli for the Treatment of Obesity. FEBS Open Bio 2016, 6, 64–76. [Google Scholar] [CrossRef]

	



Million, M.; Thuny, F.; Angelakis, E.; Casalta, J.-P.; Giorgi, R.; Habib, G.; Raoult, D. Lactobacillus reuteri and Escherichia coli in the Human Gut Microbiota May Predict Weight Gain Associated with Vancomycin Treatment. Nutr. Diabetes 2013, 3, 9. [Google Scholar] [CrossRef]

	



Huerta-Ávila, E.E.; Ramírez-Silva, I.; Torres-Sánchez, L.E.; Díaz-Benítez, C.E.; Orbe-Orihuela, Y.C.; Lagunas-Martínez, A.; Galván-Portillo, M.; Flores, M.; Cruz, M.; Burguete-García, A.I. High Relative Abundance of Lactobacillus reuteri and Fructose Intake are Associated with Adiposity and Cardiometabolic Risk Factors in Children from Mexico City. Nutrients 2019, 11, 1207. [Google Scholar] [CrossRef] [PubMed]

	



Cerdó, T.; García-Santos, J.; Bermúdez, M.G.; Campoy, C. The Role of Probiotics and Prebiotics in the Prevention and Treatment of Obesity. Nutrients 2019, 11, 635. [Google Scholar] [CrossRef]

	



Foshati, S.; Ekramzadeh, M. Thylakoids: A Novel Food-Derived Supplement for Obesity-A Mini-Review. Int. J. Vitam. Nutr. Res. 2020, 90, 169–178. [Google Scholar] [CrossRef]

	



Simon, M.-C.; Strassburger, K.; Nowotny, B.; Kolb, H.; Nowotny, P.; Burkart, V.; Zivehe, F.; Hwang, J.-H.; Stehle, P.; Pacini, G.; et al. Intake of Lactobacillus reuteri improves Incretin and Insulin Secretion in Glucose-Tolerant Humans: A Proof of Concept. Diabetes Care 2015, 38, 1827–1834. [Google Scholar] [CrossRef] [PubMed]

	



Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.; Chabo, C.; et al. Metabolic Endotoxemia Initiates Obesity and Insulin Resistance. Diabetes 2007, 56, 1761–1772. [Google Scholar] [CrossRef] [PubMed]

	



Cani, P.D.; Possemiers, S.; Van de Wiele, T.; Guiot, Y.; Everard, A.; Rottier, O.; Geurts, L.; Naslain, D.; Neyrinck, A.; Lambert, D.M.; et al. Changes in Gut Microbiota Control Inflammation in Obese Mice through a Mechanism Involving GLP-2-Driven Improvement of Gut Permeability. Gut 2009, 58, 1091–1103. [Google Scholar] [CrossRef] [PubMed]

	



Nadkarni, P.; Chepurny, O.G.; Holz, G.G. Regulation of Glucose Homeostasis by GLP-1. Prog. Mol. Biol. Transl. Sci. 2014, 121, 23–65. [Google Scholar] [CrossRef]

	



Hsieh, F.-C.; Lee, C.-L.; Chai, C.-Y.; Chen, W.-T.; Lu, Y.-C.; Wu, C.-S. Oral Administration of Lactobacillus reuteri GMNL-263 Improves Insulin Resistance and Ameliorates Hepatic Steatosis in High Fructose-Fed Rats. Nutr. Metab. 2013, 10, 35. [Google Scholar] [CrossRef]

	



Cani, P.D.; Neyrinck, A.M.; Fava, F.; Knauf, C.; Burcelin, R.G.; Tuohy, K.M.; Gibson, G.R.; Delzenne, N.M. Selective Increases of Bifidobacteria in Gut Microflora Improve High-Fat-Diet-Induced Diabetes in Mice through a Mechanism Associated with Endotoxaemia. Diabetologia 2007, 50, 2374–2383. [Google Scholar] [CrossRef]

	



Mobini, R.; Tremaroli, V.; Ståhlman, M.; Karlsson, F.; Levin, M.; Ljungberg, M.; Sohlin, M.; Bertéus Forslund, H.; Perkins, R.; Bäckhed, F.; et al. Metabolic effects of Lactobacillus reuteri DSM 17938 in people with type 2 diabetes: A randomized controlled trial. Diabetes Obes. Metab. 2017, 19, 579–589. [Google Scholar] [CrossRef]

	



Lee, S.K.; Yang, K.M.; Cheon, J.H.; Kim, T.I.; Kim, W.H. Anti-Inflammatory Mechanism of Lactobacillus rhamnosus GG in Lipopolysaccharide-Stimulated HT-29 Cell. Korean J. Gastroenterol. 2012, 60, 86. [Google Scholar] [CrossRef] [PubMed]

	



Amar, J.; Chabo, C.; Waget, A.; Klopp, P.; Vachoux, C.; Bermúdez-Humarán, L.G.; Smirnova, N.; Bergé, M.; Sulpice, T.; Lahtinen, S.; et al. Intestinal Mucosal Adherence and Translocation of Commensal Bacteria at the Early Onset of Type 2 Diabetes: Molecular Mechanisms and Probiotic Treatment. EMBO Mol. Med. 2011, 3, 559–572. [Google Scholar] [CrossRef]

	



Duboc, H.; Taché, Y.; Hofmann, A.F. The Bile Acid TGR5 Membrane Receptor: From Basic Research to Clinical Application. Dig. Liver Dis. 2014, 46, 302–312. [Google Scholar] [CrossRef] [PubMed]

	



Isolauri, E. Probiotics in Human Disease. Am. J. Clin. Nutr. 2001, 73, 1142S–1146S. [Google Scholar] [CrossRef] [PubMed]

	



McFarland, L.V.; Dublin, S. Meta-Analysis of Probiotics for the Treatment of Irritable Bowel Syndrome. World J. Gastroenterol. 2008, 14, 2650. [Google Scholar] [CrossRef]

	



Tong, J.L.; Ran, Z.H.; Shen, J.; Zhang, C.X.; Xiao, S.D. Meta-Analysis: The Effect of Supplementation with Probiotics on Eradication Rates and Adverse Events during Helicobacter Pylori Eradication Therapy. Aliment. Pharmacol. Ther. 2006, 25, 155–168. [Google Scholar] [CrossRef]

	



Bron, P.A.; Kleerebezem, M.; Brummer, R.-J.; Cani, P.D.; Mercenier, A.; MacDonald, T.T.; Garcia-Ródenas, C.L.; Wells, J.M. Can Probiotics Modulate Human Disease by Impacting Intestinal Barrier Function? Br. J. Nutr. 2017, 117, 93–107. [Google Scholar] [CrossRef] [PubMed]

	



Hemarajata, P.; Versalovic, J. Effects of Probiotics on Gut Microbiota: Mechanisms of Intestinal Immunomodulation and Neuromodulation. Ther. Adv. Gastroenterol. 2012, 6, 39–51. [Google Scholar] [CrossRef]

	



Cleusix, V.; Lacroix, C.; Vollenweider, S.; Duboux, M.; Le Blay, G. Inhibitory Activity Spectrum of Reuterin Produced by Lactobacillus reuteri against Intestinal Bacteria. BMC Microbiol. 2007, 7, 101. [Google Scholar] [CrossRef] [PubMed]

	



Przerwa, F.; Kukowka, A.; Kotrych, K.; Uzar, I. Probiotics in the Treatment of Gastrointestinal Diseases. Herba Pol. 2021, 67, 39–48. [Google Scholar] [CrossRef]

	



Rescigno, M.; Di Sabatino, A. Dendritic Cells in Intestinal Homeostasis and Disease. J. Clin. Investig. 2009, 119, 2441–2450. [Google Scholar] [CrossRef] [PubMed]

	



Corthésy, B. Multi-Faceted Functions of Secretory IGA at Mucosal Surfaces. Front. Immunol. 2013, 4, 185. [Google Scholar] [CrossRef] [PubMed]

	



Everard, A.; Geurts, L.; Caesar, R.; Van Hul, M.; Matamoros, S.; Duparc, T.; Denis, R.G.P.; Cochez, P.; Pierard, F.; Castel, J.; et al. Intestinal Epithelial MyD88 Is a Sensor Switching Host Metabolism towards Obesity According to Nutritional Status. Nat. Commun. 2014, 5, 5648. [Google Scholar] [CrossRef] [PubMed]

	



Cash, H.L.; Whitham, C.V.; Behrendt, C.L.; Hooper, L.V. Symbiotic Bacteria Direct Expression of an Intestinal Bactericidal Lectin. Science 2006, 313, 1126–1130. [Google Scholar] [CrossRef] [PubMed]

	



Marlicz, W.; Yung, D.E.; Skonieczna-Żydecka, K.; Loniewski, I.; van Hemert, S.; Loniewska, B.; Koulaouzidis, A. From Clinical Uncertainties to Precision Medicine: The Emerging Role of the Gut Barrier and Microbiome in Small Bowel Functional Diseases. Expert Rev. Gastroenterol. Hepatol. 2017, 11, 961–978. [Google Scholar] [CrossRef] [PubMed]

	



Srinivasan, R.; Kesavelu, D.; Veligandla, K.C.; Muni, S.K.; Mehta, S.C. Lactobacillus reuteri DSM 17938: Review of Evidence in Functional Gastrointestinal Disorders. Pediatrics Ther. 2018, 8, 1000350. [Google Scholar] [CrossRef]

	



Lebeer, S.; Vanderleyden, J.; De Keersmaecker, S.C.J. Genes and Molecules of Lactobacilli Supporting Probiotic Action. Microbiol. Mol. Biol. Rev. 2008, 72, 728–764. [Google Scholar] [CrossRef] [PubMed]

	



MacKenzie, D.A.; Jeffers, F.; Parker, M.L.; Vibert-Vallet, A.; Bongaerts, R.J.; Roos, S.; Walter, J.; Juge, N. Strain-Specific Diversity of Mucus-Binding Proteins in the Adhesion and Aggregation Properties of Lactobacillus reuteri. Microbiology 2010, 156, 3368–3378. [Google Scholar] [CrossRef] [PubMed]

	



Walter, J.; Schwab, C.; Loach, D.M.; Gänzle, M.G.; Tannock, G.W. Glucosyltransferase A (GTFA) and Inulosucrase (INU) of Lactobacillus reuteri TMW1.106 Contribute to Cell Aggregation, in Vitro Biofilm Formation, and Colonization of the Mouse Gastrointestinal Tract. Microbiology 2008, 154, 72–80. [Google Scholar] [CrossRef]

	



Anwar, M.A.; Leemhuis, H.; Pijning, T.; Kralj, S.; Dijkstra, B.W.; Dijkhuizen, L. The Role of Conserved Inulosucrase Residues in the Reaction and Product Specificity of Lactobacillus reuteri inulosucrase. FEBS J. 2012, 279, 3612–3621. [Google Scholar] [CrossRef] [PubMed]

	



Walter, J.; Loach, D.M.; Alqumber, M.; Rockel, C.; Hermann, C.; Pfitzenmaier, M.; Tannock, G.W. D-Alanyl Ester Depletion of Teichoic Acids in Lactobacillus reuteri 100–23 Results in Impaired Colonization of the Mouse Gastrointestinal Tract. Environ. Microbiol. 2007, 9, 1750–1760. [Google Scholar] [CrossRef]

	



Greifová, G.; Májeková, H.; Greif, G.; Body, P.; Greifová, M.; Dubničková, M. Analysis of Antimicrobial and Immunomodulatory Substances Produced by Heterofermentative Lactobacillus reuteri. Folia Microbiol. 2017, 62, 515–524. [Google Scholar] [CrossRef]

	



Amin, H.M.; Hashem, A.M.; Ashour, M.S.; Hatti-Kaul, R. 1,2 Propanediol Utilization by Lactobacillus Reuteri DSM 20016, Role in Bioconversion of Glycerol to 1,3 Propanediol, 3-Hydroxypropionaldehyde and 3-Hydroxypropionic Acid. J. Genet. Eng. Biotechnol. 2013, 11, 53–59. [Google Scholar] [CrossRef]

	



Morita, H.; Toh, H.; Fukuda, S.; Horikawa, H.; Oshima, K.; Suzuki, T.; Murakami, M.; Hisamatsu, S.; Kato, Y.; Takizawa, T.; et al. Comparative Genome Analysis of Lactobacillus reuteri and Lactobacillus fermentum Reveal a Genomic Island for Reuterin and Cobalamin Production. DNA Res. 2008, 15, 151–161. [Google Scholar] [CrossRef] [PubMed]

	



Gänzle, M.G.; Höltzel, A.; Walter, J.; Jung, G.; Hammes, W.P. Characterization of Reutericyclin Produced by Lactobacillus reuteri LTH2584. Appl. Environ. Microbiol. 2000, 66, 4325–4333. [Google Scholar] [CrossRef] [PubMed]

	



Navarro, J.B.; Mashburn-Warren, L.; Bakaletz, L.O.; Bailey, M.T.; Goodman, S.D. Enhanced Probiotic Potential of Lactobacillus reuteri When Delivered as a Biofilm on Dextranomer Microspheres That Contain Beneficial Cargo. Front. Microbiol. 2017, 8, 489. [Google Scholar] [CrossRef] [PubMed]

	



Talarico, T.L.; Dobrogosz, W.J. Chemical Characterization of an Antimicrobial Substance Produced by Lactobacillus reuteri. Antimicrob. Agents Chemother. 1989, 33, 674–679. [Google Scholar] [CrossRef]

	



Chen, G.; Chen, J. A Novel Cell Modification Method Used in Biotransformation of Glycerol to 3-HPA by Lactobacillus reuteri. Appl. Microbiol. Biotechnol. 2013, 97, 4325–4332. [Google Scholar] [CrossRef] [PubMed]

	



Engels, C.; Schwab, C.; Zhang, J.; Stevens, M.J.A.; Bieri, C.; Ebert, M.-O.; McNeill, K.; Sturla, S.J.; Lacroix, C. Acrolein Contributes Strongly to Antimicrobial and Heterocyclic Amine Transformation Activities of Reuterin. Sci. Rep. 2016, 6, 36246. [Google Scholar] [CrossRef] [PubMed]

	



Engels, C.; Schwab, C.; Zhang, J.; Stevens, M.J.A.; Bieri, C.; Ebert, M.-O.; McNeill, K.; Sturla, S.J.; Lacroix, C. Gastrointestinal Localization of Metronidazole by a Lactobacilli-Inspired Tetramic Acid Motif Improves Treatment Outcomes in the Hamster Model of Clostridium difficile infection. J. Antimicrob. Chemother. 2015, 70, 3061–3069. [Google Scholar] [CrossRef]

	



Abhisingha, M.; Dumnil, J.; Pitaksutheepong, C. Selection of Potential Probiotic Lactobacillus with Inhibitory Activity against Salmonella and Fecal Coliform Bacteria. Probiotics Antimicrob. Proteins 2017, 10, 218–227. [Google Scholar] [CrossRef] [PubMed]

	



Genís, S.; Sánchez-Chardi, A.; Bach, À.; Fàbregas, F.; Arís, A. A Combination of Lactic Acid Bacteria Regulates Escherichia Coli Infection and Inflammation of the Bovine Endometrium. J. Dairy Sci. 2017, 100, 479–492. [Google Scholar] [CrossRef] [PubMed]

	



Franceschi, F.; Cazzato, A.; Nista, E.C.; Scarpellini, E.; Roccarina, D.; Gigante, G.; Gasbarrini, G.; Gasbarrini, A. Role of Probiotics in Patients with Helicobacter pylori Infection. Helicobacter 2007, 12, 59–63. [Google Scholar] [CrossRef]

	



Mukai, T.; Asasaka, T.; Sato, E.; Mori, K.; Matsumoto, M.; Ohori, H. Inhibition of Binding Of helicobacter Pylori to the Glycolipid Receptors by Probiotic Lactobacillus reuteri. FEMS Immunol. Med. Microbiol. 2002, 32, 105–110. [Google Scholar] [CrossRef]

	



Francavilla, R.; Lionetti, E.; Castellaneta, S.P.; Magistà, A.M.; Maurogiovanni, G.; Bucci, N.; De Canio, A.; Indrio, F.; Cavallo, L.; Ierardi, E.; et al. Inhibition of Helicobacter Pylori Infection in Humans by Lactobacillus reuteri ATCC 55730 and Effect on Eradication Therapy: A Pilot Study. Helicobacter 2008, 13, 127–134. [Google Scholar] [CrossRef]

	



Thomas, C.M.; Hong, T.; van Pijkeren, J.P.; Hemarajata, P.; Trinh, D.V.; Hu, W.; Britton, R.A.; Kalkum, M.; Versalovic, J. Histamine Derived from Probiotic Lactobacillus reuteri Suppresses TNF via Modulation of PKA and Erk Signaling. PLoS ONE 2012, 7, e31951. [Google Scholar] [CrossRef]

	



Zhang, J.; Motyl, K.J.; Irwin, R.; MacDougald, O.A.; Britton, R.A.; McCabe, L.R. Loss of Bone and Wnt10b Expression in Male Type 1 Diabetic Mice Is Blocked by the Probiotic Lactobacillus reuteri. Endocrinology 2015, 156, 3169–3182. [Google Scholar] [CrossRef]

	



Balmer, M.L.; Slack, E.; de Gottardi, A.; Lawson, M.A.E.; Hapfelmeier, S.; Miele, L.; Grieco, A.; Van Vlierberghe, H.; Fahrner, R.; Patuto, N.; et al. The Liver May Act as a Firewall Mediating Mutualism between the Host and Its Gut Commensal Microbiota. Sci. Transl. Med. 2014, 6, 237ra66. [Google Scholar] [CrossRef]

	



Nakamoto, N.; Kanai, T. Role of Toll-like Receptors in Immune Activation and Tolerance in the Liver. Front. Immunol. 2014, 5, 221. [Google Scholar] [CrossRef]

	



Takeuchi, O.; Shizuo, A. Pattern Recognition Receptors and Inflammation. Cell 2010, 140, 805–820. [Google Scholar] [CrossRef]

	



Paolella, G. Gut-Liver Axis and Probiotics: Their Role in Non-Alcoholic Fatty Liver Disease. World J. Gastroenterol. 2014, 20, 15518. [Google Scholar] [CrossRef]

	



Cui, Y.; Qi, S.; Zhang, W.; Mao, J.; Tang, R.; Wang, C.; Liu, J.; Luo, X.M.; Wang, H. Lactobacillus reuteri ZJ617 Culture Supernatant Attenuates Acute Liver Injury Induced in Mice by Lipopolysaccharide. J. Nutr. 2019, 149, 2046–2055. [Google Scholar] [CrossRef]

	



Shi, D.; Lv, L.; Fang, D.; Wu, W.; Hu, C.; Xu, L.; Chen, Y.; Guo, J.; Hu, X.; Li, A.; et al. Administration of Lactobacillus salivarius LI01 or Pediococcus pentosaceus LI05 Prevents CCL4-Induced Liver Cirrhosis by Protecting the Intestinal Barrier in Rats. Sci. Rep. 2017, 7, 6927. [Google Scholar] [CrossRef]

	



Boursier, J.; Mueller, O.; Barret, M.; Machado, M.; Fizanne, L.; Araujo-Perez, F.; Guy, C.D.; Seed, P.C.; Rawls, J.F.; David, L.A.; et al. The Severity of Nonalcoholic Fatty Liver Disease Is Associated with Gut Dysbiosis and Shift in the Metabolic Function of the Gut Microbiota. Hepatology 2016, 63, 764–775. [Google Scholar] [CrossRef]

	



Dalal, R.; McGee, R.G.; Riordan, S.M.; Webster, A.C. Probiotics for People with Hepatic Encephalopathy. Cochrane Database Syst. Rev. 2017, 2, CD008716. [Google Scholar] [CrossRef]

	



Lo, R.S.; Austin, A.S.; Freeman, J.G. Is There a Role for Probiotics in Liver Disease? Sci. World J. 2014, 2014, 874768. [Google Scholar] [CrossRef]

	



Chen, T.; Li, R.; Chen, P. Gut Microbiota and Chemical-Induced Acute Liver Injury. Front. Physiol. 2021, 12, 688780. [Google Scholar] [CrossRef]

	



Jiang, H.; Yan, R.; Wang, K.; Wang, Q.; Chen, X.; Chen, L.; Li, L.; Lv, L. Lactobacillus reuteri DSM 17938 Alleviates D-Galactosamine-Induced Liver Failure in Rats. Biomed. Pharmacother. 2021, 133, 111000. [Google Scholar] [CrossRef]

	



Wong, T.L.; Che, N.; Ma, S. Reprogramming of Central Carbon Metabolism in Cancer Stem Cells. Biochim. Biophys. Acta BBA Mol. Basis Dis. 2017, 1863, 1728–1738. [Google Scholar] [CrossRef]

	



Hsu, T.-C.; Huang, C.-Y.; Liu, C.-H.; Hsu, K.-C.; Chen, Y.-H.; Tzang, B.-S. Lactobacillus paracasei GMNL-32, Lactobacillus reuteri GMNL-89 and L. reuteri GMNL-263 Ameliorate Hepatic Injuries in Lupus-Prone Mice. Br. J. Nutr. 2017, 117, 1066–1074. [Google Scholar] [CrossRef]

	



Gao, K.; Liu, L.; Dou, X.; Wang, C.; Liu, J.; Zhang, W.; Wang, H. Doses Lactobacillus reuteri Depend on Adhesive Ability to Modulate the Intestinal Immune Response and Metabolism in Mice Challenged with Lipopolysaccharide. Sci. Rep. 2016, 6, 28332. [Google Scholar] [CrossRef]

	



Meimandipour, A.; Shuhaimi, M.; Soleimani, A.F.; Azhar, K.; Hair-Bejo, M.; Kabeir, B.M.; Javanmard, A.; Muhammad Anas, O.; Yazid, A.M. Selected Microbial Groups and Short-Chain Fatty Acids Profile in a Simulated Chicken Cecum Supplemented with Two Strains of Lactobacillus. Poult. Sci. 2010, 89, 470–476. [Google Scholar] [CrossRef]

	



Yan, F.; Cao, H.; Cover, T.L.; Whitehead, R.; Washington, M.K.; Polk, D.B. Soluble Proteins Produced by Probiotic Bacteria Regulate Intestinal Epithelial Cell Survival and Growth. Gastroenterol. 2007, 132, 562–575. [Google Scholar] [CrossRef]

	



Matsumoto, M.; Kurihara, S.; Kibe, R.; Ashida, H.; Benno, Y. Longevity in Mice Is Promoted by Probiotic-Induced Suppression of Colonic Senescence Dependent on Upregulation of Gut Bacterial Polyamine Production. PLoS ONE 2011, 6, e23652. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Liu, Y.; Sidhu, A.; Ma, Z.; McClain, C.; Feng, W. Lactobacillus rhamnosus GG Culture Supernatant Ameliorates Acute Alcohol-Induced Intestinal Permeability and Liver Injury. Am. J. Physiol. Gastrointest. Liver Physiol. 2012, 303, G32–G41. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, M.; Wang, C.; Wang, C.; Zhao, H.; Zhao, C.; Chen, Y.; Wang, Y.; McClain, C.; Feng, W. Enhanced AMPK Phosphorylation Contributes to the Beneficial Effects of Lactobacillus rhamnosus GG Supernatant on Chronic-Alcohol-Induced Fatty Liver Disease. J. Nutr. Biochem. 2015, 26, 337–344. [Google Scholar] [CrossRef]

	



Cryan, J.F.; O’Riordan, K.J.; Cowan, C.S.M.; Sandhu, K.V.; Bastiaanssen, T.F.S.; Boehme, M.; Codagnone, M.G.; Cussotto, S.; Fulling, C.; Golubeva, A.V.; et al. The Microbiota-Gut-Brain Axis. Physiol. Rev. 2019, 99, 1877–2013. [Google Scholar] [CrossRef] [PubMed]

	



Cenit, M.C.; Sanz, Y.; Codoñer-Franch, P. Influence of Gut Microbiota on Neuropsychiatric Disorders. World J. Gastroenterol. 2017, 23, 5486. [Google Scholar] [CrossRef] [PubMed]

	



Socała, K.; Doboszewska, U.; Szopa, A.; Serefko, A.; Włodarczyk, M.; Zielińska, A.; Poleszak, E.; Fichna, J.; Wlaź, P. The Role of Microbiota-Gut-Brain Axis in Neuropsychiatric and Neurological Disorders. Pharmacol. Res. 2021, 172, 105840. [Google Scholar] [CrossRef]

	



Rutsch, A.; Kantsjö, J.B.; Ronchi, F. The Gut-Brain Axis: How Microbiota and Host Inflammasome Influence Brain Physiology and Pathology. Front. Immunol. 2020, 11, 604179. [Google Scholar] [CrossRef]

	



Gershon, M.D. 5-Hydroxytryptamine (Serotonin) in the Gastrointestinal Tract. Curr. Opin. Endocrinol. Diabetes Obes. 2013, 20, 14–21. [Google Scholar] [CrossRef]

	



Osadchiy, V.; Martin, C.R.; Mayer, E.A. The Gut–Brain Axis and the Microbiome: Mechanisms and Clinical Implications. Clin. Gastroenterol. Hepatol. 2019, 17, 322–332. [Google Scholar] [CrossRef] [PubMed]

	



Mörkl, S.; Butler, M.I.; Holl, A.; Cryan, J.F.; Dinan, T.G. Probiotics and the Microbiota-Gut-Brain Axis: Focus on Psychiatry. Curr. Nutr. Rep. 2020, 9, 171–182. [Google Scholar] [CrossRef] [PubMed]

	



Hurtado-Romero, A.; Del Toro-Barbosa, M.; Gradilla-Hernández, M.S.; Garcia-Amezquita, L.E.; García-Cayuela, T. Probiotic Properties, Prebiotic Fermentability, and GABA-Producing Capacity of Microorganisms Isolated from Mexican Milk Kefir Grains: A Clustering Evaluation for Functional Dairy Food Applications. Foods 2021, 10, 2275. [Google Scholar] [CrossRef]

	



Santocchi, E.; Guiducci, L.; Fulceri, F.; Billeci, L.; Buzzigoli, E.; Apicella, F.; Calderoni, S.; Grossi, E.; Morales, M.A.; Muratori, F. Gut to Brain Interaction in Autism Spectrum Disorders: A Randomized Controlled Trial on the Role of Probiotics on Clinical, Biochemical and Neurophysiological Parameters. BMC Psychiatry 2016, 16, 183. [Google Scholar] [CrossRef]

	



Sgritta, M.; Dooling, S.W.; Buffington, S.A.; Momin, E.N.; Francis, M.B.; Britton, R.A.; Costa-Mattioli, M. Mechanisms Underlying Microbial-Mediated Changes in Social Behavior in Mouse Models of Autism Spectrum Disorder. Neuron 2019, 101, 246–259.e6. [Google Scholar] [CrossRef] [PubMed]

	



Kong, X.-J.; Liu, J.; Li, J.; Kwong, K.; Koh, M.; Sukijthamapan, P.; Guo, J.J.; Sun, Z.J.; Song, Y. Probiotics and Oxytocin Nasal Spray as Neuro-Social-Behavioral Interventions for Patients with Autism Spectrum Disorders: A Pilot Randomized Controlled Trial Protocol. Pilot Feasibility Stud. 2020, 6, 20. [Google Scholar] [CrossRef] [PubMed]

	



Tabouy, L.; Getselter, D.; Ziv, O.; Karpuj, M.; Tabouy, T.; Lukic, I.; Maayouf, R.; Werbner, N.; Ben-Amram, H.; Nuriel-Ohayon, M.; et al. Dysbiosis of Microbiome and Probiotic Treatment in a Genetic Model of Autism Spectrum Disorders. Brain Behav. Immun. 2018, 73, 310–319. [Google Scholar] [CrossRef]

	



Kaplan, G.G. The Global Burden of IBD: From 2015 to 2025. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 720–727. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Zhou, C.; Huang, J.; Kuai, X.; Shao, X. The potential therapeutic role of Lactobacillus reuteri for treatment of inflammatory bowel disease. Am. J. Transl. Res. 2020, 12, 1569. [Google Scholar] [PubMed]

	



Weingarden, A.R.; Vaughn, B.P. Intestinal Microbiota, Fecal Microbiota Transplantation, and Inflammatory Bowel Disease. Gut Microbes 2017, 8, 238–252. [Google Scholar] [CrossRef]

	



Sartor, R.B.; Wu, G.D. Roles for Intestinal Bacteria, Viruses, and Fungi in Pathogenesis of Inflammatory Bowel Diseases and Therapeutic Approaches. Gastroenterology 2017, 152, 327–339.e4. [Google Scholar] [CrossRef] [PubMed]

	



Quraishi, M.N.; Shaheen, W.; Oo, Y.H.; Iqbal, T.H. Immunological Mechanisms Underpinning Faecal Microbiota Transplantation for the Treatment of Inflammatory Bowel Disease. Clin. Exp. Immunol. 2019, 199, 24–38. [Google Scholar] [CrossRef] [PubMed]

	



Pickard, J.M.; Zeng, M.Y.; Caruso, R.; Núñez, G. Gut Microbiota: Role in Pathogen Colonization, Immune Responses, and Inflammatory Disease. Immunol. Rev. 2017, 279, 70–89. [Google Scholar] [CrossRef] [PubMed]

	



Ahl, D.; Liu, H.; Schreiber, O.; Roos, S.; Phillipson, M.; Holm, L. Lactobacillus reuteri increases Mucus Thickness and Ameliorates Dextran Sulphate Sodium-Induced Colitis in Mice. Acta Physiol. 2016, 217, 300–310. [Google Scholar] [CrossRef]

	



Sun, M.; Zhang, F.; Yin, X.; Cheng, B.; Zhao, C.; Wang, Y.; Zhang, Z.; Hao, H.; Zhang, T.; Ye, H. Lactobacillus Reuterif-9–35 Prevents DSS-Induced Colitis by Inhibiting Proinflammatory Gene Expression and Restoring the Gut Microbiota in Mice. J. Food Sci. 2018, 83, 2645–2652. [Google Scholar] [CrossRef] [PubMed]

	



Hütter, J.; Eriksson, M.; Johannssen, T.; Klopfleisch, R.; von Smolinski, D.; Gruber, A.D.; Seeberger, P.H.; Lepenies, B. Role of the C-Type Lectin Receptors MCL and DCIR in Experimental Colitis. PLoS ONE 2014, 9, e103281. [Google Scholar] [CrossRef]

	



Ni, J.; Wu, G.D.; Albenberg, L.; Tomov, V.T. Gut Microbiota and IBD: Causation or Correlation? Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 573–584. [Google Scholar] [CrossRef]

	



Hoang, T.K.; He, B.; Wang, T.; Tran, D.Q.; Rhoads, J.M.; Liu, Y. Protective Effect of Lactobacillus Reuteri DSM 17938 against Experimental Necrotizing Enterocolitis Is Mediated by Toll-like Receptor 2. Am. J. Physiol. Gastrointest. Liver Physiol. 2018, 315, G231–G240. [Google Scholar] [CrossRef] [PubMed]

	



Cervantes-Barragan, L.; Chai, J.N.; Tianero, M.D.; Di Luccia, B.; Ahern, P.P.; Merriman, J.; Cortez, V.S.; Caparon, M.G.; Donia, M.S.; Colonna, M.; et al. Lactobacillusreuteri Induces Gut Intraepithelial CD4+CD8αα+ T Cells. Science 2017, 357, 806–810. [Google Scholar] [CrossRef] [PubMed]

	



Özçam, M.; Tocmo, R.; Oh, J.-H.; Afrazi, A.; Mezrich, J.D.; Roos, S.; Claesen, J.; van Pijkeren, J.-P. Gut Symbionts Lactobacillus reuteri R2LC and 2010 Encode a Polyketide Synthase Cluster That Activates the Mammalian Aryl Hydrocarbon Receptor. Appl. Environ. Microbiol. 2019, 85, e01661-18. [Google Scholar] [CrossRef] [PubMed]

	



Amar, Y.; Rizzello, V.; Cavaliere, R.; Campana, S.; De Pasquale, C.; Barberi, C.; Oliveri, D.; Pezzino, G.; Costa, G.; Meddah, A.T.; et al. Divergent Signaling Pathways Regulate IL-12 Production Induced by Different Species of Lactobacilli in Human Dendritic Cells. Immunol. Lett. 2015, 166, 6–12. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Shawn, S. The Clinical Significance of the Gut Microbiota in Cystic Fibrosis and the Potential for Dietary Therapies. Clin. Nutr. 2014, 33, 571–580. [Google Scholar] [CrossRef] [PubMed]

	



Rogers, G.B.; Carroll, M.; Hoffman, L.; Walker, A.; Fine, D.; Bruce, K. Comparing the Microbiota of the Cystic Fibrosis Lung and Human Gut. Gut Microbes 2010, 1, 85–93. [Google Scholar] [CrossRef]

	



De Lisle, R.C.; Borowitz, D. The Cystic Fibrosis Intestine. Cold Spring Harb. Perspect. Med. 2013, 3, a009753. [Google Scholar] [CrossRef]

	



Quigley, E.M.M. Gut bacteria in health and disease. Gastroenterol. Hepatol. 2013, 9, 560. [Google Scholar]

	



Ooi, C.Y.; Durie, P.R. Cystic Fibrosis from the Gastroenterologist’s Perspective. Nat. Rev. Gastroenterol. Hepatol. 2016, 13, 175–185. [Google Scholar] [CrossRef]

	



Gollwitzer, E.S.; Marsland, B.J. Microbiota Abnormalities in Inflammatory Airway Diseases—Potential for Therapy. Pharmacol. Ther. 2014, 141, 32–39. [Google Scholar] [CrossRef] [PubMed]

	



Di Nardo, G.; Oliva, S.; Menichella, A.; Pistelli, R.; De Biase, R.V.; Patriarchi, F.; Cucchiara, S.; Stronati, L. Lactobacillusreuteri ATCC55730 in Cystic Fibrosis. J. Pediatric Gastroenterol. Nutr. 2014, 58, 81–86. [Google Scholar] [CrossRef]

	



Du Pont, A.W.; DuPont, H.L. The Intestinal Microbiota and Chronic Disorders of the Gut. Nat. Rev. Gastroenterol. Hepatol. 2011, 8, 523–531. [Google Scholar] [CrossRef]

	



Forsythe, P. Probiotics and Lung Diseases. Chest 2011, 139, 901–908. [Google Scholar] [CrossRef] [PubMed]

	



Harata, G.; He, F.; Kawase, M.; Hosono, A.; Takahashi, K.; Kaminogawa, S. Differentiated Implication of Lactobacillus GG and, L. gasseri tmc0356 to Immune Responses of Murine Peyer’s Patch. Microbiol. Immunol. 2009, 53, 475–480. [Google Scholar] [CrossRef] [PubMed]

	



Koizumi, S.; Wakita, D.; Sato, T.; Mitamura, R.; Izumo, T.; Shibata, H.; Kiso, Y.; Chamoto, K.; Togashi, Y.; Kitamura, H. Essential Role of Toll-like Receptors for Dendritic Cell and NK1.1+ Cell-Dependent Activation of Type 1 Immunity by Lactobacillus pentosus Strain S-pt84. Immunol. Lett. 2008, 120, 14–19. [Google Scholar] [CrossRef] [PubMed]

	



Fink, L.N.; Zeuthen, L.N.; Christensen, H.R.; Morandi, B.; Frøkiær, H.; Ferlazzo, G. Distinct Gut-Derived Lactic Acid Bacteria Elicit Divergent Dendritic Cell-Mediated NK Cell Responses. Int. Immunol. 2007, 19, 1319–1327. [Google Scholar] [CrossRef] [PubMed]

	



del Campo, R.; Garriga, M.; Pérez-Aragón, A.; Guallarte, P.; Lamas, A.; Máiz, L.; Bayón, C.; Roy, G.; Cantón, R.; Zamora, J.; et al. Improvement of Digestive Health and Reduction in Proteobacterial Populations in the Gut Microbiota of Cystic Fibrosis Patients Using a Lactobacillus reuteri Probiotic Preparation: A Double Blind Prospective Study. J. Cyst. Fibros. 2014, 13, 716–722. [Google Scholar] [CrossRef] [PubMed]

	



Malmo, C.; La Storia, A.; Mauriello, G. Microencapsulation of Lactobacillus reuteri DSM 17938 cells coated in alginate beads with chitosan by spray drying to use a probiotic cell in a chocolate soufflé. Food Bioprocess Technol. 2013, 6, 795–805. [Google Scholar] [CrossRef]

	



Perricone, M.; Corbo, M.R.; Sinigaglia, M.; Speranza, B.; Bevilacqua, A. Viability of Lactobacillus reuteri in fruit juices. J. Funct. Foods 2014, 10, 421–426. [Google Scholar] [CrossRef]

	



Speranza, B.; Campaniello, D.; Monacis, N.; Bevilacqua, A.; Sinigaglia, M.; Corbo, M.R. Functional cream cheese supplemented with Bifidobacterium animalis subsp. lactis DSM 10140 and Lactobacillus reuteri DSM 20016 and prebiotics. Food Microbiol. 2018, 72, 16–22. [Google Scholar] [CrossRef]








[image: Microorganisms 10 00522 g001 550] 





Figure 1. Involvement of L. reuteri in different human pathological conditions. 
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Figure 2. Effect of probiotic L. reuteri strains on obese people. 
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Figure 3. Administration of probiotic L. reuteri strains can alleviate hepatic injury and disorder. 
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Table 1. Strains of L. reuteri cited in this review and their outcomes.
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	Strain
	Outcomes
	Reference





	MG5149
	
	
reduced body weight, adipose tissue weight, and adipocyte size in epididymal tissue.



	
inhibited the expression of lipogenic proteins.



	
reduced fat accumulation.





	[26]



	JBD301
	
	
lowered the concentration of free fatty acids (FFAs) in the small intestine’s gut fluid content.



	
lowered intestinal FFA absorption



	
increased fecal FFA excretion.





	[27]



	SD5865
	
	
increased glucose-stimulated GLP-1 and GLP-2



	
improved insulin sensitivity.



	
elevated insulin secretion through increasing incretin release.





	[32]



	GMNL-263
	
	
decreased serum glucose, insulin resistance, leptin, C-peptide, and GLP-1.



	
reduced HbA1c level.



	
decreased the load of Clostridia and Bacteroidetes while boosting the number of bifidobacteria and lactobacilli.



	
lowered the aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels and the antioxidant activities of SOD and glutathione reductase.



	
reduced hepatic inflammation and apoptosis





	[36,89,90]



	GMNL-89
	
	
reduced hepatic inflammation and apoptosis





	[90]



	DSM 17938
	
	
reduced gamma-glutamyl transferase, serum alanine aminotransferase, aspartate aminotransferase, IL-1, IL-2, IL-18, M-CSF, and MIP-3 levels,



	
reduced tissue disorders in the liver and last part of ileum.



	
decreased the abundance of some potential pathogenic taxa.



	
lowered the production of inflammatory genes in the liver.



	
downregulation of retinol metabolism and the peroxisome proliferator-activated receptor (PPAR) signalling pathway.



	
elevation of viral protein association with cytokine and cytokine receptor, and central carbon metabolism in the cancer signalling pathway.





	[36,86,87,88]



	ZJ617s
	
	
diminished gut permeability



	
suppressed the secretion of hepatic pro-inflammatory cytokines.



	
decreased plasma concentrations of AST and ALT.



	
alleviated hepatic histological changes.





	[80]



	CCM 3625
	
	
decrease the inflammatory response in the gastrointestinal tract.





	[60]



	R2LC
	
	
decreased inflammation of the intestinal mucosa





	[113]



	4659
	
	
decreased inflammation of the intestinal mucosa





	[113]



	F-9-35
	
	
has anti-inflammatory benefits





	[114]



	ATCC55730
	
	
lowering the incidence of pulmonary exacerbations and the number of upper respiratory tract infections.





	[127]
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