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Abstract

:

Long-term, high-intensity exercise can trigger stress response pathways in multiple organs, including the heart and lungs, gastrointestinal tract, skeletal muscle, and neuroendocrine system, thus affecting their material and energy metabolism, immunity, oxidative stress, and endocrine function, and reducing exercise function. As a natural, safe, and convenient nutritional supplement, probiotics have been a hot research topic in the field of biomedical health in recent years. Numerous studies have shown that probiotic supplementation improves the health of the body through the gut–brain axis and the gut–muscle axis, and probiotic supplementation may also improve the stress response and motor function of the body. This paper reviews the progress of research on the role of probiotic supplementation in material and energy metabolism, intestinal barrier function, immunity, oxidative stress, neuroendocrine function, and the health status of the body, as well as the underlying mechanisms.
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1. Introduction


The gut microbiota plays an important role in human health and disease, and the gut microbiota status is known to be associated with dietary habits and activity levels [1]. Athletes are reported to have a higher diversity and abundance of health-promoting bacterial species in their gastrointestinal flora than sedentary individuals, associated with higher amounts of exercise and protein intake. In contrast, high carbohydrate and dietary fiber intake appear to be associated with increased abundance of Prevotella spp., which help break down proteins and carbohydrates [2,3]. The characteristics of the gut flora of athletes in rugby, cycling, middle-distance racing, marathon running, swimming, and rowing have been elucidated and found to show some correlation with the athletic performance of individual athletes [4]. However, prolonged strenuous exercise in athletes may also increase the stress on the gastrointestinal tract and thereby increase the probability of various symptoms associated with imbalance of the intestinal flora, such as abdominal cramps, acid reflux, emesis, and diarrhea [5,6].



Probiotics are defined as “live microorganisms that are beneficial to the health of the host at an adequate intake dose” by The Food and Agriculture Organization of the United Nations and the World Health Organization [7,8]. Probiotics have emerged as a promising treatment for alleviating gastrointestinal symptoms and improving the performance of athletes [9]. Studies have shown that probiotics have the ability to modulate the immune response, maintain the intestinal barrier, accelerate energy metabolism, prevent pathogens from adhering to host cells, ameliorate neurological diseases related to oxidative stress, and improve the production of vitamins, short-chain fatty acids (SCFAs), and neurotransmitter molecules involved in gut–brain axis communication [7,8]. In particular, the immunomodulatory effects of probiotic supplementation may help improve the defense mechanisms against upper respiratory tract infections and potentially promote the health and exercise endurance of athletes [9]. Research in the field of probiotics has made tremendous progress in the last few decades, and an increasing number of probiotic dietary supplements are available in the market [10]. The majority of probiotic strains for commercial use are from the genera Lactobacillus, Bifidobacterium, and Bacillus [11]. The number of products available for improving the health and athletic performance has also continued to increase dramatically. However, there is a lack of systematic review on the mechanisms underlying the effects of probiotics on exercise and how exercise performance can be improved by supplementation with probiotics. Therefore, this paper reviews the effects of probiotics on the locomotor system, locomotor ability, human body weight, fat metabolism and the underlying mechanisms; how locomotion can be influenced through modulation of the microbiota–gut–brain axis; and the methods by which probiotics can be used to improve locomotor ability and treat diseases from the perspectives of physiological metabolism, immune barrier function, and psychological stress (Figure 1). The results would be relevant and important to individuals, especially athletes, who are committed to improving their performance and health. This paper also provides a reference for subsequent research and the application of probiotics in the field of exercise.




2. Probiotics and the Locomotor System


2.1. Effect of Probiotics on Bone Health and Related Mechanisms


The bone is important for maintaining the shape of the human body and is the main attachment point of skeletal muscle. Lactobacillus reuteri supplementation in healthy individuals results in an increase in the level of serum 25OH vitamin D and thereby affects calcium absorption and is beneficial to bone health. Furthermore, elevated concentrations of the intestinal probiotic strains L. reuteri and Bifidobacterium longum may increase bone mineral density by promoting mineral absorption. In agreement with these results, a randomized clinical trial suggested that administration of Lactobacillus casei Shirota to elderly patients with distal radius fractures accelerated the healing process [12].



Probiotics play a pivotal role in bone metabolism and bone formation through immune-mediated, hormone-mediated, and nutritional mechanisms. Donkor et al. found that Bifidobacterium and Streptococcus thermophilus increased TGF-β concentrations to regulate Treg/Th17 cell differentiation, thus indirectly regulating the immune response and affecting bone metabolism [13]. The differentiation of Th17 cells is known to trigger a pro-inflammatory immune response and play a role in bone loss induced by rheumatoid arthritis and inflammatory bowel disease. Furthermore, Guss et al. found that antibiotic disruption of intestinal flora reduced CD20+ B and CD3+ T cell populations and decreased overall bone strength, thereby affecting bone remodeling and bone turnover [14]. In addition, Ohlsson et al. reported that bone mass increased in germ-free (GF) mice colonized with normal intestinal flora, mediated via NOD1 and NOD2 signaling [15].



Regarding the hormone-mediated mechanisms, it has been shown that probiotics can influence steroid hormones (e.g., estrogen and glucocorticoids), fatty acids, serotonin, and vitamin D to regulate bone remodeling. Yan et al. reported that intestinal flora stimulated bone anabolism and promoted bone formation and resorption by inducing the expression of IGF-1 [16]. In addition, Whisner et al. demonstrated that the levels of Bacteroides affected calcium absorption, intestinal morphology, and pH, thereby improving bone strength [17].



Overall, previous studies indicate that probiotics affect bone health through their effect via immune-related factors, such as NOD1 and NOD2 signaling, Treg/TH17 cell differentiation, and CD20+ B and CD3+ T cell populations; hormone-related factors, such as fatty acid, steroid hormones, serotonin, 25OH vitamin D, and IGF-1; and nutritional factors such as calcium absorption [18]. The effects of probiotics on bone health are shown in Table 1.




2.2. Effect of Probiotics on Skeletal Muscle Metabolism and Related Mechanisms


Probiotics regulate intestinal permeability through metabolites, such as SCFAs, phenolics, bile acids, and conjugated linoleic acid. These metabolites improve muscle glucose homeostasis, energy expenditure, protein synthesis, and physical activity (Table 2). Notably, these metabolites affect skeletal muscle metabolism through various pathways. Specifically, lactates produced by Bifidobacteria and Lactobacilli, can act as energy substrates for skeletal muscle [23]. Members of the phylum Bacteroides, such as Prevotella copri, produce succinate. Succinate can activate intestinal gluconeogenesis in mice fed a high-fat and high-sucrose diet, meanwhile improving glucose tolerance and insulin sensitivity in wild-type mice [24], thereby affecting skeletal muscle metabolism [25]. In addition, some Bifidobacterium, Lactobacillus, and Bacteroides species produce vitamin-like substances that affect energy production and storage in skeletal muscle, the interaction of skeletal muscle with the nervous system, and the interaction between muscle and bone. Bifidobacterium also produces conjugated linoleic acid, which induces higher expression of uncoupling protein-2 and reduces expression of fatty acid synthase and serum leptin and glucose levels. Hence, microbial-derived conjugated linoleic acid increases metabolic rates, reduces body-weight gain and white adipose tissue, thereby affecting body weight and exercise performance [26]. Fusobacterium can produce secondary and tertiary bile acids, which affect systemic glucose metabolism and energy expenditure, thereby influencing skeletal muscle metabolism [27].



While numerous studies have demonstrated the interaction between probiotics and skeletal muscle metabolism, the mechanisms underlying these interactions are not clear. The findings of the few mechanistic studies are presented here. Studies on GF mice have proposed that the intestinal flora affect skeletal muscle metabolism and muscle fiber type through the myenteric plexus. In GF mice exhibiting muscle atrophy, the lack of intestinal flora resulted in reduction in the expression of skeletal muscle-related genes and IGFs, and mitochondria-related functions. In contrast, transplantation of feces from pathogen-free mice led to an increase in skeletal muscle mass, a decrease in markers of skeletal muscle atrophy, and improvement in the oxidative metabolism of muscle.



In addition, Jollet et al. reported that severe physical inactivity for a short period led to muscle atrophy and exerted adverse effects on Clostridium populations [28]. Specifically, Spirllaceae species can produce SCFAs and convert primary bile acids to secondary bile acids. Therefore, Spirllaceae species may be generally sensitive to low activity levels and may play a key role in the effect of low activity on intestinal flora. The probiotics, their metabolites, and their function related to skeletal muscle metabolism are summarized in Table 2.
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Table 2. Effects of probiotic metabolites on skeletal muscle metabolism.






Table 2. Effects of probiotic metabolites on skeletal muscle metabolism.





	References
	Probiotic
	Metabolite of Probiotic
	Effect





	[29]
	Lactobacillus, Bifidobacterium
	Lactic acid
	Energy substrate



	[30]
	Most bacteria, fibrinolytic bacteria, glycolytic bacteria, protein hydrolytic bacteria
	Short-chain fatty acids
	Systemic insulin resistance, inflammation, appetite, muscle insulin sensitivity, muscle atrophy, muscle strength, and exercise

capacity



	[31]
	Butyrate-producing

probiotics
	Phenolic metabolites
	Glucose uptake and metabolism in human skeletal muscle myoblasts



	[26]
	Bifidobacterium
	Conjugated linoleic acid
	Weight and physical performance



	[32]
	Clostridium
	Secondary and tertiary bile acids
	Systemic glucose homeostasis and energy consumption



	[33]
	Bifidobacterium, Lactobacillus
	B group vitamins and short chain fatty acids
	Energy metabolism and host energy intake



	[34]
	Propionibacterium shermani
	Vitamin B12
	Improvement of energy and exercise

tolerance, and alleviation of fatigue and shortness of breath



	[35]
	Bacteroides
	Vitamin K2
	Improvement of bone mineral density










3. Interrelationship between Probiotics and Exercise Capacity


3.1. Effect of Probiotics on Exercise Capacity


Probiotics can affect exercise capacity by reducing stress injury and exercise fatigue, as well as increasing the duration of exhaustive exercise and endurance time. Hsu et al. found that both specific pathogen-free (SPF) and Bacteroides fragilis (BF) mice had longer endurance swimming times than GF mice [36]. The inoculation of atypical Veillonella from long-distance runners into mice also significantly prolonged the duration of exhaustive exercise, indicating this specific strain has the potential to improve locomotor performance. Thus, probiotics have potential applications in increasing the duration of exhaustive exercise and endurance time, as well as improving athletic performance. However, current research results are mainly based on animal experiments, and the long-term intervention effects of probiotics and their mechanisms in athletes are still unclear. Therefore, there is an urgent need to conduct large-scale, long-term randomized controlled studies to clarify the intervention effects and provide evidence for the application of probiotics.




3.2. Mechanisms by Which Probiotics Affect Exercise Capacity


Probiotics can enhance exercise capacity by improving host immune function, intestinal barrier function, energy metabolic process, psychological stress, and antioxidant capacity (Table 3). These effects may be related to the ability of probiotics to metabolize carbohydrates to produce SCFAs, including acetic acid, butyric acid, and propionic acid. These effects are described in detail below.



3.2.1. Regulation of Metabolism


Probiotics can regulate glucose metabolism, lipid metabolism, protein and amino acid metabolism, as well as vitamin metabolism to compensate for the energy deficit generated by intense exercise. Hence, probiotics play an important role in maintaining the energy supply balance for the body. For example, changes in bile acids caused by intestinal microorganisms can improve glucose tolerance and control glucose homeostasis [45]. Nay et al. studied the effects of 21 days of mixed treatment with broad-spectrum antibiotics and 10 days of natural replanting and found that markers of glucose metabolism, such as SCFAs, G protein-coupled receptor 41, sodium-glucose co-transport protein 1, and myogenic genes, in the ileum were associated with the changes in muscle endurance observed after the treatment [46]. Furthermore, probiotic metabolite isovanillic acid 3-O-sulfate increased glucose transport factor 1, glucose transport factor 4, and phosphatidylinositol-3-hydroxyl kinase activity, while promoting phosphorylation of threonine kinase [47]. These findings imply that the intestinal flora can regulate glucose metabolism in myoblasts. Thus, changes in the intestinal flora may be closely related to glucose metabolic process that is important for restoring muscle endurance, regulating muscle metabolism, and thereby affecting energy production in muscle.



SCFAs produced by gut microbial degradation are involved in host energy metabolism, and improve myocyte energy production efficiency by regulating mitochondrial biosynthesis [48], meanwhile increase protein expression of PGC-1α and uncoupling protein 1 in brown adipose tissue, thereby accelerating thermogenesis and fatty acid oxidation [49]. Mardinoglu et al. compared the metabolic differences between GF and conventional mice and found differences in the content of free amino acids in their gastrointestinal tract [50]. Accordingly, changes in bile acids caused by intestinal metabolic microorganisms have been found to promote fatty acid uptake [51]. In accordance with these findings, studies on supplementation with probiotics have shown that they can increase the concentration of free amino acids, bioactive peptides, γ-aminobutyric acid, and other nutrients and metabolites through enzymatic breakdown of proteins, as well as play a role in host energy metabolism [52,53]. Furthermore, probiotic BC30 administration improved protein absorption and increased vertical jumping ability [40]. Similarly, Lactobacillus plantarum PS128 supplementation in triathletes significantly increased the levels of plasma branched chain amino acids [41]. These studies suggest that probiotics can mediate in vivo protein and amino acid metabolism to affect exercise capacity.



Li et al. conducted whole-genome analysis and found that Lactobacillus plantarum ZJ316 contains 23 protease genes that encode for most amino acids, except for valine, leucine, and isoleucine [39]. Their findings imply that probiotic bacteria affect the protein hydrolase system and amino acid biosynthesis. In addition, a human study involving good rugby players found a positive correlation between gut microbial diversity index and protein intake, as well as creatine kinase concentration [54]. Probiotics can also regulate vitamin B metabolism and thus affect energy metabolism under in vivo conditions. Vitamin B, as a cofactor, may be directly involved in the energy production function of the respiratory chain. In accordance with these findings, Cárdenas et al. isolated Lactobacillus fermentum CECT5716 from healthy breast milk and sequenced the whole genome, and they found that the strain contained gene clusters for riboflavin and folate biosynthesis [55]. Furthermore, Magnúsdóttir et al. analyzed the genome of 256 strains from human intestinal bacteria using the PubSEED platform and predicted that 40% to 65% of people have intestinal flora with biosynthetic pathways for eight B vitamins [43]. Effects of probiotics on regulation of metabolism are shown in Table 4.




3.2.2. Enhancement of Immune Function


Vigorous exercise or overload training predisposes individuals to upper respiratory tract infection (URTI) and gastrointestinal discomfort [58,59]. However, probiotics may modulate the immune system to reduce the incidence, duration, and severity of URTIs, and this may have an indirect effect on improving training or competition performance [60]. This has been demonstrated in studies by Cox et al. and West et al., who supplemented L. fermentum VRI-003 (PCC) to long-distance runners and cyclists, respectively, and Gleeson et al., who supplemented L. casei Shirota to endurance athletes. All three studies showed that probiotics could reduce the incidence and degree of URTIs by improving mucosal immune function in athletes [61,62,63]. In addition, multiprobiotic supplementation over a 3-month period of winter training significantly reduced the incidence of URTI in athletes after fatiguing aerobic exercise [64].



The ameliorative effect of probiotics on respiratory diseases is mainly achieved through stimulation/modulation of the immune system (Table 5). Probiotics enhance innate immunity by upregulating phagocytic and natural killer cell activity and enhancing acquired immunity by improving antigen presentation and T- and B-lymphocyte function [65]. In addition, probiotic supplementation may also have an immunomodulatory effect by reducing the secretion of inflammatory factors and inducing an anti-inflammatory response. Specifically, supplementation with Lactobacillus casei Shirota daily for 30 days prior to a marathon improved systemic and airway immune responses reduced levels of pro-inflammatory cytokines and elevated levels of anti-inflammatory cytokines in the upper airways in male marathon runners [66].



Probiotics can enhance intestinal mucosal immune function by regulating intestinal flora, enhancing intestinal mucosal barrier function, and inhibiting the expression of inflammatory factors. Intense exercise or overtraining can cause inadequate perfusion of the digestive tract, disrupting the integrity of the mucosal barrier and leading to increased intestinal permeability, which, in turn, induces an inflammatory response and increases the risk of intestinal-related diseases [75]. Probiotic supplementation has been shown to be an effective and safe way to prevent and treat exercise-induced gastrointestinal symptoms [76]. Specific genera, such as Lactobacillus and Bifidobacterium, as well as specific species such as Lactobacillus rhamnosus, can improve the gastrointestinal discomfort caused by a single bout of high-intensity or endurance exercise. It has also been shown that probiotic supplementation can reduce exercise-induced increases in intestinal permeability and maintain intestinal mucosal barrier integrity. For example, Lamprecht et al. found that supplementation with multi-species probiotics for 14 weeks reduced fecal levels of zonulin (a marker of intestinal mucosal barrier function) in male athletes after a single bout of high-intensity exercise [77]. Further, 11 weeks of Lactobacillus fermentum supplementation in bicyclists was found to result in a 7.7-fold increase in the Lactobacillus fermentum population in the stool, and the extent of probiotic colonization in the intestine was directly proportional to the reduction of gastrointestinal symptoms [62]. In addition, probiotics may also improve intestinal defense by upregulating the expression of tight junction proteins and promoting mucus synthesis [78,79].



Inhibition of inflammatory factor expression and promotion of SIgA secretion are important ways for probiotics to improve intestinal immune function. Probiotics regulate the secretion of cytokines, such as NF-κB, MAPK, and PKC, as well as signal transducers and activators of transcription pathways in intestinal epithelial cells, macrophages, and dendritic cells by modulating key signaling pathways [80]. Specifically, probiotics, such as L. acidophilus and Bifidobacterium bifidum, were found to alleviate intestinal mucosal inflammatory damage by reducing the expression of inflammatory factors TNF-α, IL-6, IL-1β, IL-8, and neutrophil infiltration, while also decreasing intestinal permeability [81]. In addition, probiotics may improve the function of the intestinal immune barrier by promoting IgA secretion from intestinal plasma cells, thus preventing the proliferation of pathogens in the intestine. This is demonstrated in the study of Kabeerdoss et al., who supplemented young healthy women with yogurt containing Bifidobacterium lactis Bb12 for 3 weeks and found a significant increase in fecal IgA levels during the period of probiotic supplementation [82].




3.2.3. Improvement of Oxidative Stress


High-intensity exercise generates a variety of free radicals and reactive oxygen species, which cause oxidation of proteins, lipids, and nucleic acids, promote apoptosis, and impair cellular function. The degree of oxidation has been found to be negatively correlated with intestinal Lactobacillus and Bifidobacterium populations [83]. Accordingly, Hsu et al. found that SPF mice had higher serum glutathione peroxidase and catalase levels than GF mice; furthermore, serum glutathione peroxidase levels were higher in BF mice than in GF mice [36]. In addition, Lactobacillus paracasei and Lactobacillus rhamnosus administered to athletes during 4 weeks of vigorous exercise exerted strong antioxidant activity and resulted in an increase in plasma antioxidant levels [84]. Thus, it appears that gut microbial deficiency results in a reduction in the activity of antioxidant enzymes, while probiotics can regulate intestinal flora homeostasis and reduce the level of oxidative stress [85].



The mechanisms underlying the effect of probiotics against oxidative stress include chelation of metal ions, maintenance of antioxidant enzyme systems, metabolization and production of antioxidant substances, and mediation of antioxidant metabolic pathways [86,87,88,89]. Overall, the antioxidant effects of probiotics can slow down the oxidative damage caused by free radicals generated during exercise, reduce apoptosis, and enhance exercise capacity.




3.2.4. Improvement of Intestinal Barrier Function


Intestinal flora homeostasis is one of the main factors affecting intestinal barrier function, and intestinal flora and metabolites are important mediators that affect intestinal mucosal barrier integrity and intestinal permeability. High-intensity exercise causes stress in the gastrointestinal tract and may lead to endotoxemia in severe cases, but probiotics can prevent ischemia-induced gastrointestinal problems by improving the mucosal and epithelial barriers to prevent “leaky gut” and by producing anti-inflammatory mediators [90]. Probiotic supplements containing L. rhamnosus, L. fermentum, or multiple strains resulted in slight to moderate improvements in the severity and duration of gastrointestinal problems [91,92]. Studies on the effects of probiotics on intestinal barrier function in athletes have shown positive intervention effects [93]. For example, probiotic supplementation reduced the amount of zonulin in the stool of endurance athletes, and zonulin is considered an indicator of increased intestinal permeability [68]. In addition, probiotics were found to reduce plasma d-lactate levels and improve intestinal mucosal barrier function in patients with inflammatory bowel disease. Furthermore, Roberts et al. found that probiotic supplementation 12 weeks before a triathlon reduced gastrointestinal symptoms and decreased endotoxin levels in the body [94]. Meanwhile, probiotics also have direct antibacterial activity and regulatory effects, which can alleviate the gastrointestinal barrier damage caused by high-intensity exercise by promoting the synthesis of intestinal mucosal glycoproteins and enhancing the protective effect on the mucosal layer.




3.2.5. Alleviation of Psychological Stress


Recent studies have shown that the intestinal flora are closely related to the development of the neuroendocrine system. However, there are few studies on the improvement of psychological stress by probiotic supplementation. Nonetheless, the available evidence from animal and human studies suggests that probiotics may have beneficial effects on psychological well-being in humans [95]. For example, Li et al. found that probiotics attenuated depressive behavior in rats by remodeling intestinal flora, increasing norepinephrine and 5-hydroxytryptamine levels, and inhibiting adrenocorticotropic hormone and corticosterone expression [96]. Additionally, Michalickova et al. evaluated excellent athletes supplemented with Lactobacillus helveticus for 14 weeks before and after treatment by self-assessment of their emotional state, and their results showed that the probiotic supplementation group had an increased sense of self-assessed vitality compared to the placebo group [97].



Although it has been shown that probiotic supplementation significantly reduces preclinical psychological symptoms, such as anxiety, depression, and stress, in healthy individuals, this effect may be reduced in individuals with chronic diseases (as a result of alteration in intestinal flora and immune function and the presence of psychological co-morbidities) [98]. Currently, most of the research on probiotics in neurology is focused on psychological conditions such as depression and anxiety disorders [99].






4. Mechanisms by Which Probiotics Improve Body Weight and Fat Metabolism


Obesity is often accompanied by a series of metabolic syndromes, such as hypertension and atherosclerosis. In recent years, numerous studies have shown that intestinal microorganisms and low levels of inflammation in the intestine are important causes of obesity and related diseases [100]. Probiotics can regulate the composition of intestinal flora, inhibit the growth of harmful bacteria and the production of harmful metabolic substances and pro-inflammatory cytokines, promote carbohydrate metabolism, and regulate immune process [101,102,103]. Hence, probiotics may prevent and control obesity caused by dysbiosis of intestinal flora and long-term inflammation in the intestine.



4.1. Inhibition of Intestinal Pro-Inflammatory Cytokine Secretion


Obesity is a chronic inflammatory condition, and the gut is the site of inflammatory cytokine production. When inflammatory symptoms appear in the intestine, the content of pro-inflammatory cytokines in the small intestine is significantly increased. The levels of IL-6, IL-8, IFN-γ, MCP-1, and CRP were found to be higher in obese children than those with normal BMI [104]. This finding supports the notion that obesity leads to an increase in the secretion of pro-inflammatory factors. Thus, probiotics may play a role in reducing body weight by inhibiting the secretion of intestinal pro-inflammatory factors and decreasing intestinal inflammation (Table 6).




4.2. Regulation of Metabolites in the Intestinal Tract


4.2.1. Effect of SCFAs


Carbohydrates are hydrolyzed in an anaerobic environment in the colon to generate monosaccharides, which are then used to generate SCFAs using phosphoenolpyruvate, an intermediate product within the glycolytic pathway process. SCFAs can act as ligands to activate the G protein-coupled receptors GPR41 and GPR43. GPR41 stimulates the secretion of glucagon-like peptide from enteroendocrine L cells, and GPR43, activated at the cellular level, increases the secretion of GLP-1. Both GPR41 and GPR43 regulate blood glucose levels and improve lipid metabolism, while suppressing appetite, producing a feeling of satiety, and reducing body weight [108]. In addition, butyrate produced from SCFAs not only has anti-inflammatory effects but also increases the production of IgA [109]. Thus, the intake of probiotics may have lipid-lowering effects via the stimulation of GLP-1 release and the upregulation of butyrate concentrations (Table 7).




4.2.2. Effect of Bile Acids


Bile acids promote small intestinal lipid metabolism and act as ligands to activate farnesol X receptor (FXR) and G protein-coupled receptor (TGR 5), which regulate lipid metabolism and energy conversion. When FXR levels are low, triglyceride and cholesterol levels in the liver increase and induce atherosclerosis. TGR 5 activates adenylate cyclase to convert ATP to cAMP, which induces protein kinase A to activate the cAMP response element-binding protein, thereby stimulating various cAMP signaling pathways [110]. The consumption of probiotics can alter the bile acid metabolic process and thus affect lipid metabolism and body weight (Table 7).
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Table 7. Effects of probiotics and metabolites.
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Intestinal

metabolites

	

	
References

	
Probiotic

	
Study Design

	
Conclusion




	
SCFAs

	
[111]

	
Lactobacillus plantarum ZJUFT17

	
Influence of GML and the Lactobacillus plantarum on body weight, serum lipid profiles, inflammatory responses and gut microbiota

	
Lactobacillus plantarum ZJUFT17 inhibited weight gain, decreased total cholesterol, decreased

serum TNF-α level, and

increased α-diversity of intestinal flora in mice




	
[112]

	
Lactobacillus rhamnosus LS-8, Companilactobacillus crustorum MN047

	
Intervention with Lactobacillus rhamnosus and Companilactobacillus crustorum in mice on a high-fat diet

	
Increase in the concentration of butyric acid and decrease in the body weight of mice




	
BAs

	
[113]

	
Lab4 probiotics and Lactobacillus plantarum CUL66

	
Cholesterol-lowering effects of short-term feeding of Lab4 probiotics and Lactobacillus plantarum CUL66 in wild-type mice

	
Probiotics hydrolyze bile salts, assimilate cholesterol, and regulate cholesterol transport by polarizing Caco-2 intestinal cells




	
[114]

	
Lactobacillus plantarum K21

	
In vitro screening of 88 strains of probiotics

	
Hydrolyzation of bile salts; decrease in cholesterol levels; inhibition of lipid accumulation in 3T3-L1 preadipocytes; increase in intestinal permeability




	
[115]

	
Lactobacillus

	
Investigation of the

improvement of probiotics on HFD and HSD induced microflora disorders

	
Probiotics may alleviate diet-related obesity by regulating gut flora








SCFAs = short-chain fatty acids; BAs = bile acids; HFD = high-fat diet; HSD = high-sucrose diet.














5. Role of Probiotics in Movement via the Microbiota–Gut–Brain Axis


The continuous research on intestinal flora over the last few decades has revealed that the gut and brain can be regulated in both directions through the gut–brain axis (GBA). Further, research on the effects of probiotics on exercise performance and the GBA has led to the new concept of the “microbiota–gut–brain” (MGB) axis [116]. The pathways identified in the MGB axis include the vagus nerve, the immune system, and the metabolites produced by the intestinal flora [117]. Although studies have been conducted on the ways in which the MGB axis regulates specific movements, most of them do not provide a detailed picture of the mechanisms involved, and the more intrinsic connections need to be further investigated.



Probiotics have an important impact on human cognitive function. Studies have shown that the intestinal flora can influence the brain function of the host through the GBA and promote brain plasticity. For example, Savignac et al. showed that B. longum 1714 administration exerted a positive impact on cognition in an anxious mouse strain [118]. Additionally, Cotman et al. found that exercise also improves learning memory function by regulating the levels of learning memory-related molecules such as N-methyl-d-aspartate receptors and brain-derived neurotrophic factors in the brain [119]. Although more studies in this area are needed, the evidence available indicates that exercise may affect brain behavior through the GBA.




6. Probiotic Treatment Methods for Improving Exercise Capacity and Treating Disease


The prominent probiotic treatment methods for regulating intestinal flora, improving mobility, and curing or managing diseases include changes in dietary structure, intake of probiotics and prebiotics, fecal transplantation, and traditional techniques from Chinese medicine (Table 8).



6.1. Dietary Structure


Changes in dietary structure can affect the composition and function of the intestinal flora, and the metabolites synthesized by the intestinal flora have an impact on the physiological and biochemical responses of the host and are important for establishing an interactive and interdependent system between the host and the intestinal flora [139]. Abundance of Erwinia is positively correlated with salt intake, and high salt intake leads to an increase in cellular pro-inflammatory factors, which, in turn, produce an inflammatory response that disrupts the intestinal environment and increases blood pressure [140]. In addition, a high salt diet may also elevate blood pressure by affecting the metabolic pathways of specific flora and activating salt corticosteroids [141]. On the other hand, a diet that is high in dietary fiber has been found to increase the abundance of acetate intestinal bacteria in hypertensive mice and reduce pathological features, such as cardiac hypertrophy and fibrosis [142]. Furthermore, comparison of the intestinal flora of vegetarians with that of individuals who consume meat showed that spore-forming fungi and edible bacteria (Fusarium and Penicillium) were more abundant in the intestinal flora of vegetarians [143]. In addition, a high-fat diet resulted in a significant increase in the abundance of Lactobacillus and a drastic decrease in that of Clostridium in the small intestine of mice, as well as pathophysiological alteration of the luminal environment in the small intestine [144]. As probiotics are known to affect exercise capacity, these findings lay the basis for future studies on the relationship between dietary structure, exercise capacity, and the role of the MGB axis.




6.2. Intake of Probiotics and Prebiotics


The probiotics currently approved for humans are Bifidobacterium, Lactobacillus, Enterococcus, Escherichia coli, and Bacillus subtilis, among others. Prebiotics are indigestible food ingredients, mostly composed of carbohydrates, and are mostly found in natural products such as fruits, vegetables, and grains [145]. Some common prebiotics include inulin, mucin, lactulose, goat milk oligosaccharides, polydextrose, gum arabic, and guar gum. Undigested prebiotics are transported to the large intestine, where they are degraded and utilized by the intestinal flora. The secondary metabolites produced are absorbed by the intestinal epithelium or transported to the liver via the portal vein, ultimately affecting the physiological processes of the body [146].



The intake of probiotics and prebiotics reduced the incidence and symptoms of URTIs, decreased gastrointestinal symptoms and intestinal mucosal barrier permeability, enhanced physical capacity, promoted post-exercise recovery, and improved mental stress in athletes [147]. However, the mechanism via which probiotic supplementation improves athletic performance in athletes is still controversial and needs to be investigated further [148]. In addition, although numerous studies have confirmed the benefits of specific microbial species, there are still several partially characterized probiotic strains that need to be investigated for their effects on the human body [149,150]. The benefits of probiotics may not always be evident under conditions of intense exercise, which can cause abnormalities in body function and the intestinal environment. Furthermore, immune deficiencies caused by intense exercise may lead to some probiotic strains becoming opportunistic pathogens and leading to life-threatening diseases [151]. In addition, it has been shown that probiotic intake can inhibit the accumulation of tubular and mucosal microbiota in human and mouse intestines [152]. Thus, probiotics species that show potential need to be carefully investigated before they are approved for use in supplements.




6.3. Fecal Microbiota Transplantation


Fecal microbiota transplantation (FMT) refers to the transplantation of functional flora from the feces of healthy donors into the gastrointestinal tract of patients to reconstitute the intestinal flora of patients and make it function normally for the treatment of intestinal and extraintestinal diseases [153]. FMT has been found to be effective in the treatment of Clostridium difficile infection and has been used in numerous clinical trials on the treatment of other diseases. Smits et al. evaluated vascular inflammatory markers in 20 men with obesity who had cardiometabolic syndrome and found that FMT with lean donors temporarily altered the intestinal flora in the patients with obesity [154]. At present, most FMT studies are in the form of clinical case reports or case series, and the findings indicate that the clinical efficacy varies by individual and disease. Bacterial transplantation alone cannot fully explain the differences in treatment outcomes [155]. Furthermore, a study on FMT for the treatment of patients with recurrent C. difficile infection demonstrated overrepresentation of certain fungi in FMT recipients or donors may reduce the therapeutic efficacy [156].



The current FMT technology is still in its early stages, and the effects of different donor intestinal flora on the treatment of different diseases need to be studied in more depth. Moreover, efforts to standardize FMT technology should be continued to achieve standardization of donor selection, sample handling, and immunocompatibility between donors and recipients. Studies on FMT safety are also important, as a study reported that two patients with Clostridioides difficile infection developed bacteremia after transplantation of E. coli and one of them died [157].




6.4. Chinese Medicine


Certain Chinese medicines help prevent obesity and various diseases by improving the structure of intestinal flora, increasing the amount of probiotics, and reducing pathogenic bacteria populations to inhibit weight gain and alleviate endotoxemia and insulin resistance [158]. Aqueous extract of Ganoderma lucidum induced weight loss, improved inflammation, increased insulin sensitivity, and reversed ecological disorders of the intestinal flora in mice with obesity [123]. Polysaccharides from Ophiopogon japonicas were found to decrease the E. coli and Streptococcus populations and increase the Bifidobacterium populations in the intestinal flora of mice with diabetes [159]. In addition, Portulaca oleracea was found to promote the growth of Bifidobacteria, reduce excessive immune response in the intestine, and regulate intestinal microecological disorders [160].



Another traditional technique in Chinese medicine is acupuncture, which is a general term used to refer to acupuncture manipulation and moxibustion. It has been shown that acupuncture can improve the number and type of intestinal flora, and this can play a role in the treatment of type II diabetes [161]. Different meridian points and acupuncture techniques can affect the intestinal flora in different ways, and this can improve gastrointestinal, metabolic, and immune diseases in humans [162].





7. Conclusions and Future Prospects


Probiotics play a pivotal role in the maintenance of health through their effects on the regulation of bone and skeletal muscle, the metabolism of energy and various nutrients, the inflammatory response, the intestinal barrier function, the immune function, the improvement of oxidative stress, and the alleviation of psychological stress, thereby reducing exercise fatigue and improving exercise performance. Therefore, probiotic supplements have significant market value in various groups of individuals—from elite athletes to patients with obesity and obesity-related conditions. However, the research in this area needs further development in terms of the identification of beneficial strains with a safety profile and detailed dose response, underlying mechanisms, standardization of treatment protocols, and best practices to advance the application of probiotics as functional products.







Author Contributions


Conceptualization, L.Z. and L.L.; Writing—Original Draft Preparation, L.Z. and R.Z.; Writing—Review and Editing, L.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Data Availability Statement


Data are contained within the article.




Acknowledgments


The authors are grateful to all the researchers whom we cited in this review for their significant and valuable research.




Conflicts of Interest


The authors have no conflict of interest to declare.




References


	



Manor, O.; Dai, C.L.; Kornilov, S.A.; Smith, B.; Price, N.D.; Lovejoy, J.C.; Gibbons, S.M.; Magis, A.T. Health and disease markerscorrelate with gut microbiome composition across thousands of people. Nat. Commun. 2020, 11, 5206. [Google Scholar] [CrossRef] [PubMed]

	



Mohr, A.E.; Jager, R.; Carpenter, K.C.; Kerksick, C.M.; Purpura, M.; Townsend, J.R.; West, N.P.; Black, K.; Gleeson, M.; Pyne, D.B.; et al. The athletic gut microbiota. J. Int. Soc. Sports Nutr. 2020, 17, 24. [Google Scholar] [CrossRef] [PubMed]

	



Marttinen, M.; Ala-Jaakkola, R.; Laitila, A.; Lehtinen, M.J. Gut microbiota, probiotics and physical performance in athletes and physically active individuals. Nutrients 2020, 12, 2936. [Google Scholar] [CrossRef] [PubMed]

	



Bonomini-Gnutzmann, R.; Plaza-Diaz, J.; Jorquera-Aguilera, C.; Rodriguez-Rodriguez, A.; Rodriguez-Rodriguez, F. Effect of intensity and duration of exercise on gut microbiota in humans: A systematic review. Int. J. Environ. Res. Public Health 2022, 19, 9518. [Google Scholar] [CrossRef]

	



Waterman, J.J.; Kapur, R. Upper gastrointestinal issues in athletes. Curr. Sport Med. Rep. 2012, 11, 99–104. [Google Scholar] [CrossRef] [PubMed]

	



De Oliveira, E.P.; Burini, R.C. The impact of physical exercise on the gastrointestinal tract. Curr. Opin. Clin. Nutr. 2009, 12, 533–538. [Google Scholar] [CrossRef]

	



Klaenhammer, T.R.; Kleerebezem, M.; Kopp, M.V.; Rescigno, M. The impact of probiotics and prebiotics on the immune system. Nat. Rev. Immunol. 2012, 12, 728–734. [Google Scholar] [CrossRef]

	



Sanders, M.E.; Merenstein, D.J.; Reid, G.; Gibson, G.R.; Rastall, R.A. Probiotics and prebiotics in intestinal health and disease: From biology to the clinic. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 605–616. [Google Scholar] [CrossRef]

	



Gleeson, M. Immunological aspects of sport nutrition. Immunol. Cell Biol. 2016, 94, 117–123. [Google Scholar] [CrossRef]

	



Granato, D.; Branco, G.F.; Cruz, A.G.; Faria, J.D.F.; Shah, N.P. Probiotic dairy products as functional foods. Compr. Rev. Food Sci. Food Saf. 2010, 9, 455–470. [Google Scholar] [CrossRef]

	



Soares, M.B.; Martinez, R.C.R.; Pereira, E.P.R.; Balthazar, C.F.; Cruz, A.G.; Ranadheera, C.S.; Sant’Ana, A.S. The resistance of Bacillus, Bifidobacterium, and Lactobacillus strains with claimed probiotic properties in different food matrices exposed to simulated gastrointestinal tract conditions. Food Res. Int. 2019, 125, 108542. [Google Scholar] [CrossRef]

	



Lei, M.; Hua, L.-M.; Wang, D.-W. The effect of probiotic treatment on elderly patients with distal radius fracture: A prospective double-blind, placebo-controlled randomised clinical trial. Benef. Microbes 2016, 7, 631–637. [Google Scholar] [CrossRef] [PubMed]

	



Donkor, O.N.; Ravikumar, M.; Proudfoot, O.; Day, S.L.; Apostolopoulos, V.; Paukovics, G.; Vasiljevic, T.; Nutt, S.L.; Gill, H. Cytokine profile and induction of T helper type 17 and regulatory T cells by human peripheral mononuclear cells after microbial exposure. Clin. Exp. Immunol. 2012, 167, 282–295. [Google Scholar] [CrossRef] [PubMed]

	



Guss, J.D.; Horsfield, M.W.; Fontenele, F.F.; Sandoval, T.N.; Luna, M.; Apoorva, F.; Lima, S.F.; Bicalho, R.C.; Singh, A.; Ley, R.E.; et al. Alterations to the gut microbiome impair bone strength and tissue material properties. J. Bone Miner. Res. 2017, 32, 1343–1353. [Google Scholar] [CrossRef] [PubMed]

	



Ohlsson, C.; Nigro, G.; Boneca, I.G.; Bäckhed, F.; Sansonetti, P.; Sjögren, K. Regulation of bone mass by the gut microbiota is dependent on NOD1 and NOD2 signaling. Cell. Immunol. 2017, 317, 55–58. [Google Scholar] [CrossRef] [PubMed]

	



Yan, J.; Herzog, J.W.; Tsang, K.; Brennan, C.A.; Bower, M.A.; Garrett, W.S.; Sartor, B.R.; Aliprantis, A.O.; Charles, J.F. Gut microbiota induce IGF-1 and promote bone formation and growth. Proc. Natl. Acad. Sci. USA 2016, 113, E7554–E7563. [Google Scholar] [CrossRef]

	



Whisner, C.M.; Castillo, L.F. Prebiotics, Bone and Mineral Metabolism. Calcif. Tissue Int. 2018, 102, 443–479. [Google Scholar] [CrossRef] [PubMed]

	



Scholz-Ahrens, K.E.; Ade, P.; Marten, B.; Weber, P.; Timm, W.; Asil, Y.; Gluer, C.C.; Schrezenmeir, J. Prebiotics, probiotics, and synbiotics affect mineral absorption, bone mineral content, and bone structure. J. Nutr. 2007, 137, 838S–846S. [Google Scholar] [CrossRef]

	



Rodrigues, F.C.; Castro, A.S.B.; Rodrigues, V.C.; Fernandes, S.A.; Fontes, E.A.F.; de Oliveira, T.T.; Martino, H.S.D.; de Luces Fortes Ferreira, C.L. Yacon Flour and Bifidobacterium longum Modulate Bone Health in Rats. J. Med. Food 2012, 15, 664–670. [Google Scholar] [CrossRef]

	



McCabe, L.R.; Irwin, R.; Schaefer, L.; Britton, R.A. Probiotic use decreases intestinal inflammation and increases bone density in healthy male but not female mice. J. Cell. Physiol. 2013, 228, 1793–1798. [Google Scholar] [CrossRef]

	



Nilsson, A.G.; Sundh, D.; Bäckhed, F.; Lorentzon, M. Lactobacillus reuteri reduces bone loss in older women with low bone mineral density: A randomized, placebo-controlled, double-blind, clinical trial. J. Intern. Med. 2018, 284, 307–317. [Google Scholar] [CrossRef]

	



Li, P.; Ji, B.; Luo, H.; Sundh, D.; Lorentzon, M.; Nielsen, J. One-year supplementation with Lactobacillus reuteri ATCC PTA 6475 counteracts a degradation of gut microbiota in older women with low bone mineral density. NPJ Biofilms Microbiomes 2022, 8, 84. [Google Scholar] [CrossRef]

	



Leite, T.C.; Da Silva, D.; Coelho, R.G.; Zancan, P.; Sola-Penna, M. Lactate favours the dissociation of skeletal muscle 6-phosphofructo-1-kinase tetramers down-regulating the enzyme and muscle glycolysis. Biochem. J. 2007, 408, 123–130. [Google Scholar] [CrossRef]

	



Canfora, E.E.; Meex, R.C.R.; Venema, K.; Blaak, E.E. Gut microbial metabolites in obesity, NAFLD and T2DM. Nat. Rev. Endocrinol. 2019, 15, 261–273. [Google Scholar] [CrossRef]

	



Leite, A.Z.; Rodrigues, N.D.; Gonzaga, M.I.; Paiolo, J.C.C.; de Souza, C.A.; Stefanutto, N.A.V.; Omori, W.P.; Pinheiro, D.G.; Brisotti, J.L.; Matheucci, E.; et al. Detection of increased plasma interleukin-6 levels and prevalence of Prevotella copri and Bacteroides vulgatus in the feces of type 2 diabetes patients. Front. Immunol. 2017, 8, 1107. [Google Scholar] [CrossRef] [PubMed]

	



Clarke, G.; Stilling, R.M.; Kennedy, P.J.; Stanton, C.; Cryan, J.F.; Dinan, T.G. Minireview: Gut microbiota: The neglected endocrine organ. Mol. Endocrinol. 2014, 28, 1221–1238. [Google Scholar] [CrossRef] [PubMed]

	



Zilm, P.S.; Gully, N.J.; Rogers, A.H. Changes in growth and polyglucose synthesis in response to fructose metabolism by Fusobacterium nucleatum grown in continuous culture. Oral Microbiol. Immun. 2003, 18, 260–262. [Google Scholar] [CrossRef]

	



Jollet, M.; Nay, K.; Chopard, A.; Bareille, M.P.; Beck, A.; Ollendorff, V.; Vernus, B.; Bonnieu, A.; Mariadassou, M.; Rué, o.; et al. Does Physical Inactivity Induce Significant Changes in Human Gut Microbiota? New Answers Using the Dry Immersion Hypoactivity Model. Nutrients 2021, 13, 3865. [Google Scholar] [CrossRef] [PubMed]

	



Mora-Villalobos, J.A.; Montero-Zamora, J.; Barboza, N.; Rojas-Garbanzo, C.; Usaga, J.; Redondo-Solano, M.; Schroedter, L.; Olszewska-Widdrat, A.; López-Gómez, J.P. Multi-Product Lactic Acid Bacteria Fermentations: A Review. Fermentation 2020, 6, 23. [Google Scholar] [CrossRef]

	



Crossland, H.; Skirrow, S.; Puthucheary, Z.A.; Constantin-Teodosiu, D.; Greenhaff, P.L. The impact of immobilisation and inflammation on the regulation of muscle mass and insulin resistance: Different routes to similar end-points. J. Physiol. 2019, 597, 1259–1270. [Google Scholar] [CrossRef]

	



Liu, F.T.; Li, P.; Chen, M.X.; Luo, Y.M.; Prabhakar, M.; Zheng, H.M.; He, Y.; Qi, Q.; Long, H.Y.; Zhang, Y.; et al. Fructooligosaccharide (FOS) and galactooligosaccharide (GOS) increase bifidobacterium but reduce butyrate producing bacteria with adverse glycemic metabolism in healthy young population. Sci. Rep. 2017, 7, 11789. [Google Scholar] [CrossRef]

	



Fiorucci, S.; Distrutti, E. Bile Acid-Activated Receptors, Intestinal Microbiota, and the Treatment of Metabolic Disorders. Trends Mol. Med. 2015, 21, 702–714. [Google Scholar] [CrossRef] [PubMed]

	



LeBlanc, J.G.; Chain, F.; Martín, R.; Bermúdez-Humarán, L.G.; Courau, S.; Langella, P. Beneficial effects on host energy metabolism of short-chain fatty acids and vitamins produced by commensal and probiotic bacteria. Microb. Cell Factories 2017, 16, 79. [Google Scholar] [CrossRef] [PubMed]

	



Piwowarek, K.; Lipińska, E.; Hać-Szymańczuk, E.; Kieliszek, M.; Ścibisz, I. Propionibacterium spp.—Source of propionic acid, vitamin B12, and other metabolites important for the industry. Appl. Microbiol. Biotechnol. 2018, 102, 515–538. [Google Scholar] [CrossRef] [PubMed]

	



Tan, H.; O’Toole, P.W. Impact of diet on the human intestinal microbiota. Curr. Opin. Food Sci. 2015, 2, 71–77. [Google Scholar] [CrossRef]

	



Hsu, Y.J.; Chiu, C.C.; Li, Y.P.; Huang, W.C.; Huang, Y.T.; Huang, C.C.; Chuang, H.L. Effect of Intestinal Microbiota on Exercise Performance in Mice. J. Strength Cond. Res. 2015, 29, 552–558. [Google Scholar] [CrossRef]

	



Chen, Y.M.; Wei, L.; Chiu, Y.S.; Hsu, Y.J.; Tsai, T.Y.; Wang, M.F.; Huang, C.C. Lactobacillus plantarum TWK10 supplementation improves exercise performance and increases muscle mass in mice. Nutrients 2016, 8, 205. [Google Scholar] [CrossRef]

	



Liu, S.; Marcelin, G.; Blouet, C.; Jeong, J.H.; Jo, Y.H.; Schwartz, G.J.; Chua, S. A gut-brain axis regulating glucose metabolism mediated by bile acids and competitive fibroblast growth factor actions at the hypothalamus. Mol. Metab. 2018, 8, 37–50. [Google Scholar] [CrossRef]

	



Li, P.; Li, X.; Gu, Q.; Xiu-yu, L.; Xiao-mei, Z.; Da-feng, S.; Zhang, C. Comparative genomic analysis of Lactobacillus plantarum ZJ316 reveals its genetic adaptation and potential probiotic profiles. J. Zhejiang Univ. 2016, 17, 569–579. [Google Scholar] [CrossRef]

	



Georges, J.; Lowery, R.P.; Yaman, G.; Kerio, C.; Ormes, J.; McCleary, S.A.; Sharp, M.; Shields, K.; Rauch, J.; Silva, J. The effects of probiotic supplementation on lean body mass, strength, and power, and health indicators in resistance trained males: A pilot study. J. Int. Soc. Sport Nutr. 2014, 11, P38. [Google Scholar] [CrossRef]

	



Huang, W.-C.; Wei, C.-C.; Huang, C.-C.; Chen, W.-L.; Huang, H.-Y. The beneficial effects of Lactobacillus plantarum PS128 on high-intensity, exercise-induced oxidative stress, inflammation, and performance in triathletes. Nutrients 2019, 11, 353. [Google Scholar] [CrossRef] [PubMed]

	



Fuskevfig, O.-M.; Broster, A.; Davies, N.; Cudmore, T.; Hodges, T.; Griffin, M. Lactobacillus casei Shirota modulation of ammonia metabolism in physical exercise. Int. J. Probiotics Prebiotics 2012, 7, 13–16. [Google Scholar]

	



Magnúsdóttir, S.; Ravcheev, D.; de Crécy-Lagard, V.; Thiele, I. Systematic genome assessment of B-vitamin biosynthesis suggests co-operation among gut microbes. Front. Genet. 2015, 6, 148. [Google Scholar] [CrossRef]

	



Juarez del Valle, M.; Laiño J, E.; Savoy de Giori, G.; LeBlanc J, G. Riboflavin producing lactic acid bacteria as a biotechnological strategy to obtain bio-enriched soymilk. Food Res. Int. 2014, 62, 1015–1019. [Google Scholar] [CrossRef]

	



Sedgeman, L.R.; Beysen, C.; Allen, R.M.; Ramirez Solano, M.A.; Turner, S.M.; Vickers, K.C. Intestinal bile acid sequestration improves glucose control by stimulating hepatic miR-182-5p in type 2 diabetes. Am. J. Physiol. 2018, 315, G810–G823. [Google Scholar] [CrossRef] [PubMed]

	



Nay, K.; Jollet, M.; Goustard, B.; Baati, N.; Vernus, B.; Pontones, M.; Lefeuvre-Orfila, L.; Bendavid, C.; Rue, O.; Mariadassou, M.; et al. Gut bacteria are critical for optimal muscle function: A potential link with glucose homeostasis. Am. J. Physiol. Endocrinol. Metab. 2019, 317, E158–E171. [Google Scholar] [CrossRef] [PubMed]

	



Houghton, M.; Kerimi, A.; Mouly, V.; Tumova, S.; Williamson, G. Gut microbiome catabolites as novel modulators of muscle cell glucose metabolism. FASEB J. 2019, 33, 1887–1898. [Google Scholar] [CrossRef]

	



Kasubuchi, M.; Hasegawa, S.; Hiramatsu, T.; Ichimura, A.; Kimura, I. Dietary gut microbial metabolites, short-chain fatty acids, and host metabolic regulation. Nutrients 2015, 7, 2839–2849. [Google Scholar] [CrossRef]

	



Yamashita, H.; Wang, Z.; Wang, Y.; Segawa, M.; Kusudo, T.; Kontani, Y. Induction of fatty acid-binding protein 3 in brown adipose tissue correlates with increased demand for adaptive thermogenesis in rodents. Biochem. Biophys. Res. Commun. 2008, 377, 632–635. [Google Scholar] [CrossRef]

	



Mardinoglu, A.; Shoaie, S.; Bergentall, M.; Ghaffari, P.; Zhang, C.; Larsson, E.; Bäckhed, F.; Nielsen, J. The gut microbiota modulates host amino acid and glutathione metabolism in mice. Mol. Syst. Biol. 2015, 11, 834. [Google Scholar] [CrossRef]

	



Midtvedt, T.; Norman, A. Adsorption of bile acids to intestinal microorganisms. Acta Pathol. Microbiol. Scand. Sect. B Microbiol. Immunol. 1972, 80, 202–210. [Google Scholar] [CrossRef] [PubMed]

	



Diez-Gutiérrez, L.; San Vicente, L.; Sáenz, J.; Barron, L.J.R.; Chávarri, M. Characterisation of the probiotic potential of Lactiplantibacillus plantarum K16 and its ability to produce the postbiotic metabolite γ-aminobutyric acid. J. Funct. Foods 2022, 97, 105230. [Google Scholar] [CrossRef]

	



Ağagündüz, D.; Şahin, T.Ö.; Ayten, Ş.; Yılmaz, B.; Güneşliol, B.E.; Russo, P.; Spano, G.; Özogul, F. Lactic acid bacteria as pro-technological, bioprotective and health-promoting cultures in the dairy food industry. Food Biosci. 2022, 47, 101617. [Google Scholar] [CrossRef]

	



Marlicz, W.; Loniewski, I. The effect of exercise and diet on gut microbial diversity. Gut 2015, 64, 519–520. [Google Scholar] [CrossRef] [PubMed]

	



Cárdenas, N.; Laiño, J.E.; Delgado, S.; Jiménez, E.; Juárez del Valle, M.; Savoy de Giori, G.; Sesma, F.; Mayo, B.; Fernández, L.; LeBlanc, J.G. Relationships between the genome and some phenotypical properties of Lactobacillus fermentum CECT 5716, a probiotic strain isolated from human milk. Appl. Microbiol. Biotechnol. 2015, 99, 4343–4353. [Google Scholar] [CrossRef]

	



Kijmanawat, A.; Panburana, P.; Reutrakul, S.; Tangshewinsirikul, C. Effects of probiotic supplements on insulin resistance in gestational diabetes mellitus: A double-blind randomized controlled trial. J. Diabetes Investig. 2019, 10, 163–170. [Google Scholar] [CrossRef]

	



Li, H.; Liu, F.; Lu, J.; Shi, J.; Guan, J.; Yan, F.; Li, B.; Huo, G. Probiotic Mixture of Lactobacillus plantarum Strains Improves Lipid Metabolism and Gut Microbiota Structure in High Fat Diet-Fed Mice. Front. Microbiol. 2020, 11, 512. [Google Scholar] [CrossRef]

	



Klekotka, R.B.; Mizgała, E.; Król, W. The etiology of lower respiratory tract infections in people with diabetes. Adv. Respir. Med. 2015, 83, 401–408. [Google Scholar] [CrossRef]

	



Eccles, R.; Wilkinson, J. Exposure to cold and acute upper respiratory tract infection. Rhinology 2015, 53, 99–106. [Google Scholar] [CrossRef]

	



Yaqoob, P. Ageing, immunity and influenza: A role for probiotics? Proc. Nutr. Soc. 2014, 73, 309–317. [Google Scholar] [CrossRef]

	



Cox, A.J.; Pyne, D.B.; Saunders, P.U.; Fricker, P.A. Oral administration of the probiotic Lactobacillus fermentum VRI-003 and mucosal immunity in endurance athletes. Br. J. Sports Med. 2010, 44, 222–226. [Google Scholar] [CrossRef]

	



West, N.P.; Pyne, D.B.; Cripps, A.W.; Hopkins, W.G.; Eskesen, D.C.; Jairath, A.; Christophersen, C.T.; Conlon, M.A.; Fricker, P.A. Lactobacillus fermentum (PCC®) supplementation and gastrointestinal and respiratory-tract illness symptoms: A randomised control trial in athletes. Nutr. J. 2011, 10, 30. [Google Scholar] [CrossRef] [PubMed]

	



Gleeson, M.; Bishop, N.C.; Oliveira, M.; Tauler, P. Daily probiotic’s (Lactobacillus casei Shirota) reduction of infection incidence in athletes. Int. J. Sport Nutr. Exerc. Metab. 2011, 21, 55–64. [Google Scholar] [CrossRef]

	



Strasser, B.; Geiger, D.; Schauer, M.; Gostner, J.M.; Gatterer, H.; Burtscher, M.; Fuchs, D. Probiotic supplements beneficially affect tryptophan–kynurenine metabolism and reduce the incidence of upper respiratory tract infections in trained athletes: A randomized, double-blinded, placebo-controlled trial. Nutrients 2016, 8, 752. [Google Scholar] [CrossRef] [PubMed]

	



Seifert, S.; Rodriguez Gómez, M.; Watzl, B.; Holzapfel, W.H.; Franz, C.M.; Vizoso Pinto, M.G. Differential effect of Lactobacillus johnsonii BFE 6128 on expression of genes related to TLR pathways and innate immunity in intestinal epithelial cells. Probiotics Antimicrob. Proteins 2010, 2, 211–217. [Google Scholar] [CrossRef] [PubMed]

	



Das, A.; Nakhro, K.; Chowdhury, S.; Kamilya, D. Effects of potential probiotic Bacillus amyloliquifaciens FPTB16 on systemic and cutaneous mucosal immune responses and disease resistance of catla (Catla catla). Fish Shellfish Immunol. 2013, 35, 1547–1553. [Google Scholar] [CrossRef]

	



Michalickova, D.; Minic, R.; Dikic, N.; Andjelkovic, M.; Kostic-Vucicevic, M.; Stojmenovic, T.; Nikolic, I.; Djordjevic, B. Lactobacillus helveticus Lafti L10 supplementation reduces respiratory infection duration in a cohort of elite athletes: A randomized, double-blind, placebo-controlled trial. Appl. Physiol. Nutr. Metab. 2016, 41, 782–789. [Google Scholar] [CrossRef]

	



Haywood, B.A.; Black, K.E.; Baker, D.; McGarvey, J.; Healey, P.; Brown, R.C. Probiotic supplementation reduces the duration and incidence of infections but not severity in elite rugby union players. J. Sci. Med. Sport 2014, 17, 356–360. [Google Scholar] [CrossRef]

	



Komano, Y.; Shimada, K.; Naito, H.; Fukao, K.; Ishihara, Y.; Fujii, T.; Kokubo, T.; Daida, H. Efficacy of heat-killed Lactococcus lactis JCM 5805 on immunity and fatigue during consecutive high intensity exercise in male athletes: A randomized, placebo-controlled, double-blinded trial. J. Int. Soc. Sport Nutr. 2018, 15, 39. [Google Scholar] [CrossRef]

	



Vaisberg, M.; Paixão, V.; Almeida, E.B.; Santos, J.M.; Foster, R.; Rossi, M.; Pithon-Curi, T.C.; Gorjão, R.; Momesso, C.M.; Andrade, M.S. Daily intake of fermented milk containing Lactobacillus casei Shirota (lcs) modulates systemic and upper airways immune/inflammatory responses in marathon runners. Nutrients 2019, 11, 1678. [Google Scholar] [CrossRef]

	



Batatinha, H.; Tavares-Silva, E.; Leite, G.S.; Resende, A.S.; Albuquerque, J.A.; Arslanian, C.; Fock, R.A.; Lancha, A.H.; Lira, F.S.; Krüger, K. Probiotic supplementation in marathonists and its impact on lymphocyte population and function after a marathon: A randomized placebo-controlled double-blind study. Sci. Rep. 2020, 10, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Clancy, R.; Gleeson, M.; Cox, A.; Callister, R.; Dorrington, M.; D’este, C.; Pang, G.; Pyne, D.; Fricker, P.; Henriksson, A. Reversal in fatigued athletes of a defect in interferon γ secretion after administration of Lactobacillus acidophilus. Br. J. Sports Med. 2006, 40, 351–354. [Google Scholar] [CrossRef] [PubMed]

	



Townsend, J.R.; Bender, D.; Vantrease, W.C.; Sapp, P.A.; Toy, A.M.; Woods, C.A.; Johnson, K.D. Effects of probiotic (Bacillus subtilis DE111) supplementation on immune function, hormonal status, and physical performance in division I baseball players. Sports 2018, 6, 70. [Google Scholar] [CrossRef] [PubMed]

	



Axelrod, C.L.; Brennan, C.J.; Cresci, G.; Paul, D.; Hull, M.; Fealy, C.E.; Kirwan, J.P. UCC118 supplementation reduces exercise-induced gastrointestinal permeability and remodels the gut microbiome in healthy humans. Physiol. Rep. 2019, 7, e14276. [Google Scholar] [CrossRef] [PubMed]

	



Mackinnon, L.T.; Hooper, S. Mucosal (secretory) immune system responses to exercise of varying intensity and during overtraining. Int. J. Sports Med. 1994, 15, S179–S183. [Google Scholar] [CrossRef]

	



Madsen, K.L. The use of probiotics in gastrointestinal disease. Can. J. Gastroenterol. 2001, 15, 817–822. [Google Scholar] [CrossRef]

	



Lamprecht, M.; Bogner, S.; Schippinger, G.; Steinbauer, K.; Fankhauser, F.; Hallstroem, S.; Schuetz, B.; Greilberger J, F. Probiotic supplementation affects markers of intestinal barrier, oxidation, and inflammation in trained men; a randomized, double-blinded, placebo-controlled trial. J. Int. Soc. Sport Nutr. 2012, 9, 45. [Google Scholar] [CrossRef]

	



Chelakkot, C.; Ghim, J.; Ryu, S.H. Mechanisms regulating intestinal barrier integrity and its pathological implications. Exp. Mol. Med. 2018, 50, 1–9. [Google Scholar] [CrossRef]

	



Bron, P.A.; Van Baarlen, P.; Kleerebezem, M. Emerging molecular insights into the interaction between probiotics and the host intestinal mucosa. Nat. Rev. Microbiol. 2012, 10, 66–78. [Google Scholar] [CrossRef]

	



Azad, M.; Kalam, A.; Sarker, M.; Wan, D. Immunomodulatory effects of probiotics on cytokine profiles. BioMed. Res. Int. 2018, 2018, 8063647. [Google Scholar] [CrossRef]

	



Gomes, A.M.; Malcata, F.X. Bifidobacterium spp. and Lactobacillus acidophilus: Biological, biochemical, technological and therapeutical properties relevant for use as probiotics. Trends Food Sci. Technol. 1999, 10, 139–157. [Google Scholar] [CrossRef]

	



Kabeerdoss, J.; Devi, R.S.; Mary, R.R.; Prabhavathi, D.; Vidya, R.; Mechenro, J.; Mahendri, N.; Pugazhendhi, S.; Ramakrishna, B.S. Effect of yoghurt containing Bifidobacterium lactis Bb12® on faecal excretion of secretory immunoglobulin A and human beta-defensin 2 in healthy adult volunteers. Nutr. J. 2011, 10, 138. [Google Scholar] [CrossRef] [PubMed]

	



Aizawa, E.; Tsuji, H.; Asahara, T.; Takahashi, T.; Teraishi, T.; Yoshida, S.; Ota, M.; Koga, N.; Hattori, K.; Kunugi, H. Possible association of Bifidobacterium and Lactobacillus in the gut microbiota of patients with major depressive disorder. J. Affect. Disord. 2016, 202, 254–257. [Google Scholar] [CrossRef] [PubMed]

	



Martarelli, D.; Verdenelli, M.C.; Scuri, S.; Cocchioni, M.; Silvi, S.; Cecchini, C.; Pompei, P. Effect of a probiotic intake on oxidant and antioxidant parameters in plasma of athletes during intense exercise training. Curr. Microbiol. 2011, 62, 1689–1696. [Google Scholar] [CrossRef]

	



Liu, Z.-H.; Kang, L.; Wang, J.-P. Basic and clinical research on the regulation of the intestinal barrier by Lactobacillus and its active protein components: A review with experience of one center. Mol. Biol. Rep. 2014, 41, 8037–8046. [Google Scholar] [CrossRef]

	



Heshmati, J.; Farsi, F.; Shokri, F.; Rezaeinejad, M.; Almasi-Hashiani, A.; Vesali, S.; Sepidarkish, M. A systematic review and meta-analysis of the probiotics and synbiotics effects on oxidative stress. J. Funct. Foods 2018, 46, 66–84. [Google Scholar] [CrossRef]

	



Plaza-Diaz, J.; Ruiz-Ojeda, F.J.; Gil-Campos, M.; Gil, A. Mechanisms of action of probiotics. Adv. Nutr. 2019, 10, S49–S66. [Google Scholar] [CrossRef]

	



Marteau, P.; Shanahan, F. Basic aspects and pharmacology of probiotics: An overview of pharmacokinetics, mechanisms of action and side-effects. Best Pract. Res. Clin. Gastroenterol. 2003, 17, 725–740. [Google Scholar] [CrossRef]

	



Ouwehand, A.C.; Kirjavainen, P.V.; Shortt, C.; Salminen, S. Probiotics: Mechanisms and established effects. Int. Dairy J. 1999, 9, 43–52. [Google Scholar] [CrossRef]

	



Peters, H.; De Vries, W.; Vanberge-Henegouwen, G.; Akkermans, L. Potential benefits and hazards of physical activity and exercise on the gastrointestinal tract. Gut 2001, 48, 435–439. [Google Scholar] [CrossRef]

	



Evans, M.; Salewski, R.P.; Christman, M.C.; Girard, S.-A.; Tompkins, T.A. Effectiveness of Lactobacillus helveticus and Lactobacillus rhamnosus for the management of antibiotic-associated diarrhoea in healthy adults: A randomised, double-blind, placebo-controlled trial. Br. J. Nutr. 2016, 116, 94–103. [Google Scholar] [CrossRef] [PubMed]

	



Wilkins, T.; Sequoia, J. Probiotics for gastrointestinal conditions: A summary of the evidence. Am. Fam. Physician 2017, 96, 170–178. [Google Scholar] [PubMed]

	



Lodemann, U. Effects of probiotics on intestinal transport and epithelial barrier function. Bioact. Foods Promot. Health 2010, 303–333. [Google Scholar]

	



Roberts, J.D.; Suckling C, A.; Peedle G, Y.; Murphy J, A.; Dawkins T, G.; Roberts M, G. An Exploratory Investigation of Endotoxin Levels in Novice Long Distance Triathletes, and the Effects of a Multi-Strain Probiotic/Prebiotic, Antioxidant Intervention. Nutrients 2016, 8, 733. [Google Scholar] [CrossRef]

	



Khalesi, S.; Bellissimo, N.; Vandelanotte, C.; Williams, S.; Stanley, D.; Irwin, C. A review of probiotic supplementation in healthy adults: Helpful or hype? Eur. J. Clin. Nutr. 2019, 73, 24–37. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Li, L.; Niu, X.; Tang, C.; Wang, H.; Gao, J.; Hu, J. Probiotics alleviate depressive behavior in chronic unpredictable mild stress rat models by remodeling intestinal flora. NeuroReport 2021, 32, 686–693. [Google Scholar] [CrossRef]

	



Michalickova, D.M.; Kostic-Vucicevic, M.M.; Vukasinovic-Vesic, M.D.; Stojmenovic, T.B.; Dikic, N.V.; Andjelkovic, M.S.; Djordjevic, B.I.; Tanaskovic, B.P.; Minic, R.D. Lactobacillus helveticus Lafti L10 supplementation modulates mucosal and humoral immunity in elite athletes: A randomized, double-blind, placebo-controlled trial. J. Strength Cond. Res. 2017, 31, 62–70. [Google Scholar] [CrossRef]

	



Pirbaglou, M.; Katz, J.; de Souza, R.J.; Stearns, J.C.; Motamed, M.; Ritvo, P. Probiotic supplementation can positively affect anxiety and depressive symptoms: A systematic review of randomized controlled trials. Nutr. Res. 2016, 36, 889–898. [Google Scholar] [CrossRef]

	



Umbrello, G.; Esposito, S. Microbiota and neurologic diseases: Potential effects of probiotics. J. Transl. Med. 2016, 14, 1–11. [Google Scholar] [CrossRef]

	



Cani, P.D.; Jordan, B.F. Gut microbiota-mediated inflammation in obesity: A link with gastrointestinal cancer. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 671–682. [Google Scholar] [CrossRef]

	



Gérard, P. Gut microbiota and obesity. Cell. Mol. Life Sci. 2016, 73, 147–162. [Google Scholar] [CrossRef]

	



La Fata, G.; Weber, P.; Mohajeri, M.H. Probiotics and the gut immune system: Indirect regulation. Probiotics Antimicrob. Proteins 2018, 10, 11–21. [Google Scholar] [CrossRef]

	



Kober, M.-M.; Bowe, W.P. The effect of probiotics on immune regulation, acne, and photoaging. Int. J. Women’s Dermatol. 2015, 1, 85–89. [Google Scholar] [CrossRef] [PubMed]

	



Utsal, L.; Tillmann, V.; Zilmer, M.; Mäestu, J.; Purge, P.; Jürimäe, J.; Saar, M.; Lätt, E.; Maasalu, K.; Jürimäe, T. Elevated Serum IL-6, IL-8, MCP-1, CRP, and IFN-γ Levels in 10- to 11-Year-Old Boys with Increased BMI. Horm. Res. Paediatr. 2012, 78, 31–39. [Google Scholar] [CrossRef]

	



Wu, Y.; Li, X.; Tan, F.; Zhou, X.; Mu, J.; Zhao, X. Lactobacillus fermentum CQPC07 attenuates obesity, inflammation and dyslipidemia by modulating the antioxidant capacity and lipid metabolism in high-fat diet induced obese mice. J. Inflamm. 2021, 18, 5. [Google Scholar] [CrossRef] [PubMed]

	



Park, D.-Y.; Ahn, Y.-T.; Park, S.-H.; Huh, C.-S.; Yoo, S.-R.; Yu, R.; Sung, M.-K.; McGregor, R.A.; Choi, M.-S. Supplementation of Lactobacillus curvatus HY7601 and Lactobacillus plantarum KY1032 in diet-induced obese mice is associated with gut microbial changes and reduction in obesity. PLoS ONE 2013, 8, e59470. [Google Scholar] [CrossRef] [PubMed]

	



Lim, S.-M.; Jeong, J.-J.; Woo, K.H.; Han, M.J.; Kim, D.-H. Lactobacillus sakei OK67 ameliorates high-fat diet–induced blood glucose intolerance and obesity in mice by inhibiting gut microbiota lipopolysaccharide production and inducing colon tight junction protein expression. Nutr. Res. 2016, 36, 337–348. [Google Scholar] [CrossRef]

	



Tan, J.; McKenzie, C.; Potamitis, M.; Thorburn, A.N.; Mackay, C.R.; Macia, L. The role of short-chain fatty acids in health and disease. Adv. Immunol. 2014, 121, 91–119. [Google Scholar]

	



Luu, M.; Weigand, K.; Wedi, F.; Breidenbend, C.; Leister, H.; Pautz, S.; Adhikary, T.; Visekruna, A. Regulation of the effector function of CD8+ T cells by gut microbiota-derived metabolite butyrate. Sci. Rep. 2018, 8, 14430. [Google Scholar] [CrossRef]

	



Chiang, J.Y. Bile acid metabolism and signaling in liver disease and therapy. Liver Res. 2017, 1, 3–9. [Google Scholar] [CrossRef]

	



Li, Y.; Liu, T.; Zhang, X.; Zhao, M.; Zhang, H.; Feng, F. Lactobacillus plantarum helps to suppress body weight gain, improve serum lipid profile and ameliorate low-grade inflammation in mice administered with glycerol monolaurate. J. Funct. Foods 2019, 53, 54–61. [Google Scholar] [CrossRef]

	



Wang, T.; Yan, H.; Lu, Y.; Li, X.; Wang, X.; Shan, Y.; Yi, Y.; Liu, B.; Zhou, Y.; Lü, X. Anti-obesity effect of Lactobacillus rhamnosus LS-8 and Lactobacillus crustorum MN047 on high-fat and high-fructose diet mice base on inflammatory response alleviation and gut microbiota regulation. Eur. J. Nutr. 2020, 59, 2709–2728. [Google Scholar] [CrossRef] [PubMed]

	



Michael, D.; Davies, T.; Moss, J.; Calvente, D.; Ramji, D.; Marchesi, J. The anti-cholesterolaemic effect of a consortium of probiotics: An acute study in C57BL/6J mice. Sci. Rep. 2017, 7, 2883. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.-C.; Weng, W.-L.; Lai, W.-L.; Tsai, H.-P.; Liu, W.-H.; Lee, M.-H.; Tsai, Y.-C. Effect of Lactobacillus plantarum strain K21 on high-fat diet-fed obese mice. Evid.-Based Complement. Altern. Med. 2015, 2015, 391767. [Google Scholar] [CrossRef] [PubMed]

	



Kong, C.; Gao, R.; Yan, X.; Huang, L.; Qin, H. Probiotics improve gut microbiota dysbiosis in obese mice fed a high-fat or high-sucrose diet. Nutrition 2019, 60, 175–184. [Google Scholar] [CrossRef] [PubMed]

	



Nishihira, J. The role of probiotics in sports: Application of probiotics to endurance exercise. Nutr. Enhanc. Sports Perform. 2019, 423–428. [Google Scholar] [CrossRef]

	



Cryan, J.F.; Dinan, T.G. Mind-altering microorganisms: The impact of the gut microbiota on brain and behaviour. Nat. Rev. Neurosci. 2012, 13, 701–712. [Google Scholar] [CrossRef]

	



Savignac, H.; Kiely, B.; Dinan, T.; Cryan, J. Bifidobacteria exert strain-specific effects on stress-related behavior and physiology in BALB/c mice. Neurogastroenterol. Motil. 2014, 26, 1615–1627. [Google Scholar] [CrossRef]

	



Cotman, C.; Monaghan, D.T.; Geddes, J. N-methyl-D-aspartate receptors, synaptic plasticity, and Alzheimer’s disease. Drug Dev. Res. 1989, 17, 331–338. [Google Scholar] [CrossRef]

	



Zhang, X.; Zhao, Y.; Zhang, M.; Pang, X.; Xu, J.; Kang, C.; Li, M.; Zhang, C.; Zhang, Z.; Zhang, Y. Structural changes of gut microbiota during berberine-mediated prevention of obesity and insulin resistance in high-fat diet-fed rats. PLoS ONE 2012, 7, e42529. [Google Scholar] [CrossRef]

	



Xie, W.; Gu, D.; Li, J.; Cui, K.; Zhang, Y. Effects and action mechanisms of berberine and Rhizoma coptidis on gut microbes and obesity in high-fat diet-fed C57BL/6J mice. PLoS ONE 2011, 6, e24520. [Google Scholar] [CrossRef]

	



Wang, Y.; Shou, J.-W.; Li, X.-Y.; Zhao, Z.-X.; Fu, J.; He, C.-Y.; Feng, R.; Ma, C.; Wen, B.-Y.; Guo, F. Berberine-induced bioactive metabolites of the gut microbiota improve energy metabolism. Metabolism 2017, 70, 72–84. [Google Scholar] [CrossRef] [PubMed]

	



Chang, C.-J.; Lin, C.-S.; Lu, C.-C.; Martel, J.; Ko, Y.-F.; Ojcius, D.M.; Tseng, S.-F.; Wu, T.-R.; Chen, Y.-Y.M.; Young, J.D. Ganoderma lucidum reduces obesity in mice by modulating the composition of the gut microbiota. Nat. Commun. 2015, 6, 7489. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.-Y.; Wang, Y.; Xu, D.-S.; Ruan, K.-F.; Feng, Y.; Wang, S. MDG-1, a polysaccharide from Ophiopogon japonicus exerts hypoglycemic effects through the PI3K/Akt pathway in a diabetic KKAy mouse model. J. Ethnopharmacol. 2012, 143, 347–354. [Google Scholar] [CrossRef]

	



Hwang, M.W.; Ahn, T.S.; Hong, N.R.; Jeong, H.-S.; Jung, M.H.; Ha, K.-T.; Kim, B.J. Effects of traditional Chinese herbal medicine San-Huang-Xie-Xin-Tang on gastrointestinal motility in mice. World J. Gastroenterol. WJG 2015, 21, 1117. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Cao, H.; Shen, P.; Liu, J.; Cao, Y.; Zhang, N. Ping weisan alleviates chronic colitis in mice by regulating intestinal microbiota composition. J. Ethnopharmacol. 2020, 255, 112715. [Google Scholar] [CrossRef]

	



Seo, D.-B.; Jeong, H.W.; Cho, D.; Lee, B.J.; Lee, J.H.; Choi, J.Y.; Bae, I.-H.; Lee, S.-J. Fermented green tea extract alleviates obesity and related complications and alters gut microbiota composition in diet-induced obese mice. J. Med. Food 2015, 18, 549–556. [Google Scholar] [CrossRef]

	



Obeng, H.O.; Schwartz, B.; Plahar, W.A. Can leafy vegetable source of omega-3 fatty acids ameliorate acute intestinal inflammation induced in mice? A case study of purslane (portulaca oleracea). Eur. J. Med. Plants 2015, 6, 70–81. [Google Scholar] [CrossRef]

	



Huang, Y.; Wang, X.; Li, X.; Peng, N. Successful fecal bacteria transplantation and nurse management for a patient with intractable functional constipation. Holist. Nurs. Pract. 2016, 30, 116–121. [Google Scholar] [CrossRef]

	



Li, K.-Y.; Wang, J.-L.; Wei, J.-P.; Gao, S.-Y.; Zhang, Y.-Y.; Wang, L.-T.; Liu, G. Fecal microbiota in pouchitis and ulcerative colitis. World J. Gastroenterol. 2016, 22, 8929. [Google Scholar] [CrossRef]

	



Pinn, D.; Aroniadis, O.; Brandt, L. Follow-up study of Fecal Microbiota Transplantation (FMT) for the treatment of refractory Irritable Bowel Syndrome (IBS): 1862. Off. J. Am. Coll. Gastroenterol. ACG 2013, 108, S563. [Google Scholar] [CrossRef]

	



Zheng, P.; Zeng, B.; Zhou, C.; Liu, M.; Fang, Z.; Xu, X.; Zeng, L.; Chen, J.; Fan, S.; Du, X. Gut microbiome remodeling induces depressive-like behaviors through a pathway mediated by the host’s metabolism. Mol. Psychiatry 2016, 21, 786–796. [Google Scholar] [CrossRef] [PubMed]

	



Bakken, J.S.; Borody, T.; Brandt, L.J.; Brill, J.V.; Demarco, D.C.; Franzos, M.A.; Kelly, C.; Khoruts, A.; Louie, T.; Martinelli, L.P. Treating Clostridium difficile infection with fecal microbiota transplantation. Clin. Gastroenterol. Hepatol. 2011, 9, 1044–1049. [Google Scholar] [CrossRef] [PubMed]

	



Huang, W.-C.; Hsu, Y.-J.; Li, H.; Kan, N.-W.; Chen, Y.-M.; Lin, J.-S.; Hsu, T.-K.; Tsai, T.-Y.; Chiu, Y.-S.; Huang, C.-C. Effect of Lactobacillus plantarum TWK10 on improving endurance performance in humans. Chin. J. Physiol. 2018, 61, 163–170. [Google Scholar] [CrossRef]

	



Lee, M.-C.; Hsu, Y.-J.; Chuang, H.-L.; Hsieh, P.-S.; Ho, H.-H.; Chen, W.-L.; Chiu, Y.-S.; Huang, C.-C. In vivo ergogenic properties of the Bifidobacterium longum OLP-01 isolated from a weightlifting gold medalist. Nutrients 2019, 11, 2003. [Google Scholar] [CrossRef]

	



Lee, M.-C.; Hsu, Y.-J.; Ho, H.-H.; Hsieh, S.-H.; Kuo, Y.-W.; Sung, H.-C.; Huang, C.-C. Lactobacillus salivarius subspecies salicinius SA-03 is a new probiotic capable of enhancing exercise performance and decreasing fatigue. Microorganisms 2020, 8, 545. [Google Scholar] [CrossRef]

	



Scheiman, J.; Luber, J.M.; Chavkin, T.A.; MacDonald, T.; Tung, A.; Pham, L.-D.; Wibowo, M.C.; Wurth, R.C.; Punthambaker, S.; Tierney, B.T. Meta-omics analysis of elite athletes identifies a performance-enhancing microbe that functions via lactate metabolism. Nat. Med. 2019, 25, 1104–1109. [Google Scholar] [CrossRef]

	



Michalickova, D.; Kotur-Stevuljevic, J.; Miljkovic, M.; Dikic, N.; Kostic-Vucicevic, M.; Andjelkovic, M.; Koricanac, V.; Djordjevic, B. Effects of probiotic supplementation on selected parameters of blood prooxidant-antioxidant balance in elite athletes: A double-blind randomized placebo-controlled study. J. Hum. Kinet. 2018, 64, 111–122. [Google Scholar] [CrossRef]

	



Makki, K.; Deehan, E.C.; Walter, J.; Bäckhed, F. The impact of dietary fiber on gut microbiota in host health and disease. Cell Host Microbe 2018, 23, 705–715. [Google Scholar] [CrossRef]

	



He, F.J.; MacGregor, G.A. Role of salt intake in prevention of cardiovascular disease: Controversies and challenges. Nat. Rev. Cardiol. 2018, 15, 371–377. [Google Scholar] [CrossRef]

	



Thornton, S.N. Sodium intake, cardiovascular disease, and physiology. Nat. Rev. Cardiol. 2018, 15, 497. [Google Scholar] [CrossRef] [PubMed]

	



Marques, F.Z.; Nelson, E.; Chu, P.-Y.; Horlock, D.; Fiedler, A.; Ziemann, M.; Tan, J.K.; Kuruppu, S.; Rajapakse, N.W.; El-Osta, A. High-fiber diet and acetate supplementation change the gut microbiota and prevent the development of hypertension and heart failure in hypertensive mice. Circulation 2017, 135, 964–977. [Google Scholar] [CrossRef] [PubMed]

	



Kassie, F.; Lhoste, E.; Bruneau, A.; Zsivkovits, M.; Ferk, F.; Uhl, M.; Zidek, T.; Knasmüller, S. Effect of intestinal microfloras from vegetarians and meat eaters on the genotoxicity of 2-amino-3-methylimidazo [4, 5-f] quinoline, a carcinogenic heterocyclic amine. J. Chromatogr. B 2004, 802, 211–215. [Google Scholar] [CrossRef]

	



Nakanishi, T.; Fukui, H.; Wang, X.; Nishiumi, S.; Yokota, H.; Makizaki, Y.; Tanaka, Y.; Ohno, H.; Tomita, T.; Oshima, T.; et al. Effect of a High-Fat Diet on the Small-Intestinal Environment and Mucosal Integrity in the Gut-Liver Axis. Cells 2021, 10, 3168. [Google Scholar] [CrossRef] [PubMed]

	



Patel, S.; Goyal, A. The current trends and future perspectives of prebiotics research: A review. 3 Biotech 2012, 2, 115–125. [Google Scholar] [CrossRef]

	



Bezkorovainy, A. Probiotics: Determinants of survival and growth in the gut. Am. J. Clin. Nutr. 2001, 73, 399s–405s. [Google Scholar] [CrossRef]

	



Martinez, R.C.R.; Bedani, R.; Saad, S.M.I. Scientific evidence for health effects attributed to the consumption of probiotics and prebiotics: An update for current perspectives and future challenges. Br. J. Nutr. 2015, 114, 1993–2015. [Google Scholar] [CrossRef]

	



Pyne, D.B.; West, N.P.; Cox, A.J.; Cripps, A.W. Probiotics supplementation for athletes–clinical and physiological effects. Eur. J. Sport Sci. 2015, 15, 63–72. [Google Scholar] [CrossRef]

	



Mattila-Sandholm, T.; Myllärinen, P.; Crittenden, R.; Mogensen, G.; Fondén, R.; Saarela, M. Technological challenges for future probiotic foods. Int. Dairy J. 2002, 12, 173–182. [Google Scholar] [CrossRef]

	



Presti, I.; D’orazio, G.; Labra, M.; La Ferla, B.; Mezzasalma, V.; Bizzaro, G.; Giardina, S.; Michelotti, A.; Tursi, F.; Vassallo, M. Evaluation of the probiotic properties of new Lactobacillus and Bifidobacterium strains and their in vitro effect. Appl. Microbiol. Biotechnol. 2015, 99, 5613–5626. [Google Scholar] [CrossRef]

	



Mach, N.; Fuster-Botella, D. Endurance exercise and gut microbiota: A review. J. Sport Health Sci. 2017, 6, 179–197. [Google Scholar] [CrossRef]

	



Kawai, K.; Kamochi, R.; Oiki, S.; Murata, K.; Hashimoto, W. Probiotics in human gut microbiota can degrade host glycosaminoglycans. Sci. Rep. 2018, 8, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Wrzosek, L.; Ciocan, D.; Borentain, P.; Spatz, M.; Puchois, V.; Hugot, C.; Ferrere, G.; Mayeur, C.; Perlemuter, G.; Cassard, A.-M. Transplantation of human microbiota into conventional mice durably reshapes the gut microbiota. Sci. Rep. 2018, 8, 1–9. [Google Scholar] [CrossRef]

	



Smits, L.P.; Kootte, R.S.; Levin, E.; Prodan, A.; Fuentes, S.; Zoetendal, G.E.; Wang, Z.; Levison, S.B.; Cleophas, P.M.C.; Kemper, M.E.; et al. Effect of Vegan Fecal Microbiota Transplantation on Carnitine- and Choline-Derived Trimethylamine-N-Oxide Production and Vascular Inflammation in Patients With Metabolic Syndrome. J. Am. Heart Assoc. 2018, 7, e008342. [Google Scholar] [CrossRef] [PubMed]

	



Caufield, J.H.; Zhou, Y.; Garlid, A.O.; Setty, S.P.; Liem, D.A.; Cao, Q.; Lee, J.M.; Murali, S.; Spendlove, S.; Wang, W. A reference set of curated biomedical data and metadata from clinical case reports. Sci. Data 2018, 5, 180258. [Google Scholar] [CrossRef] [PubMed]

	



Mullish, B.H.; Quraishi, M.N.; Segal, J.P.; McCune, V.L.; Baxter, M.; Marsden, G.L.; Moore, D.J.; Colville, A.; Bhala, N.; Iqbal, T.H. The use of faecal microbiota transplant as treatment for recurrent or refractory Clostridium difficile infection and other potential indications: Joint British Society of Gastroenterology (BSG) and Healthcare Infection Society (HIS) guidelines. Gut 2018, 67, 1920–1941. [Google Scholar] [CrossRef]

	



DeFilipp, Z.; Bloom, P.P.; Torres Soto, M.; Mansour, M.K.; Sater, M.R.A.; Huntley, M.H.; Turbett, S.; Chung, R.T.; Chen, Y.-B.; Hohmann, E.L. Drug-Resistant, E. coli Bacteremia Transmitted by Fecal Microbiota Transplant. N. Engl. J. Med. 2019, 381, 2043–2050. [Google Scholar] [CrossRef]

	



Xiao-Meng, W.; Xiao-Bo, L.; Ying, P. Impact of Qi-invigorating traditional Chinese medicines on intestinal flora: A basis for rational choice of prebiotics. Chin. J. Nat. Med. 2017, 15, 241–254. [Google Scholar]

	



Chen, M.-H.; Chen, X.-J.; Wang, M.; Lin, L.-G.; Wang, Y.-T. Ophiopogon japonicus—A phytochemical, ethnomedicinal and pharmacological review. J. Ethnopharmacol. 2016, 181, 193–213. [Google Scholar] [CrossRef]

	



Kim, Y.; Lim, H.J.; Jang, H.-J.; Lee, S.; Jung, K.; Lee, S.W.; Lee, S.-J.; Rho, M.-C. Portulaca oleracea extracts and their active compounds ameliorate inflammatory bowel diseases in vitro and in vivo by modulating TNF-α, IL-6 and IL-1β signalling. Food Res. Int. 2018, 106, 335–343. [Google Scholar] [CrossRef]

	



Yin, J.; Chen, J.D. Gastrointestinal motility disorders and acupuncture. Auton. Neurosci. 2010, 157, 31–37. [Google Scholar] [CrossRef] [PubMed]

	



Chang, X.-R.; Yan, J.; Shen, J.; Liu, M.; Wang, X.-J. Effects of acupuncture at the acupoints of 12 meridians on gastrointestinal and cardiac electricity in healthy adults. J. Acupunct. Meridian Stud. 2010, 3, 165–172. [Google Scholar] [CrossRef] [PubMed]








[image: Foods 12 01787 g001 550] 





Figure 1. Various effects of probiotics. 
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Table 1. Effects of probiotics on bone health.
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	References
	Probiotic
	Study Design
	Conclusion





	[12]
	Lactobacillus casei Shirota
	Elderly patients with an acute distal radius fracture supplemented with 6 × 109 CFU daily for 6 months
	DASH score, pain, CRPS score, wrist flexion and grip strength exhibited a significantly faster pace of improvement



	[19]
	Bifidobacterium longum
	Supplementation to male Wistar rats for 4 weeks
	Increase in tibia Ca, P, Mg content and fracture strength



	[20]
	Lactobacillus reuteri
	Supplementation to adult male mice

3 times a week for 4 weeks
	Increase in femoral and vertebral bone

formation and trabecular bone volume



	[21]
	Lactobacillus reuteri
	Older women supplemented with 1010 CFU daily for 12 months
	Reduction in the loss of total volumetric bone mineral density



	[22]
	Lactobacillus reuteri
	Older women supplemented with 1010 CFU daily for 12 months
	Prevention of a deterioration of the gut microbiota and inflammatory status and beneficial

effects on bone metabolism







DASH = disabilities of the arm, shoulder, and hand; CRPS = complex regional pain syndrome.
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Table 3. Effects of probiotics on exercise capacity.
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	References
	Probiotic
	Study Design
	Conclusion





	[36]
	Intestinal flora
	Broad-spectrum antibiotic intervention in mice for 21 days followed by a 10-day period for natural recovery of intestinal flora
	Glucose metabolism markers, such as GPR41 and SGLT-1 gene expression and changes in myoglycogen levels, indicate effective restoration of muscle endurance



	[37]
	Lactobacillus plantarum

TWK10
	2.05 × 108 CFU/kg administered to 6-week-old male ICR mice
	Decrease in blood lactate and blood glucose concentrations after exercise; improvement in glucose utilization; increase in the number of gastrocnemius type I muscle fibers and lean body mass in rats; decrease in blood ammonia and creatine kinase levels; resistance to fatigue; improvement in exercise capacity



	[38]
	Intestinal flora
	Sodium taurocholate (3 mg/g of body weight) and lithocholic acid (0.1 mg/g of body weight) for 5 days
	Stimulation of the secretion of fibroblast growth factor 15; inhibition of AgRP/NPY neurons; improvement in glucose tolerance and control of glucose homeostasis



	[39]
	Lactobacillus plantarum

ZJ316
	Comparative genomic analysis
	34 genes encoding intracellular peptidases and 23 genes encoding proteases of different specificity



	[40]
	Probiotics BC30
	20 g of casein plus probiotics twice daily and full body exercise 4 times a week for 8 weeks in a group of 10 healthy resistance-trained individuals
	Improved exercise performance, specifically, an increase in the vertical jumping ability of subjects



	[41]
	Lactobacillus plantarum

PS128
	Capsules containing 300 mg of lyophilized bacterial powder, equivalent to 1.5 × 1010 CFU, taken by 18 subjects recruited from the triathlon team
	Significant increase in the level of plasma branched-chain amino acids by 24–69%, significant increase in exercise performance, and effective improvement in the dynamic balance of muscle energy metabolism during exercise



	[42]
	Lactobacillus casei
	20 young male soccer players randomly assigned to consume a commercially available probiotic drink (Yakult) containing 6.5 × 109 CFU per bottle for one month, twice daily
	Significant increase in the phenylacetylglutamine level after correction for creatinine levels, and decrease in the ammonia level



	[43]
	Intestinal flora
	Genome analysis of 256 strains of human intestinal bacteria through the PubSEED platform
	Intestinal flora with biosynthetic pathways for the synthesis of eight B vitamins detected in 40% to 65% of individuals



	[44]
	Lactobacillus plantarum CRL 725
	Quantitative analysis of riboflavin
	Significant increase in the concentration of

riboflavin
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Table 4. Effects of probiotics on regulation of metabolism.
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	References
	Probiotic
	Regulation of Metabolism





	[41]
	Lactobacillus plantarum
	Increase of plasma-branched amino acids and improvement of exercise

performance



	[48]
	Probiotics that

produce short-chain fatty acids
	Source of host energy and improvement of insulin

sensitivity and energy expenditure



	[50]
	Probiotics that modulate host amino acids
	Modifications in glutathione metabolism



	[52]
	Lactiplantibacillus plantarum
	Enhancement of digestion and absorption of nutrients, and stimulation of the synthesis of beneficial compounds



	[56]
	Bifidobacterium and Lactobacillus
	Improvement in glucose metabolism in pregnant women with diet-controlled gestational diabetes mellitus



	[57]
	Lactobacillus plantarum
	Improvement in gut microbiota structure and lipid metabolism in mice fed high fat diet
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Table 5. Mechanisms by which probiotics enhance immune function.
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	References
	Probiotic
	Study Design
	Conclusion





	[67]
	Lactobacillus helveticus

Lafti L10
	Supplement for outstanding athletes during winter training
	Increase in the CD4+-to-CD8+ ratio; reduction in the duration of respiratory infection symptoms; no effect on the severity and morbidity of respiratory disease



	[68]
	Several Lactobacillus

species
	Four-week probiotic supplementation in elite rugby league players
	Decrease in the incidence of URTIs and the number of days of illness; significant decrease in the incidence of gastrointestinal diseases; no effect on the severity of respiratory symptoms



	[69]
	Lactococcus
	14-day course for male college

athletes
	Reduction in the incidence of URTIs and relief in symptoms, such as sneezing and runny nose



	[54]
	Multiple probiotics (Bifidobacterium, Bifidobacterium lactis, Enterococcus faecium, Lactobacillus acidophilus, Lactobacillus brevis, Lactococcus lactis)
	Supplementation during 3 months of winter training for athletes
	Significant reduction in the incidence of URTIs after fatiguing aerobic exercise



	[70]
	Lactobacillus casei Shirota
	Daily supplement taken for 30 days prior to a marathon by male marathoners
	Decrease in nasal mucosal neutrophil infiltration; decrease in the levels of pro-inflammatory cytokines (such as IL-1, IL-5, IL-6, IL-13, and TNF-α) in the upper respiratory tract; increase in the levels of anti-inflammatory cytokines (IL-10); maintenance of salivary IgA levels after a marathon



	[71]
	Bifidobacterium animalis, Lactobacillus acidophilus
	Male marathoners randomly received Bifidobacterium, Lactobacillus acidophilus or placebo treatment daily for 30 days prior to a race
	Decrease in the production of pro-inflammatory cytokines by lymphocytes after the marathon; maintenance of the number of CD8 T cells and effector memory cells; and immunomodulatory effect via the stimulation of lymphocytes



	[72]
	Lactobacillus acidophilus
	Capsules containing 2 × 1010 CFU of Lactobacillus acidophilus taken daily for 30 days by athletes
	Increase in IFN-γ production by T cells in fatigued athletes and increase in saliva IFN-γ concentrations in non-fatigued athletes

The ability of Lactobacillus acidophilus to reverse T-cell defects and enhance mucosal IFN-γ concentration was demonstrated, and its effects may be related to the immune status of the organism



	[51]
	Lactobacillus fermentans

VRI-003 PCC®
	1.26 × 1010 CFU as lyophilized powder in gelatin capsules taken daily over 4 months of winter training by 20 healthy excellent male distance runners
	Decrease in the duration of respiratory symptoms (30 days) to less than half; decrease in the disease severity of episodes during treatment; two-fold increase in whole-blood culture IFN-γ levels



	[52]
	Lactobacillus fermentans

VRI-003 PCC®
	One probiotic capsule containing at least 1 × 109 CFU of Lactobacillus fermentum VRI-003 PCC® taken daily by competitive bicyclists
	Significant reduction in the severity of self-reported symptoms and the disease load of lower respiratory disease in male athletes; significant reduction in the severity of gastrointestinal symptoms at higher training intensities



	[54]
	Lactobacillus casei Shirota
	Two cans of a probiotic drink containing at least 6.5 × 109 LcS live cells consumed daily for 16 weeks by 20 healthy excellent male distance runners
	Significant decrease in the proportion of subjects presenting with URTI symptoms for 1 week or more; significant reduction in the number of URTI episodes; increase in salivary IgA concentration and significant treatment effect



	[73]
	Bacillus subtilis DE111
	25 male athletes randomized to a probiotic and placebo group for a 12-week intervention study
	Significant decrease in TNF-α concentration in the probiotic group compared to the placebo group



	[74]
	Lactobacillus salivarius UCC118
	UCC118 or placebo supplementation daily for 4 weeks in 7 healthy adults
	Significant reduction in the abundance of Verrucomicrobia and a significant increase in the abundance of butyric acid-producing Rosehips and Lachnospiraceae bacterium; amelioration of exercise-induced increase in intestinal permeability and remodeling of the intestinal microbiome










[image: Table] 





Table 6. Effects of probiotics on intestinal pro-inflammatory factors.
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	References
	Probiotic
	Study Design
	Conclusion





	[44]
	Lactobacillus plantarum, Lactobacillus fermentans
	Intervention with Lactobacillus plantarum and Lactobacillus fermentum alone or in combination in rats on a high-fat diet
	Lactobacillus plantarum-induced reduction in the levels of the

pro-inflammatory cytokine IL-6 and endotoxins



	[105]
	Lactobacillus fermentans CQPC07
	Intervention with Lactobacillus fermentum CQPC07 in rats on a high-fat diet
	Decrease in the levels of

pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α); increase in the levels of anti-inflammatory

cytokines (IL-4, IL-10)



	[106]
	Lactobacillus curvatus

HY760, Lactobacillus plantarum KY1032
	Simultaneous intervention with two probiotic strains in mice with fat diet-induced obesity
	Reduction in the body weight of mice; decrease in the content of pro-inflammatory cytokines (IL-6, IL-8, and IL-1β)



	[107]
	Lactobacillus OK67
	Lactobacillus OK67 gavage in mice on a high-fat diet
	Inhibition of the expression of

pro-inflammatory factors (IL-1β, TNF-α, and NF-KB) in the colon; increase in the expression of

anti-inflammatory factors (IL-10) and tight junction proteins
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Table 8. Effects of probiotics on improving exercise performance and ameliorating disease.
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References

	
Supplementation

/Methods

	
Study Model

	
Related Diseases/

Manifestations

	
Conclusion






	
[120,121,122]

	
Berberine

	
Mice

	
Obesity

	
Improvement in the Bacteriodetes-to-Firmicutes ratio; increase in the Lactobacillus and Allobaculum population; decrease in the Lachnospira and Clostridium population in mice with HFD-induced obesity




	
[123]

	
Ganoderma lucidum

	
Mice

	
Obesity, IR, T2DM

	
Reduction in body weight; reduction in inflammation; increase in insulin sensitivity; reversal of ecological disorders of the intestinal flora in mice with HFD-induced obesity




	
[124]

	
Polysaccharides from Ophiopogon japonicus

	
Mice

	
Obesity, IR, T2DM

	
Improvement in IR in diabetic mice; decrease in E. coli and Streptococcus intestinalis populations; increase in Bifidobacterium populations




	
[125]

	
San huang shu ai soup

	
Mice

	
Ulcerative colitis

	
Improvement in probiotic Lactobacillus populations; regulation of the abundance of intestinal flora




	
[126]

	
Pingwei powder

	
Mice

	
Ulcerative colitis

	
Reduction in serum LPS, IL-17A, and IFN-γ mRNA levels; improvement of intestinal microbial abundance




	
[127]

	
Green tea extract

	
Mice

	
Obesity, IR

	
Downregulation of adipogenesis and inflammatory gene expression in the white adipose tissue of high-fat diet mice; restoration of changes in intestinal flora composition that are closely related to obesity and IR




	
[128]

	
Portulaca oleracea

	
Mice

	
Ulcerative colitis

	
Promotion of Bifidobacterium growth; reduction in excessive immune response in the intestine; regulation of intestinal micro-ecological

disorders




	
[129]

	
FMT

	
Patients with intractable functional constipation

	
Refractory functional constipation

	
Improve the clinical symptoms of patients with refractory functional dyspepsia




	
[130]

	
FMT

	
Patients with

ulcerative colitis

	
Ulcerative colitis

	
Alleviation of dysbiosis by the re-establishment of a new intestinal microecology in the gut




	
[131]

	
FMT

	
Patients with refractory irritable bowel syndrome

	
Refractory irritable bowel syndrome

	
No significant adverse effects and no infectious diseases in both groups after 3 months;

FMT was determined to be clinically effective, safe, and reliable for the treatment of refractory irritable bowel syndrome.




	
[132]

	
FMT

	
Patients with

depression

	
Depression

	
Potential improvement of depression that warrants more experimental studies




	
[133]

	
FMT

	
Patients with diarrhea associated with CDI

	
Diarrhea associated with CDI

	
Significant improvement in the cure rate of CDI-associated diarrhea, with multiple infusions having fewer adverse effects




	
[41]

	
Lactobacillus plantarum PS128

	
Athletes

	
Triathlon

	
Improvement in post-race anaerobic capacity and aerobic endurance; reduction in fatigue; alleviation of inflammation and oxidative stress




	
[134]

	
Lactobacillus plantarum TWK10

	
Healthy males

	
Aerobic endurance exercise

	
Significant reduction in serum lactate and ammonia levels after exhaustive exercise




	
[135]

	
Bifidobacterium longum OLP-01

	
Mice

	
Exercise performance

	
Improvement in grip strength and endurance of the forelimbs; significant reduction in the serum lactate, ammonia, and creatine kinase levels after acute exercise




	
[136]

	
Lactobacillus salivarius SA-03




	
[137]

	
Atypical Veillonella

	
Mice

	
Endurance performance

	
Significant improvement in the endurance performance of the mice; 13% increase in exercise to exhaustion time compared to the control group




	
[84]

	
Lactobacillus casei IMC502

	
Bicyclists

	
Fatigue elimination

	
Reduction in serum creatine kinase levels after strenuous exercise after 4-week treatment; promotion of fatigue elimination; improvement in test performance




	
Lactobacillus rhamnosus IMC501




	
[138]

	
Lactobacillus helveticus L10

	
Endurance athletes

	
Antioxidant capacity of the body

	
Significant decrease in serum malondialdehyde levels in the probiotic group at the end of training when Lactobacillus helveticus L10 was administered daily over a 3-month training routine








HFD = high-fat diet; IR = insulin resistance; T2DM = type 2 diabetes mellitus; FMT = fecal microbiota transplantation; CDI = Clostridium difficile infection.
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