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Abstract

:

The human digestive system harbors a diverse and complex community of microorganisms that work in a symbiotic fashion with the host, contributing to metabolism, immune response and intestinal architecture. However, disruption of a stable and diverse community, termed “dysbiosis”, has been shown to have a profound impact upon health and disease. Emerging data demonstrate dysbiosis of the gut microbiota to be linked with non-alcoholic fatty liver disease (NAFLD). Although the exact mechanism(s) remain unknown, inflammation, damage to the intestinal membrane, and translocation of bacteria have all been suggested. Lifestyle intervention is undoubtedly effective at improving NAFLD, however, not all patients respond to these in the same manner. Furthermore, studies investigating the effects of lifestyle interventions on the gut microbiota in NAFLD patients are lacking. A deeper understanding of how different aspects of lifestyle (diet/nutrition/exercise) affect the host–microbiome interaction may allow for a more tailored approach to lifestyle intervention. With gut microbiota representing a key element of personalized medicine and nutrition, we review the effects of lifestyle interventions (diet and physical activity/exercise) on gut microbiota and how this impacts upon NAFLD prognosis.
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1. Non-Alcoholic Fatty Liver Disease (NAFLD)


Non-alcoholic fatty liver disease (NAFLD) represents a spectrum of liver disease including simple steatosis, non-alcoholic steatohepatitis (NASH), fibrosis and cirrhosis, in the absence of excessive alcohol consumption [1]. NAFLD is the leading aetiology of liver disease [2], although factors leading to the development of NAFLD and progression to more advanced liver disease are poorly understood [3]. NAFLD is strongly associated with metabolic syndrome and its features including insulin resistance, obesity, hyperlipidemia, low high density lipoproteins (HDL), and hypertension and is considered the hepatic manifestation of the metabolic syndrome [4].



The incidence of NAFLD is closely associated with dietary intake and lack of physical activity, which typically manifests in obesity [5]. NAFLD is further accompanied by excess risk of type 2 diabetes mellitus (T2DM) and cardiovascular disease (CVD) [6]. The multifactorial aetiology of NAFLD is determined by both the patient’s genetics and the environmental factors to which they are exposed, which may account for the substantial inter-patient variability common to the disease [7]. Although genetic polymorphisms have been attributed to account for a small portion of the patient inter-variability, there are additional contributing factors that have also been identified, spanning epigenetics, hormones, nutrition and physical inactivity [5,7]. Despite advances in NAFLD pathology, the reasons for the large inter-patient variability in progression remains incompletely understood. Consequently, a potential new diagnostic and therapeutic target receiving considerable attention is the collection of microorganisms that reside the gastrointestinal (GI) system. Despite humans being >99% identical genetically, the collection of bacteria, fungi, archea, virus, and phage are hugely diverse and highly individual from one person to the next. Termed the gut microbiota, bacteria in the gut alone accounts for around 70% of the total bacteria in the body and include 500–1000 different bacterial species [8,9,10,11].



Bacterial evolutionary linages are represented by phylogenetic trees, demonstrating the relatedness of bacteria to one another, classified from life, domain, kingdom, phylum, class, order, family, genus and finally species. The majority of research into gut microbiota has focused on phylum (Firmicutes, Bacteroidetes, etc.), genus (Bacteroides, Lactobacillus, etc.), and species (Roseburia spp. and Eubacterium spp.).




2. Gut Microbiota


Historical evidence spanning eight decades has demonstrated a link between the bacteria in the GI system and the liver, present from early fetal life and throughout life [8,12]. The gut microbiota in a healthy individual has been shown to be stable, absent of clinical manipulation (e.g., antibiotics), provided that a healthy diet and physical activity, combined with a healthy lifestyle (e.g., limited alcohol, not smoking, etc.) are maintained [13,14,15,16,17,18]. A healthy balance of bacteria in the GI system ensures that the gut microbiota works in a symbiotic nature with the host and its functions include maintaining a supply of essential nutrients, metabolism, immune response and intestinal architecture [19]. However, a change in the diversity leading to a reduced abundance of beneficial bacteria, with increased prevalence of potentially pathogenic bacteria can occur, which has been termed “dysbiosis” [17]. Dysbiosis of the gut microbiota has been associated with many disease states from early infancy [20], through childhood [21] and into adulthood [18]. Thus, manipulation of the gut microbiome to ensure a non-dysbiotic state offers attractive therapeutic for a range of conditions and overall health status.



Synonymous to NAFLD, inter-patient variability of the gut microbiota is well recognized, with each individual harboring a unique collection of microorganisms from the thousands that can potentially colonize, primarily from the phyla Firmicutes, Bacteroides and Actinobacteria [15,22]. Until recently, the majority of research published focused on these phyla, specifically the Firmicutes and Bacteroides, which are dominant in the gut microbiota from year three of life. However, recent advances in the throughput and affordability of deoxyribonucleic acid (DNA) sequencing technologies and associated bioinformatics [23] has facilitated an increased understanding of the pathophysiology of a number of diseases and adverse health conditions including obesity, metabolic syndrome, diabetes and cardiovascular disease [18,24,25,26], all of which are closely associated with NAFLD [4].




3. Gut Microbiota and NAFLD


NAFLD is a complex disease and with advances in the pathology of the disease new pharmacotherapy treatments are being developed [27,28]. However, lifestyle interventions accompanied by weight loss of between 5% and 10% remain the cornerstone of treatment [27,29]. The effectiveness of lifestyle changes are unprecedented with improvements in metabolic control and liver histology, and when accompanied by greater than 10% weight loss NASH resolution, fibrosis regression and reductions NAFLD activity score [30,31]. However, the difficulty in implementing and maintaining these lifestyle interventions in clinical practice in NAFLD is well documented, with randomized long-term studies lacking [32,33].



Due to the intimate relationship between liver and GI tract, it is unsurprising that gut microbiota dysbiosis has been linked with hepatic fat accumulation, and all stages of NAFLD in both animals and humans [7,34,35,36,37,38,39,40,41]. Although the exact mechanism linking the gut microbiota with NAFLD development and progression remains unknown, potential explanations include bacterial overgrowth, gut leakiness, increased endotoxemia absorption, and inflammation [3,36,42,43,44,45]. The increased knowledge of the gut microbiota in recent years has enhanced the understanding of the metabolic and immunological potential and microbial–host interactions, primarily in gut, but also in the liver and other organs. The role and identity of microbial produced metabolites and their direct function locally in the gut and also at other body sites remains unknown. However, increasing evidence suggests the gut microbiota as a genuine target for therapeutic interventions in the management of NAFLD (Figure 1) [8,19].



This review provides an overview of gut microbiota and its relationship with NAFLD by reviewing published data on how diet, nutrition and exercise modulate the gut microbiota and the liver. The purpose of this review is to assess the impact that lifestyle interventions (excluding pharmaceutical and surgical) have on gut microbiota and how this may interact with NAFLD development and progression.




4. Lifestyle Interventions in NAFLD


As the incidence of NAFLD increases [1], the individual and societal burden of its management weigh heavily on health care systems throughout the world, and the need for treatments to combat this is crucial [46]. Although the understanding of NAFLD has increased considerably in the last 20 years, the exact cause of why some people develop more severe forms of NAFLD is not fully understood. The development of NAFLD results from two key factors: (1) greater calories consumed compared to those expended; and (2) genetic susceptibility. Although genetic susceptibility cannot be altered (excluding epigenetic changes), calories consumed and expended can be modified, and has led to a large body of research undertaken investigating the impact of various lifestyle modification interventions [27,29]. Lifestyle interventions that lead to a reduction in weight and/or an increase in physical activity/exercise have consistently been shown to reduce hepatic lipids, improve glucose control and insulin sensitivity [29], and more recently improve liver histology [30,31]. The control of calories consumed vs. those expended may incorporate a number of interventions including exercise/physical activity independent of weight loss [47,48,49], diet modification [50,51,52] or diet and exercise/physical activity [30,31,53,54]. However, why some patients respond to interventions, and others do not is unknown. Modulation of the gut microbiota through the various lifestyle modifications discussed here may provide an insight into the inter-patient variability observed in NAFLD, and improve the number of people who may respond to specific lifestyle interventions to treat NAFLD.




5. Diet and Gut Microbiota


Exposure to environmental factors plays a significant role in the pathophysiology of NAFLD [6], particular dietary intake [55]. A regular healthy balanced diet has been shown to maintain a stable and healthy gut microbiota and reduce the risk of numerous diseases [56,57]. Recent evidence has emphasized the importance of calorie excess, in contrast to macronutrient content, as a major contributor to weight gain [58]. This is particularly important given the highly calorific content of the Western diet (high in fat and carbohydrates), which is associated with an altered gut microbiota and increased risk of developing obesity and NAFLD [35,46,59]. Although there are some conflicting findings, a strong association has been reported between obesity and changes in the gut microbiota, which may be responsible for enhanced energy harvest, weight gain and metabolic syndrome [60,61,62]. The link between the diet and the composition and function of the gut microbiota is unsurprising given that dietary components provide nutrients for bacteria, which then produce metabolites involved in energy balance, metabolism, immune response and the pathophysiology of NAFLD [63,64,65]. Indeed, bacteria in the gut are responsible for the digestion and production of many essential vitamins and minerals. The link between diet, gut microbiota, and health has been elegantly shown in animal models. Animals that were switched from low fat/fiber rich plant diets, to high fat/high sugar diets had significant increases in Bacilli and Erysipelotrichi from the Firmicutes phylum, which were associated with a significant decrease in the abundance of members of the Bacteroidetes phylum [66]. Furthermore, the role of the gut microbiome alone in causing obesity, independent of diet, was first demonstrated by Ley et al. [67] who showed mice transplanted an “obese microbiota” would have significantly greater weight gain than mice transplanted with a “lean microbiota”. The substantial impact of the diet has also been shown in humans, where a rural African diet (high in fiber and vegetables) had a higher relative abundance of Bacteroidetes and a lower relative abundance of Firmicutes compared with the urban European diet (high in fat and sugar, low in fiber and vegetables). Even more interesting was that the samples from Africa had two bacterial species (Prevottela and Xylanibacter) that were not detectable in the European samples. Further evidence has been reported when comparing a control diet vs. diets high in non-digestible carbohydrates, where the authors reported that the non-digestible carbohydrates produce significant changes in the composition of the gut microbiota within a number of days [62].



Although there are contrasting results in the specific bacterial taxa that are modulated through the diet, the key message is that the diet is able to have a direct and long-term impact on the gut microbiota composition and function, which has a profound implication for health. Any modulation of the diet, such as an increase in non-digestible carbohydrates and/or weight loss has the potential to alter the gut microbiota and potentially disease phenotype, such as NAFLD. This approach of modulating the gut microbiota by modifying the dietary components (fats, proteins and carbohydrates), probiotics (living microorganisms that provide health effects on the host), and prebiotics (ingredients that are selectively fermented and modulate the changes in both the composition and activity of the gut microbiota) has been established for some time, although the links between specific bacteria with disease and mechanisms are often lacking [68]. This paper will now report the impact that macronutrients (fats, proteins and carbohydrates), probiotics and prebiotics manipulation has on the gut microbiota and the NAFLD phenotype.




6. Fat


Although the exact pathophysiology of NAFLD is unknown, the accumulation of lipids in the liver is a key pre-requisite for development and progression [69]. The cause of lipid accumulation in the liver is complex, but has been linked with an influx of fatty acids from fat depots, de-novo lipogenesis, and excess dietary fat intake, leading to steatosis. Increased fat intake is a common finding in NAFLD patients [70,71], thus regulation of fat intake has been highlighted as potential target for therapeutic intervention to reduce hepatic lipids [72]. Contrasting results have been reported in human studies that have used a high fat diet to increase hepatic lipid content [73,74], whereas others have reported no effect of a high fat diet on hepatic lipids [75,76]. The lack of consistency is likely to be due to the duration of the studies (10 days–3 weeks) and the various forms of fat used (saturated, polyunsaturated (PUFA) and mono-unsaturated (MUFA)). Furthermore, in a regular Western style diet the high fat content is normally supplemented by high carbohydrates and therefore it may be the combination of fat and carbohydrates that stimulate the development and progression of NAFLD [77]. The Western diet associated with NAFLD has also been associated with gut microbiota dysbiosis, which represents a potential source for the inter-patient variability observed in NAFLD, and progression from simple steatosis to NASH [36,78].



Although the exact mechanisms of how high fat diets lead to the development of NAFLD through gut microbiota modulation are unknown, research has predominantly focused on gut barrier function [77], leaky gut, endotoxemia, gut derived toxins and inflammation [45,79]. Despite the links between high fat diets, NAFLD, and the gut microbiota, there is a need to identify specific microbial changes that may be causative, which would highlight potential targets for diagnosis and treatment. The majority of studies investigating the impact that a high fat diet can have on the gut microbiota have been based around changes in the Firmicutes:Bacteroidetes ratio. This was firstly shown by Turnbaugh, et al. [80] in germ free mice that were fed a high fat diet and failed to develop obesity. Once inoculated with the microbiota from a mouse fed a high fat diet, the mice had increased weight, hepatic lipogenesis, fat deposition and insulin resistance, which was associated with an increase in Firmicutes and a subsequent decrease in Bacteroidetes [80]. This has subsequently been supported by decreases in Eubacterium rectale, Blautia coccoides, Bifidobacteria sp. and Bacteroides sp. [81,82,83,84]. Although these studies have identified that the gut microbiota is modulated with a high fat diet, the changes reported are limiting in their specificity (phylum changes rather than species), and the exact mechanism(s) linking these changes with NAFLD require further investigation.



There have been a number of mechanisms that have been identified to play a role in gut microbiota dysbiois associated with a high fat diet and the development of NAFLD including gut barrier dysfunction and translocation of microbes from the gut. Increased endotoxemia and inflammation in human [85,86,87] and animal studies [81,88,89,90] further suggests insulin resistance to be a key to the development of NAFLD and NASH [90,91]. High fat diets have also been shown to modulate the levels of Gammaproteobacteria and Erysipelotrichi, which have been shown to lead to choline deficiency, liver fat accumulation and NASH [65,92,93,94]. In addition, the ability of high fat diets to alter the gut microbiota and subsequently bile acids metabolism and synthesis by alleviating farnesoid X receptor (FXR) [95,96,97]. Although not exhaustive, the mechanisms discussed here have all been shown to have a direct impact upon the liver, therefore modulation of the gut microbiota in the presence of a high fat diet may offer the potential to reduce the risk and development of NAFLD.



The obvious treatment may be to put NAFLD patients on a low fat diet which have been shown to be effective in weight loss, reduce liver fat, improve metabolic control and modulate the gut microbiota [10,30,98]. However, managing and maintaining such diets can be difficult [32,33]. A number of alternative options for patients who may struggle with converting to a low fat diet include changing the form of fat consumed and increasing non-digestible carbohydrates. MUFA, PUFA and n-3 PUFA have been incorporated into dietary studies and shown to restore aspects of the high fat gut microbiota dysbiosis, including changes in Clostridia, Enterobacteriales, Bifidobacterium and Lactobacillus casei (Table 1) [99,100]. Although these studies do not report how these changes link with NAFLD, potential explanations may include reduced gut leakiness and inflammation, although these were not confirmed. In human studies, increases in MUFA, PUFA and n-3 PUFA have been shown to reduce hepatic lipid content and improve metabolic control in NAFLD patients [73,100], potentially due to increase fatty acid oxidation, redistribution of fatty acids and down regulation of gene expression of sterol regulatory element binding protein 1 (SREBP1-c) and factor for apoptosis (FAS). It is important to emphasize that the changes reported here did not influence weight, therefore suggesting the changes in the gut microbiota and hepatic lipids are diet driven rather than weight loss.



The use of non-digestible carbohydrates has been researched for a number of years and shown to be an effective treatment for increasing satiety, reducing blood glucose, insulin resistance, fat digestion and inducing weight loss [101]. Furthermore, non-digestible carbohydrates are effective in modulating gut microbiota and maintaining a healthy GI system [64]. However, the impact upon the gut microbiota in the presence of a high fat diet and mediators of NAFLD are lacking. Arabinoxylan and chitin-glucan have been shown to be effective at modulating the gut microbiota by increasing Bifidobacteria and restoring the abundance of Bacteroides-Prevotella spp., Roseburia spp., and Clostridium cluster fourteen a (XIVa) that were reduced following a high fat diet (Table 1). These changes in the gut microbiota were also supported by reductions in body fat, hepatic lipids, serum and hepatic cholesterol and insulin resistance, independent of calories consumed [102,103]. There is also evidence that, in the presence of high fat diets, chitosan and arabinoxylan are able to increase fat, bile acids and cholesterol in the feces. These studies suggest that non-digestible carbohydrates are able to modulate the gut microbiota, even in the presence of a high fat diet, potentially by binding to fat/cholesterol or inhibiting pancreatic lipase [101,104,105].



Although a low fat diet may be preferable for patients with NAFLD, such a considerable change from an established lifestyle will be difficult for patients with NAFLD to incorporate. It is also important to recognize that, in general, a reduction in fat intake is typically accompanied by an increase in carbohydrate content. The data here suggest that changing the type of fat ingested and incorporating a larger proportion of non-digestible carbohydrates into the diet may be effective modulating the gut microbiota, reducing hepatic lipids and ameliorating risk factors associated with NAFLD. However, further work is required to assess the impact of diet on the gut microbiota specifically and further human intervention studies in patients with NAFLD are required to assess this.




7. Carbohydrates


Carbohydrates provide a crucial energy source for the host and gut microbiota [25]. Carbohydrate fermentation, specifically non-digestible carbohydrates, is a core activity of the human gut microbiota, driving the energy and carbon economy of the colon [106]. The move towards the Western style diet, which is high in processed carbohydrates and low in non-digestible carbohydrates, has been attributed to the rise and prevalence of obesity and NAFLD in these demographics [8,65,107]. This was recently confirmed in a meta-analysis where fructose was linked with poor liver health, although this was confounded by excessive energy intake, which is likely to be due to high fructose intake [108].



Excessive intake of calories in NAFLD is associated with sugar intake, with fructose being identified as having a crucial role to play (potentially due to altered hormone release). With regard to NAFLD, excess fructose, which is primarily metabolized in the liver, is linked to elevated steatosis [109,110,111]. Fructose has also been suggested to be a key driver in alteration of gut microbiota, potentially causing dysbiosis, as well as increased intestinal permeability and endotoxins in portal blood [112,113]. Notably, such factors have been previously reported in NAFLD [114]. Increased endotoxins and inflammatory cytokines have been identified to be part of the multiple hits hypothesis that exposes the liver to inflammation and injury [91]. Furthermore, endotoxemia is also linked with activation of Kupffer cells through toll like receptor dependent mechanisms, weight gain, poor metabolic control and increased plasma triglycerides, hepatic lipogenic enzymes and hepatic steatosis [111,113,115,116,117,118].



Replacing non-digestible carbohydrates with simple carbohydrates, such as fructose, will alter the substrate made available to the gut microbiota and ultimately affect the metabolic outputs and the microbial composition [67,106,119]. Numerous studies have reported that reducing non-digestible carbohydrates in the diet significantly reduces the levels of Roseburia spp. and Eubacterium rectale subgroup of cluster XIVa from the Firmicutes phylum and bifidobacteria from the Actinobacteria phylum [98,120]. More recently, the same group have also shown that increasing the levels of non-digestible carbohydrates can increase levels of Ruminococcus bromii (phylum:Firmicutes), however, these changes were dependent on the individuals initial microbiota profile [62]. These changes reflect the impact that non-digestible carbohydrates have on gut microbiota and subsequent health implications, although studies linking carbohydrates intake, such as non-digestible carbohydrates and fructose, with specific bacterial changes in NAFLD are lacking.



There are few studies investigating the effects of high carbohydrate intake similar to the Western diet on the gut microbiota composition. Ferrere, et al. [121] reported increased relative abundance of the class Erysipelotrichi (phylum:Firmicutes) following high fructose diet. Turnbaugh, Backhed, Fulton and Gordon [84] also reported that a high carbohydrate diet was able to increase the relative abundance of bacteria from the class Mollicutes (phylum:Firmicutes) and enrich genes that encode fructose metabolism, but reduce genes required for starch and sucrose metabolism. The authors suggested that the increase in Mollicutes might reduce microbial diversity, including a reduction in the relative abundance of the genus Bacteroides (phylum:Bacteroidetes), which is associated with poor health [61]. However, in humans Boursier, Mueller, Barret, Machado, Fizanne, Araujo-Perez, Guy, Seed, Rawls, David, Hunault, Oberti, Cales and Diehl [7] reported increased levels of Bacteroides in NASH patients compared to controls, which suggests that the data which we extrapolate from animal models require validation in human populations. Further studies should ascertain the effect of high fructose diets on specific bacteria to potentially identify targets for treatment.



The cornerstone of NAFLD treatment is weight loss, through diet and/or physical activity/exercise, which is effective in improving both liver histology [30] and modulating the gut microbiota [10,31]. In recent years a reduction in calories in the form of carbohydrates has been prevalent in many fad diets. Although initially effective for weight loss, such diets also have a substantial impact upon the gut microbiota and short chain fatty acids (SCFA) [98]. SCFA contribute around 10% of our daily energy requirements and provide a hospitable environment for cross feeding between microbial communities [108]. Specifically, a reduction in butyrate and butyrate producing bacteria has been shown in such diets, which may have detrimental effects on the GI structure and immune response [98,106,120]. An alternative would be to increase the amount of non-digestible carbohydrates consumed, which has been shown to be effective in maintaining a healthy gut microbiota [67] and ameliorating obesity and insulin resistance, which appear to be necessary for the development of NAFLD [122,123]. Furthermore, SCFA, including butyrate have been shown to contribute towards maintaining epithelial integrity, gut motility, hormone secretion, reducing appetite and inflammation [106], all of which are associated with NAFLD [122,123]. Increased intake of non-digestible carbohydrates has also been shown to improve glucose uptake, adipokine profile, and alter colonic fermentation, although the latter was only confirmed with breath tests [124]. Oligofructose specifically has also been shown to induce weight loss, reduce calories consumed and improved glucose uptake [125]. The authors also reported reductions in grehlin and increased peptide YY response, which have both been associated with changes in the gut microbiota following dietary intervention [126,127].



Further treatments to combat the detrimental effects of a high carbohydrate diet may involve increased protein intake, Vitamin E, and cinnamon [128,129,130,131]. All of which have been shown to be effective in reducing weight gain, body fat, adipocyte size, insulin resistance and hepatic steatosis. Although these all show promise, there are currently no data on whether these may be able to modulate the gut microbiota in NAFLD patients and should be explored further. Increased intake of carbohydrates, specifically fructose, is undoubtedly linked with NAFLD, due to either metabolism in the liver or through increasing calories consumed. Replacement of these simple carbohydrates with non-digestible carbohydrates provides potential to have a direct impact upon gut microbiota dysbiosis and have a positive effect on mediators of NAFLD.




8. Protein


Like carbohydrate, an increase in protein in the diet at the expense of carbohydrates and fat had been utilized in a number of fad diets to facilitate weight loss [132]. However, the effect that protein may have on the gut microbiota in humans, and specifically NAFLD are lacking. Furthermore, the small number of studies investigating the effects of high protein diets have predominantly focused on the products produced during fermentation [64]. This is surprising given the amount of protein that reaches the colon in a healthy diet (12–18 g), which would be expected to rise in a high protein diet [133], and provide nutrients for bacterial proliferation. Although an essential macronutrient, excess protein has been linked with potentially damaging effects on the gut microbiota and intestinal structure through toxic substances produced [64,133,134,135]. The small number of studies that have reported the impact that high protein diets have on the gut microbiota have reported high levels of Clostridium spp. and Bacteroides spp., with concurrent reductions in Bifidobacterium spp., Roseburia spp., and Eubacterium spp. [136,137]. The reductions in Bifidobacterium spp., Roseburia spp., and Eubacterium spp. bacterial species are associated with butyrate production, endotoxemia, mucus barrier function, and insulin sensitivity [81,136]. This suggests that the decreases in these bacteria may be detrimental to health and increase the risk of NAFLD [35,36,37,40,138,139].



Various animal models have been used to investigate the impact of protein on the gut microbiome with the main findings summarized in Table 2. In cats the authors utilized a high protein/low carbohydrate and a moderate protein and carbohydrate diet for eight weeks [140]. Ordination analysis of this data demonstrated that increases in the abundance of genre Clostridium, Faecalibacterium, Ruminococcus, Blautia and Eubacterium were clustered with plasma triglycerides. Contrastingly, piglets fed a high protein diet showed little microbial change, except reductions in Faecalibacterium prausnitzii, but were shown to have a higher increase in colonic permeability and higher cytokine secretion [141]. Whether this small change in bacteria can be directly attributed to the bacterial changes remains to be seen. However, the differing animal models and protein sources may account for the difference reported here. Further animal data from chickens and rats fed diets high in protein showed reductions in hepatic lipids and adipose tissue [142,143,144]. More recently, high protein diets have been shown to be effective for reducing hepatic lipids, blood lipids, body fat, CVD risk and improve insulin sensitivity and anti-oxidative potential [132,145,146,147,148,149]. Potential explanations for these results have been linked with increased satiety, increased energy expenditure, reduced hepatic lipid oxidation, cell death, hormone release in the GI system and bile acid metabolism [126,127,150], all of which are associated with the pathophysiology of NAFLD [123].



Although there has been no direct link between the gut microbiota, NAFLD, and a high protein diet, there is evidence that an excess of 36 g/day of protein was identified as a risk factor for increasing the risk of NAFLD [111]. Furthermore, in T2DM an increase in protein intake resulted in reduced insulin sensitivity, increased gluconeogenesis and increase glucagon [151,152].



Overall, there are contrasting evidence on whether diets high in protein may be an effective treatment for gut microbiota modulation and NAFLD management. Discrepancies are likely due to differing study designs, including the source of protein (animal vs. plant protein), varying manipulations of the diets (protein to carbohydrate and fat ratios) populations sampled (Healthy, NAFLD, T2DM, obese, etc.) and study duration. The optimal benefits of diets high in protein to modulate the gut microbiota and aid with NAFLD management strategies should be explored further.




9. Prebiotics and Probiotics


Given the connection between the gut microbiota, diet, and health [65,84], coupled to issues with sustained dietary modification, an alternative approach utilizes pre- and probiotics to indirectly or directly confer beneficial colonizers of the GI, respectively [153]. Although there are various definitions, prebiotics is most commonly referred to as ingredients that are selectively fermented and modulate the changes in both the composition and activity of the gut microbiota [68,154]. Probiotics are different in that they are living (viable) microorganisms which have the ability to provide health effects on the host when provided in adequate amounts, similar to the bacteria that are already present [155].




10. Prebiotics


Fructans are the most extensively studied prebiotics and have been linked with modulation of the gut microbiota (summarized in Table 3), resulting in positive health benefits. In animal models, the administration of prebiotics increased 18 potentially beneficial species, notably Bifidobacterium spp. (Phylum: Actinobacteria) and Bacteroidetes [156,157,158]. Changes in gut microbiota are also associated with appetite regulation, improved glucose tolerance, increased satiety, reduced ghrelin, plasma triglycerides, oxidative stress and inflammation and calories consumed [82,158,159,160].



Further animal data have demonstrated that prebiotics are able to reduce hepatic lipids, cholesterol, plasma triglycerides and increase the SCFA propionate [161,162,163]. Daubioul, Rousseau, Demeure, Gallez, Taper, Declerck and Delzenne [161] suggested that the improved lipid profile and hepatic lipids were due to changes in the gut microbiota, which ultimately altered metabolites of fermentation. Alterations in the acetate:propionate ratio has been shown to reduce lipogenesis and account for the reductions in hepatic lipids. Although the authors suggest that the changes in SCFA are due to modulation of the gut microbiota, the authors failed to measure specific bacteria, focusing rather on the metabolites. It is intriguing that increased SCFA production, specifically butyrate and propionate, protect against diet-induced obesity in mice [164]. However, such studies underscore the need to understand the complex interplay between microbial–host interaction in gut and to which extent the bacterial community is causing the phenotypes observed.



In human cohorts, where systematic study is challenging, studies elucidating the exact effects and mechanisms of prebiotics on the gut microbiota and resulting microbial–host interaction are lacking. Studies in healthy and T2DM patients have provided similar results, reporting increased satiety and reduced ghrelin, body weight, glucose, and inflammation [125,157,165,166]. There is a need for studies investigating the effects of prebiotics in NAFLD. In a small pilot study in biopsy confirmed NASH patients, Daubioul, et al. [167] reported that prebiotics had a positive impact on liver aminotransferases and insulin, but no effects on plasma triglycerides. A recent study reported that prebiotics were effective at significantly reducing inflammatory cytokines, liver aminotransferases, insulin sensitivity and steatosis in NASH patients [168]. Notably, the study compares lifestyle alone with lifestyle and prebiotics, thus it is difficult to ascertain how much affect the prebiotics with no other lifestyle interventions alone would have. As with existing animal data, such studies lack analysis of the gut microbiota and thus relating potential mechanisms to changes in the gut microbiota is not possible.



A recent meta-analysis analyzing 26 randomized controlled trials concluded that prebiotics were effective in increasing satiety and improving insulin sensitivity [169]. While specific effects of prebiotics on the gut microbiota remain poorly understood, the majority of studies have reported increases in Bifidobacteria [170,171,172,173]. Dewulf, et al. [174] also reported an increase in Bifidobacteria, as well as increased levels of Faecalibacterium prausnitzii and reductions in Bacteroides intestinalis, Bacteroides vulgatus and Propionibacterium, which they associated with endotoxemia, although they failed to report any changes in plasma endotoxemia. Although these studies demonstrate promise that prebiotics may be used as a potential treatment for NAFLD, further work is required to investigate additional overall changes in the gut microbiome. Rapid advances in NGS and other ‘omic technologies offer promise for more systematic understanding of entire treatment mechanisms. In addition, there are currently no studies that have reported the effects of prebiotics on hepatic lipids or liver histology, and evidence linking specific bacteria with the pathophysiology of NAFLD is lacking.




11. Probiotics


Probiotics have been suggested as a potential treatment for patients with NAFLD, due to their apparent ability to modulate the gut microbiota (Table 4) and impact upon metabolic control, inflammation, lipid profile and intestinal permeability [155,175], and have been systematically reviewed in detail elsewhere [176]. However, the exact mechanisms of how probiotics are able to do this are not fully understood. Although not exhaustive, proposed mechanisms include direct microbe-to-microbe interaction and competition with pathogenic bacteria potentially leading to eradication and a healthy balance of gut microbiota [62,177]. Furthermore, probiotics have been shown to be effective at improving epithelial barrier integrity [178] and stimulating the host immune response [179,180].



One of the first studies to investigate the use of probiotics was conducted over 10 years ago in mice. The authors demonstrated that a course of a common brand of probiotics called VSL#3, which included Streptococcus thermophiles, Lactobacillus (species: acidophilus, delbrueckii, casei and plantarum) and Bifidobacterium (species: breve, longum and infantis) over four weeks was as effective as an anti-TNF antibody at improving liver histology, reducing hepatic lipids, and reducing serum alanine aminotransferase [181]. Importantly, the authors also reported a reduction in pro-inflammatory cytokines and hepatic insulin resistance resulting from modulation of the gut microbiota, although they failed to assess this. This early study into probiotics demonstrates potential for ameliorating multiple hits that are associated with the pathophysiology and development of NAFLD [69,91]. Subsequent to this pioneering study, further animal work has reported that probiotics are effective at reducing cholesterol, low density lipoproteins (LDL), very low density lipoproteins (VLDL), triglycerides [182,183], fat depots [184], hepatic lipid content [185,186,187], steatotic and peroxidase factors and liver aminotransferase [188,189]. There is also evidence demonstrating improvements in hepatic insulin resistance and metabolic control [81,186,190,191]



There is also a body of evidence that has reported reduced inflammation and endotoxemia following probiotic administration period. An exaggerated and damaging inflammatory response occurs in a range of conditions and current evidence associates dysbiosis of the gut microbiota with inflammation, although it is unclear if this is cause or effect. This is especially prevalent in the case of the mucosa and tight protein junctions, where pathogenic bacteria cause damage and increase gut permeability leading to chronic inflammation and endotoxemia [155,192]. Direct modulation of the gut microbiota with viable organisms in probiotics has been shown to reduce hepatic inflammation [188], circulating inflammatory markers [181,191,193], endotoxemia in portal blood [194] and provide essential nutrients for maintaining intestinal epithelium integrity [178,195].



Although these data do imply that probiotics may play a role in the therapeutic management of NAFLD, human data are lacking. In obese children who were non-compliant to lifestyle interventions, probiotics significantly reduced alanine aminotransferase (ALT) and anti-peptidoglycan-polysaccharide antibodies, but did not reduce liver fat [196]. In three well-designed randomized controlled studies, the authors observed that probiotics high in Lactobacillus gasseri reduced abdominal adiposity and serum lipids [197,198,199]. However, the duration of these studies was relatively short and the effects on liver steatosis and specific bacterial changes were not reported.



Similar results have been shown in patients with liver disease, where probiotics have been shown to be effective at restoring neutrophil phagocytic capacity in cirrhosis and reducing IL-10, IL-6 and TNF-α secretion and toll like receptor expression [200,201]. More specifically, in NAFLD, the administration of probiotics resulted in a significant reduction liver aminotransferase [202,203], although no changes in hepatic lipids, liver histology or gut microbiota were reported.



The majority of the studies discussed suggest that gut microbiota modulation following consumption of probiotics was responsible for the beneficial effects observed. Early animal data from Cani, Neyrinck, Fava, Knauf, Burcelin, Tuohy, Gibson and Delzenne [81] demonstrated that supplementing mice on a high fat diet with Bifidobacterium restored the levels of Bifidobacterium comparable to controls on a normal chow fed diet. More recently Bifidobacteria added to animal feed has been shown to increase the abundance of Bifidobacterium and Clostridiaceae and reduce the abundance of Enterobacteria and Eubacteriaceae [184,187,191,193,204]. The changes in bacterial diversity discussed here were also supported by reductions in inflammatory cytokines, endotoxemia, hepatic lipids and gut permeability.



Although existing data suggest probiotics represent a safe and effective treatment option for NAFLD, there are instances where probiotics were ineffective, such as in Crohn’s disease [205] and Helicobacter infections [206]. Such results may simply represent inefficiency of the probiotics selected for these studies and it is plausible different probiotic combinations may yield different results. It should be noted that probiotics are regarded as safe, with little data showing any adverse effects of supplementation. As each disease is uniquely complex, so too must the probiotic selected for treatment, with better characterization of the disease mechanism informing the specific probiotics to use [62]. Important considerations also include the route of administration, dosage, how often to take the treatment, and for how long. As we better understand the most effective means of administering probiotics as well as which specific combinations of bacteria to use, the efficacy of treatment should become apparent. In the era of personalized medicine it is feasible that each NAFLD patient can have their gut microbiota profile determined, allowing probiotics to be tailored to the individual.




12. Exercise


Exercise is well recognized for its health benefits and its ability to attenuate the risk of CVD, obesity, mental disorders, diabetes and intestinal diseases [207,208]. More specifically exercise has been shown to be effective at modulating hepatic steatosis and its mediators, improve body composition, liver and adipose tissue insulin sensitivity independent of weight loss [29,47,48,49,209]. Furthermore exercise (both endurance and high intensity) training has been shown to attenuate inflammation and improve insulin secretion by upregulating glucagon-like peptide-1 secretion in the GI tract and pancreas [209,210,211]. Despite the strong associations among exercise, liver health, metabolic control and inflammation, evidence linking exercise, the gut microbiota and NAFLD in humans is lacking. Understanding the interplay between the triad and resulting mechanisms in NAFLD will be fundamental to translating therapeutics into clinical practice.



In a recent study, Clarke, et al. [212] investigated the effects of effects of exercise in rugby players compared sedentary overweight and obese controls. The authors observed that the highly active rugby players had a significantly more diverse gut microbiota and lower levels of inflammatory and metabolic markers compared to the controls. Specifically, the authors identified increased relative abundance of Firmicutes, Proteobacteria and reduced relative abundance of Bacteroidetes. These observations are based on extremities of a population with vastly different diet and calorie consumption, thus linking findings directly to the gut microbiota is challenging [18,213]. The authors acknowledge these confounding variables, stating future studies must be well designed in an attempt to isolate the effects that exercise may have on the gut microbiota.



Although animal models do not offer a direct comparison with humans, the control over interventions allows an excellent model to develop disease states and may make it easier to tease out the impact that exercise alone may have on the gut microbiota. To date, there are no animal studies looking specifically at exercise and the gut microbiota in an animal model of NAFLD. There are, however, a number of other animal studies that have investigated the effects of exercise on the gut microbiota in type 2 diabetes [214], obesity, CVD [215], high fat intake [216,217] and low activity levels [218], which are all risk factors for the development and progression of NAFLD [5,6], summarized in Table 5.



The first animal study to investigate the effects of exercise on the gut microbiota was performed nearly a decade ago using rats who voluntarily exercised for five weeks [219]. Rats that exercised had a distinctly different bacterial cluster from the sedentary rats, with a significant increase in bacterial producing bacterium (SM7/11 and T2-87). The exercised mice also consumed fewer calories, had reduced body weight and an in increase in butyrate. Both voluntary and forced exercise has since been shown to elicit significant clustering and increased richness of the gut microbiota, with distinctive changes in the abundance of genus Lactobacillus, Bifidobacterium, Dorea, Turicibacter, Anaerotruncus and species Enterococcus faecium when compared with sedentary animals [220,221,222].



The role of genetic and epigenetic predisposition is unclear, but the gut microbiota evolves with the host from birth [8,12]. Therefore, early manipulation of the microbiota may have beneficial effects later in life. Genetically altered rats with low activity levels from birth had a greater shift in bacterial diversity when compare to the highly active rats [218]. Furthermore, this extenuated increase in bacterial diversity in the low activity rats was supported by a greater improvement in body composition and serum lipid profile, when compared with the highly active mice. The beneficial effects of exercise early in life suggests that even in those with a genetic predisposition to be sedentary may be able to modulate their gut microbiota and risk factors for NAFLD. Further evidence was presented when exercising juvenile and adults rats [223]. Juvenile rats had greater shifts in bacterial composition when compared with the exercising adult rats, which were closely related to body composition of the rats. These studies together suggest that early stimulus and the activity predisposition (low vs. high) may be involved in characterizing gut microbiota phenotypes.



Further exercise studies have investigated the effects of exercise on the gut microbiota in hypertension, obesity and diabetes, which are all closely associated with NAFLD [6]. Petriz, Castro, Almeida, Gomes, Fernandes, Kruger, Pereira and Franco [215] exercised obese and hypertensive rats five times per week for four weeks and observed altered composition and diversity of the gut microbiota, with specific increases in Allobaculum in hypertensive rats, and Pseudomonas and Lactobacillus in the obese rats. In a similar exercise intervention, Lambert, Myslicki, Bomhof, Belke, Shearer and Reimer [214] exercised diabetic and control mice and compared them with matched sedentary controls. The authors observed a significant increase in the abundance of several Firmicutes species and reductions in the abundance of Bacteroides spp., which had previously been reported in humans [212]. The only human study to look at the acute effects of exercise on gut microbiota was performed in patients with myalgic encephalomyelitis/chronic fatigue syndrome compared to healthy controls [224]. The authors reported that following a single maximal exercise bout the gut microbiota of patients was significantly altered in comparison with controls. Furthermore the patients had a significantly larger level of bacteria recovered in the blood when compared with the healthy controls. Although the authors only conducted a single bout of exercise, they suggest that the altered gut microbiota led to an increase in bacterial translocation and may contribute to worsening myalgic encephalomyelitis/chronic fatigue syndrome. The increased bacteria in the blood may be due to an increase in inflammatory cytokines (IL-6, IL-8, IL-1β, and TNF-α), which have been shown to be required to initiate villus injury and reduce intestinal barrier function [210]. However, the authors failed to report on inflammation, and it must be pointed out that the exercise performed was maximal, which would not be routinely performed. Despite this there is a large body of evidence demonstrating that exercise is able to reduce inflammation [211], hepatic lipids [29], and improves metabolic control [47,209,225,226]. However, further work would need to compare different modalities of exercise and intensities to assess their impact on the gut microbiota, liver fat, metabolic control, inflammation and patients health.



Inter-study variability has been reported by Petriz, Castro, Almeida, Gomes, Fernandes, Kruger, Pereira and Franco [215], who reported increased relative abundance of Allobaculum, Pseudomonas and Lactobacillus. However, Liu, Park, Holscher, Padilla, Scroggins, Welly, Britton, Koch, Vieira-Potter and Swanson [218] reported increased relative abundance of Christensenellaceae, Helicobacteraceae and Desulfovibrionaccae, and Choi, Eum, Rampersaud, Daunert, Abreu and Toborek [221] reported increased relative abundance of the family Enterococcaceae and decreased relative abundance of Erysipelotrichaceae.



Possible reasons for discrepancy reported between studies may include; varying disease type and status amongst studies, exercise intervention duration and/or intensity, diet incorporated (ranging from high fat diet to regular animal chow) and body composition changes. Of particular note, the varying methods and technologies used to extract and sequence the 16S rRNA gene creates potential sources of bias between studies.



Exercise does appear to be able to modulate the gut microbiota and reduce the risk of NAFLD, however, the mechanism(s) remain unknown. Potential mechanisms include: (1) increased butyrate production, which is linked with colonic epithelial cell proliferation and modulation of mucosal immunity and exclusion of pathogens [215,219,227]; (2) increased primary bile acid secretion and cholesterol turnover [228]; (3) growth of beneficial bacteria [221]; and (4) increased core body temperature and reduced blood flow to the GI system reducing gut transit time and substrate delivery to the microbiota [218,229,230]. Although the exact mechanism remains elusive and methodological bias hinders direct cross-study comparisons, existing data indicate that exercise may be able to modulate the composition, diversity and relative abundance of the gut microbiota in NAFLD patients. Further investigation of the impact of exercise on gut microbiota is required and may address why some patients respond to exercise and some do not.




13. Conclusions


The gut microbiota has been studied for decades, however, recent developments in 16S rRNA gene sequencing, coupled to advances in computational processing of data has enhanced our understanding of the microbial–host interactions [23]. The gut microbiota has been associated with a range of diseases, from obesity, metabolic syndrome, diabetes, and cardiovascular disease [18,24,25,26] to NAFLD [7,34,36,37,38,39,40,41]. However, existing studies are largely focused on profiling the bacterial community and fail to provide functional information between the gut microbiota and the host. Ultimately, it still remains unknown whether the gut microbiome is causing the disease, or simply an effect of disease pathophysiology.



This review reveals that diet, pre/probiotics, and exercise play a significant role in the function and diversity of the gut microflora. To date, studies have predominantly focused on pre-clinical models, which have limitations in the transferability of their data to humans. Although much is known, significant questions about how lifestyle therapies may influence the gut microbiota as a therapeutic target for NAFLD care. However, the links between the gut microbiota and NAFLD should continue to be explored to:

	(1)

	
better understand inter-patient variability;




	(2)

	
develop potential biomarkers for NAFLD development and progression;




	(3)

	
understand the mechanism(s) linking the gut microbiota and NAFLD;




	(4)

	
develop an understanding of how aspects of lifestyle interventions interact with the gut microbiota and how this may impact upon health; and




	(5)

	
tailor prebiotics and probiotics to influence health for each individual.









Furthermore, although these lifestyle interventions clearly impact upon NAFLD, understanding of how they interact with the gut microbiota and NAFLD is lacking and requires longitudinal studies with large sample sizes. For example, the diet has been shown to modulate the gut microbiota in days [62], but these changes are generally reversed in a similar time frame. Therefore, we need to understand the best mechanisms for modulating the long-term establishment of a healthy gut microbiota and the resulting health implications this may have.



As technologies are increasingly developed and the associated costs are reduced, there is huge potential to systematically determine the importance of both the presence of certain bacteria and their ultimate function is a given community. For understanding such complex processes and interaction at the microbe and host levels, there is a need to integrate multiple techniques in a systems biology approach. A focus on large-scale collaborative studies that explore many relevant biological samples to comprehensively determine disease mechanisms and therapeutic efficiency is necessary. This represents an important time for life sciences and the prospect of advances in diseases such as NAFLD is promising.







Author Contributions


David Houghton, Christopher J. Stewart, Christopher P. Day and Michael Trenell participated in the study concept and design. David Houghton and Christopher J. Stewart conducted the literature search and acquisition of the literature presented. David Houghton, Christopher J. Stewart, Christopher P. Day and Michael Trenell drafted the manuscript, read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Anstee, Q.M.; McPherson, S.; Day, C.P. How big a problem is non-alcoholic fatty liver disease? BMJ 2011, 343, d3897. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, S.A.; Day, C.P. Benefits of lifestyle modification in NAFLD. Gut 2007, 56, 1760–1769. [Google Scholar] [CrossRef] [PubMed]

	



Henao-Mejia, J.; Elinav, E.; Jin, C.; Hao, L.; Mehal, W.Z.; Strowig, T.; Thaiss, C.A.; Kau, A.L.; Eisenbarth, S.C.; Jurczak, M.J.; et al. Inflammasome-mediated dysbiosis regulates progression of NAFLD and obesity. Nature 2012, 482, 179–185. [Google Scholar] [CrossRef] [PubMed]

	



De Alwis, N.M.; Day, C.P. Non-alcoholic fatty liver disease: The mist gradually clears. J. Hepatol. 2008, 48, S104–S112. [Google Scholar] [CrossRef] [PubMed]

	



Ratziu, V.; Sheikh, M.Y.; Sanyal, A.J.; Lim, J.K.; Conjeevaram, H.; Chalasani, N.; Abdelmalek, M.; Bakken, A.; Renou, C.; Palmer, M.; et al. A phase 2, randomized, double-blind, placebo-controlled study of GS-9450 in subjects with nonalcoholic steatohepatitis. Hepatology 2012, 55, 419–428. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Anstee, Q.M.; Targher, G.; Day, C.P. Progression of NAFLD to diabetes mellitus, cardiovascular disease or cirrhosis. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 330–344. [Google Scholar] [CrossRef] [PubMed]

	



Boursier, J.; Mueller, O.; Barret, M.; Machado, M.; Fizanne, L.; Araujo-Perez, F.; Guy, C.D.; Seed, P.C.; Rawls, J.F.; David, L.A.; et al. The Severity of NAFLD Is Associated with Gut Dysbiosis and Shift in the Metabolic Function of the Gut Microbiota. Available online: http://www.mdlinx.com/gastroenterology/medical-news-article/2015/11/30/nafld-metabolic-function/6431385/ (accessed on 24 March 2016).

	



Abu-Shanab, A.; Quigley, E.M. The role of the gut microbiota in nonalcoholic fatty liver disease. Nat. Rev. Gastroenterol. Hepatol. 2010, 7, 691–701. [Google Scholar] [CrossRef] [PubMed]

	



Ley, R.E.; Peterson, D.A.; Gordon, J.I. Ecological and evolutionary forces shaping microbial diversity in the human intestine. Cell 2006, 124, 837–848. [Google Scholar] [CrossRef] [PubMed]

	



Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, J.I. Microbial ecology: Human gut microbes associated with obesity. Nature 2006, 444, 1022–1023. [Google Scholar] [CrossRef] [PubMed]

	



Whitman, W.B.; Coleman, D.C.; Wiebe, W.J. Prokaryotes: The unseen majority. Proc. Natl. Acad. Sci. USA 1998, 95, 6578–6583. [Google Scholar] [CrossRef] [PubMed]

	



Hoefert, B. Bacteria findings in duodenal juice of healthy and sick. Zschr. Klin. Med. 1921, 92, 221–235. [Google Scholar]

	



Caballero, F.; Fernandez, A.; Matias, N.; Martinez, L.; Fucho, R.; Elena, M.; Caballeria, J.; Morales, A.; Fernandez-Checa, J.C.; Garcia-Ruiz, C. Specific contribution of methionine and choline in nutritional nonalcoholic steatohepatitis: Impact on mitochondrial S-adenosyl-l-methionine and glutathione. J. Biol. Chem. 2010, 285, 18528–18536. [Google Scholar] [CrossRef] [PubMed]

	



Claesson, M.J.; Cusack, S.; O’Sullivan, O.; Greene-Diniz, R.; de Weerd, H.; Flannery, E.; Marchesi, J.R.; Falush, D.; Dinan, T.; Fitzgerald, G.; et al. Composition, variability, and temporal stability of the intestinal microbiota of the elderly. Proc. Natl. Acad. Sci. USA 2011, 108, 4586–4591. [Google Scholar] [CrossRef] [PubMed]

	



Clemente, J.C.; Ursell, L.K.; Parfrey, L.W.; Knight, R. The impact of the gut microbiota on human health: An integrative view. Cell 2012, 148, 1258–1270. [Google Scholar] [CrossRef] [PubMed]

	



Faith, J.J.; Guruge, J.L.; Charbonneau, M.; Subramanian, S.; Seedorf, H.; Goodman, A.L.; Clemente, J.C.; Knight, R.; Heath, A.C.; Leibel, R.L.; et al. The long-term stability of the human gut microbiota. Science 2013, 341, 1237439. [Google Scholar] [CrossRef] [PubMed]

	



Holzapfel, W.H.; Haberer, P.; Snel, J.; Schillinger, U.; Huis in’t Veld, J.H. Overview of gut flora and probiotics. Int. J. Food Microbiol. 1998, 41, 85–101. [Google Scholar] [CrossRef]

	



Sommer, F.; Backhed, F. The gut microbiota—Masters of host development and physiology. Nat. Rev. Microbiol. 2013, 11, 227–238. [Google Scholar] [CrossRef] [PubMed]

	



Hooper, L.V.; Gordon, J.I. Commensal host-bacterial relationships in the gut. Science 2001, 292, 1115–1118. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, C.J.; Marrs, E.C.; Nelson, A.; Lanyon, C.; Perry, J.D.; Embleton, N.D.; Cummings, S.P.; Berrington, J.E. Development of the preterm gut microbiome in twins at risk of necrotising enterocolitis and sepsis. PLoS ONE 2013, 8, e73465. [Google Scholar] [CrossRef] [PubMed]

	



Stewart, J.A.; Chadwick, V.S.; Murray, A. Investigations into the influence of host genetics on the predominant eubacteria in the faecal microflora of children. J. Med. Microbiol. 2005, 54, 1239–1242. [Google Scholar] [CrossRef] [PubMed]

	



Qin, J.; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.; Yamada, T.; et al. A human gut microbial gene catalogue established by metagenomic sequencing. Nature 2010, 464, 59–65. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Round, J.L.; Mazmanian, S.K. The gut microbiota shapes intestinal immune responses during health and disease. Nat. Rev. Immunol. 2009, 9, 313–323. [Google Scholar] [CrossRef] [PubMed]

	



DuPont, A.W.; DuPont, H.L. The intestinal microbiota and chronic disorders of the gut. Nat. Rev. Gastroenterol. Hepatol. 2011, 8, 523–531. [Google Scholar] [CrossRef] [PubMed]

	



Russell, W.R.; Duncan, S.H.; Flint, H.J. The gut microbial metabolome: Modulation of cancer risk in obese individuals. Proc. Nutr. Soc. 2013, 72, 178–188. [Google Scholar] [CrossRef] [PubMed]

	



Vrieze, A.; van Nood, E.; Holleman, F.; Salojarvi, J.; Kootte, R.S.; Bartelsman, J.F.; Dallinga-Thie, G.M.; Ackermans, M.T.; Serlie, M.J.; Oozeer, R.; et al. Transfer of intestinal microbiota from lean donors increases insulin sensitivity in individuals with metabolic syndrome. Gastroenterology 2012, 143, 913–916. [Google Scholar] [CrossRef] [PubMed]

	



Hardy, T.; Anstee, Q.M.; Day, C.P. Nonalcoholic fatty liver disease: New treatments. Curr. Opin. Gastroenterol. 2015, 31, 175–183. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, R. Pathogenesis of type 2 diabetes: Tracing the reverse route from cure to cause. Diabetologia 2008, 51, 1781–1789. [Google Scholar] [CrossRef] [PubMed]

	



Thoma, C.; Day, C.P.; Trenell, M.I. Lifestyle interventions for the treatment of non-alcoholic fatty liver disease in adults: A systematic review. J. Hepatol. 2012, 56, 255–266. [Google Scholar] [CrossRef] [PubMed]

	



Vilar-Gomez, E.; Martinez-Perez, Y.; Calzadilla-Bertot, L.; Torres-Gonzalez, A.; Gra-Oramas, B.; Gonzalez-Fabian, L.; Friedman, S.L.; Diago, M.; Romero-Gomez, M. Weight loss via lifestyle modification significantly reduces features of nonalcoholic steatohepatitis. Gastroenterology 2015, 149, 367–378. [Google Scholar] [CrossRef] [PubMed]

	



Promrat, K.; Kleiner, D.E.; Niemeier, H.M.; Jackvony, E.; Kearns, M.; Wands, J.R.; Fava, J.L.; Wing, R.R. Randomized controlled trial testing the effects of weight loss on nonalcoholic steatohepatitis. Hepatology 2010, 51, 121–129. [Google Scholar] [CrossRef] [PubMed]

	



Dudekula, A.; Rachakonda, V.; Shaik, B.; Behari, J. Weight loss in nonalcoholic fatty liver disease patients in an ambulatory care setting is largely unsuccessful but correlates with frequency of clinic visits. PLoS ONE 2014, 9, e111808. [Google Scholar] [CrossRef] [PubMed]

	



Yamada, T.; Hara, K.; Svensson, A.K.; Shojima, N.; Hosoe, J.; Iwasaki, M.; Yamauchi, T.; Kadowaki, T. Successfully achieving target weight loss influences subsequent maintenance of lower weight and dropout from treatment. Obesity 2015, 23, 183–191. [Google Scholar] [CrossRef] [PubMed]

	



Bacchi, E.; Moghetti, P. Exercise for hepatic fat accumulation in type 2 diabetic subjects. Int. J. Endocrinol. 2013, 2013, 309191. [Google Scholar] [CrossRef] [PubMed]

	



Boursier, J.; Diehl, A.M. Implication of gut microbiota in nonalcoholic fatty liver disease. PLoS Pathog. 2015, 11, e1004559. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Cani, P.D. When specific gut microbes reveal a possible link between hepatic steatosis and adipose tissue. J. Hepatol. 2014, 61, 5–6. [Google Scholar] [CrossRef] [PubMed]

	



Farhadi, A.; Gundlapalli, S.; Shaikh, M.; Frantzides, C.; Harrell, L.; Kwasny, M.M.; Keshavarzian, A. Susceptibility to gut leakiness: A possible mechanism for endotoxaemia in non-alcoholic steatohepatitis. Liver Int. 2008, 28, 1026–1033. [Google Scholar] [CrossRef] [PubMed]

	



Le Roy, T.; Llopis, M.; Lepage, P.; Bruneau, A.; Rabot, S.; Bevilacqua, C.; Martin, P.; Philippe, C.; Walker, F.; Bado, A.; et al. Intestinal microbiota determines development of non-alcoholic fatty liver disease in mice. Gut 2013, 62, 1787–1794. [Google Scholar] [CrossRef] [PubMed]

	



Mouzaki, M.; Comelli, E.M.; Arendt, B.M.; Bonengel, J.; Fung, S.K.; Fischer, S.E.; McGilvray, I.D.; Allard, J.P. Intestinal microbiota in patients with nonalcoholic fatty liver disease. Hepatology 2013, 58, 120–127. [Google Scholar] [CrossRef] [PubMed]

	



Wigg, A.J.; Roberts-Thomson, I.C.; Dymock, R.B.; McCarthy, P.J.; Grose, R.H.; Cummins, A.G. The role of small intestinal bacterial overgrowth, intestinal permeability, endotoxaemia, and tumour necrosis factor α in the pathogenesis of non-alcoholic steatohepatitis. Gut 2001, 48, 206–211. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, L.; Baker, S.S.; Gill, C.; Liu, W.; Alkhouri, R.; Baker, R.D.; Gill, S.R. Characterization of gut microbiomes in nonalcoholic steatohepatitis (NASH) patients: A connection between endogenous alcohol and NASH. Hepatology 2013, 57, 601–609. [Google Scholar] [CrossRef] [PubMed]

	



Cani, P.D.; Osto, M.; Geurts, L.; Everard, A. Involvement of gut microbiota in the development of low-grade inflammation and type 2 diabetes associated with obesity. Gut Microbes 2012, 3, 279–288. [Google Scholar] [CrossRef] [PubMed]

	



Kirsch, R.; Clarkson, V.; Verdonk, R.C.; Marais, A.D.; Shephard, E.G.; Ryffel, B.; de la, M.H.P. Rodent nutritional model of steatohepatitis: Effects of endotoxin (lipopolysaccharide) and tumor necrosis factor α deficiency. J. Gastroenterol. Hepatol. 2006, 21, 174–182. [Google Scholar] [CrossRef] [PubMed]

	



Nolan, J.P. Intestinal endotoxins as mediators of hepatic injury—An idea whose time has come again. Hepatology 1989, 10, 887–891. [Google Scholar] [CrossRef] [PubMed]

	



Nolan, J.P.; Leibowitz, A.I. Endotoxins in liver disease. Gastroenterology 1978, 75, 765–766. [Google Scholar] [PubMed]

	



Trenell, M.I. Sedentary behaviour, physical activity, and NAFLD: Curse of the chair. J. Hepatol. 2015, 63, 1064–1065. [Google Scholar] [CrossRef] [PubMed]

	



Hallsworth, K.; Fattakhova, G.; Hollingsworth, K.G.; Thoma, C.; Moore, S.; Taylor, R.; Day, C.P.; Trenell, M.I. Resistance exercise reduces liver fat and its mediators in non-alcoholic fatty liver disease independent of weight loss. Gut 2011, 60, 1278–1283. [Google Scholar] [CrossRef] [PubMed]

	



Hickman, I.J.; Byrne, N.M.; Croci, I.; Chachay, V.S.; Clouston, A.D.; Hills, A.P.; Bugianesi, B.; Whitehead, J.P.; Gastaldelli, A.; O’Moore-Sullivan, T.M.; et al. Randomised study of the metabolic and histological effects of exercise in non alcoholic steatohepatitis. J. Diabetes Metab. 2013, 4. [Google Scholar] [CrossRef]

	



Johnson, N.A.; Sachinwalla, T.; Walton, D.W.; Smith, K.; Armstrong, A.; Thompson, M.W.; George, J. Aerobic exercise training reduces hepatic and visceral lipids in obese individuals without weight loss. Hepatology 2009, 50, 1105–1112. [Google Scholar] [CrossRef] [PubMed]

	



Kirk, E.; Reeds, D.N.; Finck, B.N.; Mayurranjan, S.M.; Patterson, B.W.; Klein, S. Dietary fat and carbohydrates differentially alter insulin sensitivity during caloric restriction. Gastroenterology 2009, 136, 1552–1560. [Google Scholar] [CrossRef] [PubMed]

	



Viljanen, A.P.; Iozzo, P.; Borra, R.; Kankaanpaa, M.; Karmi, A.; Lautamaki, R.; Jarvisalo, M.; Parkkola, R.; Ronnemaa, T.; Guiducci, L.; et al. Effect of weight loss on liver free fatty acid uptake and hepatic insulin resistance. J. Clin. Endocrinol. Metab. 2009, 94, 50–55. [Google Scholar] [CrossRef] [PubMed]

	



Wong, V.W.; Chan, R.S.; Wong, G.L.; Cheung, B.H.; Chu, W.C.; Yeung, D.K.; Chim, A.M.; Lai, J.W.; Li, L.S.; Sea, M.M.; et al. Community-based lifestyle modification programme for non-alcoholic fatty liver disease: A randomized controlled trial. J. Hepatol. 2013, 59, 536–542. [Google Scholar] [CrossRef] [PubMed]

	



Lazo, M.; Solga, S.F.; Horska, A.; Bonekamp, S.; Diehl, A.M.; Brancati, F.L.; Wagenknecht, L.E.; Pi-Sunyer, F.X.; Kahn, S.E.; Clark, J.M. Effect of a 12-month intensive lifestyle intervention on hepatic steatosis in adults with type 2 diabetes. Diabetes Care 2010, 33, 2156–2163. [Google Scholar] [CrossRef] [PubMed]

	



Oza, N.; Eguchi, Y.; Mizuta, T.; Ishibashi, E.; Kitajima, Y.; Horie, H.; Ushirogawa, M.; Tsuzura, T.; Nakashita, S.; Takahashi, H.; et al. A pilot trial of body weight reduction for nonalcoholic fatty liver disease with a home-based lifestyle modification intervention delivered in collaboration with interdisciplinary medical staff. J. Gastroenterol. 2009, 44, 1203–1208. [Google Scholar] [CrossRef] [PubMed]

	



Lim, J.S.; Mietus-Snyder, M.; Valente, A.; Schwarz, J.M.; Lustig, R.H. The role of fructose in the pathogenesis of NAFLD and the metabolic syndrome. Nat. Rev. Gastroenterol. Hepatol. 2010, 7, 251–264. [Google Scholar] [CrossRef] [PubMed]

	



Costello, E.K.; Lauber, C.L.; Hamady, M.; Fierer, N.; Gordon, J.I.; Knight, R. Bacterial community variation in human body habitats across space and time. Science 2009, 326, 1694–1697. [Google Scholar] [CrossRef] [PubMed]

	



Zoetendal, E.G.; Akkermans, A.D.; De Vos, W.M. Temperature gradient gel electrophoresis analysis of 16s rrna from human fecal samples reveals stable and host-specific communities of active bacteria. Appl. Environ. Microbiol. 1998, 64, 3854–3859. [Google Scholar] [PubMed]

	



Sacks, F.M.; Bray, G.A.; Carey, V.J.; Smith, S.R.; Ryan, D.H.; Anton, S.D.; McManus, K.; Champagne, C.M.; Bishop, L.M.; Laranjo, N.; et al. Comparison of weight-loss diets with different compositions of fat, protein, and carbohydrates. N. Engl. J. Med. 2009, 360, 859–873. [Google Scholar] [CrossRef] [PubMed]

	



Weinsier, R.L.; Hunter, G.R.; Heini, A.F.; Goran, M.I.; Sell, S.M. The etiology of obesity: Relative contribution of metabolic factors, diet, and physical activity. Am. J. Med. 1998, 105, 145–150. [Google Scholar] [CrossRef]

	



Karlsson, F.; Tremaroli, V.; Nielsen, J.; Backhed, F. Assessing the human gut microbiota in metabolic diseases. Diabetes 2013, 62, 3341–3349. [Google Scholar] [CrossRef] [PubMed]

	



Ley, R.E.; Backhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity alters gut microbial ecology. Proc. Natl. Acad. Sci. USA 2005, 102, 11070–11075. [Google Scholar] [CrossRef] [PubMed]

	



Walker, A.W.; Ince, J.; Duncan, S.H.; Webster, L.M.; Holtrop, G.; Ze, X.; Brown, D.; Stares, M.D.; Scott, P.; Bergerat, A.; et al. Dominant and diet-responsive groups of bacteria within the human colonic microbiota. ISME J. 2011, 5, 220–230. [Google Scholar] [CrossRef] [PubMed]

	



Saghizadeh, M.; Ong, J.M.; Garvey, W.T.; Henry, R.R.; Kern, P.A. The expression of TNF α by human muscle. Relationship to insulin resistance. J. Clin. Investig. 1996, 97, 1111–1116. [Google Scholar] [CrossRef] [PubMed]

	



Scott, K.P.; Gratz, S.W.; Sheridan, P.O.; Flint, H.J.; Duncan, S.H. The influence of diet on the gut microbiota. Pharmacol. Res. 2013, 69, 52–60. [Google Scholar] [CrossRef] [PubMed]

	



Spencer, M.D.; Hamp, T.J.; Reid, R.W.; Fischer, L.M.; Zeisel, S.H.; Fodor, A.A. Association between composition of the human gastrointestinal microbiome and development of fatty liver with choline deficiency. Gastroenterology 2011, 140, 976–986. [Google Scholar] [CrossRef] [PubMed]

	



Turnbaugh, P.J.; Ridaura, V.K.; Faith, J.J.; Rey, F.E.; Knight, R.; Gordon, J.I. The effect of diet on the human gut microbiome: A metagenomic analysis in humanized gnotobiotic mice. Sci. Transl. Med. 2009, 1, 6ra14. [Google Scholar] [CrossRef] [PubMed]

	



De Filippo, C.; Cavalieri, D.; di Paola, M.; Ramazzotti, M.; Poullet, J.B.; Massart, S.; Collini, S.; Pieraccini, G.; Lionetti, P. Impact of diet in shaping gut microbiota revealed by a comparative study in children from europe and rural africa. Proc. Natl. Acad. Sci. USA 2010, 107, 14691–14696. [Google Scholar] [CrossRef] [PubMed]

	



Gibson, G.R.; Roberfroid, M.B. Dietary modulation of the human colonic microbiota: Introducing the concept of prebiotics. J. Nutr. 1995, 125, 1401–1412. [Google Scholar] [PubMed]

	



Day, C.P.; James, O.F. Steatohepatitis: A tale of two “hits”? Gastroenterology 1998, 114, 842–845. [Google Scholar] [CrossRef]

	



Musso, G.; Gambino, R.; De Michieli, F.; Cassader, M.; Rizzetto, M.; Durazzo, M.; Faga, E.; Silli, B.; Pagano, G. Dietary habits and their relations to insulin resistance and postprandial lipemia in nonalcoholic steatohepatitis. Hepatology 2003, 37, 909–916. [Google Scholar] [CrossRef] [PubMed]

	



Toshimitsu, K.; Matsuura, B.; Ohkubo, I.; Niiya, T.; Furukawa, S.; Hiasa, Y.; Kawamura, M.; Ebihara, K.; Onji, M. Dietary habits and nutrient intake in non-alcoholic steatohepatitis. Nutrition 2007, 23, 46–52. [Google Scholar] [CrossRef] [PubMed]

	



Donnelly, K.L.; Smith, C.I.; Schwarzenberg, S.J.; Jessurun, J.; Boldt, M.D.; Parks, E.J. Sources of fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty liver disease. J. Clin. Investig. 2005, 115, 1343–1351. [Google Scholar] [CrossRef] [PubMed]

	



Westerbacka, J.; Lammi, K.; Hakkinen, A.M.; Rissanen, A.; Salminen, I.; Aro, A.; Yki-Jarvinen, H. Dietary fat content modifies liver fat in overweight nondiabetic subjects. J. Clin. Endocrinol. Metab. 2005, 90, 2804–2809. [Google Scholar] [CrossRef] [PubMed]

	



Van Herpen, N.A.; Schrauwen-Hinderling, V.B.; Schaart, G.; Mensink, R.P.; Schrauwen, P. Three weeks on a high-fat diet increases intrahepatic lipid accumulation and decreases metabolic flexibility in healthy overweight men. J. Clin. Endocrinol. Metab. 2011, 96, E691–E695. [Google Scholar] [CrossRef] [PubMed]

	



Marina, A.; von Frankenberg, A.D.; Suvag, S.; Callahan, H.S.; Kratz, M.; Richards, T.L.; Utzschneider, K.M. Effects of dietary fat and saturated fat content on liver fat and markers of oxidative stress in overweight/obese men and women under weight-stable conditions. Nutrients 2014, 6, 4678–4690. [Google Scholar] [CrossRef] [PubMed]

	



Utzschneider, K.M.; Bayer-Carter, J.L.; Arbuckle, M.D.; Tidwell, J.M.; Richards, T.L.; Craft, S. Beneficial effect of a weight-stable, low-fat/low-saturated fat/low-glycaemic index diet to reduce liver fat in older subjects. Br. J. Nutr. 2013, 109, 1096–1104. [Google Scholar] [CrossRef] [PubMed]

	



Delarue, J.; Lalles, J.P. Nonalcoholic fatty liver disease: Roles of the gut and the liver and metabolic modulation by some dietary factors and especially long-chain n-3 PUFA. Mol. Nutr. Food Res. 2016, 60, 147–159. [Google Scholar] [CrossRef] [PubMed]

	



Tilg, H.; Moschen, A.R. Insulin resistance, inflammation, and non-alcoholic fatty liver disease. Trends Endocrinol. Metab. 2008, 19, 371–379. [Google Scholar] [CrossRef] [PubMed]

	



Cani, P.D.; Amar, J.; Iglesias, M.A.; Poggi, M.; Knauf, C.; Bastelica, D.; Neyrinck, A.M.; Fava, F.; Tuohy, K.M.; Chabo, C.; et al. Metabolic endotoxemia initiates obesity and insulin resistance. Diabetes 2007, 56, 1761–1772. [Google Scholar] [CrossRef] [PubMed]

	



Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature 2006, 444, 1027–1031. [Google Scholar] [CrossRef] [PubMed]

	



Cani, P.D.; Neyrinck, A.M.; Fava, F.; Knauf, C.; Burcelin, R.G.; Tuohy, K.M.; Gibson, G.R.; Delzenne, N.M. Selective increases of bifidobacteria in gut microflora improve high-fat-diet-induced diabetes in mice through a mechanism associated with endotoxaemia. Diabetologia 2007, 50, 2374–2383. [Google Scholar] [CrossRef] [PubMed]

	



Hildebrandt, M.A.; Hoffmann, C.; Sherrill-Mix, S.A.; Keilbaugh, S.A.; Hamady, M.; Chen, Y.Y.; Knight, R.; Ahima, R.S.; Bushman, F.; Wu, G.D. High-fat diet determines the composition of the murine gut microbiome independently of obesity. Gastroenterology 2009, 137, 1716–1724. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, E.F.; Cotter, P.D.; Healy, S.; Marques, T.M.; O'Sullivan, O.; Fouhy, F.; Clarke, S.F.; O'Toole, P.W.; Quigley, E.M.; Stanton, C.; et al. Composition and energy harvesting capacity of the gut microbiota: Relationship to diet, obesity and time in mouse models. Gut 2010, 59, 1635–1642. [Google Scholar] [CrossRef] [PubMed]

	



Turnbaugh, P.J.; Backhed, F.; Fulton, L.; Gordon, J.I. Diet-induced obesity is linked to marked but reversible alterations in the mouse distal gut microbiome. Cell Host Microbe 2008, 3, 213–223. [Google Scholar] [CrossRef] [PubMed]

	



Ghanim, H.; Abuaysheh, S.; Sia, C.L.; Korzeniewski, K.; Chaudhuri, A.; Fernandez-Real, J.M.; Dandona, P. Increase in plasma endotoxin concentrations and the expression of toll-like receptors and suppressor of cytokine signaling-3 in mononuclear cells after a high-fat, high-carbohydrate meal: Implications for insulin resistance. Diabetes Care 2009, 32, 2281–2287. [Google Scholar] [CrossRef] [PubMed]

	



Pendyala, S.; Walker, J.M.; Holt, P.R. A high-fat diet is associated with endotoxemia that originates from the gut. Gastroenterology 2012, 142, 1100–1101. [Google Scholar] [CrossRef] [PubMed]

	



Pussinen, P.J.; Havulinna, A.S.; Lehto, M.; Sundvall, J.; Salomaa, V. Endotoxemia is associated with an increased risk of incident diabetes. Diabetes Care 2011, 34, 392–397. [Google Scholar] [CrossRef] [PubMed]

	



Amar, J.; Chabo, C.; Waget, A.; Klopp, P.; Vachoux, C.; Bermudez-Humaran, L.G.; Smirnova, N.; Berge, M.; Sulpice, T.; Lahtinen, S.; et al. Intestinal mucosal adherence and translocation of commensal bacteria at the early onset of type 2 diabetes: Molecular mechanisms and probiotic treatment. EMBO Mol. Med. 2011, 3, 559–572. [Google Scholar] [CrossRef] [PubMed]

	



Caesar, R.; Tremaroli, V.; Kovatcheva-Datchary, P.; Cani, P.D.; Backhed, F. Crosstalk between gut microbiota and dietary lipids aggravates wat inflammation through TLR signaling. Cell Metab. 2015, 22, 658–668. [Google Scholar] [CrossRef] [PubMed]

	



Su, L.; Wang, J.H.; Cong, X.; Wang, L.H.; Liu, F.; Xie, X.W.; Zhang, H.H.; Fei, R.; Liu, Y.L. Intestinal immune barrier integrity in rats with nonalcoholic hepatic steatosis and steatohepatitis. Chin. Med. J. 2012, 125, 306–311. [Google Scholar] [PubMed]

	



Tilg, H.; Moschen, A.R. Evolution of inflammation in nonalcoholic fatty liver disease: The multiple parallel hits hypothesis. Hepatology 2010, 52, 1836–1846. [Google Scholar] [CrossRef] [PubMed]

	



Corbin, K.D.; Zeisel, S.H. Choline metabolism provides novel insights into nonalcoholic fatty liver disease and its progression. Curr. Opin. Gastroenterol. 2012, 28, 159–165. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, X.C.; Li, Z.; Liu, R.; Yang, X.P.; Pan, M.; Lagrost, L.; Fisher, E.A.; Williams, K.J. Phospholipid transfer protein deficiency impairs apolipoprotein-b secretion from hepatocytes by stimulating a proteolytic pathway through a relative deficiency of vitamin e and an increase in intracellular oxidants. J. Biol. Chem. 2005, 280, 18336–18340. [Google Scholar] [CrossRef] [PubMed]

	



Dumas, M.E.; Barton, R.H.; Toye, A.; Cloarec, O.; Blancher, C.; Rothwell, A.; Fearnside, J.; Tatoud, R.; Blanc, V.; Lindon, J.C.; et al. Metabolic profiling reveals a contribution of gut microbiota to fatty liver phenotype in insulin-resistant mice. Proc. Natl. Acad. Sci. USA 2006, 103, 12511–12516. [Google Scholar] [CrossRef] [PubMed]

	



Fukiya, S.; Arata, M.; Kawashima, H.; Yoshida, D.; Kaneko, M.; Minamida, K.; Watanabe, J.; Ogura, Y.; Uchida, K.; Itoh, K.; et al. Conversion of cholic acid and chenodeoxycholic acid into their 7-oxo derivatives by bacteroides intestinalis AM-1 isolated from human feces. FEMS Microbiol. Lett. 2009, 293, 263–270. [Google Scholar] [CrossRef] [PubMed]

	



Islam, K.B.; Fukiya, S.; Hagio, M.; Fujii, N.; Ishizuka, S.; Ooka, T.; Ogura, Y.; Hayashi, T.; Yokota, A. Bile acid is a host factor that regulates the composition of the cecal microbiota in rats. Gastroenterology 2011, 141, 1773–1781. [Google Scholar] [CrossRef] [PubMed]

	



Sayin, S.I.; Wahlstrom, A.; Felin, J.; Jantti, S.; Marschall, H.U.; Bamberg, K.; Angelin, B.; Hyotylainen, T.; Oresic, M.; Backhed, F. Gut microbiota regulates bile acid metabolism by reducing the levels of tauro-β-muricholic acid, a naturally occurring fxr antagonist. Cell Metab. 2013, 17, 225–235. [Google Scholar] [CrossRef] [PubMed]

	



Duncan, S.H.; Lobley, G.E.; Holtrop, G.; Ince, J.; Johnstone, A.M.; Louis, P.; Flint, H.J. Human colonic microbiota associated with diet, obesity and weight loss. Int. J. Obes. 2008, 32, 1720–1724. [Google Scholar] [CrossRef] [PubMed]

	



Kankaanpaa, P.E.; Salminen, S.J.; Isolauri, E.; Lee, Y.K. The influence of polyunsaturated fatty acids on probiotic growth and adhesion. FEMS Microbiol. Lett. 2001, 194, 149–153. [Google Scholar] [CrossRef] [PubMed]

	



Mujico, J.R.; Baccan, G.C.; Gheorghe, A.; Diaz, L.E.; Marcos, A. Changes in gut microbiota due to supplemented fatty acids in diet-induced obese mice. Br. J. Nutr. 2013, 110, 711–720. [Google Scholar] [CrossRef] [PubMed]

	



Bozzetto, L.; Prinster, A.; Annuzzi, G.; Costagliola, L.; Mangione, A.; Vitelli, A.; Mazzarella, R.; Longobardo, M.; Mancini, M.; Vigorito, C.; et al. Liver fat is reduced by an isoenergetic MUFA diet in a controlled randomized study in type 2 diabetic patients. Diabetes Care 2012, 35, 1429–1435. [Google Scholar] [CrossRef] [PubMed]

	



Houghton, D.; Wilcox, M.D.; Chater, P.I.; Brownlee, I.A.; Seal, C.J.; Pearson, J.P. Biological activity of alginate and its effect on pancreatic lipase inhibition as a potential treatment for obesity. Food Hydrocoll. 2015, 49, 18–24. [Google Scholar] [CrossRef] [PubMed]

	



Neyrinck, A.M.; Possemiers, S.; Druart, C.; van de Wiele, T.; De Backer, F.; Cani, P.D.; Larondelle, Y.; Delzenne, N.M. Prebiotic effects of wheat arabinoxylan related to the increase in Bifidobacteria, Roseburia and Bacteroides/Prevotella in diet-induced obese mice. PLoS ONE 2011, 6, e20944. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Neyrinck, A.M.; Possemiers, S.; Verstraete, W.; De Backer, F.; Cani, P.D.; Delzenne, N.M. Dietary modulation of Clostridial cluster xiva gut bacteria (Roseburia spp.) by chitin-glucan fiber improves host metabolic alterations induced by high-fat diet in mice. J. Nutr. Biochem. 2012, 23, 51–59. [Google Scholar] [CrossRef] [PubMed]

	



Lopez, H.W.; Levrat, M.A.; Guy, C.; Messager, A.; Demigne, C.; Remesy, C. Effects of soluble corn bran arabinoxylans on cecal digestion, lipid metabolism, and mineral balance (Ca, Mg) in rats. J. Nutr. Biochem. 1999, 10, 500–509. [Google Scholar] [CrossRef]

	



Wydro, P.; Krajewska, B.; Hac-Wydro, K. Chitosan as a lipid binder: A langmuir monolayer study of chitosan-lipid interactions. Biomacromolecules 2007, 8, 2611–2617. [Google Scholar] [CrossRef] [PubMed]

	



Flint, H.J.; Scott, K.P.; Louis, P.; Duncan, S.H. The role of the gut microbiota in nutrition and health. Nat. Rev. Gastroenterol. Hepatol. 2012, 9, 577–589. [Google Scholar] [CrossRef] [PubMed]

	



David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.; Fischbach, M.A.; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature 2014, 505, 559–563. [Google Scholar] [CrossRef] [PubMed]

	



Chung, M.; Ma, J.T.; Patel, K.; Berger, S.; Lau, J.; Lichtenstein, A.H. Fructose, high-fructose corn syrup, sucrose, and nonalcoholic fatty liver disease or indexes of liver health: A systematic review and meta-analysis. Am. J. Clin. Nutr. 2014, 100, 833–849. [Google Scholar] [CrossRef] [PubMed]

	



Collison, K.S.; Saleh, S.M.; Bakheet, R.H.; Al-Rabiah, R.K.; Inglis, A.L.; Makhoul, N.J.; Maqbool, Z.M.; Zaidi, M.Z.; Al-Johi, M.A.; Al-Mohanna, F.A. Diabetes of the liver: The link between nonalcoholic fatty liver disease and HFCS-55. Obesity 2009, 17, 2003–2013. [Google Scholar] [CrossRef] [PubMed]

	



Saad, M.F.; Khan, A.; Sharma, A.; Michael, R.; Riad-Gabriel, M.G.; Boyadjian, R.; Jinagouda, S.D.; Steil, G.M.; Kamdar, V. Physiological insulinemia acutely modulates plasma leptin. Diabetes 1998, 47, 544–549. [Google Scholar] [CrossRef] [PubMed]

	



Zelber-Sagi, S.; Nitzan-Kaluski, D.; Goldsmith, R.; Webb, M.; Blendis, L.; Halpern, Z.; Oren, R. Long term nutritional intake and the risk for non-alcoholic fatty liver disease (NAFLD): A population based study. J. Hepatol. 2007, 47, 711–717. [Google Scholar] [CrossRef] [PubMed]

	



Bergheim, I.; Weber, S.; Vos, M.; Kramer, S.; Volynets, V.; Kaserouni, S.; McClain, C.J.; Bischoff, S.C. Antibiotics protect against fructose-induced hepatic lipid accumulation in mice: Role of endotoxin. J. Hepatol. 2008, 48, 983–992. [Google Scholar] [CrossRef] [PubMed]

	



Spruss, A.; Kanuri, G.; Wagnerberger, S.; Haub, S.; Bischoff, S.C.; Bergheim, I. Toll-like receptor 4 is involved in the development of fructose-induced hepatic steatosis in mice. Hepatology 2009, 50, 1094–1104. [Google Scholar] [CrossRef] [PubMed]

	



Thuy, S.; Ladurner, R.; Volynets, V.; Wagner, S.; Strahl, S.; Konigsrainer, A.; Maier, K.P.; Bischoff, S.C.; Bergheim, I. Nonalcoholic fatty liver disease in humans is associated with increased plasma endotoxin and plasminogen activator inhibitor 1 concentrations and with fructose intake. J. Nutr. 2008, 138, 1452–1455. [Google Scholar] [PubMed]

	



Bizeau, M.E.; Pagliassotti, M.J. Hepatic adaptations to sucrose and fructose. Metabolism 2005, 54, 1189–1201. [Google Scholar] [CrossRef] [PubMed]

	



Pagliassotti, M.J.; Prach, P.A.; Koppenhafer, T.A.; Pan, D.A. Changes in insulin action, triglycerides, and lipid composition during sucrose feeding in rats. Am. J. Physiol. 1996, 271, R1319–R1326. [Google Scholar] [PubMed]

	



Poulsom, R. Morphological changes of organs after sucrose or fructose feeding. Prog. Biochem. Pharmacol. 1986, 21, 104–134. [Google Scholar] [PubMed]

	



Spruss, A.; Kanuri, G.; Stahl, C.; Bischoff, S.C.; Bergheim, I. Metformin protects against the development of fructose-induced steatosis in mice: Role of the intestinal barrier function. Lab. Investig. 2012, 92, 1020–1032. [Google Scholar] [CrossRef] [PubMed]

	



Walker, A.W.; Duncan, S.H.; McWilliam Leitch, E.C.; Child, M.W.; Flint, H.J. Ph and peptide supply can radically alter bacterial populations and short-chain fatty acid ratios within microbial communities from the human colon. Appl. Environ. Microbiol. 2005, 71, 3692–3700. [Google Scholar] [CrossRef] [PubMed]

	



Duncan, S.H.; Belenguer, A.; Holtrop, G.; Johnstone, A.M.; Flint, H.J.; Lobley, G.E. Reduced dietary intake of carbohydrates by obese subjects results in decreased concentrations of butyrate and butyrate-producing bacteria in feces. Appl. Environ. Microbiol. 2007, 73, 1073–1078. [Google Scholar] [CrossRef] [PubMed]

	



Ferrere, G.; Leroux, A.; Wrzosek, L.; Puchois, V.; Gaudin, F.; Ciocan, D.; Renoud, M.L.; Naveau, S.; Perlemuter, G.; Cassard, A.M. Activation of kupffer cells is associated with a specific dysbiosis induced by fructose or high fat diet in mice. PLoS ONE 2016, 11, e0146177. [Google Scholar] [CrossRef] [PubMed]

	



Pagano, G.; Pacini, G.; Musso, G.; Gambino, R.; Mecca, F.; Depetris, N.; Cassader, M.; David, E.; Cavallo-Perin, P.; Rizzetto, M. Nonalcoholic steatohepatitis, insulin resistance, and metabolic syndrome: Further evidence for an etiologic association. Hepatology 2002, 35, 367–372. [Google Scholar] [CrossRef] [PubMed]

	



Vrieze, A.; Holleman, F.; Zoetendal, E.G.; de Vos, W.M.; Hoekstra, J.B.; Nieuwdorp, M. The environment within: How gut microbiota may influence metabolism and body composition. Diabetologia 2010, 53, 606–613. [Google Scholar] [CrossRef] [PubMed]

	



Nilsson, A.C.; Ostman, E.M.; Holst, J.J.; Bjorck, I.M. Including indigestible carbohydrates in the evening meal of healthy subjects improves glucose tolerance, lowers inflammatory markers, and increases satiety after a subsequent standardized breakfast. J. Nutr. 2008, 138, 732–739. [Google Scholar] [PubMed]

	



Parnell, J.A.; Reimer, R.A. Weight loss during oligofructose supplementation is associated with decreased ghrelin and increased peptide YY in overweight and obese adults. Am. J. Clin. Nutr. 2009, 89, 1751–1759. [Google Scholar] [CrossRef] [PubMed]

	



Hashidume, T.; Sasaki, T.; Inoue, J.; Sato, R. Consumption of soy protein isolate reduces hepatic srebp-1c and lipogenic gene expression in wild-type mice, but not in FXR-deficient mice. Biosci. Biotechnol. Biochem. 2011, 75, 1702–1707. [Google Scholar] [CrossRef] [PubMed]

	



Jakubowicz, D.; Froy, O. Biochemical and metabolic mechanisms by which dietary whey protein may combat obesity and type 2 diabetes. J. Nutr. Biochem. 2013, 24, 1–5. [Google Scholar] [CrossRef] [PubMed]

	



Faure, P.; Rossini, E.; Lafond, J.L.; Richard, M.J.; Favier, A.; Halimi, S. Vitamin e improves the free radical defense system potential and insulin sensitivity of rats fed high fructose diets. J. Nutr. 1997, 127, 103–107. [Google Scholar] [PubMed]

	



Noguchi, Y.; Nishikata, N.; Shikata, N.; Kimura, Y.; Aleman, J.O.; Young, J.D.; Koyama, N.; Kelleher, J.K.; Takahashi, M.; Stephanopoulos, G. Ketogenic essential amino acids modulate lipid synthetic pathways and prevent hepatic steatosis in mice. PLoS ONE 2010, 5, e12057. [Google Scholar] [CrossRef] [PubMed]

	



Pichon, L.; Huneau, J.F.; Fromentin, G.; Tome, D. A high-protein, high-fat, carbohydrate-free diet reduces energy intake, hepatic lipogenesis, and adiposity in rats. J. Nutr. 2006, 136, 1256–1260. [Google Scholar] [PubMed]

	



Qin, B.; Nagasaki, M.; Ren, M.; Bajotto, G.; Oshida, Y.; Sato, Y. Cinnamon extract prevents the insulin resistance induced by a high-fructose diet. Horm. Metab. Res. 2004, 36, 119–125. [Google Scholar] [PubMed]

	



Halton, T.L.; Hu, F.B. The effects of high protein diets on thermogenesis, satiety and weight loss: A critical review. J. Am. Coll. Nutr. 2004, 23, 373–385. [Google Scholar] [CrossRef] [PubMed]

	



Cummings, J.H. Carbohydrate and protein digestion: The substrate available for fermentation. In The Large Intestine in Nutrition and Disease; Danone Institute: Brussels, Belgium, 1997; pp. 15–42. [Google Scholar]

	



Smith, E.A.; Macfarlane, G.T. Enumeration of human colonic bacteria producing phenolic and indolic compounds: Effects of pH, carbohydrate availability and retention time on dissimilatory aromatic amino acid metabolism. J. Appl. Bacteriol. 1996, 81, 288–302. [Google Scholar] [CrossRef] [PubMed]

	



Smith, E.A.; Macfarlane, G.T. Studies on amine production in the human colon: Enumeration of amine forming bacteria and physiological effects of carbohydrate and pH. Anaerobe 1996, 2, 285–297. [Google Scholar]

	



Russell, W.R.; Gratz, S.W.; Duncan, S.H.; Holtrop, G.; Ince, J.; Scobbie, L.; Duncan, G.; Johnstone, A.M.; Lobley, G.E.; Wallace, R.J.; et al. High-protein, reduced-carbohydrate weight-loss diets promote metabolite profiles likely to be detrimental to colonic health. Am. J. Clin. Nutr. 2011, 93, 1062–1072. [Google Scholar] [PubMed]

	



Shen, Q.; Chen, Y.A.; Tuohy, K.M. A comparative in vitro investigation into the effects of cooked meats on the human faecal microbiota. Anaerobe 2010, 16, 572–577. [Google Scholar] [PubMed]

	



Aron-Wisnewsky, J.; Gaborit, B.; Dutour, A.; Clement, K. Gut microbiota and non-alcoholic fatty liver disease: New insights. Clin. Microbiol. Infect. 2013, 19, 338–348. [Google Scholar] [PubMed]

	



Schnabl, B.; Brenner, D.A. Interactions between the intestinal microbiome and liver diseases. Gastroenterology 2014, 146, 1513–1524. [Google Scholar] [PubMed]

	



Hooda, S.; Vester Boler, B.M.; Kerr, K.R.; Dowd, S.E.; Swanson, K.S. The gut microbiome of kittens is affected by dietary protein: Carbohydrate ratio and associated with blood metabolite and hormone concentrations. Br. J. Nutr. 2013, 109, 1637–1646. [Google Scholar] [PubMed]

	



Boudry, G.; Jamin, A.; Chatelais, L.; Gras-Le Guen, C.; Michel, C.; Le Huerou-Luron, I. Dietary protein excess during neonatal life alters colonic microbiota and mucosal response to inflammatory mediators later in life in female pigs. J. Nutr. 2013, 143, 1225–1232. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, A.M.; Teitelbaum, A. Effect of different levels of protein in sucrose and starch diets on lipid synthesis in the rat. Isr. J. Med. Sci. 1966, 2, 727–732. [Google Scholar] [PubMed]

	



Masoro, E.J.; Chaikoff, I.L.; Chernick, S.S.; Felts, J.M. Previous nutritional state and glucose conversion to fatty acids in liver slices. J. Biol. Chem. 1950, 185, 845–856. [Google Scholar] [PubMed]

	



Yeh, Y.Y.; Leveille, G.A. Effect of dietary protein on hepatic lipogenesis in the growing chick. J. Nutr. 1969, 98, 356–366. [Google Scholar] [PubMed]

	



Bortolotti, M.; Maiolo, E.; Corazza, M.; van Dijke, E.; Schneiter, P.; Boss, A.; Carrel, G.; Giusti, V.; Le, K.A.; Quo Chong, D.G.; et al. Effects of a whey protein supplementation on intrahepatocellular lipids in obese female patients. Clin. Nutr. 2011, 30, 494–498. [Google Scholar] [CrossRef] [PubMed]

	



Farnsworth, E.; Luscombe, N.D.; Noakes, M.; Wittert, G.; Argyiou, E.; Clifton, P.M. Effect of a high-protein, energy-restricted diet on body composition, glycemic control, and lipid concentrations in overweight and obese hyperinsulinemic men and women. Am. J. Clin. Nutr. 2003, 78, 31–39. [Google Scholar] [PubMed]

	



Jenkins, D.J.; Kendall, C.W.; Vidgen, E.; Augustin, L.S.; van Erk, M.; Geelen, A.; Parker, T.; Faulkner, D.; Vuksan, V.; Josse, R.G.; et al. High-protein diets in hyperlipidemia: Effect of wheat gluten on serum lipids, uric acid, and renal function. Am. J. Clin. Nutr. 2001, 74, 57–63. [Google Scholar] [PubMed]

	



Samaha, F.F.; Iqbal, N.; Seshadri, P.; Chicano, K.L.; Daily, D.A.; McGrory, J.; Williams, T.; Williams, M.; Gracely, E.J.; Stern, L. A low-carbohydrate as compared with a low-fat diet in severe obesity. N. Engl. J. Med. 2003, 348, 2074–2081. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.Y.; Tzeng, Y.H.; Chai, C.Y.; Hsieh, A.T.; Chen, J.R.; Chang, L.S.; Yang, S.S. Soy protein retards the progression of non-alcoholic steatohepatitis via improvement of insulin resistance and steatosis. Nutrition 2011, 27, 943–948. [Google Scholar] [CrossRef] [PubMed]

	



Gentile, C.L.; Nivala, A.M.; Gonzales, J.C.; Pfaffenbach, K.T.; Wang, D.; Wei, Y.; Jiang, H.; Orlicky, D.J.; Petersen, D.R.; Pagliassotti, M.J.; et al. Experimental evidence for therapeutic potential of taurine in the treatment of nonalcoholic fatty liver disease. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 301, R1710–R1722. [Google Scholar] [CrossRef] [PubMed]

	



Linn, T.; Geyer, R.; Prassek, S.; Laube, H. Effect of dietary protein intake on insulin secretion and glucose metabolism in insulin-dependent diabetes mellitus. J. Clin. Endocrinol. Metab. 1996, 81, 3938–3943. [Google Scholar] [PubMed]

	



Linn, T.; Santosa, B.; Gronemeyer, D.; Aygen, S.; Scholz, N.; Busch, M.; Bretzel, R.G. Effect of long-term dietary protein intake on glucose metabolism in humans. Diabetologia 2000, 43, 1257–1265. [Google Scholar] [CrossRef] [PubMed]

	



Delzenne, N.M.; Neyrinck, A.M.; Backhed, F.; Cani, P.D. Targeting gut microbiota in obesity: Effects of prebiotics and probiotics. Nat. Rev. Endocrinol. 2011, 7, 639–646. [Google Scholar] [CrossRef] [PubMed]

	



Slavin, J. Fiber and prebiotics: Mechanisms and health benefits. Nutrients 2013, 5, 1417–1435. [Google Scholar] [CrossRef] [PubMed]

	



Moschen, A.R.; Kaser, S.; Tilg, H. Non-alcoholic steatohepatitis: A microbiota-driven disease. Trends Endocrinol. Metab. 2013, 24, 537–545. [Google Scholar] [CrossRef] [PubMed]

	



Cani, P.D.; Joly, E.; Horsmans, Y.; Delzenne, N.M. Oligofructose promotes satiety in healthy human: A pilot study. Eur. J. Clin. Nutr. 2006, 60, 567–572. [Google Scholar] [CrossRef] [PubMed]

	



Cani, P.D.; Knauf, C.; Iglesias, M.A.; Drucker, D.J.; Delzenne, N.M.; Burcelin, R. Improvement of glucose tolerance and hepatic insulin sensitivity by oligofructose requires a functional glucagon-like peptide 1 receptor. Diabetes 2006, 55, 1484–1490. [Google Scholar] [CrossRef] [PubMed]

	



Everard, A.; Lazarevic, V.; Derrien, M.; Girard, M.; Muccioli, G.G.; Neyrinck, A.M.; Possemiers, S.; van Holle, A.; Francois, P.; de Vos, W.M.; et al. Responses of gut microbiota and glucose and lipid metabolism to prebiotics in genetic obese and diet-induced leptin-resistant mice. Diabetes 2011, 60, 2775–2786. [Google Scholar] [CrossRef] [PubMed]

	



Cani, P.D.; Dewever, C.; Delzenne, N.M. Inulin-type fructans modulate gastrointestinal peptides involved in appetite regulation (glucagon-like peptide-1 and ghrelin) in rats. Br. J. Nutr. 2004, 92, 521–526. [Google Scholar] [CrossRef] [PubMed]

	



Sugatani, J.; Wada, T.; Osabe, M.; Yamakawa, K.; Yoshinari, K.; Miwa, M. Dietary inulin alleviates hepatic steatosis and xenobiotics-induced liver injury in rats fed a high-fat and high-sucrose diet: Association with the suppression of hepatic cytochrome p450 and hepatocyte nuclear factor 4α expression. Drug Metab. Dispos. 2006, 34, 1677–1687. [Google Scholar] [CrossRef] [PubMed]

	



Daubioul, C.; Rousseau, N.; Demeure, R.; Gallez, B.; Taper, H.; Declerck, B.; Delzenne, N. Dietary fructans, but not cellulose, decrease triglyceride accumulation in the liver of obese zucker FA/FA rats. J. Nutr. 2002, 132, 967–973. [Google Scholar] [PubMed]

	



Fiordaliso, M.; Kok, N.; Desager, J.P.; Goethals, F.; Deboyser, D.; Roberfroid, M.; Delzenne, N. Dietary oligofructose lowers triglycerides, phospholipids and cholesterol in serum and very low density lipoproteins of rats. Lipids 1995, 30, 163–167. [Google Scholar] [CrossRef] [PubMed]

	



Parnell, J.A.; Reimer, R.A. Effect of prebiotic fibre supplementation on hepatic gene expression and serum lipids: A dose-response study in JCR:LA-cp rats. Br. J. Nutr. 2010, 103, 1577–1584. [Google Scholar] [CrossRef] [PubMed]

	



Lin, H.V.; Frassetto, A.; Kowalik, E.J., Jr.; Nawrocki, A.R.; Lu, M.M.; Kosinski, J.R.; Hubert, J.A.; Szeto, D.; Yao, X.; Forrest, G.; et al. Butyrate and propionate protect against diet-induced obesity and regulate gut hormones via free fatty acid receptor 3-independent mechanisms. PLoS ONE 2012, 7, e35240. [Google Scholar] [CrossRef] [PubMed]

	



Archer, B.J.; Johnson, S.K.; Devereux, H.M.; Baxter, A.L. Effect of fat replacement by inulin or lupin-kernel fibre on sausage patty acceptability, post-meal perceptions of satiety and food intake in men. Br. J. Nutr. 2004, 91, 591–599. [Google Scholar] [CrossRef] [PubMed]

	



Dehghan, P.; Pourghassem Gargari, B.; Asghari Jafar-abadi, M. Oligofructose-enriched inulin improves some inflammatory markers and metabolic endotoxemia in women with type 2 diabetes mellitus: A randomized controlled clinical trial. Nutrition 2014, 30, 418–423. [Google Scholar] [CrossRef] [PubMed]

	



Daubioul, C.; Horsmans, Y.; Lambert, P.; Danse, E.; Delzenne, N.M. Effects of oligofructose on glucose and lipid metabolism in patients with nonalcoholic steatohepatitis: Results of a pilot study. Eur. J. Clin. Nutr. 2005, 59, 723–726. [Google Scholar] [CrossRef] [PubMed]

	



Malaguarnera, M.; Vacante, M.; Antic, T.; Giordano, M.; Chisari, G.; Acquaviva, R.; Mastrojeni, S.; Malaguarnera, G.; Mistretta, A.; Li Volti, G.; et al. Bifidobacterium longum with fructo-oligosaccharides in patients with non alcoholic steatohepatitis. Dig. Dis. Sci. 2012, 57, 545–553. [Google Scholar] [CrossRef] [PubMed]

	



Kellow, N.J.; Coughlan, M.T.; Reid, C.M. Metabolic benefits of dietary prebiotics in human subjects: A systematic review of randomised controlled trials. Br. J. Nutr. 2014, 111, 1147–1161. [Google Scholar] [CrossRef] [PubMed]

	



Lecerf, J.M.; Depeint, F.; Clerc, E.; Dugenet, Y.; Niamba, C.N.; Rhazi, L.; Cayzeele, A.; Abdelnour, G.; Jaruga, A.; Younes, H.; et al. Xylo-oligosaccharide (XOS) in combination with inulin modulates both the intestinal environment and immune status in healthy subjects, while XOS alone only shows prebiotic properties. Br. J. Nutr. 2012, 108, 1847–1858. [Google Scholar] [CrossRef] [PubMed]

	



Lomax, A.R.; Cheung, L.V.; Tuohy, K.M.; Noakes, P.S.; Miles, E.A.; Calder, P.C. Β2-1 fructans have a bifidogenic effect in healthy middle-aged human subjects but do not alter immune responses examined in the absence of an in vivo immune challenge: Results from a randomised controlled trial. Br. J. Nutr. 2012, 108, 1818–1828. [Google Scholar] [CrossRef] [PubMed]

	



Vulevic, J.; Drakoularakou, A.; Yaqoob, P.; Tzortzis, G.; Gibson, G.R. Modulation of the fecal microflora profile and immune function by a novel trans-galactooligosaccharide mixture (B-GOS) in healthy elderly volunteers. Am. J. Clin. Nutr. 2008, 88, 1438–1446. [Google Scholar] [PubMed]

	



Vulevic, J.; Juric, A.; Tzortzis, G.; Gibson, G.R. A mixture of trans-galactooligosaccharides reduces markers of metabolic syndrome and modulates the fecal microbiota and immune function of overweight adults. J. Nutr. 2013, 143, 324–331. [Google Scholar] [CrossRef] [PubMed]

	



Dewulf, E.M.; Cani, P.D.; Claus, S.P.; Fuentes, S.; Puylaert, P.G.; Neyrinck, A.M.; Bindels, L.B.; de Vos, W.M.; Gibson, G.R.; Thissen, J.P.; et al. Insight into the prebiotic concept: Lessons from an exploratory, double blind intervention study with inulin-type fructans in obese women. Gut 2013, 62, 1112–1121. [Google Scholar] [CrossRef] [PubMed]

	



Lirussi, F.; Mastropasqua, E.; Orando, S.; Orlando, R. Probiotics for non-alcoholic fatty liver disease and/or steatohepatitis. Cochrane Database Syst. Rev. 2007, 1, CD005165. [Google Scholar] [PubMed]

	



Tarantino, G.; Finelli, C. Systematic review on intervention with prebiotics/probiotics in patients with obesity-related nonalcoholic fatty liver disease. Future Microbiol. 2015, 10, 889–902. [Google Scholar] [CrossRef] [PubMed]

	



Solga, S.F.; Diehl, A.M. Non-alcoholic fatty liver disease: Lumen-liver interactions and possible role for probiotics. J. Hepatol. 2003, 38, 681–687. [Google Scholar] [CrossRef]

	



Wang, Y.; Liu, Y.; Sidhu, A.; Ma, Z.; McClain, C.; Feng, W. Lactobacillus rhamnosus GG culture supernatant ameliorates acute alcohol-induced intestinal permeability and liver injury. Am. J. Physiol. Gastrointest. Liver Physiol. 2012, 303, G32–G41. [Google Scholar] [CrossRef] [PubMed]

	



Spruss, A.; Bergheim, I. Dietary fructose and intestinal barrier: Potential risk factor in the pathogenesis of nonalcoholic fatty liver disease. J. Nutr. Biochem. 2009, 20, 657–662. [Google Scholar] [CrossRef] [PubMed]

	



Reid, G.; Younes, J.A.; Van der Mei, H.C.; Gloor, G.B.; Knight, R.; Busscher, H.J. Microbiota restoration: Natural and supplemented recovery of human microbial communities. Nat. Rev. Microbiol. 2011, 9, 27–38. [Google Scholar] [CrossRef] [PubMed]

	



Li, Z.; Yang, S.; Lin, H.; Huang, J.; Watkins, P.A.; Moser, A.B.; Desimone, C.; Song, X.Y.; Diehl, A.M. Probiotics and antibodies to TNF inhibit inflammatory activity and improve nonalcoholic fatty liver disease. Hepatology 2003, 37, 343–350. [Google Scholar] [CrossRef] [PubMed]

	



Paik, H.D.; Park, J.S.; Park, E. Effects of bacillus polyfermenticus scd on lipid and antioxidant metabolisms in rats fed a high-fat and high-cholesterol diet. Biol. Pharm. Bull. 2005, 28, 1270–1274. [Google Scholar] [CrossRef] [PubMed]

	



Yadav, H.; Jain, S.; Sinha, P.R. Oral administration of dahi containing probiotic Lactobacillus acidophilus and Lactobacillus casei delayed the progression of streptozotocin-induced diabetes in rats. J. Dairy Res. 2008, 75, 189–195. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.J.; Wang, R.; Li, X.F.; Wang, R.L. Bifidobacterium longum supplementation improved high-fat-fed-induced metabolic syndrome and promoted intestinal reg i gene expression. Exp. Biol. Med. 2011, 236, 823–831. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.Y.; Park, J.H.; Seok, S.H.; Baek, M.W.; Kim, D.J.; Lee, K.E.; Paek, K.S.; Lee, Y. Human originated bacteria, Lactobacillus rhamnosus PL60, produce conjugated linoleic acid and show anti-obesity effects in diet-induced obese mice. Biochim. Biophys. Acta 2006, 1761, 736–744. [Google Scholar] [CrossRef] [PubMed]

	



Ma, X.; Hua, J.; Li, Z. Probiotics improve high fat diet-induced hepatic steatosis and insulin resistance by increasing hepatic nkt cells. J. Hepatol. 2008, 49, 821–830. [Google Scholar] [CrossRef] [PubMed]

	



Xu, R.Y.; Wan, Y.P.; Fang, Q.Y.; Lu, W.; Cai, W. Supplementation with probiotics modifies gut flora and attenuates liver fat accumulation in rat nonalcoholic fatty liver disease model. J. Clin. Biochem. Nutr. 2012, 50, 72–77. [Google Scholar] [CrossRef] [PubMed]

	



Esposito, E.; Iacono, A.; Bianco, G.; Autore, G.; Cuzzocrea, S.; Vajro, P.; Canani, R.B.; Calignano, A.; Raso, G.M.; Meli, R. Probiotics reduce the inflammatory response induced by a high-fat diet in the liver of young rats. J. Nutr. 2009, 139, 905–911. [Google Scholar] [CrossRef] [PubMed]

	



Velayudham, A.; Dolganiuc, A.; Ellis, M.; Petrasek, J.; Kodys, K.; Mandrekar, P.; Szabo, G. VSL#3 probiotic treatment attenuates fibrosis without changes in steatohepatitis in a diet-induced nonalcoholic steatohepatitis model in mice. Hepatology 2009, 49, 989–997. [Google Scholar] [PubMed]

	



Al-Salami, H.; Butt, G.; Fawcett, J.P.; Tucker, I.G.; Golocorbin-Kon, S.; Mikov, M. Probiotic treatment reduces blood glucose levels and increases systemic absorption of gliclazide in diabetic rats. Eur. J. Drug Metab. Pharmacokinet. 2008, 33, 101–106. [Google Scholar] [CrossRef] [PubMed]

	



Cano, P.G.; Santacruz, A.; Trejo, F.M.; Sanz, Y. Bifidobacterium cect 7765 improves metabolic and immunological alterations associated with obesity in high-fat diet-fed mice. Obesity 2013, 21, 2310–2321. [Google Scholar] [CrossRef] [PubMed]

	



Eslamparast, T.; Eghtesad, S.; Hekmatdoost, A.; Poustchi, H. Probiotics and nonalcoholic fatty liver disease. Middle East J. Dig. Dis. 2013, 5, 129–136. [Google Scholar] [PubMed]

	



Moya-Perez, A.; Neef, A.; Sanz, Y. Bifidobacterium pseudocatenulatum cect 7765 reduces obesity-associated inflammation by restoring the lymphocyte-macrophage balance and gut microbiota structure in high-fat diet-fed mice. PLoS ONE 2015, 10, e0126976. [Google Scholar]

	



Fan, J.G.; Xu, Z.J.; Wang, G.L. Effect of lactulose on establishment of a rat non-alcoholic steatohepatitis model. World J. Gastroenterol. 2005, 11, 5053–5056. [Google Scholar] [CrossRef] [PubMed]

	



Kanauchi, O.; Fujiyama, Y.; Mitsuyama, K.; Araki, Y.; Ishii, T.; Nakamura, T.; Hitomi, Y.; Agata, K.; Saiki, T.; Andoh, A.; et al. Increased growth of bifidobacterium and eubacterium by germinated barley foodstuff, accompanied by enhanced butyrate production in healthy volunteers. Int. J. Mol. Med. 1999, 3, 175–179. [Google Scholar] [CrossRef] [PubMed]

	



Vajro, P.; Mandato, C.; Licenziati, M.R.; Franzese, A.; Vitale, D.F.; Lenta, S.; Caropreso, M.; Vallone, G.; Meli, R. Effects of Lactobacillus rhamnosus strain GG in pediatric obesity-related liver disease. J. Pediatr. Gastroenterol. Nutr. 2011, 52, 740–743. [Google Scholar] [CrossRef] [PubMed]

	



Kadooka, Y.; Sato, M.; Imaizumi, K.; Ogawa, A.; Ikuyama, K.; Akai, Y.; Okano, M.; Kagoshima, M.; Tsuchida, T. Regulation of abdominal adiposity by probiotics (Lactobacillus gasseri SBT2055) in adults with obese tendencies in a randomized controlled trial. Eur. J. Clin. Nutr. 2010, 64, 636–643. [Google Scholar] [CrossRef] [PubMed]

	



Kadooka, Y.; Sato, M.; Ogawa, A.; Miyoshi, M.; Uenishi, H.; Ogawa, H.; Ikuyama, K.; Kagoshima, M.; Tsuchida, T. Effect of Lactobacillus gasseri SBT2055 in fermented milk on abdominal adiposity in adults in a randomised controlled trial. Br. J. Nutr. 2013, 110, 1696–1703. [Google Scholar] [CrossRef] [PubMed]

	



Osawa, K.; Miyoshi, T.; Yamauchi, K.; Koyama, Y.; Nakamura, K.; Sato, S.; Kanazawa, S.; Ito, H. Nonalcoholic hepatic steatosis is a strong predictor of high-risk coronary-artery plaques as determined by multidetector ct. PLoS ONE 2015, 10, e0131138. [Google Scholar] [CrossRef] [PubMed]

	



Loguercio, C.; Federico, A.; Tuccillo, C.; Terracciano, F.; D'Auria, M.V.; De Simone, C.; del Vecchio Blanco, C. Beneficial effects of a probiotic vsl#3 on parameters of liver dysfunction in chronic liver diseases. J. Clin. Gastroenterol. 2005, 39, 540–543. [Google Scholar] [PubMed]

	



Stadlbauer, V.; Mookerjee, R.P.; Hodges, S.; Wright, G.A.; Davies, N.A.; Jalan, R. Effect of probiotic treatment on deranged neutrophil function and cytokine responses in patients with compensated alcoholic cirrhosis. J. Hepatol. 2008, 48, 945–951. [Google Scholar] [CrossRef] [PubMed]

	



Aller, R.; De Luis, D.A.; Izaola, O.; Conde, R.; Gonzalez Sagrado, M.; Primo, D.; de La Fuente, B.; Gonzalez, J. Effect of a probiotic on liver aminotransferases in nonalcoholic fatty liver disease patients: A double blind randomized clinical trial. Eur. Rev. Med. Pharmacol. Sci. 2011, 15, 1090–1095. [Google Scholar] [PubMed]

	



Loguercio, C.; De Simone, T.; Federico, A.; Terracciano, F.; Tuccillo, C.; Di Chicco, M.; Carteni, M. Gut-liver axis: A new point of attack to treat chronic liver damage? Am. J. Gastroenterol. 2002, 97, 2144–2146. [Google Scholar] [CrossRef] [PubMed]

	



Wall, R.; Marques, T.M.; O'Sullivan, O.; Ross, R.P.; Shanahan, F.; Quigley, E.; Dinan, T.G.; Kiely, B.; Fitzgerald, G.F.; Cotter, P.D.; et al. Contrasting effects of Bifidobacterium breve NCIMB 702258 and Bifidobacterium breve DPC 6330 on the composition of murine brain fatty acids and gut microbiota. Am. J. Clin. Nutr. 2012, 95, 1278–1287. [Google Scholar] [CrossRef] [PubMed]

	



Shen, J.; Ran, H.Z.; Yin, M.H.; Zhou, T.X.; Xiao, D.S. Meta-analysis: The effect and adverse events of lactobacilli versus placebo in maintenance therapy for crohn disease. Intern. Med. J. 2009, 39, 103–109. [Google Scholar] [CrossRef] [PubMed]

	



Lionetti, E.; Indrio, F.; Pavone, L.; Borrelli, G.; Cavallo, L.; Francavilla, R. Role of probiotics in pediatric patients with Helicobacter pylori infection: A comprehensive review of the literature. Helicobacter 2010, 15, 79–87. [Google Scholar] [CrossRef] [PubMed]

	



Friedenreich, C.; Norat, T.; Steindorf, K.; Boutron-Ruault, M.C.; Pischon, T.; Mazuir, M.; Clavel-Chapelon, F.; Linseisen, J.; Boeing, H.; Bergman, M.; et al. Physical activity and risk of colon and rectal cancers: The european prospective investigation into cancer and nutrition. Cancer Epidemiol. Biomark. Prev. 2006, 15, 2398–2407. [Google Scholar] [CrossRef] [PubMed]

	



Warburton, D.E.; Nicol, C.W.; Bredin, S.S. Health benefits of physical activity: The evidence. CMAJ 2006, 174, 801–809. [Google Scholar] [CrossRef] [PubMed]

	



Marcinko, K.; Sikkema, S.R.; Samaan, M.C.; Kemp, B.E.; Fullerton, M.D.; Steinberg, G.R. High intensity interval training improves liver and adipose tissue insulin sensitivity. Mol. Metab. 2015, 4, 903–915. [Google Scholar] [CrossRef] [PubMed]

	



Ellingsgaard, H.; Hauselmann, I.; Schuler, B.; Habib, A.M.; Baggio, L.L.; Meier, D.T.; Eppler, E.; Bouzakri, K.; Wueest, S.; Muller, Y.D.; et al. Interleukin-6 enhances insulin secretion by increasing glucagon-like peptide-1 secretion from l cells and α cells. Nat. Med. 2011, 17, 1481–1489. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, A.M.; Pedersen, B.K. The anti-inflammatory effect of exercise. J. Appl. Physiol. 2005, 98, 1154–1162. [Google Scholar] [CrossRef] [PubMed]

	



Clarke, S.F.; Murphy, E.F.; O’Sullivan, O.; Lucey, A.J.; Humphreys, M.; Hogan, A.; Hayes, P.; O'Reilly, M.; Jeffery, I.B.; Wood-Martin, R.; et al. Exercise and associated dietary extremes impact on gut microbial diversity. Gut 2014, 63, 1913–1920. [Google Scholar] [CrossRef] [PubMed]

	



Maslowski, K.M.; Mackay, C.R. Diet, gut microbiota and immune responses. Nat. Immunol. 2011, 12, 5–9. [Google Scholar] [CrossRef] [PubMed]

	



Lambert, J.E.; Myslicki, J.P.; Bomhof, M.R.; Belke, D.D.; Shearer, J.; Reimer, R.A. Exercise training modifies gut microbiota in normal and diabetic mice. Appl. Physiol. Nutr. Metab. 2015, 40, 749–752. [Google Scholar] [CrossRef] [PubMed]

	



Petriz, B.A.; Castro, A.P.; Almeida, J.A.; Gomes, C.P.; Fernandes, G.R.; Kruger, R.H.; Pereira, R.W.; Franco, O.L. Exercise induction of gut microbiota modifications in obese, non-obese and hypertensive rats. BMC Genom. 2014, 15, 511. [Google Scholar] [CrossRef] [PubMed]

	



Evans, C.C.; LePard, K.J.; Kwak, J.W.; Stancukas, M.C.; Laskowski, S.; Dougherty, J.; Moulton, L.; Glawe, A.; Wang, Y.; Leone, V.; et al. Exercise prevents weight gain and alters the gut microbiota in a mouse model of high fat diet-induced obesity. PLoS ONE 2014, 9, e92193. [Google Scholar] [CrossRef] [PubMed]

	



Kang, S.S.; Jeraldo, P.R.; Kurti, A.; Miller, M.E.; Cook, M.D.; Whitlock, K.; Goldenfeld, N.; Woods, J.A.; White, B.A.; Chia, N.; et al. Diet and exercise orthogonally alter the gut microbiome and reveal independent associations with anxiety and cognition. Mol. Neurodegener. 2014, 9, 36. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.W.; Park, Y.M.; Holscher, H.D.; Padilla, J.; Scroggins, R.J.; Welly, R.; Britton, S.L.; Koch, L.G.; Vieira-Potter, V.J.; Swanson, K.S. Physical activity differentially affects the cecal microbiota of ovariectomized female rats selectively bred for high and low aerobic capacity. PLoS ONE 2015, 10, e0136150. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, M.; Inoue, R.; Tsukahara, T.; Ushida, K.; Chiji, H.; Matsubara, N.; Hara, H. Voluntary running exercise alters microbiota composition and increases n-butyrate concentration in the rat cecum. Biosci. Biotechnol. Biochem. 2008, 72, 572–576. [Google Scholar] [CrossRef] [PubMed]

	



Allen, J.M.; Berg Miller, M.E.; Pence, B.D.; Whitlock, K.; Nehra, V.; Gaskins, H.R.; White, B.A.; Fryer, J.D.; Woods, J.A. Voluntary and forced exercise differentially alters the gut microbiome in C57BL/6J mice. J. Appl. Physiol. 2015, 118, 1059–1066. [Google Scholar] [CrossRef] [PubMed]

	



Choi, J.J.; Eum, S.Y.; Rampersaud, E.; Daunert, S.; Abreu, M.T.; Toborek, M. Exercise attenuates PCB-induced changes in the mouse gut microbiome. Environ. Health Perspect. 2013, 121, 725–730. [Google Scholar] [CrossRef] [PubMed]

	



Queipo-Ortuno, M.I.; Seoane, L.M.; Murri, M.; Pardo, M.; Gomez-Zumaquero, J.M.; Cardona, F.; Casanueva, F.; Tinahones, F.J. Gut microbiota composition in male rat models under different nutritional status and physical activity and its association with serum leptin and ghrelin levels. PLoS ONE 2013, 8, e65465. [Google Scholar]

	



Mika, A.; Van Treuren, W.; Gonzalez, A.; Herrera, J.J.; Knight, R.; Fleshner, M. Exercise is more effective at altering gut microbial composition and producing stable changes in lean mass in juvenile versus adult male F344 rats. PLoS ONE 2015, 10, e0125889. [Google Scholar] [CrossRef] [PubMed]

	



Shukla, S.K.; Cook, D.; Meyer, J.; Vernon, S.D.; Le, T.; Clevidence, D.; Robertson, C.E.; Schrodi, S.J.; Yale, S.; Frank, D.N. Changes in gut and plasma microbiome following exercise challenge in myalgic encephalomyelitis/chronic fatigue syndrome (ME/CFS). PLoS ONE 2015, 10, e0145453. [Google Scholar] [CrossRef] [PubMed]

	



Cassidy, S.; Thoma, C.; Hallsworth, K.; Parikh, J.; Hollingsworth, K.G.; Taylor, R.; Jakovljevic, D.G.; Trenell, M.I. High intensity intermittent exercise improves cardiac structure and function and reduces liver fat in patients with type 2 diabetes: A randomised controlled trial. Diabetologia 2016, 59, 56–66. [Google Scholar] [CrossRef] [PubMed]

	



Hallsworth, K.; Thoma, C.; Hollingsworth, K.G.; Cassidy, S.; Anstee, Q.M.; Day, C.P.; Trenell, M.I. Modified high-intensity interval training reduces liver fat and improves cardiac function in non-alcoholic fatty liver disease: A randomised controlled trial. Clin. Sci. 2015, 129, 1097–1105. [Google Scholar] [CrossRef] [PubMed]

	



Schwiertz, A.; Taras, D.; Schafer, K.; Beijer, S.; Bos, N.A.; Donus, C.; Hardt, P.D. Microbiota and SCFA in lean and overweight healthy subjects. Obesity 2010, 18, 190–195. [Google Scholar] [CrossRef] [PubMed]

	



Meissner, M.; Lombardo, E.; Havinga, R.; Tietge, U.J.F.; Kuipers, F.; Groen, A.K. Voluntary wheel running increases bile acid as well as cholesterol excretion and decreases atherosclerosis in hypercholesterolemic mice. Atherosclerosis 2011, 218, 323–329. [Google Scholar] [CrossRef] [PubMed]

	



Rowell, L.B.; Detry, J.R.; Profant, G.R.; Wyss, C. Splanchnic vasoconstriction in hyperthermic man—Role of falling blood pressure. J. Appl. Physiol. 1971, 31, 864–869. [Google Scholar] [PubMed]








[image: Ijms 17 00447 g001 1024] 





Figure 1. Impact of lifestyle interventions on gut microbiota and non-alcoholic fatty liver disease (NAFLD) and its risk factors (  [image: Ijms 17 00447 i001] and  [image: Ijms 17 00447 i002] arrows denote increase or decrease in variables, respectively). 






Figure 1. Impact of lifestyle interventions on gut microbiota and non-alcoholic fatty liver disease (NAFLD) and its risk factors (  [image: Ijms 17 00447 i001] and  [image: Ijms 17 00447 i002] arrows denote increase or decrease in variables, respectively).



[image: Ijms 17 00447 g001]







[image: Table] 





Table 1. Significant bacterial changes following dietary manipulation in the presence of high fat intake. XIV; fourteen, ↑ and ↓ denote increase or decrease in variable, respectively.







Table 1. Significant bacterial changes following dietary manipulation in the presence of high fat intake. XIV; fourteen, ↑ and ↓ denote increase or decrease in variable, respectively.







	
Intervention/Treatment

	
Model Used

	
Non-Microbiome Changes

	
Bacterial Changes

	
Reference






	
Polyunsaturated fatty acids

	
Cells

	
Inhibit growth of mucus

	
↑ Lactobacillus casei

	
[99]




	
Oleic acid and n-3 fatty acids (EPA and DHA)

	
Mice

	
↓ Body Weight

	
↑ Clostridial cluster XIV

	
[100]




	

	
↑ Enterobacteriales

	




	

	
↑ Firmicutes

	




	

	
↓ Bifidobacterium

	




	
Arabinoxylans

	
Mice

	
Improved gut barrier function

	
↑ Prevotella spp.

	
[102]




	
↓ Circulating inflammatory markers

	
↑ Roseburia spp.

	




	
↓ Adipocyte size

	
↑ Bifidobacterium

	




	
↓ Body weight gain

	

	




	
↓ Serum cholesterol

	

	




	
↓ Hepatic cholesterol

	

	




	
↓ Insulin resistance

	

	




	
Chitin-Glucan

	
Mice

	
↓ Body weight gain

	
↑ Clostridial cluster XIV

	
[103]




	
↓ Fat Mass

	

	




	
↓ Fasting Glucose

	

	




	
↓ Hepatic Lipids

	

	




	
↓ Cholesterol
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Table 2. Significant bacterial changes following high protein intake (↑ and ↓ denote increase or decrease in variable, respectively).







Table 2. Significant bacterial changes following high protein intake (↑ and ↓ denote increase or decrease in variable, respectively).







	
Intervention/Treatment

	
Model Used

	
Non-Microbiome Changes

	
Bacterial Changes

	
Reference






	
High Protein/Moderate Carbohydrates High Protein/Low Carbohydrates

	
Obese Men

	
↑ Branch chain amino acids

	
↓ Roseburia

	
[137]




	
↑ Phenylacetic acid

	
↓ Eubacterium

	




	
↑ N-nitroso compounds

	

	




	
↓ Butyrate

	

	




	
↓ Phenolic acids

	

	




	
High Protein/Low Carbohydrates

	
Kittens

	

	
↑ Clostridium

	
[140]




	

	
↑ Faecalibacterium

	




	

	
↑ Ruminococcus

	




	

	
↑ Blautia

	




	

	
↑ Eubacterium

	




	

	

	




	
High Protein

	
Piglets

	
↑ Branch chain amino acids

	
↓ Faecalibacterium prausnitzii

	
[141]




	
↑ Colonic Permeability

	

	




	
↑ Cytokine Secretion
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Table 3. Significant bacterial changes following prebiotic consumption (↑ and ↓ denote increase or decrease in variable, respectively).







Table 3. Significant bacterial changes following prebiotic consumption (↑ and ↓ denote increase or decrease in variable, respectively).







	
Intervention/Treatment

	
Model Used

	
Non-Microbiome Changes

	
Bacterial Changes

	
Reference






	
Prebiotic Diet

	
Mice

	
Improved Glucose Tolerance

	
↓ Firmicutes

	
[162]




	
Improved Leptin Sensitivity

	
↑ Bacteroidetes

	




	
↑ GLP-1

	
Changed 102 taxa

	




	
↑ L-cell GLP-1

	

	




	
↓ Fat Mass

	

	




	
↓ Oxidative Stress

	

	




	
↓ Inflammation

	

	




	
Prebiotics—Xylo-oligosaccharide and inulin

	
Human

	
↑ Butyrate

	
↑ Bifidobacterium

	
[164]




	
↑ Propionate

	

	




	
↓ Acetate

	

	




	
↓ P-creso

	

	




	
↓ Lipopolysaccharides

	

	




	
Prebiotics—β2-1 Fructans

	
Human

	

	
↑ Bifidobacterium

	
[172]




	
Prebiotic—Galactooligosaccharides (GOSs)

	
Human

	
↑ Phagocytosis

	
↑ Bifidobacterium

	
[173]




	
↑ Natural killer cells

	

	




	
↓ Inflammation

	

	




	
Prebiotic—Galactooligosaccharides (GOSs)

	
Human

	
↓ Inflammation

	
↑ Bifidobacterium

	
[174]




	
↓ IgA

	

	




	
↓ Calcoprotectin

	

	




	
↓ Cholesterol

	

	




	
↓ Insulin

	

	




	
Prebiotics—Inulin type fructans

	
Human

	
↓ Fat Mass

	
↑ Bifidobacterium

	
[175]




	
↓ Plasma Lactate

	
↑ Faecalibacterium prausnitzi

	




	
↓ Phosphatidylcholine

	
↓ Bacteroides intestinalis

	




	

	
↓ Bacteroides vulgatus

	




	

	
↓ Propionibacterium
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Table 4. Significant bacterial changes following probiotic consumption (↑ and ↓ denote increase or decrease in variable, respectively).







Table 4. Significant bacterial changes following probiotic consumption (↑ and ↓ denote increase or decrease in variable, respectively).







	
Intervention/Treatment

	
Model Used

	
Non-Microbiome Changes

	
Bacterial Changes

	
Reference






	
Probiotic—oligofructose and Bifidobacterium species

	
Mice

	
↓ Endotoxemia

	
↑ Bifidobacterium

	
[81]




	
Improved glucose tolerance

	

	




	
Probiotic—Bifidobacterium longum

	
Rat

	
↓ Endotoxemia

	
↑ Bifidobacterium

	
[185]




	
↓ Inflammation

	

	




	
↓ Intestinal myeloperoxidase

	

	




	
↓ Body Weight

	

	




	
↓ Fat Depots

	

	




	
↓ Systolic Blood Pressure

	

	




	
Improve insulin sensitivity

	

	




	
Probiotic—Bifidobacterium longum or Lactobacillus acidophilus

	
Rat

	
↓ Hepatic Lipids

	
↑ Bifidobacterium longum

	
[188]




	

	
↑ Lactobacillus acidophilus

	




	
Probiotic—Bifidobacterium pseudocatenulatum

	
Mice

	
↓ Cholesterol

	
↑ Bifidobacterium

	
[192]




	
↓ Triglycerides

	
↓ Enterobacteria

	




	
↓ Glucose levels

	

	




	
↓ Insulin resistance

	

	




	
↓ Leptin

	

	




	
↓ Inflammation

	

	




	
↓ Hepatic Lipids

	

	




	
Probiotic—Bifidobacterium pseudocatenulatum

	
Mice

	
↓ Inflammation

	
↓ Firmicutes

	
[194]




	
↓ Endotoxemia

	
↓ Proteobacteria

	




	
↓ B cells

	

	




	
↓ Macrophages

	

	




	
↓ Cholesterol

	

	




	
↓ Body Weight Gain

	

	




	
↓ Triglycerides

	

	




	
↓ Insulin resistance

	

	




	
Probiotic—Bifidobacterium breve

	
Mice

	
↑ Propionate

	
↑ Clostridiaceae

	
[205]




	

	
↓ Eubacteriaceae
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Table 5. Significant bacterial changes following exercise (↑ and ↓ denote increase or decrease in variable, respectively).







Table 5. Significant bacterial changes following exercise (↑ and ↓ denote increase or decrease in variable, respectively).







	
Intervention/Treatment

	
Model Used

	
Non-Microbiome Changes

	
Bacterial Changes

	
Reference






	
Controlled treadmill running

	
Mice

	

	
↑ Lactobacillus spp.

	
[215]




	

	
↑ Clostridium leptum (C-IV)

	




	

	
↓ Clostridium cluster (C-XI)

	




	

	
↓ Bifidobacterium spp

	




	
Controlled treadmill running

	
Rat

	
↓ Blood Lactate

	
↑ Allocaculum

	
[216]




	

	
↑ Pseudomonas

	




	

	
↑ Lactobacillus

	




	

	
↓ Streptococcus

	




	

	
↓ Aggregatibacter

	




	

	
↓ Sutturella

	




	
Voluntary wheel running

	
Mice

	
↓ Body Weight

	
↑ Bacteroidetes

	
[217]




	
↓ Body Fat

	
↓ Firmicutes

	




	
↓ Blood glucose

	
↓ Actinobacteria

	




	
↑ Heart:Body Weight

	

	




	
Controlled wheel running

	
Mice

	

	
↓ Streptococcus

	
[218]




	

	
↓ Bacteroidetes

	




	

	
↑ Firmicutes

	




	
Voluntary wheel running

	
Rat

	
↓ Body Fat

	
↓ Firmicutes

	
[219]




	
↑ Lean Body Mass

	
↑ Cyanobacteria

	




	
↓ Non-esterified fatty acids

	
↑ Proteobacteia

	




	
↓ Cholesterol

	

	




	
Voluntary wheel running

	
Rat

	
↑ Cecal size and weight

	
↑ SM7/11

	
[220]




	
↑ Butyrate production

	
↑ T2-87

	




	
↓ Body Weight

	

	




	
Voluntary and forced treadmill running

	
Mice

	
↓ Body Weight

	
↑ Dorea

	
[221]




	

	
↑ Anaerotruncus

	




	

	
↑ Nautilia

	




	

	
↑ Coprococcus

	




	

	
↑ Oscillospira

	




	

	
↓ Turicibacter

	




	

	
↓ Moryella

	




	

	
↓ Prevotella

	




	
Voluntary wheel running

	
Mice

	
↓ Body Weight

	
↑ Enterococcsceae

	
[222]




	

	
↑ Staphylococcsceae

	




	

	
↓ Erysipelotrichaceae

	




	
Voluntary wheel running

	
Rat

	
↑ Body Weight

	
↑ B. Coccoides-E Rectale

	
[223]




	
↑ Serum Leptin

	
↑ Lactobacillus

	




	
↓ Serum Ghrelin

	
↓ Clostridium

	




	

	
↓ Enteroccocus

	




	

	
↓ Prevotella

	




	

	
↓ Bacteroides

	




	
Voluntary wheel running

	
Rat

	
↑ Body Weight

	
↓ Rikenellaceae g_AF12

	
[224]




	
↑ Lean Body Mass

	
↓ Rikenellaceae g

	




	

	
↓ Desulfovibrio spp

	




	

	
↑ Blautia spp

	




	

	
↑ Turicibacter

	




	

	
↑ Anaerostipes spp

	




	

	
↑ Methanosphaera

	




	
Single Peak Exercise Test

	
Human

	
↑ Bacteria in blood

	
↑ Actinobacteria

	
[225]




	

	
↑ Firmicutes
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