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Abstract:

 Obesity is a serious public health issue affecting both children and adults. Prevention and management of obesity is proposed to begin in childhood when environmental factors exert a long-term effect on the risk for obesity in adulthood. Thus, identifying modifiable factors may help to reduce this risk. Recent evidence suggests that gut microbiota is involved in the control of body weight, energy homeostasis and inflammation and thus, plays a role in the pathophysiology of obesity. Prebiotics and probiotics are of interest because they have been shown to alter the composition of gut microbiota and to affect food intake and appetite, body weight and composition and metabolic functions through gastrointestinal pathways and modulation of the gut bacterial community. As shown in this review, prebiotics and probiotics have physiologic functions that contribute to changes in the composition of gut microbiota, maintenance of a healthy body weight and control of factors associated with childhood obesity through their effects on mechanisms controlling food intake, fat storage and alterations in gut microbiota.
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1. Introduction

The prevalence of obesity has increased steadily over the past 25 years, affecting both adults and children worldwide. Approximately 60% of adults and 30% of children in Canada are considered overweight or obese [1]. Obesity is physiologically described as excess body fat resulting from a long-term positive energy balance. This is a major concern as obese children are highly prone to becoming obese adults and are therefore, at high risk of developing severe co-morbidities such as metabolic syndrome, type 2 diabetes and cardiovascular disease [2]. Prevention and management of obesity is proposed to begin in childhood [3]. It is well established that proneness to obesity depends on a complex interplay between numerous factors that are subjected to both genetic and environmental influences. Most of the relevant literature emphasizes that childhood obesity is explained by suboptimal macronutrient composition of the diet and insufficient physical activity; however, recent research has documented the significant impact of more discrete factors such as short sleep duration [4], low dietary calcium intake [5], inadequate feeding behaviors [6] and gut microbiota [7].

Since the human genome has been relatively stable over centuries, it is generally considered that the current obesity epidemic can be primarily attributed to factors associated with a modern lifestyle. Current evidence reveals that even if genetic variation does not appear to be the main determinant of the high prevalence of childhood obesity, there is evidence for a significant role of gene-environment interactions where one’s genetic profile influences the ability to deal with the obesogenic impact of some environmental factors [8].

Current evidence suggests that gut microbiota play a role in metabolic regulation and food digestion and availability [9,10,11]. Gut microbiota is a specific entity within the body which has its own genome whose gene pool is much more abundant than the one of its host. The physiologic functions attributed to gut microbiota have extended to extraintestinal tissues, such as the liver, brain, and adipose tissue, constructing novel connections with obesity [9] and related disorders including type 2 diabetes [12] and cardiovascular disease [10]. Thus, it has the potential to modulate energy regulation as well as systemic inflammation and should be considered as a biological feature that plays a role in the pathophysiology of obesity. Although energy intake may affect the composition of gut microbiota, the extent to which gut microbiota play a causal role in the development of obesity in children and adults is unclear.

A role for the consumption of prebiotics and probiotics and their physiologic functionality in the management of obesity are of interest because studies have reported positive associations between consumption of prebiotics, probiotics and probiotic-containing foods such as dairy and lower body weight [13,14]. Additionally, several strains of bacteria have been tested as a probiotic approach in experimental models of obesity and in human studies demonstrating a decrease in fat mass and body mass index (BMI) [13,15,16,17]. Prebiotics and probiotics are of interest because they have been shown to alter the composition of the gut bacterial community and to affect food intake and appetite, body weight and composition and metabolic functions through gastrointestinal pathways and modulation of gut microflora [18,19,20,21].

The following provides a review of the role of gut microbiota in energy balance, differences in gut microbiota between obese and lean individuals, the possible role of prebiotics and probiotics in the regulation of body weight and composition as novel dietary solutions in the prevention and management of childhood obesity and their potential mechanisms of action.



2. Intestinal Microbiota

Intestinal microbiota has been suggested to impact energy balance in animals and humans [11,22] by contributing to energy metabolism from components of the diet and playing a role in how energy is stored and expended [11,23]. Previous research in animals has shown that total body fat was 40% higher in conventionally raised mice compared with germ-free mice even though they had lower food intake [9]. Moreover, Turnbaugh et al. showed that transplantation of gut microbiota from ob/ob mice to germ-free mice led to a significant increase in total body fat mass compared to germ-free mice that received a gut microbiota transplantation from lean mice [12]. These findings suggest that gut microbiota may play a role in energy harvest and obesity via microbial modulation.

Human gut microbiota is composed of trillions of bacteria that belong to two predominant bacterial divisions: Firmicutes and Bacteroidetes. These two phyla are involved in microbial dysbiosis and the development of obesity. Several studies in animals and humans have shown differences in the composition of gut microbiota and energy metabolism between obese and lean populations [24,25]. In a study examining the relationship between the composition of gut microbiota and body fat loss, 12 obese adult men and women randomly assigned to either a low-fat or low-carbohydrate diet for one year showed a lower number of Bacteroidetes and higher ratio of Firmicutes/Bacteroidetes when compared to lean, normal weight individuals at baseline [24]. However, the ratio returned to normal in those individuals who had successful and sustained weight loss. In another recent study, variations in the fecal microbiota of 12 lean and nine obese individuals during diets that varied in caloric content (2400 kcal/day vs. 3400 kcal/day) showed that an altered nutrient load induced rapid changes in the gut bacterial community [26].

The composition of gut microbiota during early life has been suggested to influence development of overweight/obesity in children [27]. In a study examining the impact of perinatal probiotic intervention on the development of overweight and obesity in children over 10 years, 159 women were randomized to either Lactobacillus rhamnosus (1 × 101 colony-forming units) and maltodextrin for four weeks before expected delivery and six months postpartum [28]. It was found that early gut microbiota modulation with probiotics may prevent excessive weight gain over the first years of life [28]. This may be one mechanism by which a predisposition for obesity is conferred from the mother to the infant because the mother influences the original inoculums and subsequent development of the infant gut microbiota.



3. Potential Dietary Solutions

The symbiotic cooperation between the gut microbiota and its host could be affected by several factors including dietary habits [29], antibiotics and other environmental factors [30,31,32]. Consumer interest is increasing for foods and food components that may help prevent or treat obesity and related metabolic complications; however, effective dietary countermeasures have not yet been established. Since pharmacological approaches may lead to adverse effects, dietary approaches remain the safest way to reduce obesity and improve metabolic functions, particularly in children. Prebiotics, probiotics and foods containing prebiotics and probiotics are potential tools because of their functional physiological properties. A dysbiosis created by a diet high in fat or low in fibre, for example, is one of the causes of the development of obesity and the increased risk of developing metabolic diseases [33]. Several studies show that these effects on the intestinal microbiota are reversible with improved nutrition [33] and by the administration of prebiotics and probiotics. Consumption of prebiotics and probiotics selectively changes the composition of the gut microbiota in favour of a specific genus and even specific strains in the case of probiotics.



4. Prebiotics

A prebiotic is defined as a “non-digestible fiber or non-digestible food ingredient that beneficially affects the host by selectively stimulating the growth and/or activity of one or a limited number of bacteria in the colon” [34]. The most common prebiotics include inulin and oligosaccharides [35]. It has been shown that prebiotics can have a positive effect on disorders of the digestive system [36,37], immune system [38], hypertension [39], appetite sensations and obesity [20]. It has been suggested that the daily amount consumed in the diet necessary to exert a prebiotic effect is 5–20 g/day [40].



5. Probiotics

According to the World Health Organization, a probiotic is a “live microorganism which, when administered in adequate amounts, confers a health beneﬁt on the host” [41]. The two bacterial species that are the most used in probiotic products include Bifidobacteria and Lactobacillus [42]. It has been shown that probiotics can treat infections or disorders of the digestive system [43,44] and play a role in the prevention of various cancers [45,46] and control of allergy and asthma [47,48]. They also promote positive modulation of the immune system [49], regulation of mood [50] and attenuation of depression [50,51]. Furthermore, probiotics have also been suggested to play a role in the treatment of obesity and related metabolic disorders including hyperglycemia and dyslipidemia [20,52]. Probiotics may be found in foods such as dairy and in supplement form (pills, capsules, tablets and powders). Among the foods in the diet, yogurt was the first to which probiotics were added. Furthermore, it has been demonstrated that some probiotics such as bifidobacteria survived better in yogurt than in other matrices including supplements [53].



6. Prebiotics, Probiotics and Gut Microbiota


6.1. Mechanisms of Action

Human diets may have direct effects on gut microbiota, which ultimately result in changes in the patterns of biochemical reactions in the intestinal lumen. Research supporting the manipulation of the gut microbiota-related pathways by prebiotics and probiotics for treatment of obesity is limited; however, proposed mechanisms include effects on composition and function of the intestinal microbiome. Although the presence of specific bacteria is important, the relative proportions of microbial communities also play a role in energy homeostasis [12].

Microbial imbalances result in an altered intestinal environment that may promote colonic fermentation. Dietary non-digestible carbohydrates can be fermented in the intestinal lumen resulting in production of short-chain fatty acids (SCFA) such as acetate, propionate and butyrate. The profile of SCFAs in the gut reflects the metabolic cooperation between different types of microbiota because no genus of bacteria can hydrolyze all nutrients and none produce these SCFAs upon fermentation. Short-chain fatty acids, which are considered as indirect nutrients produced by the gut microbiota, play a role in energy metabolism and adipose tissue expansion and may act as signaling molecules by stimulating a cascade leading to increased fat storage and energy preservation by binding to G-protein-coupled receptors, GPR41 and GPR43 [54,55]. Studies in Gpr41-deficient mice suggested that activation of GPR41 by SCFA are responsible for the release of PYY. Moreover, Gpr43-deficient mice fed a high-carbohydrate, high-fat diet had a lower body mass and a higher lean mass compared with wild-type mice [55]. Thus, SCFA produced by fermentation may act as energy substrates and/or metabolic regulators.

Furthermore, alterations in intestinal bacteria may affect gastrointestinal hormones GLP-1 and PYY which are secreted by endocrine L-cells in response to nutrient stimulus and the orexigenic hormone, ghrelin, which play a role in glycemic control, satiety and energy intake. Prebiotic supplementation has been shown to increase GLP-1 and PYY and decrease ghrelin in humans [56,57] and rodents [58], which in turn inhibit gastric motility via its actions on the ileal brake [59]. Thus, it is possible that prebiotics also delay gastric emptying.

Dysbiosis in the gut microbiota may lead to obesity via different mechanisms (Figure 1). When an imbalance occurs in intestinal microbiota, the bacteria become more effective at extracting energy [60]. The SCFA may act as signaling molecules and stimulate a cascade leading to increased fat storage and energy retention via the GPR41 and GPR43 receptors [54,55]. Microbiota also regulates expression of the FIAF protein (also known as ANGPTL4) which is an inhibitor of lipoprotein lipase (LPL). The modification of microbiota causes a decrease in the expression of FIAF resulting in an increase in LPL activity, a catalyst which captures and stores the fatty acids to adipose and muscle tissue, and increase in lipid storage [9,10].

Figure 1. Dysbiosis in the gut microbiota may lead to obesity via different mechanisms. (A) An imbalance in intestinal microbiota leads to an increase in SCFA and gut permeability and decrease in FIAF and AMPK; and (B) A restored microbiota by prebiotics and/or probiotics may inhibit the mechanisms described in (A) and lead to an increase in the hormones PYY and GLP-1 and decrease in ghrelin.
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Another mechanism may include the permeability of the intestinal wall. A high-fat diet can alter the composition of the intestinal microbiota and this modification may lead to an increased permeability of the gut barrier by an altered distribution of some tight junction proteins (ZO-1 and occludin). This modification of the wall permeability may also lead to an increase in certain molecules in plasma such as LPS, resulting in metabolic endotoxemia [19,20,61,62,63,64]. The LPS can bind to TLR4/CD14 receptors that are responsible for signaling cascades. These signaling cascades lead to the production of proinflammatory cytokines, particularly TNF-α and IL-6, which are involved in the development of atherosclerosis, obesity and insulin resistance [65]. Several studies have found that chronic infusion of LPS generates a state of insulin resistance [66,67,68]. Furthermore, the change in the composition of gut microbiota stimulates CB1 receptors which are responsible for the activation of the endocannabinoid system. This activation is initially responsible for the increased permeability of the intestinal barrier [63]. Thus, LPS molecules can pass through this barrier and cause endotoxemia. By increasing the activation of the peripheral endocannabinoid system, the LPS molecules can also stimulate adipogenesis [11,63]. They also have an inhibitory effect on PPAR molecules which also stimulate adipogenesis [63]. Microbiota may also affect adiposity by decreasing the activity of AMPK in muscle and the liver, causing a decrease in fatty acid oxidation and thus, an increase in adipogenesis [10,69].



The modification of gut microbiota also alters secretion of incretins and various gastrointestinal hormones (e.g., GLP-1, PYY, ghrelin) by the cells of the intestinal mucosa. These hormones are involved in glycemic regulation and control of energy intake [70].



6.2. Control of Food Intake and Appetite

It has been suggested that gut microbiota may also affect food intake and satiety via gut peptide signaling [20,71,72]. Gut hormones such as glucagon-like peptide-1 (GLP-1), peptide tyrosine tyrosine (PYY), cholecystokinin (CCK) and ghrelin play a critical role in relaying signals of nutritional and energy status from the gut to the central nervous system in order to control food intake. Experimental studies have shown that GLP-1 is upregulated by prebiotics in obese mice suggesting that alterations in intestinal microflora may stimulate or suppress the secretion of gastrointestinal hormones [58,73,74]. Furthermore, probiotics have been shown to modify the production of satiety hormones when given to rats [75].

Clinical studies in adults have shown satiety-inducing effects of prebiotics and probiotics. Although there were no differences in food intake, dairy beverages fermented with L. acidophilus and Proprionibacterium freudenreichii increased satiety compared with a non-fermented dairy beverage in healthy normal weight female individuals [76]. A study by Cani et al. evaluating the effect of consuming prebiotics on gastrointestinal hormone response [57] showed increased gut microbiota fermentation, decreased appetite, improved postprandial glucose responses and higher concentrations of GLP-1 and PYY after two weeks of prebiotic treatment [57] suggesting a role for prebiotics in the modulation of gut hormones. Although there are few studies examining the effect of prebiotics and probiotics on hormonal responses in children, one study investigating the effect of consuming VLS3, a combination of eight probiotic strains, for four months on non-alcoholic fatty liver disease in 48 children, found a significant increase in GLP-1 concentrations and reduction in BMI compared to placebo [77]. These studies suggest that gut microbiota may promote the development of obesity and that manipulation of gut microbiota using prebiotics and probiotics may alter gut endocrine function. Further studies are required in order to investigate the pathophysiological basis for the association between gut microbiota and energy homeostasis.



6.3. Body Weight Regulation and Body Composition

The potential role of gut microbiota in the development of obesity has led to many investigations on the effects of prebiotics and probiotics on weight management. [13]. In a study examining the effect of a formulation of probiotics (Lactobacillus rhamnosus) and prebiotics (oligofructose + inulin) and maltodextrin placebo on weight loss over 24 weeks in 126 obese individuals, it was found that women consuming the formulation lost approximately twice the weight than women consuming the placebo [78]. In addition, the formulation produced a modification of the microbiota by reducing the relative abundance of bacteria of the Lachnospiraceae family that are associated with type 2 diabetes [78]. In a randomized, controlled intervention, 87 healthy overweight adults consuming fermented milk containing Lactobacillus gasseri SBT2055 (200 g/day) for 12 weeks reduced their visceral and subcutaneous fat, body weight and BMI compared with the control group. Furthermore, consuming two yogurts per day supplemented with Lactobacillus amylovorus (109 colony-forming units/yogurt) led to a decrease in total body fat mass [15] suggesting that modulation of gut microbial composition from probiotic consumption may contribute to altered energy metabolism and body composition. The beneficial effect of probiotics on body weight and composition was also observed in a study of 75 obese individuals where the combination of a low-calorie diet and probiotic yogurt significantly reduced BMI and body fat percentage compared with those consuming a low-calorie diet and regular yogurt or no diet and probiotic yogurt over eight weeks [16]. These results suggest that a low-calorie diet combined with probiotic yogurt had a synergistic effect on body composition. Another study examining the effect of a functional yogurt with a mixture of probiotics and prebiotics on metabolic syndrome in 101 healthy adults over 8 weeks found a significant reduction in body weight and BMI in those who consumed the functional yogurt compared with placebo [14].

Although there are several studies in adults examining the efficacy of prebiotics and probiotics as potential tools for the prevention and treatment of obesity, few clinical studies have been conducted in children. A study in 70 overweight and obese children examining synbiotic supplementation on cardiometabolic risk factors found that consumption of a combination of probiotic, prebiotic and vitamins A, E, and C over 8 weeks significantly reduced BMI, waist circumference, waist/hip ratio, triacylglycerols and low-density lipoprotein (LDL) cholesterol compared to a placebo [79]. Another study comparing fecal samples from 25 overweight or obese and 24 normal weight children showed lower Bifidobacterium and higher Staphylococus aureus concentrations in obese children compared with normal weight children [80]. Bervoets et al. recently investigated the gut microbiota of 26 overweight/obese and 27 lean children and found that obese children had a higher ratio of Firmicutes/Bacteroidetes [7]. Obese children also had higher amounts of Lactobacillus spp. and Staphylococcus spp. which was positively correlated with plasma inflammatory markers such as C-reactive protein and energy intake, respectively [7]. In another study, fecal samples were analyzed in 15 obese and 15 normal weight children to compare differences in the gut bacterial community [81]. Significantly higher concentrations of the SCFA, butyrate and propionate, and significantly lower concentrations of intermediate metabolites in obese children were observed compared to those with normal weight. The results suggest that the dysbiosis they observed in the obese group may be a factor in the development of obesity [81].




7. Conclusions

Prebiotics and probiotics have physiologic functions that contribute to the health of gut microbiota, maintenance of a healthy body weight and control of factors associated with obesity through their effects on mechanisms controlling food intake, body weight and gut microbiota. However, there are a lack of intervention studies examining the effect of prebiotics and probiotics in children in relation to weight management, particularly in the longer-term.



8. Future Research

Further studies are needed to elucidate the effects of probiotics and prebiotics on body weight, factors associated with obesity and alteration of gut microbiota in children. Furthermore, the assessment of prebiotics and probiotics in various food matrices including yogurt and dairy products would also provide additional insight into the impact of these components on body weight management in children.






Author Contributions

Marina Sanchez, Shirin Panahi and Angelo Tremblay worked together on the concept, literature search and writing of the manuscript.



Conflicts of Interest

There are no conflicts of interest to declare.



References


	1. 
Brien, S.E.; Katzmarzyk, P.T. Physical activity and the metabolic syndrome in Canada. Appl. Physiol. Nutr. Metab. 2006, 31, 40–47. [Google Scholar] [CrossRef] [PubMed]

	2. 
Whitaker, R.C.; Wright, J.A.; Pepe, M.S.; Seidel, K.D.; Dietz, W.H. Predicting obesity in young adulthood from childhood and parental obesity. N. Engl. J. Med. 1997, 337, 869–873. [Google Scholar] [CrossRef] [PubMed]

	3. 
Smith, J.D.; Montano, Z.; Dishion, T.J.; Shaw, D.S.; Wilson, M.N. Preventing weight gain and obesity: Indirect effects of the family check-up in early childhood. Prev. Sci. 2014. [Google Scholar] [CrossRef]

	4. 
Chaput, J.P.; Despres, J.P.; Bouchard, C.; Tremblay, A. Longer sleep duration associates with lower adiposity gain in adult short sleepers. Int. J. Obes. 2012, 36, 752–756. [Google Scholar] [CrossRef]

	5. 
Zemel, M.B.; Thompson, W.; Milstead, A.; Morris, K.; Campbell, P. Calcium and dairy acceleration of weight and fat loss during energy restriction in obese adults. Obes. Res. 2004, 12, 582–590. [Google Scholar] [CrossRef] [PubMed]

	6. 
Chaput, J.P.; Leblanc, C.; Perusse, L.; Despres, J.P.; Bouchard, C.; Tremblay, A. Risk factors for adult overweight and obesity in the quebec family study: Have we been barking up the wrong tree? Obesity 2009, 17, 1964–1970. [Google Scholar] [CrossRef] [PubMed]

	7. 
Bervoets, L.; Van Hoorenbeeck, K.; Kortleven, I.; Van Noten, C.; Hens, N.; Vael, C.; Goossens, H.; Desager, K.N.; Vankerckhoven, V. Differences in gut microbiota composition between obese and lean children: A cross-sectional study. Gut Pathog. 2013, 5. [Google Scholar] [CrossRef] [PubMed]

	8. 
Bouchard, C.; Tremblay, A.; Despres, J.P.; Nadeau, A.; Lupien, P.J.; Theriault, G.; Dussault, J.; Moorjani, S.; Pinault, S.; Fournier, G. The response to long-term overfeeding in identical twins. N. Engl. J. Med. 1990, 322, 1477–1482. [Google Scholar] [CrossRef] [PubMed]

	9. 
Backhed, F.; Ding, H.; Wang, T.; Hooper, L.V.; Koh, G.Y.; Nagy, A.; Semenkovich, C.F.; Gordon, J.I. The gut microbiota as an environmental factor that regulates fat storage. Proc. Nat. Acad. Sci. USA 2004, 101, 15718–15723. [Google Scholar] [CrossRef] [PubMed]

	10. 
Backhed, F.; Manchester, J.K.; Semenkovich, C.F.; Gordon, J.I. Mechanisms underlying the resistance to diet-induced obesity in germ-free mice. Proc. Nat. Acad. Sci. USA 2007, 104, 979–984. [Google Scholar] [CrossRef] [PubMed]

	11. 
Turnbaugh, P.J.; Gordon, J.I. The core gut microbiome, energy balance and obesity. J. Physiol. 2009, 587, 4153–4158. [Google Scholar] [CrossRef] [PubMed]

	12. 
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]

	13. 
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]

	14. 
Chang, B.J.; Park, S.U.; Jang, Y.S.; Ko, S.H.; Joo, N.M.; Kim, S.I.; Kim, C.H.; Chang, D.K. Effect of functional yogurt NY-YP901 in improving the trait of metabolic syndrome. Eur. J. Clin. Nutr. 2011, 65, 1250–1255. [Google Scholar] [CrossRef] [PubMed]

	15. 
Omar, J.M.; Chan, Y.-M.; Jones, M.L.; Prakash, S.; Jones, P.J.H. Lactobacillus fermentum and Lactobacillus amylovorus as probiotics alter body adiposity and gut microflora in healthy persons. J. Funct. Foods 2013, 5, 116–123. [Google Scholar] [CrossRef]

	16. 
Zarrati, M.; Salehi, E.; Nourijelyani, K.; Mofid, V.; Zadeh, M.J.; Najafi, F.; Ghaflati, Z.; Bidad, K.; Chamari, M.; Karimi, M.; et al. Effects of probiotic yogurt on fat distribution and gene expression of proinflammatory factors in peripheral blood mononuclear cells in overweight and obese people with or without weight-loss diet. J. Amer. Coll. Nutr. 2014, 33, 417–425. [Google Scholar] [CrossRef]

	17. 
Kang, J.H.; Yun, S.I.; Park, H.O. Effects of Lactobacillus gasseri BNR17 on body weight and adipose tissue mass in diet-induced overweight rats. J. Microbiol. 2010, 48, 712–714. [Google Scholar] [CrossRef] [PubMed]

	18. 
Piche, T.; des Varannes, S.B.; Sacher-Huvelin, S.; Holst, J.J.; Cuber, J.C.; Galmiche, J.P. Colonic fermentation influences lower esophageal sphincter function in gastroesophageal reflux disease. Gastroenterology 2003, 124, 894–902. [Google Scholar] [CrossRef]

	19. 
Cani, P.D.; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.M.; Burcelin, R. Changes in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in mice. Diabetes 2008, 57, 1470–1481. [Google Scholar] [CrossRef] [PubMed]

	20. 
Cani, P.D.; Delzenne, N.M. Interplay between obesity and associated metabolic disorders: New insights into the gut microbiota. Curr. Opin. Pharmacol. 2009, 9, 737–743. [Google Scholar] [CrossRef] [PubMed]

	21. 
Cani, P.D.; Delzenne, N.M. The gut microbiome as therapeutic target. Pharmacol. Ther. 2011, 130, 202–212. [Google Scholar] [CrossRef] [PubMed]

	22. 
Hill, J.O.; Peters, J.C. Environmental contributions to the obesity epidemic. Science 1998, 280, 1371–1374. [Google Scholar] [CrossRef] [PubMed]

	23. 
Delzenne, N.M.; Cani, P.D. Interaction between obesity and the gut microbiota: Relevance in nutrition. Annu. Rev. Nutr. 2011, 31, 15–31. [Google Scholar] [CrossRef] [PubMed]

	24. 
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]

	25. 
Turnbaugh, P.J.; Hamady, M.; Yatsunenko, T.; Cantarel, B.L.; Duncan, A.; Ley, R.E.; Sogin, M.L.; Jones, W.J.; Roe, B.A.; Affourtit, J.P.; et al. A core gut microbiome in obese and lean twins. Nature 2009, 457, 480–484. [Google Scholar] [CrossRef] [PubMed]

	26. 
Jumpertz, R.; Le, D.; Turnbaugh, P.; Trinidad, C.; Bogardus, C.; Gordon, J.; Krakoff, J. Energy-balance studies reveal associations between gut microbes, caloric load, and nutrient absorption in humans. Amer. J. Clin. Nutr. 2011, 94, 58–65. [Google Scholar] [CrossRef] [PubMed]

	27. 
Vael, C.; Verhulst, S.L.; Nelen, V.; Goossens, H.; Desager, K.N. Intestinal microflora and body mass index during the first three years of life: An observational study. Gut Pathog. 2011, 3. [Google Scholar] [CrossRef]

	28. 
Luoto, R.; Kalliomaki, M.; Laitinen, K.; Delzenne, N.M.; Cani, P.D.; Salminen, S.; Isolauri, E. Initial dietary and microbiological environments deviate in normal-weight compared to overweight children at 10 years of age. J. Pediatr. Gastroenterol. Nutr. 2011, 52, 90–95. [Google Scholar] [CrossRef] [PubMed]

	29. 
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]

	30. 
Mackie, R.I.; Sghir, A.; Gaskins, H.R. Developmental microbial ecology of the neonatal gastrointestinal tract. Amer. J. Clin. Nutr. 1999, 69, S1035–S1045. [Google Scholar]

	31. 
Palmer, C.; Bik, E.M.; DiGiulio, D.B.; Relman, D.A.; Brown, P.O. Development of the human infant intestinal microbiota. PLoS Biol. 2007, 5. [Google Scholar] [CrossRef] [PubMed]

	32. 
Koenig, J.E.; Spor, A.; Scalfone, N.; Fricker, A.D.; Stombaugh, J.; Knight, R.; Angenent, L.T.; Ley, R.E. Succession of microbial consortia in the developing infant gut microbiome. Proc. Nat. Acad. Sci. USA 2011, 108, S4578–S4585. [Google Scholar] [CrossRef]

	33. 
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]

	34. 
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]

	35. 
Roberfroid, M. Prebiotics: The concept revisited. J. Nutr. 2007, 137, S830–S837. [Google Scholar]

	36. 
Geier, M.; Butler, R.; Howarth, G. Inflammatory bowel disease: Current insights into pathogenesis and new therapeutic options: Probiotics, prebiotics and synbiotics. Int. J. Food Microbiol. 2007, 115, 1–11. [Google Scholar] [CrossRef] [PubMed]

	37. 
Hedin, C.; Whelan, K.; Lindsay, J. Evidence for the use of probiotics and prebiotics in inflammatory bowel disease: A review of clinical trials. Proc. Nutr. Soc. 2007, 66, 307–315. [Google Scholar] [CrossRef] [PubMed]

	38. 
Lomax, A.R.; Calder, P.C. Prebiotics, immune function, infection and inflammation: A review of the evidence. Brit. J. Nutr. 2009, 101, 633–658. [Google Scholar] [CrossRef] [PubMed]

	39. 
Yeo, S.K.; Ooi, L.G.; Lim, T.J.; Liong, M.T. Antihypertensive properties of plant-based prebiotics. Int. J. Mol. Sci. 2009, 10, 3517–3530. [Google Scholar] [CrossRef] [PubMed]

	40. 
Flamm, G.; Glinsmann, W.; Kirtchevsky, D.; Prosky, L.; Roberfroid, M. Inulin and oligofructose as dietary fiber: A review of the evidence. Crit. Rev. Food Sci. Nutr. 2001, 41, 353–362. [Google Scholar] [CrossRef] [PubMed]

	41. 
FAO/WHO Working Group. Guidelines for the Evaluation of Probiotics in Food; FAO: London, ON, Canada, 2002. [Google Scholar]

	42. 
Saraf, K.; Shashikanth, M.; Priy, T.; Sultana, N.; Chaitanya, N. Probiotics—Do they have a role in medicine and dentistry? J. Assoc. Physic. India 2010, 58, 488–490, 495–496. [Google Scholar]

	43. 
Vanderpool, C.; Yan, F.; Polk, D.B. Mechanisms of probiotic action: Implications for therapeutic applications in inflammatory bowel diseases. Inflamm. Bowel Dis. 2008, 14, 1585–1596. [Google Scholar] [CrossRef] [PubMed]

	44. 
De Vrese, M.; Marteau, P.R. Probiotics and prebiotics: Effects on diarrhea. J. Nutr. 2007, 137, S803–S811. [Google Scholar]

	45. 
Minocha, A. Probiotics for preventive health. Nutr. Clin. Pract. 2009, 24, 227–241. [Google Scholar] [CrossRef] [PubMed]

	46. 
Azcarate-Peril, M.A.; Sikes, M.; Bruno-Barcena, J.M. The intestinal microbiota, gastrointestinal environment and colorectal cancer: A putative role for probiotics in prevention of colorectal cancer? Amer. J. Physiol. Gastrointest. Liver Physiol. 2011, 301, 401–424. [Google Scholar] [CrossRef]

	47. 
Singh, M.; Ranjan Das, R. Probiotics for allergic respiratory diseases—Putting it into perspective. Pediatr. Allergy Immunol. 2010, 21, 1399–3038. [Google Scholar] [CrossRef]

	48. 
Tang, M.L.; Lahtinen, S.J.; Boyle, R.J. Probiotics and prebiotics: Clinical effects in allergic disease. Curr. Opin. Pediatr. 2010, 22, 626–634. [Google Scholar] [PubMed]

	49. 
Borchers, A.T.; Selmi, C.; Meyers, F.J.; Keen, C.L.; Gershwin, M.E. Probiotics and immunity. J. Gastroenterol. 2009, 44, 26–46. [Google Scholar] [CrossRef] [PubMed]

	50. 
Desbonnet, L.; Garrett, L.; Clarke, G.; Kiely, B.; Cryan, J.F.; Dinan, T.G. Effects of the probiotic bifidobacterium infantis in the maternal separation model of depression. Neuroscience 2010, 170, 1179–1188. [Google Scholar] [CrossRef] [PubMed]

	51. 
Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F. Ingestion of Lactobacillus strain regulates emotional behavior and central gaba receptor expression in a mouse via the vagus nerve. Proc. Nat. Acad. Sci. USA 2011, 108, 16050–16055. [Google Scholar] [CrossRef] [PubMed]

	52. 
Lye, H.S.; Rusul, G.; Liong, M.T. Removal of cholesterol by Lactobacilli via incorporation and conversion to coprostanol. J. Dairy Sci. 2010, 93, 1383–1392. [Google Scholar] [CrossRef] [PubMed]

	53. 
Saxelin, M.; Lassig, A.; Karjalainen, H.; Tynkkynen, S.; Surakka, A.; Vapaatalo, H.; Järvenpää, S.; Korpela, R.; Mutanen, M.; Hatakka, K. Persistence of probiotic strains in the gastrointestinal tract when administered as capsules, yoghurt, or cheese. Int. J. Food Microbiol. 2010, 144, 293–300. [Google Scholar] [CrossRef] [PubMed]

	54. 
Samuel, B.S.; Shaito, A.; Motoike, T.; Rey, F.E.; Backhed, F.; Manchester, J.K.; Hammer, R.E.; Williams, S.C.; Crowley, J.; Yanagisawa, M.; et al. Effects of the gut microbiota on host adiposity are modulated by the short-chain fatty-acid binding G protein-coupled receptor, GPR41. Proc. Nat. Acad. Sci. USA 2008, 105, 16767–16772. [Google Scholar] [CrossRef] [PubMed]

	55. 
Bjursell, M.; Admyre, T.; Göransson, M.; Marley, A.E.; Smith, D.M.; Oscarsson, J.; Bohlooly-Y, M. Improved glucose control and reduced body fat mass in free fatty acid receptor 2-deficient mice fed a high-fat diet. Amer. J. Physiol. Endocrinol. Metab. 2011, 300, 211–220. [Google Scholar] [CrossRef]

	56. 
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. Amer. J. Clin. Nutr. 2009, 89, 1751–1759. [Google Scholar] [CrossRef] [PubMed]

	57. 
Cani, P.D.; Lecourt, E.; Dewulf, E.M.; Sohet, F.M.; Pachikian, B.D.; Naslain, D.; De Backer, F.; Neyrinck, A.M.; Delzenne, N.M. Gut microbiota fermentation of prebiotics increases satietogenic and incretin gut peptide production with consequences for appetite sensation and glucose response after a meal. Amer. J. Clin. Nutr. 2009, 90, 1236–1243. [Google Scholar] [CrossRef] [PubMed]

	58. 
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. Brit. J. Nutr. 2004, 92, 521–526. [Google Scholar] [CrossRef] [PubMed]

	59. 
Wettergren, A.; Schjoldager, B.; Mortensen, P.E.; Myhre, J.; Christiansen, J.; Holst, J.J. Truncated GLP-1 (proglucagon 78–107-amide) inhibits gastric and pancreatic functions in man. Dig. Dis. Sci. 1993, 38, 665–673. [Google Scholar] [CrossRef] [PubMed]

	60. 
Delzenne, N.M.; Cani, P.D. Gut microflora is a key player in host energy homeostasis. Med. Sci. 2008, 24, 505–510. [Google Scholar]

	61. 
Brun, P.; Castagliuolo, I.; Di Leo, V.; Buda, A.; Pinzani, M.; Palu, G.; Martines, D. Increased intestinal permeability in obese mice: New evidence in the pathogenesis of nonalcoholic steatohepatitis. Amer. J. Physiol.-Gastrointest. L. 2007, 292, 518–525. [Google Scholar] [CrossRef]

	62. 
De La Serre, C.B.; Ellis, C.L.; Lee, J.; Hartman, A.L.; Rutledge, J.C.; Raybould, H.E. Propensity to high-fat diet-induced obesity in rats is associated with changes in the gut microbiota and gut inflammation. Amer. J. Physiol. Gastrointest.-L. 2010, 299, 440–448. [Google Scholar] [CrossRef]

	63. 
Muccioli, G.G.; Naslain, D.; Backhed, F.; Reigstad, C.S.; Lambert, D.M.; Delzenne, N.M.; Cani, P.D. The endocannabinoid system links gut microbiota to adipogenesis. Mol. Syst. Biol. 2010, 6. [Google Scholar] [CrossRef]

	64. 
Amar, J.; Burcelin, R.; Ruidavets, J.B.; Cani, P.D.; Fauvel, J.; Alessi, M.C.; Chamontin, B.; Ferrieres, J. Energy intake is associated with endotoxemia in apparently healthy men. Amer. J. Clin. Nutr. 2008, 87, 1219–1223. [Google Scholar] [PubMed]

	65. 
Fried, S.K.; Bunkin, D.A.; Greenberg, A.S. Omental and subcutaneous adipose tissues of obese subjects release interleukin-6: Depot difference and regulation by glucocorticoid. J. Clin. Endocrinol. Metab. 1998, 83, 847–850. [Google Scholar] [PubMed]

	66. 
Caesar, R.; Reigstad, C.S.; Backhed, H.K.; Reinhardt, C.; Ketonen, M.; Lunden, G.O.; Cani, P.D.; Backhed, F. Gut-derived lipopolysaccharide augments adipose macrophage accumulation but is not essential for impaired glucose or insulin tolerance in mice. Gut 2012, 61, 1701–1707. [Google Scholar] [CrossRef] [PubMed]

	67. 
Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860–867. [Google Scholar] [CrossRef] [PubMed]

	68. 
Shoelson, S.E.; Lee, J.; Goldfine, A.B. Inflammation and insulin resistance. J. Clin. Invest. 2006, 116, 1793–1801. [Google Scholar] [CrossRef] [PubMed]

	69. 
Puigserver, P.; Spiegelman, B.M. Peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1 alpha): Transcriptional coactivator and metabolic regulator. Endocr. Rev. 2003, 24, 78–90. [Google Scholar] [CrossRef] [PubMed]

	70. 
Ranganath, L.R.; Beety, J.M.; Morgan, L.M.; Wright, J.W.; Howland, R.; Marks, V. Attenuated GLP-1 secretion in obesity: Cause or consequence? Gut 1996, 38, 916–919. [Google Scholar] [CrossRef] [PubMed]

	71. 
Neary, M.T.; Batterham, R.L. Gut hormones: Implications for the treatment of obesity. Pharmacol. Ther. 2009, 124, 44–56. [Google Scholar] [CrossRef] [PubMed]

	72. 
Musso, G.; Gambino, R.; Cassader, M. Gut microbiota as a regulator of energy homeostasis and ectopic fat deposition: Mechanisms and implications for metabolic disorders. Curr. Opin. Lipidol. 2010, 21, 76–83. [Google Scholar] [CrossRef] [PubMed]

	73. 
Cani, P.D.; Possemiers, S.; Van de Wiele, T.; Guiot, Y.; Everard, A.; Rottier, O.; Geurts, L.; Naslain, D.; Neyrinck, A.; Lambert, D.M.; et al. Changes in gut microbiota control inflammation in obese mice through a mechanism involving GLP-2-driven improvement of gut permeability. Gut 2009, 58, 1091–1103. [Google Scholar] [CrossRef] [PubMed]

	74. 
Delzenne, N.M.; Cani, P.D.; Daubioul, C.; Neyrinck, A.M. Impact of inulin and oligofructose on gastrointestinal peptides. Brit. J. Nutr. 2005, 93, S157–S161. [Google Scholar] [CrossRef] [PubMed]

	75. 
Forssten, S.D.; Korczynska, M.Z.; Zwijsen, R.M.; Noordman, W.H.; Madetoja, M.; Ouwehand, A.C. Changes in satiety hormone concentrations and feed intake in rats in response to lactic acid bacteria. Appetite 2013, 71, 16–21. [Google Scholar] [CrossRef] [PubMed]

	76. 
Ruijschop, R.; Boelrijk, A.; te Giffel, M. Satiety effects of a dairy beverage fermented with propionic acid bacteria. Int. Dairy J. 2008, 8, 945–950. [Google Scholar] [CrossRef]

	77. 
Alisi, A.; Bedogni, G.; Baviera, G.; Giorgio, V.; Porro, E.; Paris, C.; Giammaria, P.; Reali, L.; Anania, F.; Nobili, V. Randomised clinical trial: The beneficial effects of VSL#3 in obese children with non-alcoholic steatohepatitis. Aliment. Pharmacol. Ther. 2014, 39, 1276–1285. [Google Scholar] [CrossRef] [PubMed]

	78. 
Sanchez, M.; Darimont, C.; Drapeau, V.; Emady-Azar, S.; Lepage, M.; Rezzonico, E.; Ngom-Bru, C.; Berger, B.; Philippe, L.; Ammon-Zuffrey, C.; et al. Effect of Lactobacillus rhamnosus CGMCC1.3724 supplementation on weight loss and maintenance in obese men and women. Brit. J. Nutr. 2014, 111, 1507–1519. [Google Scholar] [CrossRef] [PubMed]

	79. 
Safavi, M.; Farajian, S.; Kelishadi, R.; Mirlohi, M.; Hashemipour, M. The effects of synbiotic supplementation on some cardio-metabolic risk factors in overweight and obese children: A randomized triple-masked controlled trial. Int. J. Food Sci. Nutr. 2013, 64, 687–693. [Google Scholar] [CrossRef] [PubMed]

	80. 
Kalliomaki, M.; Collado, M.C.; Salminen, S.; Isolauri, E. Early differences in fecal microbiota composition in children may predict overweight. Amer. J. Clin. Nutr. 2008, 87, 534–538. [Google Scholar] [PubMed]

	81. 
Payne, A.N.; Chassard, C.; Zimmermann, M.; Muller, P.; Stinca, S.; Lacroix, C. The metabolic activity of gut microbiota in obese children is increased compared with normal-weight children and exhibits more exhaustive substrate utilization. Nutr. Diabetes 2011, 1. [Google Scholar] [CrossRef]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  ijerph-12-00162


  
    		
      ijerph-12-00162
    


  




  





media/file0.png
A) Altered gut microbiota

T Lipogenesis
SCFA * Fat storage
— - Pt e
—> 1 Cytokines proinflammatory
TURS i, o B s o p
B = .. permea 1el adipogenesis
—_> Oxidation of fatty — + adipogenesis
acids

B) Restored gut microbiota

Preb\ b 0“

1 Satiety
| Energy intake
| Body weight






