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Abstract
The human intestinal tract has been colonized by Hmassof species of bacteria during the coevolution of amah
microbes. Gut-borne microbes outhumber the total nummibeody tissue cells by a factor of ten. Evidencevimious
beneficial roles of the intestinal microbiota in harmhealth and disease is expanding rapidly. Perturbatitimeof
intestinal microbiota may lead to chronic diseaset sas autoimmune diseases, colon cancers, gastric ulcers,
cardiovascular disease, functional bowel diseases, dilagtd obesity. Restoration of the gut microbiota ey
difficult to accomplish, but the use of probiotics had te promising results in a large number of well-designed
(clinical) studies for example diabetes and obesity. Ardnmrabdels of obesity connect an altered microbiota
composition to the development of obesity, insulinstasice, and diabetes in the host through several nisofen
increased energy harvest from the diet, altered fatty mgtabolism and composition in adipose tissue and liver,
modulation of gut peptide YY and glucagon-like peptide (GLP)-1 8enreactivation of the lipopolysaccharide toll-
like receptor-4 axis, and modulation of intestinal barinéegrity by GLP-2.
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I ntroduction
Bacteria, unicellular eukaryotes, and other organismahitlthe human body in large numbers. The human gut is
dominated by several bacterial phyla including Bactereg@dtirmicutes, and Actinobacteria. It is estimated tihe
human microbiota contains as many as*Hacterial cells, a number that is 10 times greatemn tha number of
human cells present in our bodidsVirtually every surface of the human body startingrrthe skin surface to the
genitourinary tract, oral cavity, respiratory trachr,eand the gastrointestinal tract is colonized hgdwl various
species of bacteria. By far, the most heavily caediorgan is the gastrointestinal tract (GIT) which hoaskage
microbial ecosystem; the colon alone is estimatezbiain over 70% of all the microbes in the human botg gut
microbiota or microflora has a crucial role in huntealth and disease’.
The greatest health challenge of the 21st century stgbideed, it is reaching epidemic proportions in mucthef
developed world and in areas of the developing world wheestéth-style diet and lifestyle have been adopted.
Globally, an estimated 30@illion people are obese [body mass index (BMI) >30 kg/m2] and more than 1 billion
people are overweight (BMI >25 kg/m2) *. Obesity is associated with a range of disease statesling a collection of
related metabolic diseases such as type 2 diabetescalooléd fatty liver disease, cardiovascular diseasd, snme
cancers.
There is strong epidemiological data supporting the link dmtveertain diets or dietary components and obesitly, wi
diets high in fat and refined carbohydrates predisposibgdy weight gain and, conversely, diets rich in fibdiple

plant foods and certain dairy products being inverselytaéléo overweight. Similarly, there is a growing body of
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evidence mainly from animal studies that certain fiberebiotics and resistant starch (RS) may reduce bkemsaof
metabolic disease associated with obesity such apidigstiia, insulin resistance and the chronic low-gradesys
inflammation thought to play an etiological role in t9p#iabetes and non-alcoholic fatty liver disease. Istargly,
prebiotics and RS act through modulation of the gut miotalr their activities, which has itself now begéentified

as a putative contributor to the obesogenic environthént

The human gut microbiota and diet-microbe inter actions

All mammals have symbiotic relationships with thecrabial community inhabiting their gastrointestinaats. This
collection of microorganisms, or microbiota, corsisff a diverse and highly metabolically active corgont of
species. Intestinal bacteria occupy diverse ecologichlesiand life strategies which, in health, result gtadle and
homeostatically controlled commensal commudit§; Early studies on the composition of the gut microbivése
limited by the shortcomings of conventional culturedashmicrobiology, which relies upon the ability of baicteto
grow in pure culture under defined environmental conditforisowever, the vast majority of bacteria within et

are recalcitrant to growth in pure culture and are npresented in studies using traditional, culture based
methodology® '° Recognition of the 16S rRNA gene as a universal chmeter and its adoption in bacterial
phylogenetics led to the development of a range of maetobls which have opened up the complex gut microbiota
to ecological study'’. Techniques such as fluorescence in situ hybridizatidBHF using 16S rRNA-targeted
oligonucleotide probes and quantitative PCR (QPCR) using 16S rRN& mrémers sets allow direct enumeration of
bacterial populations without the need for isolation emltivation of bacterid® '3 Species richness may be assessed
using fingerprinting techniques like PCR-denaturing gradient lgetrephoresis (DGGE)* or similar approaches
including temperature gradient gel electrophoresis, TGGEtamgoral temperature gradient gel electrophoresis
(TTGE), which give a snhapshot of the dominant specieseptesithin a mixture of amplified 16S rRNA gene
fragments. Recently, DNA microarrays have been dpeel@s innovative, information-dense, rapid tools fatyghg

the gut microbiota>.

The gut microbiota comes in contact with a wide ranfgearl components which escape digestion in the upper gut.
These include carbohydrates, proteins, plant polyphends- % a lesser extent dietary fat and lipid, which escape
hydrolysis in the stomach and small intestine, andhrélae colon. Non-digestible carbohydrate is the maidistrate

for microbial fermentation in the colon, providing bhdhe energy and carbon source for the majority of gatebia.
Carbohydrate fermentation results in increased batteidmass and fermentation end-products such as acetate,
propionate and butyrate. These short-chain fatty aci@sAS) have diverse and far reaching biological rolehén t
host®.

M echanisms linking gut microbiota to obesity, IR, and type 2 diabetes

Beside an increased energy harvest from the diet, furtfeehanisms linking gut microbiota to obesity havenbee
subsequently proposed, including chronic low-grade endotoxineregulation of tissue biologically active fatty acid
composition and modulation of gut-derived peptide secretion.

1. Chronic inflammation induced by |low-grade endotoxinemia

Metabolic pathways are functionally integrated with ioma responses, and the relevance of the innate immune
system for the pathogenesis of metabolic disordemscieasingly recognized, e.g., in mice fed a high-fat die,
activation of liver resident macrophages Kupffer cellsnptes hepatic IR and glucose intolerance. The selective
depletion of these cells, without affecting adipose tissaerophages, restores hepatic insulin sensitivity supdaves

whole-body and hepatic fat accumulation along with glucosgabolism®” *® Recent work has shown that gut
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bacteria can initiate the inflammatory state ofsilyeand IR through the activity of lipopolysaccharide (),P&
component of the gram-negative bacterial cell wallsictv can trigger the inflammatory process by bindinghe
CD14 toll-like receptor-4 (TLR-4) complex at the surface obilenmmune cells.

2. Regulation of adipose tissue and liver fatty acid composition by gut microbes

Gut microbiota can also affect host metabolism anthrinmatory state by modulating the tissue fatty acid

composition: mammalian intestinal Lactobacdind _Bifidobacteriacan synthesize from free linoleic acid bioactive

isomers of conjugated linoleic acid, which have antieliabanti-atherosclerotic, immunomodulatory, and ab#sity

properties. The supplementation of Bifidobacteritmeveand linoleic acid to different mammalian species result

in a two- to threefold higher intestinal, hepatic, adibose tissue content of cis-9, trans-11 conjugated lnatsd,
eicosapentaenoic acid, and docosahexaenoic acid, coantgnivith a reduced proinflammatory cytokines ThlF-
IL-6, and interferon-expression, than the linoleic acid-alone supplemented digt

3. Gut microbiota modulates gut-derived peptide secretion PYY

Gut microbiota synthesizes a large amount of glycosydedtases that break down complex plant polysaccharides to
monosaccharides and short-chain fatty acids, maingtate; propionate, and butyrate. Beside representing an
important source of energy for de novo lipogenesis, thlesg-chain fatty acids are ligands for two G-proteoupled
receptors, Gpr4l and Gpr43, of gut enteroendocrine'tdllgon ligand binding, these G-protetoupled receptors
stimulate secretion of PYY, which inhibits gut motiliand slows intestinal transit thereby enhancing entri
absorption. Consistent with these properties, convealfipraised Gpr41-deficient mice or germ-free Gpr41-defici

mice colonized with _Bacteroidetebeatiotaomicrorand _Methanobrevibactegmithii (two common commensals of

human distal gut) were significantly leaner than wild-tyjiteermates, whereas there were no genotype-related
differences in germ-free mice. Gpr4l deficiency was destsut with decreased expression of PYY, faster intdstina
transit rate, and reduced harvest of energy from th&'diet

M odulation of the gut microbiota towar ds reduced obesity and metabolic disease

1. Antibiotics
The composition and metabolic potential of the gut nhiata may be modified using pharmaceuticals or through
dietary means. Antibiotics, especially broad spectrutibiatics and those with low absorption in the upper gut c
dramatically influence the bacteria in the colon. tneffort to determine whether changes within the caitipn of
the gut microbiota could directly impact on metabolic ¢oxemig?. However, the use of antibiotics to treat obesity i
humans is not realistic considering the dramatic impatiroad-spectrum antibiotics on the normal gut miaiabi
and consequent diminution in colonization resistanéeviading pathogens and the emergence of multidrug-resistant
bacteria. Therefore other ecological strategies, edpedietary strategies, may constitute a more vialtternative for
the treatment of obesity.

2. Dietary microbiota modulation
Certain foods, particularly dairy foods and foods richilierf (e.g. whole plant foods), are recognized to be pregect
against overweight, obesity and the diseases of olf@sfty Dairy foods include a wide array of different products
from raw milk, fermented cheeses and yoghurts to higlra@d fat products like butter but overall intake of low
saturated fat products appears to be inversely relatedatt disease risk, markers of the metabolic syndronde an
obesity in various epidemiological studie$®. Dairy products are complex foods and it is difficult togk out
particular components which may be responsible forethe=salth effects, although several intrinsic facgursh as

calcium, beneficial lipids (e.g. sphingomyelin oleic asildort- and medium-length fatty acids) and bioactive peptides
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have potential health promoting activifiésWhile calcium is independently associated with reducsidaf metabolic
disease and improved gut health. Indeed fermented dairy prédetdong been associated with improved health and
have formed the basis of the modern probiotic functifoads industry. Probiotic bacteria, defined by the WO
“live microorganisms which when administered in adequate amount confer a health benefit on the host,” appear to
impact on metabolic parameters related to obesity la@adnietabolic syndronfé. High level consumption of yoghurt
(about 10% w/w of diet) has recently been shown to prodgedfisant differences in body composition (less weight
gain and less body fat) in yoghurt-fed animals comparedntral animals on an isocaloric di&t In models of
diabetes, probiotic intervention has been examineddability to impact on metabolic biomarkers of diseaStudies

using the traditional Indian yoghurt, dahi, or dahi supplendenién probiotic strains of Lactobacilluscidophilus

and L. casei have shown that this product can improve markers of ethab including hyperglycemia,
hyperinsulinemia, dyslipidemia and oxidative str&S%. In humans, dietary intervention with yoghurts containi

probiotics (such a4. acidophilus Bifidobacteriumlongum L. plantarumand/or B. lacti§ have been shown to

significantly reduce total serum cholesterol and LDLIesierol and to improve the LDL:HDL cholesterol ratid*.

3. Dietary fiber, prebiotics and RS
Current recommendations for the management of obasityd&abetes include increased intake of dietary fiber and
foods rich in fiber®. These recommendations are based on epidemiologikaldatween high dietary fiber intake and
improved markers of metabolic disease and reduced body weightever, recent studies suggest that these effects
may not hold in the absence of a concomitant redudtiamergy intake or through reduced energy density of foods.
Indeed, in practice, it is very difficult to significantigcrease dietary fiber intake without reducing energgkiat
Similarly, it is often difficult to identify the undeiilyg mechanisms of action of diets rich in fiber, lasse diets are
composed of complex foodstuffs of plant origin which cantaany different classes of biologically active compsin
including fermentable carbohydrates, bioactive peptides patyphenolic compounds, all of which may impact on
biomarkers of metabolic health.
Conclusion
The intestinal microbiota has emerged as a possibi¢rilbotor to the obesogenic environment that is dgvin
increased rates of obesity in westernized socidfiEse interactions between diet and the gut microbiotthe one
hand, and the gut microbiota and host physiology on ther ohppear to be adulterated in the obese. In humans, the
gut microbiota of obese people appears to differ fromdhtte lean. Early events in the successional dprstot of
the gut microbiota may play an important role, withraatous colonization in infancy implicated in high bodsigit
in later life. Obesity per se appears to be charaedrby a gut microbiota with enhanced capacity for rsirg
energy from the diet and this obese-type microbiotapgisars with weight loss upon adoption of diets designed to
induce weight loss or following gastric bypass surgery. éd@n, not all studies agree that the gut microbiotdef t
obese shows an altered Bacteroidetes/Firmicutes peafidefurther studies comparing the gut microbiota of lewh a
Dietary approaches for microbiota modulation are noul established, and, interestingly, many of these same
microbiota-modulatory foods have long been associatddnetduced risk of obesity and the diseases obese indisidual
are needed, especially by means of a combinationcbhigues to overcome the limitations of individual molac
approaches of obesity in epidemiological research.
In the only follow-up study prospectively connecting gut wihiota to the development of obesity, other factors,
including dietary habits, were not assessed, making caofaknce uncertain. The assessment of pro/prebiotic

efficacy in free-living humans is far more complex thender standardized experimental conditions because different
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confounding factors, including antibiotic use, background aiet physical activity, endotoxin content of ingested
food, and even meal frequency, may affect gut microbestargy balance, and ultimately body weight. Understanding
these factors may allow researchers to design futiaie ind better understand the relative impact of preiqiob

on the treatment of obesity, which is a complex dselsiving from the interaction of largely unknown mukipl
genetic and environmental factors. The ongoing doubletbliandomized, controlled trial, FATLOSE, is assessing
the effect of healthy donor feces transplantatiorgloicose homeostasis and intestinal inflammation inestdbjwith
metabolic syndrome and will hopefully help address thesees. Furthermore, the long-term safety of gut miotabi
manipulation needs assessment.
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