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Abstract

The mammalian gut has coevolved over millions of wes with a vast consortium of mi-
crobes, which were physically, intimately and den$g associated with our body. From birth,
this population is in continuous and intimate contat with intestinal tissues. Recent results
indicate that indigenous bacteria play a crucial iductive role in gut development during
early postnatal life. These findings have revealethat the mammalian intestine is poised for
interaction with its prokaryotic partners, which are essential for its normal development.
During their coevolution, the bacterial microbiota has established multiple mechanisms to
influence the eukaryotic host, generally in a bengfal fashion, and maintain their stable
niche. The prokaryotic genomes of the human microbita encode a spectrum of metabolic
capabilities beyond that of the host genome, makinthe microbiota an integral component
of human physiology. Gaining a fuller understandingof both partners in the normal gut-
microbiota interaction may shed light on how the réationship can go awry and contribute to
a spectrum of immune, inflammatory, and metabolic @¢orders and may reveal mechanisms
by which this relationship could be manipulated tovard therapeutic ends. This review pro-
vides a brief overview of this exciting, emergingiéld.
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Introduction ecosystem of indigenous microbes residing in thesin
tine may collectively be referred to as the intestimi-
Prokaryotic organisms can exist in intimate andtioon ~ crobiota. This lifelong association is essential to host
ous contact with members of the eukaryotic kingddhe  pathogen defence and plays an important role iriemit
implications of this statement reflect an emergingme ~ uptake and metabolism [2]. All mammals are bornilste
in the life sciences that has recently come tofdhefront — and immediately after birth, they are initiatedoirat life-
of our general view of multicellular plants andraals — long process of colonization by foreign microorgams
that microbes may affect our biology in profounddan that inhabit most environmentally exposed surfdsash
perhaps previously unsuspected ways. It may berisurp as the skin, mouth, gut and vagina) [3]. From thament
ing to learn that the human gastrointestinal trm¢tome ~ On, humans become and remain colonised by microbes.
to 10" bacterial organisms [1]. In fact, there are moré\early every surface of mammals that is exposetheo
bacteria in the gut than there are somatic cellsérbody. — environment is inhabited by commensal bacteriard e
These resident bacteria are referred to as cominetisa no better example of such a surface than the catbich
crobiota and their arrival during the first few pustal —contains an astounding number of bacteria, wheleesss
days’ sets up a symbiotic association that is reszgsand  has been reported from upper gastro-intestinat trabi-
crucial to normal physiologyThe complex and dynamic tats [4]. The thousands of bacteria, fungi and rothe
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crobes that live in our gut are essential contdksito our
good health. Colonization and the presence of rhiota
is important to the development, function and neint
nance of a healthy gastrointestinal tract. [5-7].

Over the past five years, studies have highligiseche
key aspects of the mammalian host-gut microbia-rel
tionship. Gut microbiota could now be consideredaas
“microbial organ” placed within a host organism.adddi-
tion to the obvious role of the intestine in thgedition
and absorption of nutrients, the human gastroiintast
tract contains a diverse collection of microorgarssre-
siding mostly in the colon. As a whole, the micigem-
isms that live inside humans are estimated to ouobau
human cells by a factor of ten. The microbiome @spnts
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ts are exposed to a complex microbial populatign [9
Evidence that the immediate contact with microb&shg
birth can affect the development of the intestmairobi-
ota comes from the fact that the intestinal miastdiof
infants and the vaginal microbiota of their mothghew
similarities [10]. The gastrointestinal tract isetbfore
first colonized by facultative anaerobes that lowies
redox potential and thus permit growth of strican
obes, which normally appear in large numbers duitfireg
first week of life [11]. Neonates are quickly coloed by
facultative anaerobesE¢cherichia coliand Streptococ-
cus, reaching concentrations of 8@ 13%g of feces
within 1-2 days; anaerobic microorganisms do nect be
come established until the second month of lifd [E&y.
1). In two large studies the dominant bacterialugsoin

overall more than 100 times the human genome [8}he infant Gl-tract were found to be ProteobacieBiac-

Therefore, the gut microbiota and its microbiomevile
us with genetic and metabolic attributes, spariagram
the need to evolve solely by our own. Accumulatwvy
dence indicates that the gut microbiota is instmtiadein
the control of host energy metabolism. These figslin
open the way to better understand how the gut iicta
and the factors that influence its distribution @odstitu-
ent microorganisms are controlled and how theyraate
with the host organism. The present review is idéehas
an overview of the recent findings in relevant szsh
fields.

Acquisition and establishment of the microbiota
Normal colonization of the sterile newborn intestis a
complex process. Bacteria start colonizing theilstén-
fant gut within hours after birth followed by a begal
succession until an adult microbiota has been kshall
post weaning. Upon passage through the birth canfal,

Proteobacteria /

teroidetes, Firmicutes, Actinobacteria and Verruicooa

bia [13]. Seemingly, the gut microbiota developsain
chaotic progression during the first months of dfpend-

ing on bacterial exposure from the surrounding remvi
ment. At 6 months of age the human faecal mictab®
dominated byBacteroidetesand Firmicutes common
occurrence oWerrucomicrobia and very low abundance
of Proteobacteriaand aerobic Gram-negative bacteria in
general [14]. Predominance éfirmicutes and Bacter-
oidetesin mammals has been found in several large-scale
16S rRNA sequence-based studies. More than 80¥eof t
identified phylotypes belong to these two phyldaiiman

gut biopsies and faecal samples from a wide rarfige o
mammalian species [15,16]. Four hundred to 1000ophy
types, roughly corresponding to bacterial spedmesje
been estimated to inhabit a healthy human intediyne
16S rRNA cloning and sequencing [17].

Firmicutes
Streptococcus spp
Clostridium spp

Bacteroidetes
i Bacteroides spp

Actinobacteria

birth 7 days weaning

adulthood

Figure 1. Colonization pattern of developing human gut. Titial microbiota after

birth is dominated by facultative anaerobes.

Aftelaning microbiota develops into

stable community dominated by bacteria belonginthéFirmicutes, Bacteroidetes

and Actinobacteria division.
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Figure 2: Schematic representation of the main metabolic piodective functions served by the gut microbiotats
host.
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Figure 3: Variations in microbial numbers and composition asdhelength of
the gastrointestinal tract.
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Figure 4. Schematic diagram of the main metabolic pathwayslved in the utilization of dietary poly-and agpnc-

charides by the gut microbiota

It is presumed that this initial colonization isvatved in
shaping the composition of the gut microbiota tigtou
adulthood. For instance, a few studies have shdwah t
kinship seems to be involved in determining the posit
tion of the gut microbiota. Ley et al. [18] haveosam
that, in mice, the microbiota of offspring is clbseelated
to that of their mothers. The faecal microbiotaaoiult
human individuals is unique and highly stable tigiou
time [19,20], and the composition is at least tmeaex-
tent determined by host genetics [19,21]. Numeffaas
tors govern microbiota stability and shifts (sucies
changes) in populations. These include intestifgl mpi-
crobial interactions, environmental temperatureysji-
ogic factors, peristalsis, bile acids, host seonsti im-
mune responses, drug therapy, and bacterial mucesal
ceptors. Both external and host factors controlctvhin-
gested bacteria will be established in the intestamd the
order of succession of the colonizing strains isnafjor
importance.

Functions of the gut microbiota

Deciphering biological features of a taxonomicaltym-
plex and ecologically dynamic microbial communisya
challenging issue in gut microbiome research. Resten
dies have shown that the complement of gut bactaria
ies among individuals, but specific data linking thacte-
ria present to their functions in human physioldwve
been lacking. In a recent report, a multidiscipynap-
proach to link the functions of the trillions of enbbial
gut bacteria has been described. Germ-free andalgnot
otic mice, [22],pig [23] and zebrafish [24] provide sim-
plified model ecosystems that allow detailed evadumaof

functions of colonized microbiota or microbes athe t
corresponding host responses in vivo, [25] as alheir
impact on various host physiologies [26]d more broad-
ly on health. All these data showed thiatestinal mi-
crobes play a pivotal role in maintaining human lihea
and wellbeing (Fig.2).

Molecular analysis of intestinal microbiota

The extent of diversity of the microbiota is a fantental
guestion in intestinal microbial ecolog¥he intestinal
microbiota remains incompletely characterized atsd i
diversity poorly defined [15]For years, the 10-metre-
long human intestinal tract was like a dark tunSgime
light had been shed on it by culturing bacteriarfrthe

faeces, but the darkness was overwhelming, because

about 70 to 90 percent of the bacteria cannot lizvated
in laboratory dishes. These uncultured bacterizaneaa
completely unknown. Microbiologists knew that tahs
of microbes live in the gut, but they had no ideaick
ones.

Cultivation-based techniques traditionally were duge
study Gl bacteria. However, cultivation-based apphes
are limited by 3 major factors. First, one can undtonly
those organisms for which nutritional and growth re
guirements are known. Second, phenotypic criteviaat
reliably enable phylogenetic identification. Thialtiva-
tion techniques are, by design, tedious and imjgeadior
studying ecosystems characterized by extensiveobyialr
diversity. A pivotal technological advance has bdes
circumvention of a major impediment to microbial re
search inability to culture the majority of micrabia the
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gut. The progress made in molecular microbial egplo and probiotic supplementation-induced changes $n it
over the last 10 years has allowed the exploratiothe  composition are promising [29].

colonic microbiota in humans. This has been achidue

new molecular techniques, notably metagenomics anf;ersity of GI -tract microflora in different
compositional sequencing [7], which have enableal th_. . .

study of mixed communities of microbes in the gt sites of the digestive tract
revealed greater diversity than previously imagiriBus
situation is changing rapidly, however, thanks ®wn
high throughput technologies and matching softwere,
plained Willem de Vos from Wageningen Universitydan
Helsinki University. For the last two or three y®at has
become possible to find out which ‘species’or ‘mhyl
types’[15] of bacteria live in our body, by analygithe
genes for 16S rRNA’'s with a phylogenetic microarray
facilitate for the first time our ability to anakyzmicrobi-
ota in depth and in an efficient manner (TableHgw-
ever, this method provides little information abitro-
bial functions, making it difficult to understandarobi-
ota-derived contributions to disease pathologiee T

complexity of gut microbial ecology and its impaurn X d o in diff st
health can be better understood by decipheringé¢hetic tive enzymes, and transit time in different partst
information contained in the complete microbial plap |ntest|r_1e(_F|g.3). AIth_ough the pf‘?sem of rr_ncrob|o_ta on
tion. Approaches based on genome sequences offer po_the skin, in the_resplratory tract, in the va_glhal; major-
ity are located in the colon of gastrointestinatty which

erful insights into the physiological potentialrafcrobes. S he health. The adult di .
Genomics and metagenomics will provide a wealth opas major impact on the health. The adult digedteret
can be viewed as a succession of different ecasyste

information and this requires continuous developisien ) _ - 7
and improvements in high-throughput sequencing-tecHndeEd' m'CrOb'?" p_opulatlons are uneve_nly d|y|ded
nologies and bioinformatics. These approaches haea througho_qt the d|gest|ve_tract du? oa mp_salccof_qgl—
widely applied to study bacterial communities ir Gl cal condm_on_s (e.g. Phys,_lcoqhemlcal, nutritiorahdition
tract [27]. The established metabolic profiling egach a_nd transit time), resulting in important bgtvyeengan
differences. The stomach represents a split inmfoeo-

has a powerful capacity for detecting various meitds X ; ! ; )
P pacty g bial continuum of the digestive tract because sfek-

originating from microorganisms that are commonlytremely acidic pH, as most of the microorganisms in

found in mammals. Microbial community structure can g q d bef hing the duodeTi
also be analyzed via fingerprinting techniques, nehg gested are destroyed before reaching the duodenuis:.
makes it difficult to distinguish the exact proponts of

dot-blot hybridization, fluorescent in situ hybddtion . . .
(FISH), or quantitative PCR that target known taxe resident versus transient stomaqh bacteria [%]' Saw
the conditions are less extreme in the small imestnd

measure the abundance of particular microbes. BEnterg | : X h h ies b &5eTth
approaches, such as those based on functional gedes '2'9¢ Intestine, where the pH varies between &3rrthe
small intestine [31] from the duodenum to the ilewand

their expression and the combined use of stabtepss ; ) - T
and biomarkers are also being developed and opgtthtiz gggf;gr?tgg'o in the large intestine from proxitoats

study metabolic activities of groups or individuaban-
iSms in situ.

It is now recognized that all external body sur&bave a
normal resident bacterial flora, and this includes di-
gestive tract. During the last 25 years there heenla
massive increase in our knowledge about the gua tho
different sites in the digestive tract [30]. Thisstoccurred
as a result of improved anaerobic culture techrsgttee
recognition of the limitations on the data andratits to
moderate those limitations. Accumulating data iatéc
that the indigenous intestinal microbiota are aseesal
component of human physiology. Bacteria are present
throughout the human gastrointestinal tract, batrthm-
ber and spectrum of microbes vary considerably tdue
differences in pH, presence of immune factors agdsd

Relatively few studies have been published on tterd

Several analytical techniques, including high resoh sity of the microflora in the human intestine [38,8r on
nuclear magnetic resonance (NMR) spectroscopy45 arifie flora associated with the mucosa [35]. Problenes
various gas ||qu|d Chromatography_mass Spectromet@SSOCi&tEd with sampling at various sites in th&r@jt,
(GC-Ms, LC-Ms) techniques [28] are currently used t Pecause invasive techniques such as intubatiool@ce
generate spectral profiles from which informati@rtpin-  tion of material during operation have to be emptbyo
ing to pathophysiology can be extracted. Studiegutf Obtain samples of intestinal contents. Invasive e
microbiota interactions with metabolic phenotypss-( techniques can usually not be used for sampling of
called functional metagenomics) are now possibldi€althy subjects. In general, the faecal flora setenmep-
through the use of proton nuclear magnetic resm‘]éhb resent the colonic flora. However, there is a gmta—
NMR) based profiling of fecal, urine or other exts tipn in_ microflora compared with the upper sitestloé
Early results in this area that tried to correlat@drobiota  digestive tract.
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Table 1: Overview of the approaches used in gut microltalayy

Approach Target

Result Main limitation

16S rRNA gene
Sequencing

16S rRNA genes

Diversity arrays 16S rRNA genes

Dot blot hybridiza- 16S rRNA
tion
i inti 16S rRNA genes
Evolutionary Fingerprinting g
diversity
FISH 16S rRNA
Non-16S rRNA gene Genomic DNA;
Fingerprinting cellular fatty acids
Real-time PCR 16S rRNA genes
DNA microarray Genomic DNA
Metagenomics Genomic DNA
Genomic
diversity Probe-based cellGenomic DNA,
sorting plasmid DNA
Subtractive hybridi- Genomic DNA
zation
DNA microarray mRNA Labelled
In situ isotope track- biomarkers
ing
Activity Real-time PCR (RT- mRNA

PCR) (R-)IVET

SCOTS Promoter regions
mMRNA
STM Genome

Collection of 16S
gene Sequences

rRNA Bias in DNA extraction,
PCR and cloning

Display of 16S rRNA geneln early stage of devel-
diversity opment

Relative abundance of 16Requires 16S rRNA

rRNA gene sequence data

Diversity profiles Bias in DNA extraction
and PCR

Enumeration of bacterial Requires 16S rRNA

Populations gene sequence data
Diversity profiles Identification of mi-
crobes

Relative abundance of 163Bias in DNA extraction
rRNA genes

Variation between genomes Cost intensive
Gene sequences Bias in DNA extraction
and cloning efficiency

Depends on sequence
Sorted cells containing genelata
of Interest

Sensitive for false posi-
Unique gene sequences tives
Transcriptional fingerprints Biological explanation
Identification of substrate- of data only suitable for
utilizing Microbes simple pathways
Specific gene expression  Only applicable to lim-
ited number of genes
Requires cultivation

Identification of induced Depends on selective
promoters amplification
Identification transcribed Depends on transforma-
genes tion ability of microbes

Insert of transposons in ge-
nome

Host-microbial symbiosis

Normal intestinal microbiota are characterized a®m-
plex collection and balance of microorganisms that-
mally inhabit the healthy Gl tract. The indigendacte-
ria sometimes have been classified as potentialiynful

or health-promoting. Most of them, however, aret jodr
the normal commensal flora. This term indicate®la-r
tionship between organisms of 2 or more differgmicies
in which lspecies derives benefits from the assoca
while the other(s) remain(s) unharmed or unaffeciad-

rently, the relationship between intestinal baetamd the
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host is referred to as host—microbe cross-talk,lyimg
peaceful coexistence and mutual benefit.

Table 2. Metabolite producing bacterial strains and theirgstble health effects

S.No. Metabolite Bacterial strain Health effects
Modulation of bone mineralization
l Bone mineral density
! Fracture risk
1 Vitamin K Bacteriodes fragilis Modulation of blood coagulation
l Risk of cardiovascular disease
! Risk of melena neonatorum
l Risk of intracranial hemorrhagic disease
Stimulation of nervous system development
2 Vitamin By, Lactobacillus reuteri Success to thrive
l Risk of neurological disorders
! Risk of hematological abnormalities
Modulation of the immune system
! Carcinogenesis
3 Conjugated Linoleic acid Bifidobacterium breve ! Atherosclerosis
(CLA) B.longum ! Inflammation
l Obesity
l Diabetes
Central nervous system inhibition (inhibitory neuro
4 v-Aminobutyric acid (GA- Lactobacillus brevis transmitter)
BA) L.paracasei 1 Hypotension
) Diuresis
l Weight loss
! Epithelial cell hyperplasia
5 Polysaccharide A (PSA) Bacteriodes fragilis Modulation of the immune system
! Cytokines levels
l Neutrophil infiltration

Table 3: Some bacterial enzymes that generate toxic, gricctnd carcinogenic products

S.No. Enzyme Substrate
1 B-Glycosidase Plant glycosides
. Rutin
. Frangulosides
2 Nitroreductase Nitro compounds
. Dinitrotoluene
3 Azoreductase Azocompounds
. Benzidine -based dyes
4 B-Glucuronidase Biliary glucuronides
. Benzo(a)pyrene
. |Q
. Benzidine
5 IQ-"hydratase-dehydrogenease” IQ, MelQ
6 Nitrate/Nitrite reductases Nitrate, Nitrite
7 Bile acid hydroxylase Cholic and chinodeoxychalid
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8 Amino acid deaminase Tyrosine and other amingsaci

process of selection and competition. The gut roiome
enlarges the genome of the host and enhances $tte ho

Cross talk between the host and commensal miclohbes Metabolic potential [37]. Indeed, it is estimatéattthe
been an area of intense investigation during trst gec-  collection of all microbial genomes in the gut caises
ade, but the mechanisms by which bacteria in thengu Petween 2 million and 4 million genes, which is 786
fluence host physiology and by which host physiglog times ,more than that of their host [38]. This nokcr
influences bacteria in the gut remain largely unino biome’ encompasses all genes that are responsible f
numerous processes such as substrate breakdowginpro
Cooperative interactions between eukaryotes and pr&Ynthesis, biomass production, production of siggal
karyotes are well known. In these symbiotic refasiips, ~Molecules, anti- microbial compounds and it encdiies
the microbe profits by acquisition of a stable tenagure, ~Cchemical pathways that humans have not evolved [39]
oxygen and nutrient supply. Eukaryotic hosts main ga The intestinal microbiota can therefore be regarded
extended metabolic/digestive ability and benefionfr ~Separate organ within the human host that is capabl
competitive exclusion of harmful microbeBhe present €ven more conversions than the human liver, andame
body of knowledge regarding host-commensal croks taView ourselves as a composite of human cells anteba
has been derived mainly from studies conductedgusin?nd our genetic landscape as a ‘metagenome,’ afr ama
germ-free or gnotobiotic animals. In addition, firemis- ~ 9am of genes embedded in our genome and in the ge-
ing potential of using selected strains of intedtimi- ~ Nomes of all our microbial partners [7]. Therefoirem
crobes as probiotics has spawned research elugictee  the metabolic point of view it would be more cotréez
effects of specific probiotic bacteria in vitro airdvivo ~ describe human as ‘superorganisms’ that is a hu-
[36]. However, data from these studies should berin Man/microbes hybrid. Through its immense metabolic
preted cautiously for a number of reasons. Commiens§@Pabilities, the gut microbiota contributes to lamnphy-
microbes constitute a dynamic ecosystem charaeteriz SI010gy by transforming complex nutrients, suchdgs
by interaction between members of the microbiothtae  t@ry fiber or intestinal mucins that otherwise wbbe lost
host. Thus, the effects of selected commensal inéergo 10 the human host, into simple sugars, short-cletity
host physiology may in part depend on microbe-niero 2cids and other nutrients that can be absorbed F406}
interactions, which are difficult to recapitulatedainves- ~ thermore, the microbiota produces some essentiat vi
tigate in an experimental setting. Initial micrdialoni- ~ MiNS including vitamin K, vitamin B12 and folic ki
zation in the neonatal period coincides with suaitand ~ contributes to intestinal bile acid metabolism aedircu-
functional maturation of the intestinal immune syst lation.

and the expression of many of the immune moledules S ] ) ]
volved in recognition of microbial structures isvelop- N contrast to the oxidative and conjugative nanfrever
mentally regulated. In addition to their homeostatinc- ~ Metabolism, which generates hydrophilic high molecu
tion in later life, indigenous microbes appear taypan ~ Weight biotransformation products, the metaboliture
important developmental role in early infancy. Aftae  ©Of the gut microbial community in an anaerobic eorw
intestinal microbiota has been established, itspmsiion ~ Ment is mainly reductive and hydrolytic, generatimg-
remains relatively stable. The host is tolerantamits ~Polar low molecular weight byproducts [41]. Additio
indigenous microbiota, that is, immune responsesto ally, the intestinal microbiota also interferestwihe hu-
commensal bacteria are local and noninflammatory jf?@n biotransformation process through the entemtiep
nature. It is likely that host responses to redicem- circulation of xenobiotic compounds. Compounds that
mensal bacteria differ from those elicited towanitial ~Nave been absorbed in the intestine and subseyuintl
colonizers in early life or toward nonpathogenicrobes ~ (oxified are usually conjugated with polar groujgsuf

that do not belong to the indigenous microbiotaghsas ~ curonic acid, glycine, sulfate, glutathion and taeyy in
probiotics. the epithelium or liver. Such metabolites may erker

blood stream prior to excretion in the urine, bapend-
ing on the compound a considerable fraction mayp als
enter again into the intestine via secretion with bile
[42]. Once released in the intestinal lumen, thesgu-
gates may be hydrolyzed again by bacterial enzyguels
asp-glucuronidases, sulfatases and glucosidases.

Metabolic potential of the intestinal microbiota

The intestinal microbiota may also play an impadriahe
in human health by means of its metabolic potentihk
human gut microbiota is a metabolic organ havirmpa:
ing capacity that exceeds that of the liver by@dia100
[37] and whose composition is determined by a dyoam
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Mechanisms for microbial regulation of host In 1983, Wostmann and colleagues observed that-germ
metabolism free rodents require 30% more calories to maintiair

body mass than conventional rodents (possessirig the

To understand how the gut microbiota affects hbgsp ~ ‘normal’ gut flora) [46]. The potential mechanisras-
ology, recently it has been investigated that hbevgut ~counting for this observation remained obtuse uret
microbiota regulates the metabolome and transeriptm ~ cently when seminal studies by Drs. Lora Hoopéffrele
germ-free and conventionally raised mice. Metabatom Gordon and others using germ-free mice colonizeti wi
analysis revealed that the gut microbiota affeetseal conventional gut flora or B.thetaiotaomicron sugees
important metabolic processes including energy bweta that the gut flora contribute to carbohydrate apiti lab-
lism, amino acid, and lipid metabolism. The serum m sorption [47-51]. Sequencing of the B. thetaiotawom
tabolome was associated with increased hepatisdriga ~ genome revealed, remarkably, that a majority of fe-
tion of genes involved in proteo|ysis7 energy, xenho- nome is devoted to pOIysaCCharide utilization Eim:[hor—
metabolism. Surprisingly, we detected increasedldegf tantly, contains enzymatic capacities lacking & tiuman
neurotransmitters in serum of conventionally raiged ~9enome permitting, for example, the digestion dfients
mals, which suggests that the gut microbiota mégcaf Otherwise inaccessible to the host [48]. The genofne
animal behavior. Taken together, these results estgg these bacterial glycophiles, termed a ‘glycobionpee-
that variations in an individual’s gut microbiotaynhave dicts that they display receptors for complex patyha-
profound effects on host metabolism and physiolaggt  rides as well as secrete a vast array of carboteyddz-

will be an important factor when considering peedized ~ grading enzymes into the bacterial periplasm oraexed-
medicine. lular fluid [47]. Consistent with the hypothesisaththe

metabolic capabilities of B. thetaiotaomicron ariiaal
to host nutrition, these organisms are observeab$oci-
ate with food particles and mucus and to modifyirthe

The human enteric microbiota can exert beneficglith ~ glycan foraging behavior (via differential gene g
effects through the production of bacterial metabslor ~ sion) depending on the available nutrient sourde. [
‘pharmabiotics’, most often small molecules whiokei-  The gut flora also likely regulates fat storage]{49

ﬁ%:\gm IT;%!ge\?vthﬁ;%m;?gniﬁ?ﬁSQeS)(/gsrfgom;i:]netg?](éﬁ/neu':ina"y’ microorganisms influence the nutrition tfe
9 ' nimal tissues of their host. For example, they ey

ronal-based. Commensal bacteria have been shown Pde certain vitamins, carbon energy, and nitrogethe

synthesise vitamins that are essential for humaal ¢, ¢ metapolic end-products and macromolecutar p
such as vitamins K and B [43], polyunsaturatedyfati- cursors. The microbial cells may also compete f@ila

ids (PUFA) such as conjugated a-linolenic acid (@AL . . : ' :
; ble, dietary nutrients with the host's animalscellhere-
Zzg ﬁlt’;nig:ﬁ 4r]eLE)r(S)zcg\r/]3 ;Oyaﬁ?eﬂndosf S(‘)L:ﬁgras.‘nGHAB ore, for these microbial communities, the contiilel
: S~ L y fre, nd competitive nutritional activities are sigréiit to the
peptides and nucleotides with immunomodulatory an@utrition of the animal tissues
anti-inflammatory properties [43]. The effects oh®e of '

these compounds on human health are briefly rexdewe ) ) ) )
below and summarised in (Table 2). Role of the microbiota in host energy metabolism

Metabolite production by gut bacteria

. ) Microbial communities are characterized by unpated
Nutritional benefits of the gut flora complexity. Our increasing technological ability ¢har-
acterize this complexity will contribute to undersding
Nutrients from digested bacterial cells may be refagest  the ecological processes that drive microbe-eukiaryo
benefit to a mammalian host when they are madd-avainteractions. One of the most striking findingstthalped
able in the stomach or intestine. In addition todorcts of  to define this mutualistic relationship was theerof mi-
hydrolysis of the macromolecular constituents adirth crobiota in energy harvest. The role of the gutrabiota
cells, lysed microbial cells are also sources ¢dnains  in host energy and metabolism is becoming more and
and other cofactors [45]. Germfree rats are knowret  more clear and is considered a critical factor,etogr
quire vitamin K in their diets, while conventionalts do  with lifestyle, involved in energy metabolism arlesity.
not [45]. Likewise, germfree rats and animals ata@e  The gut microbiota increase energy absorption fthen
other species require in their diets certain Briites (6.9.  gut by direct mechanisms. To examine the relatignsh
B12, biotin, folic acid, and pantothenate) in caric®  between the composition of the gut microbiota amel t
tions higher than those required by their convewio efficiency of energy harvest, the levels of SCR#e ma-
counterparts [45]. In these cases, the substanagsder  jor fermentation end-products and source of endogy
rive predominantly from organisms residing in teewm the host, influence the host gene expression itesys
and colon, but may come as well from microbial ell tissue such as the liver (lipogenesis, gluconemishand
growing on epithelial surfaces in the fore- and gnits. adipose tissue (lipogenesis and inflammation) amel t
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energy content of the faeces were used as markers-o0 mice, there was a 60% increase in body fat within 2
ergy harvesting. weeks. To clarify possible mechanisms of this éffdte

authors showed that the microbiota promoted abisorpt
Whether changes in the microbiota are a causermeeo of monosaccharides from the gut and induced hefiatic
guence of obesity [52] remains to be establishadjths  pogenesis in the host, responses mediated by 2ipsot
clear that the microbiota aid in energy harvestirmn  carbohydrate response  element-binding protein
our foods. The hypothesis that changes in our hiota  (ChREBP) and liver sterol response element-bingirg
through lifestyle changes and modern medical practi tein type-1 (SREBP-1) [49], energy extraction fraom-
which might lead to disappearance of certain sgeciadigestible food components (via short chain faityjds
within the microbiota [53], species which are irdit@ly (SCFA) production through the fermentation). Initer-
involved in human physiology and the disappearasfce esting experiment, using genetically modified (fagt
which leads to modern-day disorders, requires @urth induced adipocyte factoF[afl-knockout) mice, the same
investigation. But, until the role of the microkadn obe- authors showed that gut microbes suppress intésliai
sity is clear, we will have to carefully watch thalance also known as angiopoietin-like protein 4. Fasting-
between energy intake and expenditure. induced adipocyte factor inhibits lipoprotein lipaactiv-

ity, thereby catalyzing the release of fatty adrds lipo-
The amount of energy that is stored in the bodyeddp protein associated triacylglycerols, which are thaken
on the balance between energy intake and expeaditurup by muscle and adipose tissue. In the study, stipf
when energy intake exceeds expenditure, excesgyeiser pression resulted in increased lipoprotein lipad®igy in
stored as fat, which leads to weight gain and exdyt adipocytes and promoted storage of calories adefad-
obesity. To examine the relationship between thmpms  ing the authors to postulate that energy regulatipihe
sition of the gut microbiota and the efficiencyesfergy  gut microbiota occurs through at least three ietated
harvest, the levels of SCFA, the major fermentadad-  microbial mechanisms: a) fermentation of indigdstib
products and source of energy for the host, anéitleegy  dietary polysaccharides to absorbable forms; lBstimtal
content of the faeces were used as markers of gharg absorption of monosaccharides and short chain &&itis
vesting (Fig. 4). Faecal SCFA and energy contemmewe with their subsequent conversion to fat within tiver,
then correlated with the levels of Firmicutes, Ragide- and c) regulation of host genes that promote déponf
tes and Actinobacteria in lean, ob/ob and HF-fedemi fat in lipocytes [49]. In conclusion, changes ie firopor-
Evidence on the role of the gut microbiota on epdrgr-  tions of the major phyla of the gut microbiota weree-
vesting from the diet came from studies performed ilated to markers of energy harvest which changest ov
germ-free mice [54]. Ba'ckhed et al. [48lund that con- time. These findings suggest that microbial adaptatio
ventionally raised mice contained 40% more totaflypo diet over time, and perhaps with age, is an imponari-
fat and 47% higher gonadal fat content than gese-fr able in the complex relationship between the coiitipos
mice. Several pathways are proposed to explaintti®at of the microbiota, energy harvesting capacity abesgy
presence of the gut microbiota drives the increasat and should be considered in future studies.
mass — shown both in animals fed a standard carbohy
drate-rich or a fat-rich diet [55,56]. Toxic Consequences of Gut Bacterial Metabo-

lism
The gut microbiota may also influence energy baang  The metabolic activities of the gut microform haaleo
modifying gene expression of hostrelated metaboligeen associated with carcinogenic processes sutlr as
functions. Angiogenesis, which is primarily invotvén  ,or promotion (ammonia, secondary bile acids), geta
distributing nutrients to peripheral tissues, wasven t0  pesis (fecapenaenes), and carcinogenesis (N-nitase
depend on the gut microbial colonization procesk. Apounds). The enzymic activities of the gut micradlo
though capi!lary ngtwork formation was arrestedtiult  {q\yards ingested foreign compounds such as nitro-
germfree mice, this developmental process rest@metl 5romatics, azo compounds, and nitrate can have-wide
was completed within 10 days after colonizationhvat  4nging implications for health, since bacterialtahe-
complete microbiota harvested from conventionadiged  |ism of such compounds can lead to the generafigeo
mice, or withBacteroides thetaiotaomicroiCommensal notoxic and carcinogenic products. Bacterial enzyme
bacteria, sgch as. thetaloftaomlcron,have also been_ commonly assayed includp-glucuronidase -glycosi-
shown to induce expression of host monosaccharld@ase, azoreductase, nitroreductase, nitrate resdyctae
transporters in monocolonized mice. This would Ié@ad ~onversion of pre-carcinogen 2 amino-3-methyl-7H-
increasing the absorption of monosaccharides arféASC nidazo [4,5-f] quinoline (IQ) to 7-hydroxy-2-amir6-
a_md, thereby, promote the novo synthesis of lijxidthe dihydro-3-methyl-7Himidazo[4,5-flquinoline-7-one
liver. (7OHIQ). A list of the major bacterial enzymaticace

] ) ] ] ] tions leading to alterations in the toxicity of strates is
In different studies, when the distal gut microhidtom given in Table 3.

the normal mice was transplanted into the gnotabiot
Biomedical Research 2012 V@8 Issue 1
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and us. By identifying these host genes and theotmial
effectors of their expression/function, we shoudd dble
to identify new molecular targets and new chemical
strategies for manipulating nutrient processingtaks,

Future Prospects

The importance of understanding the relationships b

tween humans and their resident microbial populatio
has been emphasized for over 100 years. The stuidy
symbiosis in the mammalian gastrointestinal traat h
been hampered because of the inherent difficutiena-
lyzing such a complex ecosystem. A basic mechanisti
understanding of host—microbial interactions in theg.
mammalian gut will ultimately yield new strategifs

the prevention and treatment of some infectiousaties 2.
in humans. Analysis of interactions between commlsns
and their hosts will require the active participatof sci-
entists from many disciplines: cellular microbialstg, 3.
immunologists, experts in functional genomics aima b
informatics, applied mathematicians, and individudfadbm

the field of materials science. Obtaining a pictafehe 4
molecular underpinnings of symbiotic or commens&-+
tionships should lead to new approaches for theepre
tion and treatment of infectious diseases. Thehantcal
signals used by the microbes themselves to eftables
host—microbe and/or microbe—microbe interactionyy ma
represent new classes of drugs useful for maimigiour
indigenous microbial barriers. Finally, by ideniify
these microbial signals, we may develop importaw n
insights about the strategies that pathogens emuoy
gain entrance into, and eventual control of anystes.

7.

Conclusion o

The human microflora has a significant impact oalthe 9
and human disease, far more than ever realizeterBiift
mechanisms have been proposed to explain the kak b
tween gut flora and obesity. The future will almost-

tainly hold a dramatic shift in our thinking abcuur in-  10.

teractions with the prokaryotic world. Instead ofire-
thing to be avoided at all costs, perhaps thesdioat

ships will eventually be viewed as an integral mdrour  11.

biology. These developments might ultimately hedptal
understand the microbial ecology of the Gl traa aro-

vide us with insight into the mechanisms underly{ah 12.
tract health and disease. Finally, the capacigniamerate
the microbiota represents a first step in undedstan 13

molecular contributions of this microbial society hu-
man physiology. To fully define our own metabolio-p
tential, it will be necessary to define the metabpbten-
tial of our microbiota. This effort should includstiation

of a systematic effort to sequence the microbio2M [
and to develop methods for monitoring microbial gen

expression in vivo (first in gnotobiotic mouse misdend 15

later in humans). Over our evolutionary historymem-
nents of the intestine’s microbiota have enduresiria-
gent selection to become “master physiologic chesthis

i.e., they have had to develop chemical stratdgiesegu-  16.

lating nutrient processing in ways that benefintkelves

BiomedicalResearch 2012 Volume 23 Issue 1

%nd utilization.
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