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The humun gut microbiota is a metabolic orgun that is determined by u dynumic
process of selection und competition. Ayge, dietury hubits und geoygraphicul
origin of people huve un importunt impuct on the intestinal microbiotu. The role
of the microbiotu is still laurgely unknown, but the bucteria of the gut flora do
contribute enzymes that are ubsent in humans und play an essential role in the
cutabolism of dietury fibers. Germ-free mice provide u complementary approuch
for charucterizing the properties of the human gut microbiotu, Recently, microbidl
chunyges in the humun gut were proposed to be one of the possible cuuses of
obesity. This review summurizes the lutest reseurch on the ussociution between

microbidl ecology and host weight.,

Obesity is a major, public health concern that
affects at least 400 million individuals and is
associated with severe disorders including dia-
betes and cancers [1]. The causes that drive
obesity appear to be complex, and a consensus
hypothesis is emerging that proposes that obe-
sity is influenced by a mixture of environmen-
tal, genetic, neural and endocrine factors [1].
Infectious agents have also been proposed to be
causes of obesity, and in human obesity, have
been associated with small EDRK-rich factor 1A
(SMAM-1), an avian adenovirus and adenovi-
rus 36 [2]. Human genetics is believed to play a
part in determining body weight [3]. In total,
32 genes were linked to BMI, but their total vari-
ance contribution to BMI in the population was
less than 2% [4]. It is believed that other factors
also play a role in obesity, such as the availabil-
ity of inexpensive, calorically dense foods or the
reduction in physical activity in our daily lives.
Recently, microbial changes in the human gut
was proposed to be another possible cause of
obesity (5] and it was found that the gut microbes
from fecal samples contained 3.3 million nonre-
dundant microbial genes [6]. However, it is still
poorly understood how the dynamics and com-
position of the intestinal microbiota are affected
by diet or other lifestyle factors. Moreover it has
been difficult to characterize the composition of
the human gut microbiota due to large variations
between individuals.

The human gut microbiota has been also
associated with a number of disease states that
include allergy, inflammatory bowel disease,
cancer and diabetes [7]. Allergy, for example,
has been associated with perturbations in the
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gastrointestinal microbiota [8]. In addition,
evidence implicating the role of microbiota in
inflammatory bowel disease was supported by a
certain degree of effectiveness of antibiotics in
the prevention and treatment of colonic inflam-
mation in both human patients and animal
models, as well as by the presence of microbes
and microbial components in inflammation-
induced colonic lesions [9]. The association of the
gut microbiota with cancer is most commonly
observed with gastrointestinal tumors, although
there are examples of these microbiota modify-
ing the cancer risk to other systems, such as in
breast tumors (7. Moreover, the notion that gut
microbiota is important in the onset and devel-
opment of diabetes, cardiovascular dyslipidemia
and metabolic endotoxemia is becoming more
widely accepted as the evidence base grows [7.10],
and the beneficial effect of bariatric surgery in
decreasing cardiovascular risk and cancer was
associated with the increase of Enterobacter
hormaechei in the gut microbiota [11].

The role of the digestive microbiota in the
human body is still largely unknown, but the
bacteria of the gut flora do contribute enzymes
that are absent in humans for food digestion
(12]. Moreover, the link between obesity and the
microbiota is likely to be more sophisticated than
the simple phylum-level Bacteroidetes: Firmicutes
ratio that was initially identified [13], and it is
likely to involve a microbiota—diet interaction
(14]. Phages have also been proposed to play a
possible role in driving the biodiversity of the gut
flora by their influence on their bacterial hosts
(15] and, recently, a novel pathway that involves
dietary lipid phosphatidylcholine and choline
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metabolism, an obligate role for the intestinal
microbial community, and regulation of sur-
face expression levels of macrophage scavenger
receptors that were known to participate in the
atherosclerotic process was proposed [16]. More
subtle alterations in the levels of other bacteria
in the gut may also impact human health. In the
last few years, new technologies have been devel-
oped that have allowed researchers to attempt
more systematic studies on intestinal bacterial
flora and have given more realistic information
about its composition (by way of detecting non-
cultivable species). As a result, an increasing
number of studies have related imbalances in
the composition of the gut microbiota to obesity
and its associated diseases. The approaches used
to characterize the human gut flora vary widely,
and this might explain, in part, why specific
alterations in the microbiota that are associated
with excess body fat or weight loss, can also vary
between studies. This review summarizes the
latest research on the association between the
microbial ecology and host weight.

Human gut microbiota

The gut microbiota harbors large bacterial popu-
lations in the intestine and colon, approximately
10"-'? microorganisms per gram of content, and
are comprised of mainly anaerobes (95% of the
total organisms). The initial overview of the com-
position of the gut microbiota was culture based,
and the predominant cultivable species that were
identified included Bacteroides sp., Eubacterium
sp., Bifidobacterium sp., Peptostreptoccocus sp.,
Fusobacterium sp., Ruminococcus sp., Clostridium
sp. and Lactobacillus spp. (17). The first, large-
scale, 16S rDNA sequencing analysis of the gut
microbiota by Eckburg e a/. (18] revealed a high
inter-individual variability at the species taxo-
nomic level that was not recovered at the phylum
level, as only nine phyla out of 70 were repre-
sented [1]. The overall and individual microbiota
structures were dominated by the Bacteroidetes
and Firmicutes phyla [18]. Finally, three gut micro-
biota studies [19] assigned 98% of 16S rRNA
sequences to only four bacterial phyla: Firmicutes
(64%), Bacteroidetes (23%), Proteobacteria (8%)
and Actinobacteria (3%). Verrucomicrobia,
Fusobacteria and the TM7 phylum together
accounted for the remaining 2%.

The earliest large-scale, 16S rRNA or metage-
nomic studies identified Methanobrevibacter
smithii as the dominant, methanogenic archaeon
species in the human gut microbiota [13].
M. smithii in three healthy individuals com-
prised up to 11.5% of the gut microorganisms
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(18], and in a study of 650 individuals, the prev-
alence of M. smithii was 95.5%, whereas the
prevalence of Methanosphaera stadtmanae was
29.4% in the human gut 20]. Moreover, molecu-
lar analyses provided various degrees of evidence
for the presence of groups of archaea, including
Methanosarcina, Thermoplasma, Crenarchaeota
and halophilic archaea in the human gastro-
intestinal tract, but isolates have not been
obtained [21].

Age & gut flora modification

During the first days to months of life, the micro-
biota of the infant gut and the temporal pattern
in which it evolves is remarkably variable from
individual to individual [22]. At birth, humans
are essentially free of bacteria and over time, in a
process of colonization that begins shortly after
delivery and continues through to adulthood,
the body becomes a host to complex microbial
communities. The initial infant gut microbiota
is usually dominated by Bifidobacteria, and
through a series of successions and replace-
ments, it migrates to a more complex, adult pat-
tern [22]. Vael et al. found that the population of
Bacteroides fragilis in the microbiota increased in
infants from the age of 3 weeks until the age of
1 year, whereas the populations of Staphylococcus,
Lactobacillus, Bifidobacterium, Clostridium and
total anaerobes decreased starting at the age of
3 weeks and remained stable until 52 weeks [23].

Traditionally, it has been thought that
between 1 and 2 years of age, the human gut
microbiota start to resemble that of an adult
(22]. Young children between 1 and 7 years of
age presented higher numbers of enterobacteria
than adults [24]. Moreover, a large-scale study
by Enck et al. found significant shifts in relative
genus abundances during the first 2 years of life
and no noticeable changes in children between
2 and 18 years of age, including stable levels of
Bifidobacterium and Lactobacillus 2s). In a recent
study, the comparison of intestinal microbiota
composition between adolescents and adults
revealed a statistically significantly higher abun-
dance of genera Bifidobacterium and Clostridium
among adolescent samples [26].

The adult intestinal microbiota has been
shown to be relatively stable over time [27] and
is sufficiently similar between individuals. This
observation allowed for identification of a core
microbiome that was comprised of 66 dominant,
operational, taxonomic units that corresponded
to 38% of the sequence reads from 17 individu-
als [28]. Turroni ez al. found that Bifidobacterium
pseudolongum and Bifidobacterium bifidum, are
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exclusively dominant in the adult bifidobacte-
rial population, whereas Bifidobacterium longum,
Bifidobacterium breve, Bifidobacterium pseudoca-
tenulatum and Bifidobacterium adolescentis, were
found to be widely distributed, irrespective of
host age [29].

In the elderly, both Bacteroides numbers and
species diversity is declined [30,31]. The analyses
of fecal samples collected from subjects from
four European study groups indicated higher
proportions of enterobacteria in all elderly vol-
unteers [32]. Zwielehner ez al., found that the
proportion of Bacteroidetes in the fecal micro-
biota of 17 institutionalized, elderly subjects
was significantly higher than in younger adults,
but these patients had lower proportions of
Bifidobacterium and Clostridium cluster IV [33].
Analysis of the core microbiota in the elderly
showed a clear shift to a more Clostridium
cluster IV-dominated community [34].

Several host factors have been correlated with
methanogenic archaea carriage, and it has been
proposed that the acquisition of methanogenic
archaea occurs by environmental contamination.
Additionally, it has been hypothesized that once
methanogenic archaea find favorable physico-
chemical conditions and available substrates in
the gut, stable colonization is established [21].
archaea were not detected in children who were
younger than 27 months, but it has been shown
that carriage increases with age, up to 60% in
5-year-old children. Moreover, it is possible that
an adult diet may create an intestinal microbiota
that is favorable for the implantation of metha-
nogenic archaea [35]. A possible direct, mother-
to-child route of transmission has also been pro-
posed because archaea have been detected in the
vaginal flora of pregnant women [21].

Gut flora variations among different
populations

It is not yet completely understood how the
different environments and wide range of diets
that modern humans around the world experi-
ence has affected the microbial ecology of the
human gut. Certain lifestyles of a person may
have an impact on the composition of his/her
gut microbiota (Ficure 1), but these impacts are
currently poorly understood. Qin ez al., in the
largest study to date, found that only one-third
of the bacterial gene clusters that were conserved
across individuals of all 124 European (Nordic
and Mediterranean) origins could be associated
with a broad functional assignment [6]. Nearly
40% of the genes from each individual were
shared with at least half of the individuals of
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the cohort. Of these, 99.1% of the genes had
bacterial origin, and the remainder was mostly
archaeal, with only 0.1% of eukaryotic or viral
origins [6]. Therefore, it seems that important
variations in the gut flora between close coun-
tries do not exist. As a result, Dicksved et al.
did not observe differences between fecal sam-
ples collected from children from Germany,
Switzerland and Sweden by the use of termi-
nal restriction fragment length polymorphism
(36]. Lay ez al., when testing the composition
of the fecal microbiota assessed by FISH com-
bined with flow cytometry, also did not find a
significant correlation between the microbial
compositions, with regard to age, geographical
origin, or gender, among subjects from France,
Denmark, Germany, the Netherlands and the
UK 371. However, 16S tDNA pyrosequencing
analysis revealed that geographical origin has
an important impact on the intestinal micro-
biota. As a result, differences in the gut micro-
biota have been observed between people living
in northern and southern European countries.
For instance, Fallani et /. observed that human
infants from northern European countries were
associated with higher Bifidobacteria in their
gut microbiota, whereas infants with higher
Bacteroides and lactobacilli were characteristic
of southern countries [38]. Mueller ez /. found
that the proportion of Bifidobacteria was two-
to three-fold higher in Italians than in the
French, Germans or Swedes [32]. A bigger dif-
ference has been observed between European
and Africans, and De Filippo e /. found that
children from a rural African village presented
more Actinobacteria and Bacteroidetes but
less Firmicutes and Proteobacteria in their gut
flora than European children [39]. Moreover,
African children presented significantly more
short-chain fatty acids in their gut flora than
European children [39]. Li ez a/. found that there
were distinct microbiota profiles at the species
level between a Chinese family and American
volunteers. Moreover, they identified a higher
proportion of Bacteroidetes thetaiotaomicron in
males than in females [40]. Finally, Arumugam
et al., by combining 22 sequenced, fecal metage-
nomes of individuals from four countries, iden-
tified three enterotype clusters that were not
nation- or continent-specific [41]. Enterotype 1
was enriched in Bacteroides and seemed to derive
energy primarily from carbohydrates and pro-
teins through fermentation. Enterotype 2 was
enriched in Prevotella and Desulfovibrio, which
can act in synergy to degrade mucin glycopro-
teins that are present in the mucosal layer of the
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Figure 1. Impact factors for the composition of the human gut microbiota.

gut. Enterotype 3 was the most frequent and
was enriched in Ruminococcus and Akkermansia,
which degrade mucins [41]. Moreover, entero-
types 1 and 2 were capable of biosynthesis of
different vitamins. The authors proposed that
these three enterotypes used different routes
to generate energy from fermentable substrates
that were available in the colon, reminiscent of
a potential specialization in ecological niches or
guilds [417.

Effect of the alimentation on human

gut flora

Dietary habits are considered to be one of the
main factors that contribute to the diversity of
the human gut microbiota [42], and the pattern
of variation in copy number of the human sali-
vary amylase gene is consistent with a history of
diet-related selection pressures, demonstrating
the importance of starchy foods in human evolu-
tion [43]. Prevotella, Xylanibacter and Treponema
were present in the gut flora of children from
a rural African village but not from Europe,
and the authors of this study hypothesized that
the presence of these three genera could be a
consequence of high fiber intake, maximiz-
ing metabolic energy extraction from ingested
plant polysaccharides [39). These bacteria could
ferment both xylan and cellulose through car-
bohydrate-active enzymes, such as xylanase,
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carboxymethylcellulase and endoglucanase [39].
Moreover, Bacteroides and Faecalibacterium spe-
cies and particularly Faecalibacterium prausnit-
zii, which were found in both children popula-
tions, could generally indicate the importance
of maintaining a microflora with potential anti-
inflammatory capability [39.44]. Liszt ez al. found
that a vegetarian diet affected the intestinal
microbiota, especially by decreasing the amount
and changing the diversity of Clostridium clus-
ter I'V (45]. Similar results found by Hayashi
et al., who based their studies on RFLP analysis,
revealed that the major composition of the veg-
etarian gut microbiota consisted of Clostridium
rRNA subcluster XIVa and Clostridium rRNA
cluster XVIII [46]. Recently, Walker et al. tested
overweight men with a control diet, diet high
in resistant starch or nonstarch polysaccharides
and a reduced carbohydrate weight loss diet, over
10 weeks and they found no significant effect
of diet upon the proportions of Bacteroidetes,
Firmicutes, Actinobacteria or Proteobacteria
within the fecal microbiota [47]. However, two
individual phylotypes, Eubacterium rectale and
Ruminococcus bromii, showed increased propor-
tions on the resistant starch diet while Collinsella
aerofaciens showed decreased proportions on the
weight loss diet [47]. Finally, Wu et a/. analyzed
the fecal samples from 98 individuals and found
that fecal communities clustered into enterotypes
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Gut flora & weight gain  Review |

"YDd dwi-[eas anneyuend) :Yddb

©11928qOUIDY JO A|le) 98832112)08G0LI0D Y} Ul PAYDLIUD FeYMIWOS BI0IqODIW 4O
$393[qNns qO Ul S3/eLia10eqoueylayy Ul 9seadul Juediubls
28328|(2)0/3.4 Ul paydLud Ajpuedijiubis a1am e101qoidIW qO

(auediIubIs 10U) S123[gNSs gO Ul S219pI0.Ia108g SIOIN|

S|oAd| saproapoeg ybiy pue uieb 1ybIam SAISSIIXS U9IMISq UOIR[R110D)

uswom jueubaid AQ ul snaune sn>3030jAydels pue saploiaideg Jo siaquinu JaybiH

$123[gNs qO Ul S|9A3| BLINQSSOY/3[e13a4 WNWS2eqn3 Ul UoidNpal Juspuadap-1aip 1uediiubis

$193[qNs N SNSIaA qO Ul ‘131p 4O 1USPUIAIPUI ‘S|9AS] S318I0J810Eg Ul DDUBISHIP ON

mpum.ﬁjm N pue qQO UsaMia( S[aAS| So919pl0Ja1ded Ul adUsla}ip pcmu_tcm_m ON

adAouayd
AQ/90 121paid snaine sn>3030jAyde;s 0 Jaquinu Ja1ealb pue elia1deqopiig JO Jaquinu JIamo

s123[qns qO Ul “ds J210eqIMa.1qoueylsyy pue eLa1deqoplg Ul 9seaidap uediiubls
S2IN2IWLIS Ul 9Se3433(

s13[qns qO Ul $a38pI0Ja10eg Ul 9seaidul JuedIIubIS

uoneindod qO 8y} ul Soprosaideg pue suabuliyiad wnipLisolD JO S|9AS| padnpal Ajpuediiubis
$323[gNns qO Ul SSo| 1Yblam pue sa19p/0Ja1deg Ul 95ealdul Ue UsaMIaq UoIe|allod)

$393[qns qO Ul $239p10J230E4 JO [9A3] PaNpal Ajpuedijiubis

Buipuy Joley

2/qO.DIWOINLIB/
e11212eqosn4
e112]12eqourdy
e119122q0310.d
s219pI0Ia)08g
sapno1uwlS

\Snaune sn2>030/Aydeis
eli21oeqoplylg
sajopiola)oeg

S9PI02202 WNIPLIISO[D
/9/123.1 WinLId1eqng

So]oploialoeg

SaIN2IWLII

s219pI0Ia)08eg

\SnaJne sn2>020/Aydeis
eIpL1So/D

JieqoseT
+elia15eqopllg
+ele1oeqopllg
\S919pI0Ia108g
S9INDIUI

Solaplolaloeg

SsaINdIWLI
sojapioia1ey

SoIN2IWLII

painseaw >H_:=EEOU

/buipuanbasoifd :0iAd ybiamisnQ AQ 85390 QO ybiam jewuon N

‘A132W031A3 MOJS NDH

‘JuedyIubIS S| 92UBIBYHIP dY3 Jeyl saredipul,

0lhd s91

4yDdb
pue HSI4-INDA

HSI4
4yDdb
HSI4

HSHH

4yDdb

ainynd

Bupuanbas
[EUOP S9L

poyiaN

q0

1ueubaid N
jueubald qo

q0
N
a0

uBIPIIYA N
uaIplIyd
AO/A0

N

AO

q0

N

q0
N

q0

Kiobayed
a|dwes

‘Je 19 bueyz

‘e Jo ope||0D

e 19
ueosunq

1819 1e|n

219
Pewoljjey

e 19
Z113IMYDS

‘e 19 onz

e 19 A9

Apms

‘ejoiqo.niw nb uewny ui s3jiys uonejndod jeldldeq parenosse-uieb JybIdAA “L d1gel

95

www.futuremedicine.com

future science group



Angelakis, Armougom, Million & Raoult

iew

| Rev

[9¢]

139

[09]

"YDd owi-jeal saneyuend) :Yddb bupuanbasoild 10144 1ybiamMIanQ AQ 259q0 GO yblam [ewloN N Au1awoifd Mol JNDH
JuedIIubIS S| 95USIS44IP Syl 1eyl sa3edipul,

sdnoub snjjpeqoideT pue siibely sapioiaideg ayl ul aseaidu|
$9pI02300 ) Ul UoINPaJ JURdIIUBIS

6% < 150] weiboud ybiam e 0} parwgns dnoib qO ue 934 1S

©//910A31d/S3pI0J230Eg Ul 3seadul Juediubls
1YBI9M 1M UOIIe[31I0D)
Wn2NAJOISIY WNIPLISO[D PUB S9PI03I0D WNIPLISO[D ‘98133l Winia)deqnd jo Uoianpal Juediiubis

:yHm pajenosse weiboud uswieasy Areundpsipinu e usie ssoj yblam Isieain

e1uUl AJP1SIP Ul 9OUBIBIP ON
snjji>eqooeT Jo s|ans| Jaybly Ajpuediyiubis

$193[qNs N SNSISA qO Ul S319p104210eg 4O S|9A3| padNpal Ajuediyiubis

$193[qNs N puB gO U33M13Q S|9AS| WINLIBIDBQOPIYIG PUB S919pI0Ja1eg Ul 92UI9}4Ip 1UBdIIUBIS ON

s393[qns qO Ul (sarndiul{ 0} BuIbUO|aq) S|9A3| 1ZiUsneld WnkS}deqledae Jo 3sealdul JuediubIs
$919pI0.13108g WO} 319M SaUSD paydLIUS-ues| ay) 4o ey AlesN

Sa1NdIWLIIH pUe eLIR1deqoudy 0} Buojaq 1.yl sauab ul paydLus awolqo.diw qo

$193[gNs N SNSISA qO Ul S|aAR| e2}deqoudY Ul 9seaudul Juediubls

s3193[gns N SNSIaA qO Ul Sa39pr0Ja30eg JO S|aA3| padnpal Ajuediiubis

Bugpuy Jofey

elIa1oeq [e10]
1103 elys1iaydsg
wns1>eqopllg

wnyds wnIpLsolD
S9PI02202 WNIPLIISO[D
snjji>eqoioeT]

sijibely sepiosadeg

dnolb dusiug
SN2022049)U7/SNj[1>eqo1de]

S9PI02202 WNIPLIISO[D
/3/e1334 Wnuadeqny

wndiAjoIsAy wnipLisolD
wnia13eqoplig
1BJ[910/3.1d/S319pI04210Eg
YW 19]12eqIN2IGoURYID)N
,SnjjipeqodeT]
\S919ploIa10eg

S91NdIWIS

Jizyusneid winuaioeqiedse
9/e1da.) winuadegny
snjiydopide snjjipeqoioe]

wnu1eqopyIg

sa19pioialdeg
©119]122q0310.1d
e1a)2eqoudy

sajapioialdeg

soIndIWLIl

painseaw Ajunwwod

S)UISa|0pe

4Ddb AQ
HSI4 qo
JIXal0ouy

N

4Ddb qo
N

4yDdb qo

9/ J0 0IAd S9L
Hupuanbas

Jabues jeuop  Jayjlow pue
N0 01AdS9L SumiN ‘qO

Kiobajed
pouylaiy s|dwes

ZE]
znioejues

e 19 |epeN

e 1s
wobnouly

e
uebninweleq

e
ybnequing

Apms
*(3u02) eyoiqo.diw 3nb uewny ui syjiys uone|ndod |es)deq pajenosse-uieb 1YBISAN *L d1gel

future science group

Future Microbiol. (2012) 7(1)

96



Gut flora & weight gain  Review |

distinguished primarily by levels of Bacteroides
and Prevotella (48]. They also found that long-
term diet, particularly protein and animal fat

(62]

Ref.

versus carbohydrate diet were strongly associ-
ated with enterotype partitioning. Moreover, in
a controlled-feeding study authors found that
the microbiome composition changed detect-
ably within 24 h of initiating a high-fat/low-fiber
or low-fat/high-fiber diet, but that enterotype
identity remained stable [48].

| Bacteria species & obesity

The Bacteroidetes phylum

Armougom et al. found a significant reduction
of Bacteroidetes proportions in obese, compared
with lean and anorexic, individuals [49] and
reported lower Bacteroidetes concentrations in
obese subjects (Tasie 1) [50]. Moreover, the analysis
of 16S rDNA sequences from 154 individuals
indicated that the microbiota of obese subjects
was associated with a decrease in the diversity
level and was composed of significantly fewer
Bacteroidetes [13]. On the other hand, Schwiertz
et al. quantified bacterial communities in over-
weight, obese and lean individuals and found
a significant increase in the proportions of
Bacteroidetes in obese and overweight groups [s1].
Likewise, before pregnancy, overweight women
have a higher number of Bacteroidetes than
women of normal weight, and excessive weight
gain during pregnancy is associated with an

Significantly reduced Bifidobacterium and Bacteroides and increased Staphylococcus and

Escherichia coli levels in Ov pregnant women

Major finding

increase in Bacteroidetes numbers [52]. Assuming
that Type 2 diabetes and reduced glucose toler-
ance is linked to obesity, Larsen and colleagues
also found higher levels of Bacteroidetes in dia-
betic patients than in control patients [10]. Using
16S rDNA pyrosequencing, Zhang ez al. studied
the composition of the gut microbiota in mor-
bidly obese, normal-weight and post-gastric-
bypass subjects [53]. Their results indicated that
the obese microbiota is significantly enriched in

Community measured
Lactobacillus group
Clostridium coccoides
Clostridium leptum

Total bacteria

Bifidobacterium*
Escherichia coli
Staphylococcus®

Bacteroides'

Prevotellaceae, a subgroup of Bacteroidetes [53).
Zuo et al., using culture methods for organisms
found in the feces of obese and normal weight
participants, found that obese people had fewer
cultivable Bacteroides than control individuals
[54]. Moreover, they found that obese individuals
with a Pro/Ala genotype of the nuclear hormone

Method

receptor peroxisome proliferator-activated recep-
tor y2, which modulates cellular differentiation
and lipid accumulation during adipogenesis, had

Sample

category

Ob pregnant gPCR
Ov pregnant

lower levels of Bacteroides than obese partici-
pants with a Pro/Pro genotype [54]. Interestingly,
the monitoring of the proportions of two major
bacterial communities in obese participants dur-
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ing a weight loss program resulted in linking an
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increase in levels of Bacteroidetes to weight loss,
independent of energy intake [5]. The impact
of an obesity treatment program, including
a calorie-restricted diet and increase of physi-
cal activity on gut microbiota composition in
overweight and obese adolescents was reported
55.56]. The FISH method indicated that a sig-
nificant increase in the ratio of Bacteroides and
Prevotella correlated to weight loss in the ado-
lescent group that exhibited the highest weight
loss [s5]. Using the same population, the results
obtained by FISH [ss] were verified by a quanti-
tative PCR (qPCR) method, which detected a
notable increase in Bacteroides fragilis after the
weight loss program [s6]. Lastly, Vael ez a/. found
that high intestinal Bacteroides fragilis concen-
trations and low Staphylococcus concentrations in
infants between the ages of 3 weeks and 1 year
were associated with a higher BMI in preschool
children 23].

Others studies have not found any correla-
tion between the proportions of Bacteroidetes
and obesity or type of diet. Both qPCR and
FISH methods have been applied to subsets of
lean and obese subjects, and both have failed
to associate a reduced level of Bacteroidetes to
obesity [57]. In an attempt to study whether the
composition of early gut microbiota can affect
weight development throughout early child-
hood, Kalliomiki ez /. monitored weight,
height and bacterial community abundances in
children of 6 months, 12 months and 7 years of
age. Children who became overweight or obese
at 7 years did not present any significant reduc-
tion in the proportion of Bacteroides-Prevotella,
compared with those maintaining a normal
weight [s8]. The relationships between weight
loss and Bacteroidetes abundance were examined
in adults, but no difference between obese and
nonobese subjects was observed [59].

Group by  Study (year) Subgroup within study Sample size SDM and 95% ClI
phyla
Ow/obese Control
Ley et al. (2006) 16S clonal sequencing 12 2 <
Turnbaugh et al. (2009) V2 pyrosequencing Africanancestry 62 8 o,
Turnbaugh et al. (2009) V2 pyrosequencing European ancestry 42 26 —{H—
Zhang et al. (2009) Pyrosequencing 8 8
Bacteroidetes relative count (% of total sequences) e e
Collado et al. (2008) FCM-FISH 18 36 =
Armougom et al. (2009) qPCR 20 20 ——
Schwiertz et al. (2010) gPCR 33 30 ——
Million et al. (2011) gPCR 53 39 —O—
Bacteroidetes absolute count (log cells or copies of DNA) _ —
Ley et al. (2006) 16S clonal sequencing 12 2 —
Turnbaugh et al. (2009) V2 pyrosequencing, African ancestry 62 8 .
Turnbaugh et al. (2009) V2 pyrosequencing, European ancestry 42 26 ]
Firmicutes relative count (% of total sequences) ey
Armougom et al. (2009) qgPCR 20 20 T
Schwiertz et al. (2010)  gPCR 33 30 —
Million et al. (2011) gPCR 53 39 —
Firmicutes absolute count (log copies DNA) -
-2.00 -1.00 0.00 1.00 2.00
Lean status Ow/obese

Figure 2. Meta-analysis of the obesity-associated gut microbiota alterations at the phylum level (Bacteroidetes and
Firmicutes) comparing the absolute (abs) or relative (percentage of total sequences) number of sequences (generated by
quantitative PCR or cloning/sequencing or pyrosequencing) or cells (flow cytometry-FISH). Meta-analysis was performed with
the comprehensive meta-analysis software version 2 [93,94]. Each line represents a comparison between an obese group (right) and a
control group (left). The first reported alteration [5] was a decrease in the relative proportion of Bacteroidetes (percentage decrease)
represented by a deviation of the square (standardized difference in the means) to the left. The size of the square represents the relative
weight of each comparison (random model). The length of the horizontal line represents the 95% Cl and the diamond represents the
summarized effect. The presence of a square to the right and left of the midline means studies with conflicting results corresponding to a
substantial heterogeneity (1> >50%). Here, the only reproducible and significant alteration at the phylum level is the decrease in the
absolute number of sequences of Firmicutes in obese subjects. Relative count of Bacteroidetes (n = 4; SDM = -0.51; 95% Cl = -1.7-0.67;
p = 0.40 [I? = 81%]); absolute count of Bacteroidetes (n = 4; SDM = -0.07; 95% Cl =-0.78-0.65; p = 0.86 [I> = 85]); relative count of
Firmicutes (n = 3; SDM = 0.88; 95% Cl =-0.21-1.97; p = 0.11 [I> = 79%]); absolute count of Firmicutes (n = 3; SDM = -0.43;

95% Cl=-0.72 to -0.15; p = 0.003 [I> = 0%]).

FCM: Flow cytometry; Ow: Overweight; gPCR: Quantitative PCR; SDM: Standardized difference in the means.
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Group by Study (year) Sample size SDM and 95% ClI
LR Obese Control
Collado et al. (2008) 18 36 —{—
Kallioméki et al. (2008) 25 24 —L—
Schwiertz et al. (2009) 33 30 ]
Balamurugan et al. (2010) 15 13 e
Santacruz et al. (2010) 16 34 —_—T
Zuo et al. (2011) 52 52 —{
Bifidobacterium (log copies DNA/ml) 0
Armougom et al. (2009) 20 20 —t
Zuo et al. (2011) 52 52 —{H
Million et al. (2011) 53 39 —{—
Lactobacillus (log copies DNA/mI) <

-2.00 -1.99 0.00 1.00 2.00

Lean status Ow/obese

Figure 3. Meta-analysis of the obesity-associated gut microbiota alterations at the genus
level for Bifidobacteria and Lactobacilli comparing the absolute number of sequences
generated by genus-specific quantitative PCR. For Bifidobacteria, a consistent difference was
found by our meta-analysis between 159 obese subjects and 189 controls from six published studies

showing that the digestive microbiota of the obese group was significantly depleted in Bifidobacteria.

Low heterogeneity (1> = 17%) shows that this result is very robust. Additional tests have shown that
there was no small studies bias (Egger’s regression intercept test, p = 0.92; no change after Duval
and Tweedie’s trim and fill). For Lactobacilli, no consistent and significant summary effect was found

comparing 127 obese subjects and 110 controls from three studies. Bifidobacterium sp. (n = 6;
SDM =-0.45; 95% Cl =-0.69 to -0.20; p < 0.001 [I? = 17%]); Lactobacillus spp. (n = 3; SDM = 0.29;

95% Cl =-0.31-0.90; p = 0.34 [I> = 80%]).

Ow: Overweight; SDM: Standardized difference in the means.

Meta-analysis of the obesity-associated
gut microbiota alteration at the phylum level
(Bacteroidetes) comparing the absolute (abs) or
relative (percentage of total sequences) number
of sequences (generated by qPCR or cloning/
sequencing or pyrosequencing) or cells (low
cytometry [FCM]-FISH) was performed for the
seven studies [5,13,49-53]. These studies revealed
no difference in the Bacteroidetes concentrations
between obese people and people of normal
weight (FIGURE 2).

The Firmicutes phylum

Ley et al. reported that the reduced level of
Bacteroidetes found in obese humans was counter-
balanced by a proportional increase in Firmicutes
(5. The greater Firmicutes proportion tended
to decrease when patients were submitted to a
weight-loss program [s]. These results were in
agreement with other works, which found that
significantly reduced levels of Clostridium hys-
toliticum, Eubacterium rectale and Clostridium
coccoides correlated to weight loss in an obese,
adolescent population [s5,56]. Moreover, obese,

future science group

Indian children presented significantly higher
levels of Faecalibacterium prauznitzii but no
difference between the levels of Bacteroides and
that of Prevotella, Bifidobacterium species, the
Lactobacillus acidophilus group or Eubacterium
rectal, compared with lean children [60]. Duncan
et al. identified a significant, diet-dependent
reduction in levels of Roseburia-E. rectale, a
group of butyrate-producing Firmicutes, for obese
patients that were on a weight-loss diet [59]. Zuo
et al. found a lower amount of C. perfringens and
a higher proportion of Enterococci in obese sub-
jects when compared with normal-weight indi-
viduals [s54]. Finally, Schwiertz et al. found that
overweight and obese volunteers exhibited lower
cell numbers of the Ruminococcus flavefaciens
subgroup [s1].

Meta-analysis of the obesity associated gut
microbiota alteration at the phylum level
(Firmicutes) comparing the absolute (abs) or
relative (percentage of total sequences) number
of sequences (generated by qPCR or cloning/
sequencing or pyrosequencing) or cells (FCM-
FISH) was performed for the five studies

www.futuremedicine.com

Review

99



Review Angelakis, Armougom, Million & Raoult

100

Study (year) Subgroup within study Sample size SDM and 95% CI

Ow/obese Control

Armougorn et al. (2009) M. smithii specific qPCR 20 20
Schwiertz et al. (2010) Methanobrevibacter sp. qPCR 33 30
Million et al. (2011) M. smithii specific qPCR 53 39

<

-2.00 -1.00 0.00 1.00 2.00
Lean status  Ow/obese

Figure 4. Meta-analysis of the obesity-associated gut microbiota alterations for archaea
representatives comparing the absolute number of archaeal sequences generated by
quantitative PCR. One study, focused on the Methanobacteriales order level, comparing only three
obese subjects and three controls, found an increase of this bacterial group in the obese group [s3]
(square deviated to the right) instead of the three other studies. Our meta-analysis showed, by
observing the funnel plot, that this study was an outlier that was subsequently excluded. The
comparison of 106 obese subjects and 89 controls including analysis at the Methanobrevibacter
genus level by Schwiertz et al. [s1]and at the Methanobrevibacter smithii species level [49,50] is
justified because it shows a consistent and reproducible effect with a significant reduction of
Methanobrevibacter sp. in obese subjects (Egger’s regression intercept test, p value = 0.39; and
Duval's and Tweedie’s trim and fill did not change these results). Methanobrevibacter sp. (n = 3;
SDM =-0.51; 95% Cl: -0.79 to -0.22; p = 0.001 [I> = 0%]).

Ow: Overweight; SDM: Standardized difference in the means.

(5.13,49-51]. The only reproducible and significant
alteration at the phylum level is the decrease in
the absolute number of sequences of Firmicutes
in obese (n = 3; standardized difference in the
means [SDM] = -0.43; 95% CI = -0.72 to
-0.15; p = 0.003 [I* = 0%]) (Ficure 2).

Recent studies suggest a role for Lactobacillus
spp- in weight changes, and the quantification
of Lactobacillus species in lean, anorexic and
obese subjects revealed significantly higher
Lactobacillus concentrations in nearly half of
the obese population [49]. Obese Type 2 dia-
betic patients displayed significantly higher
levels of Bacilli and Lactobacillus spp. in their
gut microbiota [10]. However, an increase in
Lactobacillus number in an obese, adolescent
group after a weight-loss program was also
reported [56]. Thuny ez al. reported significant
weight gain in patients with infected endo-
carditis after treatment with high doses of
vancomycin and proposed that Lactobacillus
spp. that were resistant to vancomycin were
responsible for this weight gain [61]. Similarly,
Million et al. found that L. reuteri was asso-
ciated with obesity [50]. Meta-analysis of the
obesity associated gut microbiota alteration at
the genus level for lactobacilli comparing the
absolute number of sequences generated by
genus-specific QPCR revealed a nonsignificant
summary effect in Lactobacillus spp. levels in
obese subjects (Ficure 3).

Future Microbiol. (2012) 7(1)

The Actinobacteria phylum

Recent gut microbiota studies that have been
associated with obesity have focused on shifts
in Firmicutes and Bacteroidetes populations.
However, the Actinobacteria phylum, which is
comprised of the Bifidobacterium genus as well
as other genera, has also been linked to weight
gain. Indeed, in an investigation of gut micro-
bial communities of 18 lean or obese twins and
their mothers, the obese subjects showed higher
levels of Actinobacteria 13]. Interestingly, most
of the obesity related genes were found to be
from Actinobacteria (75%), and many of the
obesity associated genes that were identified
were involved in carbohydrate, lipid and amino
acid processing [13]. In addition, the sequencing
analysis by Zhang and colleagues revealed that
the Coriobacteriaceae family of Actinobacteria
was enriched in the obese microbiota [s3].

The fecal concentration of the Bifidobacterium
genus was reported to be significantly lower in
obese subjects when compared with lean sub-
jects [51,52,58,62]. Moreover, Santacruz et al. found
significantly lower Bifidobacteria counts in obese
subjects after they had been subjected to a dietary
program [s6]. Furthermore, Zuo et 4l. found a
nonsignificant decrease in the concentration of
bifidobacteria between obese and normal weight
humans [54]. Meta-analysis of the obesity-asso-
ciated gut microbiota alteration at the genus
level for bifidobacteria comparing the absolute
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number of sequences generated by genus specific
qPCR revealed that the obese group was consis-
tently and significantly depleted in Bifidobacteria
(n=6; SDM =-0.45; 95% CI = -0.69 to -0.20;
p < 0.001 (I* = 17%) (Ficure 3). This is extremely
important because bifidobacteria depletion
seems to be the more reproducible alteration in
obese gut microbiota and the best candidate to
have an antiobesity effect.

|Archaea & obesity

Using the data of Armougom ez al., but cal-
culating means of log & copies DNA/ml of
M. smithii, we found, contrary to Armougom
et al., that there was a decrease in the M. smithii
load in the obese group, compared with the
normal group [49]. Correspondingly, Zhang
et al. found more M. smithii in obese individu-
als than in lean controls [53], and Schwiertz
et al. identified lower levels of M. smithii in
obese subjects compared with lean subjects [s1].
However, Million ez al. recently found higher
concentrations of M. smithii in nonobese sub-
jects [50]. Overall, methanogenic archaea could
indirectly promote caloric intake by the colon
and further fat accumulation-related obesity
in individuals who were on a high-fiber diet
(21]. During the fermentation process, the
accumulation of excess H, reduces the yield of
ATP, which leads to a gradual decrease in the

Substrates

Processes

Intermediate
products

Major end
products

Acetate

Colonocyste Lipid metabolism

[ Bacteroides as major propionate producers

Gut flora & weight gain

fermentation efficiency [21]. The importance of
methanogenic Archaea to humans lies in their
ability to improve fermentation efficiency by
removing H, from the gut [21]. It has been
speculated that the coexistence of Prevotellaceae
with methanogenic Archaea species in the obese
gut allows for greater efficiency of dietary poly-
saccharide fermentation and therefore increases
their conversion into short-chain facty acids,
resulting in their excessive storage [53].
Meta-analysis of the obesity-associated gut
microbiota alteration at the genus level for
Methanobrevibacter spp., main representative
of Archaea known in the digestive microbiota,
comparing the absolute number of sequences
generated by qPCR revealed that obese sub-
jects presented less Methanobrevibacter than
nonobese subjects (Ficure 4). However, the rea-
sons linking methanogens to weight gain still
remain unclear. To date, Methanobrevibacter is
the main representative of archaea in the gut
microbiota but archaea could not be extrapo-
lated from Methanobrevibacter assessment. This
is extremely important since domain-level and
genus-level could lead to very different results.

|Ability to process polysaccharides

The gut microbiome is also involved in the
complex carbohydrate metabolism of food
owing to its ability to process indigestible

Major carbon sources of the gut microbiota
Nondigestible food components

Starch, pectin, cellulose, mucilage
xylan, inulin, fructans

Anaerobic fermentation

Succinate, formate... Lactate

=3,

Short-chain fatty acids

Methane X SH,

H, removal mechanisms

I Bacteroides and Firmicutes as major acetate producers

Firmicutes as major butyrate producers

I L actobacillus, Bifidobacterium and Streptococcus as major lactate producers

B Desulfovibrio as major sulfato-reducers

I Methanobrevibacter smithii archaeon species as major methane producers

Figure 5. Outline of carbohydrate fermentation by gut microbiota.
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components of diets, such as plant polysaccha-
rides [6,13,63]. The human gut microbiome plays
an essential role in the catabolism of dietary
fibers, the part of plant material in the human
diet that is not metabolized by the upper
digestive tract, because the human genome
does not encode for an adequate carbohydrate
active enzyme (CAZymes) (Fieure 5). Dietary
fibers are the components of vegetables, cere-
als, leguminous seeds, and fruits that are not
digested in the stomach or in the small intes-
tine. Instead, they are fermented in the colon
by the gut microbiome and/or excreted in the
feces. Additionally, dietary fibers have been
identified as strong, positive dietary factors in
the prevention of obesity [64]. The human gut
bacteria produce a huge panel of CAZymes,
with widely different substrate specificities, to
degrade these compounds into metabolizable
monosaccharides and disaccharides. The array

of CAZymes in gut microbes is highly diverse,
exemplified by Bacteroides thetaiotaomicron,
which contains 261 glycoside hydrolases and
polysaccharide lyases, as well as 208 homologs
of susC and susD genes, which code for two
outer membrane proteins that are involved in
starch utilization [65,66]. The CAZymes repre-
sent, on average, 2.6% of the sequenced genes
in each microbiome [13]. As the human genome
encodes, at best, 20-25 digestive enzymes from
CAZyme families (i.e., GHI [lactase], GH13
[o-amylase] and GH31 [maltase, isomaltase
and sucrase]), the ability to digest dietary plant
carbohydrates resides entirely in gut microbi-
omes [67]. The CAZymes represented in dif-
ferent human populations that consume dif-
ferent diets may be influenced by their varied
cultural traditions. Hehemann ez 4/. found that
porphyranase and agarase genes are specifically
encountered in Japanese gut bacteria and are

Table 2. Major bacteria and archaea in the human gut microbiota and their possible association with obesity.

Representative phyla Class Genera Proven association with obesity Ref.
Bacteria
Firmicutes Clostridia Clostridium Yes [54.55,56]
Eubacterium Yes [55,59]
Faecalibacterium Yes [60]
Peptostreptococcus
Ruminococcus
Roseburia Yes (59]
Bacilli Lactobacillus Yes [10,49]
Enterococcus Yes [54]
Staphylococcus Yes [52,58,62]
Bacteroidetes Bacteroidia Bacteroides Yes [52,54-56,62]
Prevotella
Xylanibacter
Proteobacteria Deltaproteobacteria Desulfovibrio
Gammaproteobacteria Escherichia Yes (62]
Epsilonproteobacteria Helicobacter
Actinobacteria Actinobacteria Bifidobacterium Yes [51,52,58,62]
Fusobacteria Fusobacteria Fusobacterium
Synergistetes Synergistia Synergistes
Spirochaetes Spirochaetes Treponema
Verrucomicrobia
Cyanobacteria
Archaea
Euryarchaeota Methanobacteria Methanobrevibacter — Yes [49-51,53]
Methanobacteria Methanosphaera
102 Future Microbiol. (2012) 7(1) future science group



probably absent in the microbiome of western
individuals [68]. The authors proposed that con-
sumption of sushi that contains algae from the
genus Porphyramay, which is associated with
the marine bacteria Zobellia galactanivorans
and Bacteroides plebeius, has been the route
through which these CAZymes were acquired
in human gut bacteria [68.69].

Recently, Benjdia ez al. hypothesized that
sulfatases are critical, evolved fitness factors
(70]. To be active, sulfatases must undergo a
critical post-translational modification that is
catalyzed in anaerobic bacteria by the radical
AdoMet enzyme, anaerobic sulfatase-maturat-
ing enzyme (anSME). They found that human
gut Bacteroidetes possessed an anSME gene, and
several genes that encoded sulfatases were pres-
ent within many species, including B. fragilis,
Bacteroides dorei or Parabacteroides distasonis
(70]. On the other hand, Firmicutes did not pos-
sess genes encoding predicted sulfatases, and
it was proposed that this demonstrated that
sulfatases were an important and evolution-
ary conserved feature among Bacteroidetes that
inhabited the human digestive tract [70.71].

Gut flora of twins

Turnbaugh ez al. compared the fecal microbial
communities of young, adult female monozy-
gotic and dizygotic twin pairs, who were either
lean or obese, along with those of their moth-
ers, to assess the gut microbiota relationship to
host weight. Comparisons between all partici-
pants showed that obesity was associated with
reduced bacterial diversity and a reduced rep-
resentation of the Bacteroidetes [13]. In a more
recent study, they found that the majority of
species-level phylotypes were shared between
deeply sampled monozygotic twins, despite
large variations in the abundance of each phy-
lotype [72]. From the gene clusters present in
their microbiome bins, only 17% were shared
between the two co-twins. Bins exhibited
differences in their degree of sequence varia-
tion, gene content, including the repertoire of
carbohydrate active enzymes present within,
and between twins (e.g., predicted cellulases,
dockerins) and transcriptional activities [72].

Gnotobiotic mice for the analysis of
human gut microbes

Germ-free mice provide a complementary
approach for characterizing the properties of
the human gut microbiome. Backhed ez al.
found that young, conventionally reared mice

have a 40% higher body fat content and 47%

future science group

Gut flora & weight gain

Coriobacteriaceae

Lactobacillus

Enterococcus

Faecalibacterium prausnitzii
Prevotella

Clostridium.

Eubacterium

Roseburia

Staphylococcus

Escherichia coli

Methanobrevibacter:

Bifidobacteriu

Obese individuals

Lean individuals

Figure 6. Population of bacteria found to increase in obese and lean

individuals.

higher gonadal fat content than germ-free mice,
even though they consumed less food than their
germ-free counterparts [73]. When the microbi-
ota of normal mice were transplanted into gno-
tobiotic mice, there was a 60% increase in body
fat within 2 weeks without any increase in food
consumption or obvious differences in energy
expenditure [73]. Moreover, in a separate study
using genetically modified (fasting-induced
adipocyte factor [Fiaf]) knockout mice, the
same authors showed that gut microbes sup-
press intestinal Fiaf. Fiaf suppression resulted
in increased lipoprotein lipase activity in adi-
pocytes and promoted storage of calories as fat.
These findings suggested that the gut micro-
biota could affect both sides of the energy bal-
ance equation, influencing energy harvest from
dietary substances (Fiaf) and affecting genes
that regulate how energy is expended and stored
(74]. Turnbaugh ez al. were the first to determine
that differences in the microbial community
could be a factor for obesity (75]. They found
that transfer of the gut microbiota from obese
(ob/ob) mice to germ-free, wild-type recipients
led to an increase in fat mass in the recipients.
This led to speculation that the gut microbiota
promoted obesity by increasing the capacity
of the host to extract energy (calories) from
ingested food [75]. Controlled diet manipula-
tion in gnotobiotic mice, which were colonized
with a complete human gut (fecal) microbiota,
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revealed that the composition of their human
gut microbial communities changed dramati-
cally within a single day after the animals were
switched from a plant polysaccharide-rich
chow to a high-fat, high-sugar “western” diet
(14]. Goodman ez al. developed an approach
called insertion-sequencing (INSeq), which
is based on a mutagenic transposon that cap-
tures adjacent chromosomal DNA to define its
genomic location [76]. In this approach, complex
populations of tens of thousands of transposon
mutants are simultaneously introduced into
wild-type or genetically manipulated, germ-
free mice in the presence or absence of other
microbes. Using this assay, they discovered that
B. thetaiotaomicron employed the products of
five adjacent genes (B71957-49) in response to
variations in vitamin B12 levels [76]. Moreover,
mice colonized with complete or cultured fecal
communities from two human donors displayed
significantly greater fat pad to body weight
ratios than germ-free controls [77]. Notably,
18 species-level phylotypes were significantly
affected when these gnotobiotic mice received
a western diet for 2 weeks. Specifically, the rela-
tive proportion of representatives of one class of
Firmicutes (the Erysipilotrichi) was increased,
and the relative proportion of the Bacteroidia
class was decreased [77]. Hildebrandt ez 2/. found
that both wild-type and RELMP knockout
mice were lean on a standard chow diet, but
upon switching to a high-fat diet, the wild-type
mice became obese, whereas RELMf3 knockout
mice remained comparatively lean [78]. After the
switch to the high-fat diet, the proportions of
Proteobacteria, Firmicutes and Actinobacteria
increased, whereas the levels of Bacteriodetes
decreased (78]. When adult, germ-free, male
mice were colonized with Marvinbryantella for-
matexigens and B. thetaiotaomicron, it was found
that B. hydrogenotrophica targeted aliphatic and
aromatic amino acids and increased the effi-
ciency of fermentation by consuming reducing
equivalents, thereby maintaining a high NAD*/
NADH ratio and boosting acetate production
(79]. By contrast, M. formatexigens consumed oli-
gosaccharides, did not impact the redox state
of the gut and boosted the yield of succinate
(79]. Normalized RNA-Seq counts, generated
from the cecal contents and fecal samples of
the mice revealed that prophages in M. for-
matexigens were completely activated and that
two gene pairs were constitutively expressed
in all fecal and cecal samples [80]. The authors
proposed that a prophage might be liberated
from its host cell when that cell is present in

Future Microbiol. (2012) 7(1)

a fecal community [80]. Colonization of germ-
free mice that consumed a plant polysaccharide-
rich or a simple sugar diet with wild-type or
anSME-deficient strains revealed that active
sulfatase production by B. thetaiotaomicron
was essential for competitive colonization of the
gut, especially when the organism was forced
to adaptively forage on host mucosal glycans
because complex dietary polysaccharides were
not available [70]. The authors proposed that
anSME activity and the subsequent activation
of sulfatases represented an important pathway
that allowed this Bacteroidetes species to adapt
to life in the gut [70]. Fleissner ez al. showed
that changes in energy expenditure rather than
“energy harvest” were responsible for changes
in fat deposition and weight gain in mice as
they found no difference in body weight gain
between germ-free and conventional mice fed
a semi-synthetic low-fat diet [81]. By contrast,
germ-free mice gained more body weight and
body fat than conventional mice on a high-
fat diet. Moreover they found that the pro-
portion of Firmicutes increased in both mice
high-fat and on a western diet. This increase
was mainly due to the proliferation of the
Erysipelotrichaceae [81]. Murphy ef al. treated
ob/ob mice with a low-fat diet and wild-type
mice with either a low-fat diet or a high-fat diet
and found that the proportions of Firmicutes,
Bacteroidetes and Actinobacteria did not corre-
late with energy harvesting markers [s2]. Higher
concentrations of taurine-conjugated bile acids
were identified in the livers and intestines of
germ-free mice [83] and in those colonized by
human baby microbiota [84] compared with con-
ventional animals. Historically, bile acids have
been primarily viewed as detergent molecules
important for the absorption of dietary fats and
lipidsoluble vitamins in the small intestine and
the maintenance of cholesterol homeostasis in
the liver [83].

Conclusion

Obese and lean subjects presented increased
levels of different bacterial populations (Taste 2
& Ficure 6). In addition, a caloric diet restriction
impacted the composition of the gut microbiota
in obese/overweight individuals and weight loss
5.55.56]. Interestingly, the initial microbiota of
overweight adolescents, before any treatment,
drove the efficiency of weight loss [s6], and
differences in the gut composition at infancy
could lead to weight gain [23,58]. Studies using
gnotobiotic mice have shown that the gut
microbiota was critical for normal digestion of

future science group



nutrients [74]. It was proposed that the meta-
bolic activities of the gut microbiota facilitated
the extraction of calories from ingested dietary
substances, helped to store these calories in host
adipose tissue for later use and provided energy
and nutrients for microbial growth and prolifer-
ation [8s]. A more recent hypothesis is based on
data from vegetarian human populations who
presented bacteria that were commonly found
in plants, like B. thetaiotaomicron, which pro-
duced CAZymes and metabolized monosaccha-
rides and disaccharides [6,13,62]. Moreover, it was
predicted that other unknown factors in the
microbiota and, recently, the manipulation of
gut microbial with probiotics, prebiotics, anti-
biotics or other interventions, were factors for
weight gain and obesity [1.86.87], which should
be investigated more (88.89]. These results sug-
gest that manipulating the composition of the
gut microbiota may prevent weight gain or
facilitate weight loss in humans.

Future perspective

During the last few years, an increasing num-
ber of studies have related imbalances in the
composition of the gut microbiota to obesity.
Many studies have reported shifts in the relative
abundances of bacterial communities in the gut
microbiota of obese relative to normal-weight
individuals, and each study has attempted to
link obesity with a species- or genus-specific
composition profile of the gut microbiota.
However, it is possible that the design and/or
interpretation of the results has been affected
by a conflict of interest of each team. It has
recently been shown that published papers in
nutrition and obesity research in which the
authors were funded by industry were more
likely than other papers to contain results or
interpretations that favored the industry or
company that was producing the product or
service that was being studied [90]. Moreover,
the heterogeneous methods that were utilized
in individual microbiota studies to estimate
bacterial proportions prevented rational com-
parisons of results [12]. Notably, 16S rRNA
sequencing-based methods are biased by the
heterogeneity of the copy number of the 16S
rRNA gene that is present in an individual bac-
terial genome [91] and can lead to an overesti-
mation of bacterial proportions. However, it is
noteworthy that the current 16S rDNA pyrose-
quencing [s3], as well as clonal, Sanger sequenc-
ing, studies [s] of gut microbiota within obese
populations were not able to detect bacterial
concentrations that were below 107 organisms
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per gram of feces [49]. Indeed, the characteriza-
tion of the 10" bacterial copies per gram of feces
that was used in these studies remains superfi-
cial. The use of FISH and qPCR methods were
dependent on both sensitivity and specificity
of the targeted bacterial group. Additionally,
the Bac303 probe, which was used in most of
the FISH- and qPCR-based studies [55.57-59],
underestimated the Bacteroidetes proportions
because the probe targeted only the Bacteroides-
Prevotella groups, and it was inadequately sen-
sitive to the Prevotella group (92]. Ley et al. sug-
gested that it will be interesting to study and
compare the effects of these molecular methods
using the same sample stool [12]. An integration
of mechanistically based investigations and
microbial ecology studies using high-through-
put sequencing will provide insights into how
to best reshape host—microbial interactions to
promote weight loss.

Food is a source of bacteria and viruses,
and changes in patterns of food consumption
results in differences in human gut flora among
different groups of people. A question being
investigated is whether it is important to iden-
tify the source of the gut microorganisms as
the most are ingested with food, drinks, and in
the course of physical contact and interhuman
relationships. Data from agriculture, laboratory
animals and humans show that manipulating
gut microbiota results in weight modifications
and, recently, it was proposed that is neces-
sary to further investigate the effects of rou-
tinely adding high amounts of bacteria to food
(1.86.87]. In the last few years, the number of
published descriptions of the organisms and
genes that comprise and manipulate the gut
microbiota is increasing dramatically, but these
studies have so far been limited to fairly small
populations. Moreover, little effort has been
made to standardize the microbiota analysis
methodology and different sample collection,
storage and analysis methods have only been
superficially investigated in human studies.
This makes it almost impossible to directly
compare findings from different groups, lim-
iting our ability to generalize findings. Further
well-designed studies should be conducted
into how gut microbial communities normally
operate, how they shape host physiology, and
how they may be altered by probiotic, prebi-
otic, antibiotic or other interventions. For that
reason, massive parallel sequencing technolo-
gies and the necessary bioinformatics tools to
handle the resulting large datasets should be
adapted for human microbiota analysis.
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Human gut microbiota
The gut microbiota harbors approximately 10"-"2 microorganisms per gram of content.

At birth, humans are essentially free of bacteria and over time, in a process of colonization that begins shortly after delivery, the body
becomes a host to complex microbial communities.

16S rDNA pyrosequencing analysis revealed that geographical origin has an important impact on the intestinal microbiota.
Dietary habits are considered to be one of the main factors that contribute to the diversity of the human gut microbiota.

Bacteria species & obesity
Meta-analyses revealed no difference in the Bacteroidetes concentrations between obese and humans of normal weight.
Meta-analyses revealed that obese subjects present less Firmicutes than nonobese subjects in their gut flora.
Meta-analyses revealed that obese subjects presented less Bifidobacteria than nonobese subjects.

Meta-analyses revealed that obese subjects presented less Methanobrevibacter spp. than nonobese subjects.

Ability to process polysaccharides
The gut microbiota plays an essential role in the catabolism of dietary fibers into metabolizable monosaccharides and disaccharides by

adequate carbohydrate active enzymes.
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Dietary fibers have been identified as strong, positive dietary factors in the prevention of obesity.
The human gut bacteria produce a huge panel of carbohydrate active enzymes to degrade dietary fibers into metabolizable

monosaccharides and disaccharides.

Gnotobiotic mice for the analysis of human gut microbes
Germ-free mice provide a complementary approach for characterizing the properties of the human gut microbiota.
It was first demonstrated in experimental mice models that that differences in the gut microbiota could be a factor for obesity.

Conclusion
Microbial changes in the human gut are one of the possible causes of obesity.

References
Papers of special note have been highlighted as:

= of interest

>

== of considerable interest

>

>3

>4

»s.

»6.

Raoult D. Obesity pandemics and the
modification of digestive bacterial flora. Eur.
J. Clin. Microbiol. Infect. Dis. 27(8), 631-634
(2008).

Vasilakopoulou A, le Roux CW. Could a virus
contribute to weight gain? /nz. J. Obes.
(Lond.). 31(9), 1350-1356 (2007).

Farooqi S, O’Rahilly S. Genetics of obesity in
humans. Endocr. Rev. 27(7), 710718 (2006).

Speliotes EK, Willer CJ, Berndt SI ez al.
Association analyses of 249,796 individuals

»s.

»9.

reveal 18 new loci associated with body mass
index. Nat. Genet. 42(11), 937-948 (2010).
Ley RE, Turnbaugh PJ, Klein S, Gordon JI.
Microbial ecology: human gut microbes
associated with obesity. Nature 444(7122),
1022-1023 (20006).

Pioneering study linking obesity and gut
microbiota.

Qin J, Li R, Raes ] ez al. A human gut

microbial gene catalogue established by

106

> 10.

> 1.

> 1.

metagenomic sequencing. Nature 464(7285),
59-65 (2010).

Holmes E, Li JV, Athanasiou T, Ashrafian H,
Nicholson JK. Understanding the role of gut

microbiome-host metabolic signal disruption P 14.

in health and disease. Trends Microbiol.
19(7), 349-359 (2011).

Sekirov I, Russell SL, Antunes LC, Finlay
BB. Gut microbiota in health and disease.
Physiol. Rev. 90(3), 859-904 (2010). un

Barnich N, Darfeuille-Michaud A. Role of
bacteria in the etiopathogenesis of
inflammatory bowel disease. World

J. Gastroenterol. 13(42), 5571-5576 (2007).

Larsen N, Vogensen FK, van den Berg FW

et al. Gut Microbiota in human adults with
Type 2 diabetes differs from non-diabetic
adults. PLoS ONE 5(2), €9085 (2010).

Li ]V, Ashrafian H, Bueter M ez a/. Metabolic
surgery profoundly influences gut microbial-
host metabolic cross-talk. Gur 60(9),
1214-1223 (2011).

Ley RE. Obesity and the human microbiome.
Curr. Opin. Gastroenterol. 26(1), 5-11
(2010).

Future Microbiol. (2012) 7(1)

> 3.

» 6.

»17.

Turnbaugh PJ, Hamady M, Yatsunenko T
et al. A core gut microbiome in obese and
lean twins. Nature 457(7228), 480484
(2009).

Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE,
Knight R, Gordon JI. The effect of diet on
the human gut microbiome: a metagenomic
analysis in humanized gnotobiotic mice. Sci.

Transl. Med. 1(6), 6ral4 (2009).

One of the studies showing that gut
transplantation can lead to increased
adiposity, establishing the causal link
between gut microbiota and obesity.

Ventura M, Sozzi T, Turroni F, Matteuzzi D,
van SD. The impact of bacteriophages on
probiotic bacteria and gut microbiota
diversity. Genes Nutr. 6(3), 205-207 (2010).
Wang Z, Klipfell E, Bennett BJ ez al. Gut
flora metabolism of phosphatidylcholine
promotes cardiovascular disease. Nature
472(7341), 57-63 (2011).

Moore WE , Holdeman LV. Human fecal
flora: the normal flora of 20 Japanese-
Hawaiians. Appl. Microbiol. 27(5), 961-979
(1974).

future science group


https://www.futuremedicine.com/action/showLinks?pmid=21572120&crossref=10.1136%2Fgut.2010.234708&coi=1%3ACAS%3A528%3ADC%252BC3MXht1Gkt7zE&citationId=p_15
https://www.futuremedicine.com/action/showLinks?pmid=17183309&crossref=10.1038%2F4441022a&coi=1%3ACAS%3A528%3ADC%252BD28XhtlemtLvM&citationId=p_8
https://www.futuremedicine.com/action/showLinks?pmid=19043404&crossref=10.1038%2Fnature07540&coi=1%3ACAS%3A528%3ADC%252BD1MXotlOlsw%253D%253D&citationId=p_17
https://www.futuremedicine.com/action/showLinks?pmid=20203603&crossref=10.1038%2Fnature08821&coi=1%3ACAS%3A528%3ADC%252BC3cXislahsLc%253D&citationId=p_10
https://www.futuremedicine.com/action/showLinks?pmid=20664075&crossref=10.1152%2Fphysrev.00045.2009&coi=1%3ACAS%3A528%3ADC%252BC3cXhtVyku7rM&citationId=p_12
https://www.futuremedicine.com/action/showLinks?crossref=10.1038%2Fsj.ijo.0803623&coi=1%3ASTN%3A280%3ADC%252BD2srgt1altA%253D%253D&citationId=p_5
https://www.futuremedicine.com/action/showLinks?pmid=21475195&crossref=10.1038%2Fnature09922&coi=1%3ACAS%3A528%3ADC%252BC3MXksVCrsrw%253D&citationId=p_21
https://www.futuremedicine.com/action/showLinks?pmid=20140211&crossref=10.1371%2Fjournal.pone.0009085&citationId=p_14
https://www.futuremedicine.com/action/showLinks?pmid=20935630&crossref=10.1038%2Fng.686&coi=1%3ACAS%3A528%3ADC%252BC3cXht1KmsL%252FN&citationId=p_7
https://www.futuremedicine.com/action/showLinks?pmid=19901833&crossref=10.1097%2FMOG.0b013e328333d751&citationId=p_16
https://www.futuremedicine.com/action/showLinks?crossref=10.1126%2Fscitranslmed.3000322&citationId=p_18
https://www.futuremedicine.com/action/showLinks?pmid=21684749&crossref=10.1016%2Fj.tim.2011.05.006&coi=1%3ACAS%3A528%3ADC%252BC3MXosFagsLo%253D&citationId=p_11
https://www.futuremedicine.com/action/showLinks?pmid=18322715&crossref=10.1007%2Fs10096-008-0490-x&coi=1%3ASTN%3A280%3ADC%252BD1cvotleisQ%253D%253D&citationId=p_4
https://www.futuremedicine.com/action/showLinks?pmid=21484155&crossref=10.1007%2Fs12263-010-0188-4&citationId=p_20
https://www.futuremedicine.com/action/showLinks?pmid=17948930&crossref=10.3748%2Fwjg.v13.i42.5571&coi=1%3ACAS%3A528%3ADC%252BD2sXhtlGqsrrN&citationId=p_13
https://www.futuremedicine.com/action/showLinks?pmid=17122358&crossref=10.1210%2Fer.2006-0040&coi=1%3ACAS%3A528%3ADC%252BD2sXns1Wrsw%253D%253D&citationId=p_6
https://www.futuremedicine.com/action/showLinks?pmid=4598229&crossref=10.1128%2Fam.27.5.961-979.1974&coi=1%3ASTN%3A280%3ADyaE2c7ntVagsQ%253D%253D&citationId=p_22

» 19,

> 30.

Eckburg PB, Bik EM, Bernstein CN ez al. >3
Diversity of the human intestinal microbial

flora. Science 308(5728), 16351638 (2005).

Frank DN, St Amand AL, Feldman RA,

Boedeker EC, Harpaz N, Pace NR.
Molecular-phylogenetic characterization of
microbial community imbalances in human
inflammatory bowel diseases. Proc. Natl Acad. W 32.
Sci. USA 104(34), 13780-13785 (2007).

Dridi B, Henry M, El Khechine A, Raoult D,
Drancourt M. High prevalence of
Methanobrevibacter smithii and

Methanosphaera stadtmanae detected in the

human gut using an improved DNA detection »33.
protocol. PLoS ONE 4(9), €7063 (2009).

Dridi B, Raoult D, Drancourt M. Archaea as
emerging organisms in complex human

microbiomes. Anaerobe 17(2), 56-63 (2011).

Palmer C, Bik EM, Digiulio DB, Relman DA,
Brown PO. Development of the human infant
intestinal microbiota. PLoS Biol. 5(7), €177

(2007). 34.
Vael C, Verhulst SL, Nelen V, Goossens H,
Desager KN. Intestinal microflora and body
mass index during the first three years of life:
an observational study. Gur Pathog. 3(1), 8
(2011).

Hopkins MJ, Sharp R, Macfarlane GT. Age

and disease related changes in intestinal

»3s.

bacterial populations assessed by cell culture,
16S rRNA abundance, and community 36.
cellular fatty acid profiles. Guz 48(2),

198-205 (2001).

Enck P, Zimmermann K, Rusch K, Schwiertz
A, Klosterhalfen S, Frick JS. The effects of
maturation on the colonic microflora in »>37.
infancy and childhood. Gastroenterol. Res.

Pract. 752401 (2009).

Agans R, Rigsbee L, Kenche H, Michail S,
Khamis HJ, Paliy O. Distal gut microbiota of
adolescent children is different from that of
adults. FEMS Microbiol. Ecol. 77(2), 404—412
(2011).

Zoetendal EG, Akkermans AD, de Vos WM.
Temperature gradient gel electrophoresis
analysis of 16S rRNA from human fecal

samples reveals stable and host-specific

38.

> 30,

communities of active bacteria. Appl. Environ.
Microbiol. 64(10), 3854-3859 (1998).

Tap J, Mondot S, Levenez F ez al. Towards the
human intestinal microbiota phylogenetic
core. Environ. Microbiol. 11(10), 2574—2584
(2009).

Turroni F, Foroni E, Pizzetti P ez al. Exploring
the diversity of the bifidobacterial population

» 40.

>4

in the human intestinal tract. Appl. Environ.

Microbiol. 75(6), 1534—1545 (2009). >4,

Woodmansey EJ. Intestinal bacteria and
ageing. . Appl. Microbiol. 102(5), 1178-1186
(2007).

future science group

Gut flora & weight gain

Woodmansey EJ, McMurdo ME, Macfarlane
GT, Macfarlane S. Comparison of
compositions and metabolic activities of fecal
microbiotas in young adults and in antibiotic-
treated and non-antibiotic-treated elderly
subjects. Appl. Environ. Microbiol. 70(10),
6113-6122 (2004).

Mueller S, Saunier K, Hanisch C ez al.
Differences in fecal microbiota in different
European study populations in relation to age,
gender, and country: a cross-sectional study.
Appl. Environ. Microbiol. 72(2), 1027-1033
(2006).

Zwielehner J, Liszt K, Handschur M, Lassl C,
Lapin A, Haslberger AG. Combined
PCR-DGGE fingerprinting and quantitative-
PCR indicates shifts in fecal population sizes
and diversity of Bacteroides, bifidobacteria and
Clostridium cluster IV in institutionalized
elderly. Exp. Gerontol. 44(6-7), 440-446
(2009).

Claesson M]J, Cusack S, O’Sullivan O ez al.
Composition, variability, and temporal
stability of the intestinal microbiota of the
elderly. Proc. Natl Acad. Sci. USA

108 (Suppl. 1), $4586-54591 (2011).

Rutili A, Canzi E, Brusa T, Ferrari A.
Intestinal methanogenic bacteria in children of
different ages. New Microbiol. 19(3), 227-243
(1996).

Dicksved J, Floistrup H, Bergstrom A ez al.
Molecular fingerprinting of the fecal
microbiota of children raised according to
different lifestyles. Appl. Environ. Microbiol.
73(7), 2284-2289 (2007).

Lay C, Rigottier-Gois L, Holmstrom K ez a/. 50.

Colonic microbiota signatures across five
northern European countries. Appl. Environ.

Microbiol. 71(7), 4153—4155 (2005).

Fallani M, Amarri S, Uusijarvi A ez al.
Determinants of the human infant intestinal
microbiota after introduction of first

complementary foods in five European centres. 5,

Microbiology 157 (Pt 5),1385-1392 (2011).
De Filippo C, Cavalieri D, Di PM et al.

Impact of diet in shaping gut microbiota
revealed by a comparative study in children
from Europe and rural Africa. Proc. Natl Acad.
Sci.USA 107(33), 14691-14696 (2010).

Li M, Wang B, Zhang M ez al. Symbiotic gut
microbes modulate human metabolic
phenotypes. Proc. Natl Acad. Sci.USA 105(6),
2117-2122 (2008).

Arumugam M, Raes J, Pelletier E ez al.
Enterotypes of the human gut microbiome.

Nature 473(7346), 174-180 (2011).

Backhed F, Ley RE, Sonnenburg JL, Peterson
DA, Gordon JI. Host-bacterial mutualism in
the human intestine. Science 307(5717),
1915-1920 (2005).

www.futuremedicine.com

»43.

» 44,

> 5.

» 4.

»4s.

»49.

»s).

»s3.

» sy

Review

Perry GH, Dominy NJ, Claw KG ez al. Diet
and the evolution of human amylase gene
copy number variation. Nat. Genet. 39(10),
1256-1260 (2007).

Sokol H, Pigneur B, Watterlot L ez a/.
Faecalibacterium prausnitzii is an anti-
inflammatory commensal bacterium
identified by gut microbiota analysis of
Crohn disease patients. Proc. Natl Acad. Sci.
USA 105(43), 16731-16736 (2008).

Liszt K, Zwielehner ], Handschur M, Hippe
B, Thaler R, Haslberger AG.
Characterization of bacteria, clostridia and
Bacteroides in facces of vegetarians using
qPCR and PCR-DGGE fingerprinting. Ann.
Nutr. Metab. 54(4), 253-257 (2009).

Hayashi H, Sakamoto M, Benno Y. Fecal
microbial diversity in a strict vegetarian as
determined by molecular analysis and
cultivation. Microbiol. Immunol. 46(12),
819-831 (2002).

‘Walker AW, Ince J, Duncan SH ez al.
Dominant and diet-responsive groups of
bacteria within the human colonic
microbiota. ISME J. 5(2), 220-230 (2011).

Wu GD, Chen J, Hoffmann C et al. Linking
long-term dietary patterns with gut
microbial enterotypes. Science 334(6052),
105-108 (2011).

Armougom F, Henry M, Vialettes B, Raccah
D, Raoult D. Monitoring bacterial

community of human gut microbiota reveals
an increase in Lactobacillus in obese patients
and Methanogens in anorexic patients. PLoS

ONE 4(9), €7125 (2009).

Million M, Maraninchi M, Henry M,
Armougom F, Raoult D. Obesity-associated
Gut microbiota is enriched in Lactobacillus
reuteri and depleted in Bifidobacterium
animalis and Methanobrevibacter smithii. Int.
J. Obesiry doi:10.1038/ij0.2011.153 (2011)
(Epub ahead of print).

Schwiertz A, Taras D, Schafer K et al.
Microbiota and SCFA in lean and
overweight healthy subjects. Obesity (Silver
Spring) 18(1), 190-195 (2010).

Collado MC, Isolauri E, Laitinen K,
Salminen S. Distinct composition of gut
microbiota during pregnancy in overweight

and normal-weight women. Am. J. Clin.
Nutr. 88(4), 894-899 (2008).

Zhang H, DiBaise JK, Zuccolo A ez al.
Human gut microbiota in obesity and after
gastric bypass. Proc. Natl Acad. Sci. USA
106(7), 2365-2370 (2009).

Zuo HJ, Xie ZM, Zhang WW ez al.

Gut bacteria alteration in obese people and
its relationship with gene polymorphism.
World ]. Gastroenterol. 17(8), 1076-1081
(2011).

107


https://www.futuremedicine.com/action/showLinks?pmid=15790844&crossref=10.1126%2Fscience.1104816&citationId=p_47
https://www.futuremedicine.com/action/showLinks?pmid=8841038&coi=1%3ASTN%3A280%3ADyaK28vjvVKkug%253D%253D&citationId=p_40
https://www.futuremedicine.com/action/showLinks?pmid=17699621&crossref=10.1073%2Fpnas.0706625104&coi=1%3ACAS%3A528%3ADC%252BD2sXpvVGjsbg%253D&citationId=p_24
https://www.futuremedicine.com/action/showLinks?pmid=19601958&crossref=10.1111%2Fj.1462-2920.2009.01982.x&citationId=p_33
https://www.futuremedicine.com/action/showLinks?pmid=18936492&crossref=10.1073%2Fpnas.0804812105&coi=1%3ACAS%3A528%3ADC%252BD1cXhtleks7%252FI&citationId=p_49
https://www.futuremedicine.com/action/showLinks?pmid=16000838&crossref=10.1128%2FAEM.71.7.4153-4155.2005&coi=1%3ACAS%3A528%3ADC%252BD2MXmt1yks70%253D&citationId=p_42
https://www.futuremedicine.com/action/showLinks?pmid=19164560&crossref=10.1073%2Fpnas.0812600106&coi=1%3ACAS%3A528%3ADC%252BD1MXit12jtL4%253D&citationId=p_58
https://www.futuremedicine.com/action/showLinks?pmid=21420503&crossref=10.1016%2Fj.anaerobe.2011.03.001&citationId=p_26
https://www.futuremedicine.com/action/showLinks?pmid=12597356&crossref=10.1111%2Fj.1348-0421.2002.tb02769.x&coi=1%3ACAS%3A528%3ADC%252BD3sXhtFKjurY%253D&citationId=p_51
https://www.futuremedicine.com/action/showLinks?pmid=17448153&crossref=10.1111%2Fj.1365-2672.2007.03400.x&coi=1%3ACAS%3A528%3ADC%252BD2sXmslKgtbc%253D&citationId=p_35
https://www.futuremedicine.com/action/showLinks?pmid=20679230&crossref=10.1073%2Fpnas.1005963107&citationId=p_44
https://www.futuremedicine.com/action/showLinks?pmid=21605455&crossref=10.1186%2F1757-4749-3-8&citationId=p_28
https://www.futuremedicine.com/action/showLinks?pmid=21885731&crossref=10.1126%2Fscience.1208344&coi=1%3ACAS%3A528%3ADC%252BC3MXht1Gms77K&citationId=p_53
https://www.futuremedicine.com/action/showLinks?pmid=16461645&crossref=10.1128%2FAEM.72.2.1027-1033.2006&coi=1%3ACAS%3A528%3ADC%252BD28Xhs1Ghs7Y%253D&citationId=p_37
https://www.futuremedicine.com/action/showLinks?pmid=19763278&citationId=p_30
https://www.futuremedicine.com/action/showLinks?pmid=21508958&crossref=10.1038%2Fnature09944&coi=1%3ACAS%3A528%3ADC%252BC3MXkvFeisLo%253D&citationId=p_46
https://www.futuremedicine.com/action/showLinks?pmid=15831718&crossref=10.1126%2Fscience.1110591&citationId=p_23
https://www.futuremedicine.com/action/showLinks?pmid=20571116&crossref=10.1073%2Fpnas.1000097107&citationId=p_39
https://www.futuremedicine.com/action/showLinks?pmid=9758810&crossref=10.1128%2FAEM.64.10.3854-3859.1998&coi=1%3ACAS%3A528%3ADyaK1cXms1entLY%253D&citationId=p_32
https://www.futuremedicine.com/action/showLinks?pmid=17828263&crossref=10.1038%2Fng2123&coi=1%3ACAS%3A528%3ADC%252BD2sXhtV2isL7J&citationId=p_48
https://www.futuremedicine.com/action/showLinks?pmid=17293501&crossref=10.1128%2FAEM.02223-06&coi=1%3ACAS%3A528%3ADC%252BD2sXkt1Kqtbo%253D&citationId=p_41
https://www.futuremedicine.com/action/showLinks?pmid=18842773&crossref=10.1093%2Fajcn%2F88.4.894&coi=1%3ACAS%3A528%3ADC%252BD1cXht1Gks7vF&citationId=p_57
https://www.futuremedicine.com/action/showLinks?pmid=19759898&crossref=10.1371%2Fjournal.pone.0007063&citationId=p_25
https://www.futuremedicine.com/action/showLinks?pmid=19641302&crossref=10.1159%2F000229505&coi=1%3ACAS%3A528%3ADC%252BD1MXht1KrtbjP&citationId=p_50
https://www.futuremedicine.com/action/showLinks?pmid=19168652&crossref=10.1128%2FAEM.02216-08&coi=1%3ACAS%3A528%3ADC%252BD1MXjsFKgs7k%253D&citationId=p_34
https://www.futuremedicine.com/action/showLinks?pmid=21448362&crossref=10.3748%2Fwjg.v17.i8.1076&coi=1%3ACAS%3A528%3ADC%252BC3MXjvVylsro%253D&citationId=p_59
https://www.futuremedicine.com/action/showLinks?pmid=17594176&crossref=10.1371%2Fjournal.pbio.0050177&citationId=p_27
https://www.futuremedicine.com/action/showLinks?pmid=20686513&crossref=10.1038%2Fismej.2010.118&coi=1%3ACAS%3A528%3ADC%252BC3MXmsVGjtw%253D%253D&citationId=p_52
https://www.futuremedicine.com/action/showLinks?pmid=15466557&crossref=10.1128%2FAEM.70.10.6113-6122.2004&coi=1%3ACAS%3A528%3ADC%252BD2cXosl2hs74%253D&citationId=p_36
https://www.futuremedicine.com/action/showLinks?pmid=18252821&crossref=10.1073%2Fpnas.0712038105&coi=1%3ACAS%3A528%3ADC%252BD1cXitl2ls78%253D&citationId=p_45
https://www.futuremedicine.com/action/showLinks?pmid=11156640&crossref=10.1136%2Fgut.48.2.198&coi=1%3ASTN%3A280%3ADC%252BD3M7is1Wgtg%253D%253D&citationId=p_29
https://www.futuremedicine.com/action/showLinks?pmid=19774074&crossref=10.1371%2Fjournal.pone.0007125&citationId=p_54
https://www.futuremedicine.com/action/showLinks?pmid=19376217&crossref=10.1016%2Fj.exger.2009.04.002&coi=1%3ACAS%3A528%3ADC%252BD1MXms1yqu78%253D&citationId=p_38
https://www.futuremedicine.com/action/showLinks?pmid=21539582&crossref=10.1111%2Fj.1574-6941.2011.01120.x&coi=1%3ACAS%3A528%3ADC%252BC3MXpsVyrtb8%253D&citationId=p_31

Review Angelakis, Armougom, Million & Raoult

»ss.

56.

»s7.

»ss.

»s9.

» 0.

>l

)

»63.

» 4.

Nadal I, Santacruz A, Marcos A et al. Shifts
in clostridia, bacteroides and
immunoglobulin-coating fecal bacteria
associated with weight loss in obese
adolescents. Int. J. Obes. (Lond.) 33(7),
758767 (2009).

Santacruz A, Marcos A, Warnberg ] ¢t al.
Interplay between weight loss and gut
microbiota composition in overweight
adolescents. Obesity (Silver Spring) 17(10),
1906-1915 (2009).

Mai V, McCrary QM, Sinha R, Glei M.
Associations between dietary habits and
body mass index with gut microbiota
composition and fecal water genotoxicity: an
observational study in African American and
Caucasian American volunteers. Nutr. J. 8,

49 (2009).

Kalliomiki M, Collado MC, Salminen S,
Isolauri E. Early differences in fecal
microbiota composition in children may
predict overweight. Am. J. Clin. Nutr. 87(3),
534-538 (2008).

Bifidobacteria protect children from
becoming overweight. This is confirmed
by the fact that our meta-analysis found
that the obesity-associated gut microbiota
are depleted in Bifidobacteria.
Bifidobacteria and Lactobacillus strains
are currently main candidates for

antiobesity probiotics.

Duncan SH, Lobley GE, Holtrop G ez al.
Human colonic microbiota associated with
diet, obesity and weight loss. /nz. J. Obes.
(Lond.) 32(11), 1720-1724 (2008).

Balamurugan R, George G, Kabeerdoss J,
Hepsiba J, Chandragunasekaran AM,
Ramakrishna BS. Quantitative differences in
intestinal Faecalibacterium prausnitzii in
obese Indian children. Br. J. Nutr. 103(3),
335-338 (2010).

Thuny F, Richet H, Casalta JP, Angelakis E,
Habib G, Raoult D. Vancomycin treatment
of infective endocarditis is linked with
recently acquired obesity. PLoS ONE 5(2),
€9074 (2010).

Santacruz A, Collado MC, Garcia-Valdez L

et al. Gut microbiota composition is

associated with body weight, weight gain and »74.

biochemical parameters in pregnant women.

Br. J. Nutr. 104, 83-92 (2010).

Gloux K, Berteau O, El OH, Beguet F,
Leclerc M, Dore J. A metagenomic
B-glucuronidase uncovers a core adaptive
function of the human intestinal
microbiome. Proc. Natl Acad. Sci. USA
108(Suppl. 1), S4539-S84546 (2011).

Grabitske HA , Slavin JL. Low-digestible
carbohydrates in practice. /. Am. Diet. Assoc.
108(10), 1677-1681 (2008).

108

65.

» 6.

67.

»Gs.

» 9.

»70.

»71.

» 7.

»73.

»7s.

Cantarel BL, Coutinho PM, Rancurel C,
Bernard T, Lombard V, Henrissat B. The
carbohydrate-active enzymes database
(CAZy): an expert resource for
glycogenomics. Nucleic Acids Res.
37(Database issue), D233-D238 (2009).

Martens EC, Koropatkin NM, Smith T7J,
Gordon JI. Complex glycan catabolism by
the human gut microbiota: the Bacteroidetes
Sus-like paradigm. /. Biol. Chem. 284(37),
24673-24677 (2009).

Turnbaugh PJ, Henrissat B, Gordon JI.
Viewing the human microbiome through
three-dimensional glasses: integrating
structural and functional studies to better
define the properties of myriad carbohydrate-
active enzymes. Acta Crystallogr. Sect. F.
Struct. Biol. Cryst. Commun. 66(Pt 10),
1261-1264 (2010).

Hehemann JH, Correc G, Barbeyron T,
Helbert W, Czjzek M, Michel G. Transfer of
carbohydrate-active enzymes from marine

bacteria to Japanese gut microbiota. Nature

464(7290), 908-912 (2010).

Kurokawa K, Itoh T, Kuwahara T ez a/.
Comparative metagenomics revealed
commonly enriched gene sets in human gut
microbiomes. DNA Res. 14(4), 169-181
(2007).

Benjdia A, Martens EC, Gordon JI, Berteau
O. Sulfatases and a radical AdoMet enzyme
are key for mucosal glycan foraging and
fitness of a prominent human gut.
Bacteroides. J. Biol. Chem. 286(29),
25973-25982 (2011).

Berteau O, Guillot A, Benjdia A, Rabot S. A
new type of bacterial sulfatase reveals a novel
maturation pathway in prokaryotes. /. Biol.

Chem. 281(32), 22464-22470 (2006).
Turnbaugh PJ, Quince C, Faith JJ ez al.

Organismal, genetic, and transcriptional
variation in the deeply sequenced gut
microbiomes of identical twins. Proc. Natl

Acad. Sci. USA 107(16), 7503-7508 (2010).
Backhed F, Ding H, Wang T et al. The gut

microbiota as an environmental factor that
regulates fat storage. Proc. Natl Acad. Sci.
USA 101(44), 15718-15723 (2004).

Backhed F, Manchester JK, Semenkovich CF,
Gordon JI. Mechanisms underlying the
resistance to diet-induced obesity in
germ-free mice. Proc. Natl Acad. Sci. USA
104(3), 979-984 (2007).

Turnbaugh PJ, Ley RE, Mahowald MA,
Magrini V, Mardis ER, Gordon JI. An
obesity-associated gut microbiome with

increased capacity for energy harvest. Nature

444(7122), 1027-1031 (2006).

Pioneering study linking gut microbiota

and increased capacity for energy harvest

Future Microbiol. (2012) 7(1)

» 6.

»77.

»7s.

»79.

»s0.

»s4.

86.

that is one of the putative mechanisms for

gut microbiota-associated obesity.

Goodman AL, McNulty NP, Zhao Y ez al.
Identifying genetic determinants needed to
establish a human gut symbiont in its habitat.

Cell Host Microbe 6(3), 279-289 (2009).

Goodman AL, Kallstrom G, Faith JJ ez al.
Extensive personal human gut microbiota
culture collections characterized and

manipulated in gnotobiotic mice. Proc. Natl
Acad. Sei. USA 108(15), 6252—-6257 (2011).

Hildebrandt MA, Hoffmann C, Sherrill-Mix
SA et al. High-fat diet determines the
composition of the murine gut microbiome

independently of obesity. Gastroenterology
137(5), 1716-1724 (2009).

Proved that diet modifies gut microbiota
independently of obesity.

Rey FE, Faith JJ, Bain ] ez al. Dissecting the
in vivo metabolic potential of two human gut
acetogens. /. Biol. Chem. 285(29),
22082-22090 (2010).

Reyes A, Haynes M, Hanson N ez a/l. Viruses
in the faecal microbiota of monozygotic twins
and their mothers. Nature 466(7304),
334-338 (2010).

Fleissner CK, Huebel N, Abd El-Bary MM,
Loh G, Klaus S, Blaut M. Absence of
intestinal microbiota does not protect mice
from diet-induced obesity. Br. J. Nutr. 104(6),
919-929 (2010).

Showed that modification of gut
microbiota is not the only way for diet to
induce obesity since germ-free mice are not
protected against diet-induced obesity.
Diet, gut microbiota and obesity are

associated by a triangular causal link.

Murphy EF, Cotter PD, Healy S ez al.
Composition and energy harvesting capacity
of the gut microbiota: relationship to diet,
obesity and time in mouse models. Guz

59(12), 1635-1642 (2010).
Swann JR, Tuohy KM, Lindfors P ez al.

Variation in antibiotic-induced microbial
recolonization impacts on the host metabolic
phenotypes of rats. /. Proteome Res. 10(8),
3590-3603 (2011).

Martin FP, Dumas ME, Wang Y ez al. A
top-down systems biology view of
microbiome-mammalian metabolic

interactions in a mouse model. Mol. Syst. Biol.
3, 112 (2007).

DiBaise JK, Zhang H, Crowell MD,
Krajmalnik-Brown R, Decker GA, Rittmann
BE. Gut microbiota and its possible
relationship with obesity. Mayo Clin. Proc.
83(4), 460—469 (2008).

Raoult D. Probiotics and obesity: a link? Naz.
Rev. Microbiol. 7, 619 (2009).

future science group


https://www.futuremedicine.com/action/showLinks?pmid=19553672&crossref=10.1074%2Fjbc.R109.022848&coi=1%3ACAS%3A528%3ADC%252BD1MXhtV2nsLvO&citationId=p_72
https://www.futuremedicine.com/action/showLinks?pmid=20631792&crossref=10.1038%2Fnature09199&coi=1%3ACAS%3A528%3ADC%252BC3cXosl2rs7c%253D&citationId=p_88
https://www.futuremedicine.com/action/showLinks?pmid=17183312&crossref=10.1038%2Fnature05414&citationId=p_81
https://www.futuremedicine.com/action/showLinks?crossref=10.1038%2Fijo.2008.155&coi=1%3ASTN%3A280%3ADC%252BD1cjktFGjuw%253D%253D&citationId=p_65
https://www.futuremedicine.com/action/showLinks?pmid=20376150&crossref=10.1038%2Fnature08937&coi=1%3ACAS%3A528%3ADC%252BC3cXktlynsbw%253D&citationId=p_74
https://www.futuremedicine.com/action/showLinks?pmid=19748469&crossref=10.1016%2Fj.chom.2009.08.003&coi=1%3ACAS%3A528%3ADC%252BD1MXhsVChs7fL&citationId=p_83
https://www.futuremedicine.com/action/showLinks?pmid=20161775&crossref=10.1371%2Fjournal.pone.0009074&citationId=p_67
https://www.futuremedicine.com/action/showLinks?pmid=21591676&crossref=10.1021%2Fpr200243t&coi=1%3ACAS%3A528%3ADC%252BC3MXotFOqtLg%253D&citationId=p_92
https://www.futuremedicine.com/action/showLinks?crossref=10.1038%2Fijo.2008.260&coi=1%3ASTN%3A280%3ADC%252BD1MvnvV2ksg%253D%253D&citationId=p_60
https://www.futuremedicine.com/action/showLinks?pmid=21507958&crossref=10.1074%2Fjbc.M111.228841&coi=1%3ACAS%3A528%3ADC%252BC3MXovFCku74%253D&citationId=p_76
https://www.futuremedicine.com/action/showLinks?pmid=19706296&crossref=10.1053%2Fj.gastro.2009.08.042&coi=1%3ACAS%3A528%3ADC%252BD1MXhsVyhsb%252FE&citationId=p_85
https://www.futuremedicine.com/action/showLinks?pmid=20615998&crossref=10.1073%2Fpnas.1000066107&citationId=p_69
https://www.futuremedicine.com/action/showLinks?pmid=18380992&crossref=10.4065%2F83.4.460&citationId=p_94
https://www.futuremedicine.com/action/showLinks?pmid=19845958&crossref=10.1186%2F1475-2891-8-49&citationId=p_62
https://www.futuremedicine.com/action/showLinks?pmid=20363958&crossref=10.1073%2Fpnas.1002355107&coi=1%3ACAS%3A528%3ADC%252BC3cXlsFWhtrw%253D&citationId=p_78
https://www.futuremedicine.com/action/showLinks?pmid=20444704&crossref=10.1074%2Fjbc.M110.117713&coi=1%3ACAS%3A528%3ADC%252BC3cXos1Wns7Y%253D&citationId=p_87
https://www.futuremedicine.com/action/showLinks?pmid=17210919&crossref=10.1073%2Fpnas.0605374104&coi=1%3ACAS%3A528%3ADC%252BD2sXhtVSitbo%253D&citationId=p_80
https://www.futuremedicine.com/action/showLinks?pmid=20441670&crossref=10.1017%2FS0007114510001303&coi=1%3ACAS%3A528%3ADC%252BC3cXhtFCktL3O&citationId=p_89
https://www.futuremedicine.com/action/showLinks?pmid=19849869&crossref=10.1017%2FS0007114509992182&coi=1%3ACAS%3A528%3ADC%252BC3cXhtVOnsbc%253D&citationId=p_66
https://www.futuremedicine.com/action/showLinks?pmid=20926643&crossref=10.1136%2Fgut.2010.215665&coi=1%3ASTN%3A280%3ADC%252BC3cbmsVSqug%253D%253D&citationId=p_91
https://www.futuremedicine.com/action/showLinks?pmid=17916580&crossref=10.1093%2Fdnares%2Fdsm018&coi=1%3ACAS%3A528%3ADC%252BD2sXhtlWmtLjJ&citationId=p_75
https://www.futuremedicine.com/action/showLinks?pmid=21436049&crossref=10.1073%2Fpnas.1102938108&coi=1%3ACAS%3A528%3ADC%252BC3MXltVOqurc%253D&citationId=p_84
https://www.futuremedicine.com/action/showLinks?pmid=20205964&crossref=10.1017%2FS0007114510000176&coi=1%3ACAS%3A528%3ADC%252BC3cXnvVeksbg%253D&citationId=p_68
https://www.futuremedicine.com/action/showLinks?pmid=17515922&crossref=10.1038%2Fmsb4100153&citationId=p_93
https://www.futuremedicine.com/action/showLinks?pmid=16766528&crossref=10.1074%2Fjbc.M602504200&coi=1%3ACAS%3A528%3ADC%252BD28XnvVSqu74%253D&citationId=p_77
https://www.futuremedicine.com/action/showLinks?pmid=18926133&crossref=10.1016%2Fj.jada.2008.07.010&citationId=p_70
https://www.futuremedicine.com/action/showLinks?pmid=18326589&crossref=10.1093%2Fajcn%2F87.3.534&coi=1%3ACAS%3A528%3ADC%252BD1cXjsVagt7w%253D&citationId=p_63
https://www.futuremedicine.com/action/showLinks?pmid=15505215&crossref=10.1073%2Fpnas.0407076101&citationId=p_79

»s7.

Raoult D. Human microbiome: take-home
lesson on growth promoters? Nature
454(7205), 690-691 (2008).

Gordon JI, Klaenhammer TR. A rendezvous
with our microbes. Proc. Natl Acad. Sci. USA
108 (Suppl. 1), S4513-S4515 (2011).
Khoruts A , Sadowsky MJ. Therapeutic

transplantation of the distal gut microbiota.
Mucosal. Immunol. 4(1), 4=7 (2011).

»ss.

future science group

»90.

o1

Thomas O, Thabane L, Douketis J, Chu R,
Westfall AO, Allison DB. Industry funding
and the reporting quality of large long-term
weight loss trials. /nz. J. Obes. (Lond.)
32(10), 1531-1536 (2008).

Hattori M , Taylor TD. The human
intestinal microbiome: a new frontier of
human biology. DNA Res. 16(1), 1-12
(2009).

www.futuremedicine.com

Gut flora & weight gain

»92.

93.

94.

Review

Hoyles L, McCartney AL. What do we mean
when we refer to Bacteroidetes populations in
the human gastrointestinal microbiota? FEMS
Microbiol. Lett. 299(2), 175-183 (2009).

Borenstein M, Hedges L, Higgins J, Rothstein
H. Comprehensive Meta Analysis Version 2.
Biostat, Englewood, NJ, USA (2005).

Borenstein M, Hedges L, Higgins J,
Rothstein H. Introduction to Meta-Analysis.
Wiley, Hoboken, NJ, USA (2009).

109


https://www.futuremedicine.com/action/showLinks?pmid=21406595&crossref=10.1073%2Fpnas.1101958108&citationId=p_97
https://www.futuremedicine.com/action/showLinks?pmid=19147530&crossref=10.1093%2Fdnares%2Fdsn033&coi=1%3ACAS%3A528%3ADC%252BD1MXitFyrsL8%253D&citationId=p_100
https://www.futuremedicine.com/action/showLinks?crossref=10.1038%2Fijo.2008.137&coi=1%3ASTN%3A280%3ADC%252BD1cnlsVygsQ%253D%253D&citationId=p_99
https://www.futuremedicine.com/action/showLinks?pmid=18685678&crossref=10.1038%2F454690c&coi=1%3ACAS%3A528%3ADC%252BD1cXps1SnsLo%253D&citationId=p_96
https://www.futuremedicine.com/action/showLinks?pmid=21150894&crossref=10.1038%2Fmi.2010.79&coi=1%3ACAS%3A528%3ADC%252BC3cXhs1ejtb3K&citationId=p_98
https://www.futuremedicine.com/action/showLinks?pmid=19694813&crossref=10.1111%2Fj.1574-6968.2009.01741.x&coi=1%3ACAS%3A528%3ADC%252BD1MXht1Oksb3O&citationId=p_101

