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microbiota, growing evidencesg?)

ARTICLE

d0i:10.1038/naturel3793

Artificial sweeteners incuce glucose
intolerance by altering thie gut microbiota

Jotham Suez', Tal Korem**, David Zeevi**, Gili Zilberman-Scharz'*, Christoph A. Thaiss', Ori Maza', David Israeli’,
Niv Zmora®*°, Shlomit Gilad’, Adina Weinberger?, Yaai Kuneriian®, Alon Harmelin®, Ilana Kolodkin-Gal’, Hagit Shapiro’,
Zamir Halpern™®, Eran Segal” & Eran Elinav’

Non-caloric artificial sweeterers (NAS} are among the most widely used food additives worldwide, regularly consumed
by lean and obese individua's aufike. N A5 consumption is considered safe and beneficial owing to their low caloric content,
yet supporting scientific data remcia sparse and controversial. Here we demonstrate that consumption of commonly used
NAS formulations drives the development of glucose intolerance through induction of compositional and functional alter-
ations to the intes‘11al miceobiota. These NAS-mediated deleterious metabolic effects are abrogated by antibiotic treatment,
and are fully frausferrable ro germ-free mice upon faecal transplantation of microbiota configurations from NAS-consuming
mice, or ¢7 microb’ca anaerobically incubated in the presence of NAS. We identify NAS-altered microbial metabolic path-
ways *aa are livked to host susceptibility to metabolic disease, and demonstrate similar NAS-induced dysbiosis and glucose
infaiorvance ir nealthy human subjects. Collectively, our results link NAS consumption, dysbiosis and metabolic abnor-
mvalities. {rereby calling for a reassessment of massive NAS usage.

Suez J et al.: Nature 2014 Sep 17. [Epub ahead of print]
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Human Gut Bacteriome o
the second genome of the human chdX

o
6\ \'\\

1. A core mICI‘ObIO;G&’b tha t comprises
50-100 bactgtti?’éhépeues

€>(Q:b'\‘?o\(<(>
2. A cor&@&@roblome harboring more
‘ﬁ 6000 functional gene groups

CD
X Q?}

Zhu, Protein Cells 2010



Human Gut Bacteriome >
—’&eﬂ_
1.5 kg of bacteria, >3.300.00@:3¢¥ies
\0 @‘9
8 bacterial divisions (supq\ﬁkm\gdoms)
95% genes identity ?,\\’xe@

>1100 species S

98% genes ldgdt(mQ
e

>1500(b?st\g<5%1ns

1 OQ%’ génes identity

SON
L\Moblome <4==) MV etabolome

Lozupone et al —Nature 2012 Qin et al - Nature 2011
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COMPOSITION OF THE GUT MICROBIOTA:

MOLECULAR APPROACH 3

silonprotecbacteria (2, 1. 0)
f
5640, 85, 42) / Fusobacteria (9, 1, N
/

Bacteroidetes

Ac? st

Alph‘npvoteoba teria
(10. 4, 4)

Bcnprotcobnct ria

/ (32,5, 2)

: avnmmrotcobact“rla
\.'emu:on'.;cw““‘“‘l - (5,2 0)

Deltaproteobactqua
(24. 4, 2)

N Unclassifiedfhear
Cyanobacte 3,1,1)

Eckburg et al, Science 2005
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The role of gut micr

FIRMICUTES

Clostridia Bacilli
g : Lactobacillales
Clostridiales Mollicutes Fadtbbadllacais
Clostridiaceae Erysipelotrichaceae Lactobaruus
Clostridium Erysipelotrix
Lachnospiraceae Dorea
Lachnospira Faecalibacterium
Coprococcus Sporobacter
Ruminococcus &
Anaerostipes Acidoamminococcaceae
Butyvibrio Dialister ar Diseases
Roseburia Veillonella
Eubacteriaceae
Eubacterium
BACTEROIDETES I

Bacteroidetas
Sagteroidalvs

Preva=ilaceae

Rikenellacea¢ Bacteroidaceae

Flavobacteria
Flavobacteriales

findings and future

A. Tagliabue **, M. E4i® |

Alistipes Crevotella Bacteroides
Cytophaga
PROTEOBACTERIA

Alfa Beta Gamma Delta Epsilon
Burkholderiales Enterobacteriales
| Alcaligeneceae  Enterobacteriaceae

Escherichia coli
VERRUCOMICROBIA ACTINOBACTERIA

4Human Nutrition and Eating Disorders Resea
Forensic Medicine, University of Pavia, Via A.
b AAT—Adverced Anclytical Technologies Srl,

Verrucomicrobiae
Verrucomicrobiales
Verrumicrobiaceae

Actinobacteria
Bifidobacteriales

Akkermansia Bifidobacteriaceae Coriobacteriaceae
Bifidobacterium Collinsella
ACIDOBACTERIA FUSOBACTERIA LENTISPHAERAE

Received 3 April 2012; received in revised for

Available online 10 November 2012
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THE PYRAMID OF LIFE: human body o
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THE PYRAMID OF LIFE: human gut microbig;a
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At birth the human body is sterl

Vaginal microbiota (m%t‘h‘e%(\)b

Fecal microbiota
(mother)

A % sequences
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Impact of diet in shaping gut microbiota revealed
by a comparative study in children from Eurog:e

and rural Africa

Carlotta De Filippo?®, Duccio Cavalieri®, Monica Di Paola®, Matteo Ramazzotti<, Jean Baptiste Pcallet?,
Sebastien Massart?, Silvia Collini®, Giuseppe Pieraccini®, and Paolo Lionetti®’

Mmilal

>Firmicutes

& @

» Actinobacteria Bacteroidetes = Firmicutes Proteobacteria = Others
= Prevotella . — -
Xylarvibacter
- Acetitomaculuem )
® Faecalibacteriurs | Tlirmicutes
Subdoligr ms4u J
Others

] Bacterok et\'s

D
;g:
8
]
€
8
£
©
D
o

EU

Relative abundance (%) T

De Filippo et al, PNAS 2010



Bacterial diversity is affected by ageinge

healthy
solid food
|

4

formula-fed l l

o~
breast-fed malnutrition

antibiotic
treatment

\}“
-l

Baby Toddler

Ottmann N et al. Front Cell Infect Microb 2012

Elderly

S
2
cgb '&

65 to 80 years

v

>100 years

4

Firmicutes
Bacteroidetes
B Actinobacteria
M Proteobacteria
others
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GUT microbiota has a powerful metabolic ac on
in ruminants: herbivores derive 70% of t@?(
energy intake from microbial breakdogw\zgo‘i%
dietary plant polysaccharides o \’@ \@@6

» Bacteroidetes
Prevotella ruminicola (X.S)
Prevotella bryantii (X.,S)

» Firmicutes
Butyrivibrio fibrisolvens (X,S)
Ruminococcus flavefaciens (C,X)
Ruminococcus albus (C,X)
Eubacterium cellulosolvens (C X)

« Fibrobacter
Fibrobacter succinogenes (C)
Fibrobacter intestinalis (C)

HJ Flint et al. Nature Review Microbiol 2008




Gut Micome

Candida from commensal to pathogen <&

* Yeasts are commensal to the gut
at low concentrations

e Candida overgrowth is a
consequence of disturbances in
the host’ s defense systems: 3
antibiotic therapy and changeem? o

2
physiological gut microbiota'p @E
partial CO2 pressure, a Wtqea%ld
availability, iron defg(a o
™o

* Yeast genome Vl@@einodlﬁed 1)
repeate ) tations

(«micro t@#luy@n») in order to
overgahiediost protective

e e

Q®

Thewes S, Mol Microbiol 2007



HOW THE HOST-GUT MICROBIOTA%
BALANCE IS MANTAINED? &

» Secretion of :
Gastric acid
Mucus
Biliary salts
Mucosal Ig

6\

» Mucosal pH & (\Qo\(@
» Mucosal lg&i’r@e"r integrity

> Intes@?ahﬁlotlllty

> I@‘cg{%ucosal and systemic immunity

Q°
% Iﬁ?teractlons among different bacteria species



Gut Microbiota é\o;i;@.\
(bacteria, yeasts, bacterwphaé(eﬁz @
Mucosal
Barrier
Epithelial & Acquired
barrier and
Innate
B O immunity
Endocrings T35 8=
systent ,bQ‘ P o =
Je'&ggmar and Neuroenteric system

lymphattc systems  Digestive enzymes



Bad Ggod

bacteria %‘ bacteria
Loosely

Lumen Food adherent

antigens mucus layer

Stomach Duodenum

/\\\\\W and |. M\\\\\ M\\\\\ Firmly adherent

Jejunwn | / mucus layer

+ + + + +
. -\ A \\x—x SN n\\\\\n M) \\h SN 1)\ ‘ . S A D e

o%\

N o '9 m u n e Endotheh
Cel IS And fibroblasts
Nerve and miocytes




EFFECTS OF GUT MICROBIOTA ON,,

HOST HEALTH e
—@?;fyh
> Barrier effect @\‘if&@@s
>Immunocompetensé’?}ﬁierance
» Synthesis 6&@\5"‘\
>Metab0hc/”\[<i’0{fhlc function
»Drug me‘fabohsm
>Bel;abgw°r conditioning
S
c;<'°“® e

But.. specific effects in each GI tract!



WHEN DO THESE MECHANISMS FAIL?
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WHEN DO THESE MECHANISMS FAIL?

%o

YO

Anti H2-PPI Vascular dlseases\o\@@"’@\o
Gastric atrophy Surgery @\fai\\z;é\&
Surgery Dlve\\igsﬁgéﬁstula
Autoimmune disease lg&’ﬁrgﬁhuscolar diseases
Aging 6\,006\0; QI%adlatmn/Inﬂammatlon
Selective IgA géﬁa \(@ Infectious diseases
HIV QQ,&’&?& @5‘ Connective diseases
In%m?(l%;dsgnescence Drugs

g < Endocrine disorders



When these mechanisms fail...

. =

S
Quali-quantitative alterations of gastrw\e\gﬂ)?lll
bowel and/or colonic mlcrobwtg& \\'a@

JV ‘:00 ) @5\6

Bacterial OvergrovgﬁﬁZKéductlon
DYSBIOS S @%%

Bacteria or lga??tgﬁal fragments cause

Xo
inflamm, gga or translocate in circulation
)

<
Q' e
L) % (
c;(o“ I l

©) (
’bQ ° ° ° °
N L..Gut microbiota associated diseases
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Bacteroides Theta-iota-omicron g
a key for host-microbial interactions underst@fﬁl{ng

A’b O
@% thetaiotaomicron

= Undigested complex
carbohydrate polymers are
bound to the Bacteroides’

surface proteins &

= Surface localized &
glycohydrolases liberate. cﬁi{!)«;‘é?
sugars from complex %qu
polymers Kot

= Simple sugads @r)? partly used
by BacterQé self partly are
absor, ugh the intestinal

vzll@"zg@o“ the host bloodstream - 4

Sonnenburg JL, Nat Imm 2004 Gilmore, Science 2003



GUT MICROBIOTA and REGULATION QOF
ENERGY STORAGE &

WT mice have 42% more
total body fat and 47% more
gonadal fat than germ-free
(GF) mice

Colonisation of GF mice 6\
microbiota from conig(@T

produces a 60% ga&‘g&e in
body fat magg@ass@hated
with ing éﬁse@‘msulln

% increase in body fat
(CONV-D vs GF)

et ot o

[ ’0 i
res ]\%&\% %efb Fiaf genotype

Backhed et al —- PNAS 2004



Obesity alters gut microbial ecology

Ruth E. Ley®, Fredrik Backhed?®, Peter Turnbaugh', Catherine A. Lozupone®, Robin D. Knight$, and Jeffiey I. Gordon™™

Firmicutas

Microbiota of obese
mice have a 50%
reduction in
Bacteroidetes relagive;

(A
to lean mice, zgkde &

Rzelerolacies

¢

Percentage o trta cequences

mgmﬁcantly gx@ater

propog&b@ﬁ‘f

F lr{M(;u‘i’eS 7
Q\fz& Q?} Lean Obese

Ley RE, PNAS 2007



Gut microbiota in obese humans

Low-fat, high-polysaccharide High-fat, high-sugar
(CHO) diet (Western) diet

Changes in gut microbial ecolo(@b &°

* Reduction in Bacteroidetes and pgﬁi’onal increase in Firmicutes
 Dramatic fall of overall dlvelssfty BN\

* Bloom of a single class O&Q@rn\x&%‘tes the Mollicutes

)
Alteration of meégbﬁl&g%otentzal
* Enrichment f01:<p ngﬁotransferase systems
. Enrlchmen@ cgehes encoding beta-fructosidases

Cons@’he@%s
* II@%Q@(? capacity to import “Western-diet”-typical carbohydrates

Olncreased capacity to metabolize imported sugars
Tilg H, Gatroenterology 2009



Vol 444 21/28 December 2006|doi:10.1038/nature05414

An obesity-associated gut microbiome

with increased capacity for energy harvest

Peter J. Turnbaugh', Ruth E. Ley', Michael A. Mahowald', Vincent Magrini®, Elaine R. Mardiz "~ & loftrey |. Gordon'
' Q

\ "\
Ob/ob mice are enriched of genegb\%ﬁ%}@ to harvest
calories from complex polysaccl;ﬁrl@l:és in respect to
\\'o
their lean littermates @0

Transplantation of gut N
microbiota from Ol:geﬁi Jnite
to germ free resu&lff’ (\qﬁ a
greater lnCI‘Qﬁ’nglﬁ adiposity
in the regi‘filgl’i}ts than does a
tral%sp‘iag@tatlon of PRIl e i o o
mi% xebiota from lean donors (KA

Obese
(oblob) o
830

fi!fl
B G
£
ET:B
87
58
£
o

Increases in body fat (%%
P -

Tumbaugh et al, Nature 2006



Microbiota transmit adiposity phenotype

L J L J o L d L J O\ o
Fecal microbiota from 4 human female twin pairs discordant for@qq{()/
' \

R aPe
TRANSFERRE?I)NRQQ\‘%HE
towta, ‘ INTESTINESS® (o©
- —— OF GERNCFRII'MICE
Microbiota  Recipient mice nconnsed adlposnﬁy (Ob)é\‘ghl di@&lce = ¢adiposity

transplant OVt @fg C A — * di it
’b\\(% ?Q;@ mice adiposity
N

) S ¥

. Lowfat, : N\ °

igh-er diet 5O TRANSMISSIBILITY

OF INTESTINAL MICROBES
AND ADIPOSITY PHENOTYPE

>

ARE TIGHTLY LINKED
el

: \ Z )

i Low-fat, high-ﬁb; diet COHOUSING

Ineffertive

0% (Ob) twin transplanted mice + (Ln)

i twin transplanted mice =
4 { ~ (Ob) mice became LEAN
high-fat Low-fiber diet (Ln) mice remain LEAN
mirobios Ridaura et al. Science 2013
Walker AW et al. Science 2013

transmission
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OPEN a ACCESS Freely available online

@-PLOS |one

Analysis of the Gut Microbiota in the Old Order Amish

»>22 species of bacteria from
the phyla Bacteroidetes,
Firmicutes and Actinobacteria

>4 OTUs from the order

Clostridiales

LOscilIospira:guilliermondii S .
Ruminacocous favefaciens

Odostridium:sordellii OMmmsaesss OCIostri e

*\TROB0804 .

ORuminococcus:1orques

ORuminocoocuvar.wus

( \
~ bacleroides e ol

Bacleroides:eggerthii {
0 o @ )¥aecalibacterium:prausnitzi
Streptococeus thermophilus Y GLUCOSE -
TS o I
OParabaderoides:johnsonii A ‘ j i Anaerotruncus:colhominis
! e NGO %, il LA i OAceﬁvibrio:celluloMicus
Oﬂamroides:capillosus A e N 'O(Jostridium:metallolevans
. YBW ‘ %y
O _ } ' {\/Blauﬁa:producta
Collinsella:aerofacier AN i MTRO4530633
R ‘ ‘ O
/ ' ‘ Clostridium:paraputrificum
M OLadwnobac{erium:bovis it
O : k, Clostridium:glycolicum
Bacteroides:ovalus 0 , -
Anaerofustis:stercorihominis

and Its Relation to the Metabolic Syndrome

&
O

Positive and neggi‘i‘v (\fﬁ)rrelatlons

with BMI, | rides, HDL

cholesterol Aot \k?holesterol fasting

glucose els,c, P

NG

<>CRP ngetmbno celluto\yﬂcus

@Clostr\d\um leptum
y{>C\osmd|um metallolevans

OClosmd\um parapuificum

QC\oatrid\um sordelli

7 ’DConse\laaerofao\ens

OFaecahbademum prausnitzi
< OLachnobaotenum bovis
Oscllospiraquiliemondii

Parabacteroidesjohnsoni
Ruminococcus flavefaciens

Svep ooceis hormophnus

Rummoooccusmrqu%'
RuminOCOoouS gnas, ===



GUT MICROBIOTA in TYPE 2 DIABETE

A muciphia

Faecal DNA samples from 345 Chinese T2D patients and non@}a)gﬁé controls
(E. rectale, F. prausnitzii, etc le,

(\’b
T2D vs Controls C
ild] R
T et * -~ Bac:“aro;des sp;jQM De@u?oz{on3 {3,
C(:b( \Q( ‘ T ‘émdw

Case-control metagenome-wide association study (MGWAS) fp"'
Confikvioh LS T2D-enrchee NLG
Butyrate-producing bacteria \jiel
6\’0 \6‘5 W Pt~ ,,,99“'3‘

(\ Fimicutes o 14u ,\ﬂ‘w‘l‘r' &
Lot Lachnospir
Opportunistic paffigedhs el
Clostriales
(C. hathewayi, (@’ba@ m, E. coli) B
(’b Q‘ Eubactarm
Q,Q (\’bQ Resebur \ /
I Fascalbacterim b o
Mlit?ll d@gl'adlng SpeCIes rb%wo’.’gmuum Cosaissp S5
S . ) tuiis e
QSil%g«h"hte-reducmg species B - A
\O I i
0 I faemaphils

Con-142 Cone180

Qin — Nature 2012 B o



The “Second Meal” etfect

¢ -

~L Endotoxin produﬁ‘on_! -1'0’
T Gut premeabiliy )

Insulin secr/prod
Glucagon secr/prod

4 LPL activity
T Lipolysis

De novo lipogenesis
ChREBP/SREBP1
Triglyceride accumulation
Insulin sensitivity

AMPK

AMPK
Insulin sensitivity

Y

Diamant M et al., Ob Rev 2010



GUT HYPERPERMEABILITY LEADS TO
METABOLIC ENDOTOXEMIA

“» Bifidobacterium spp.
-~ Lipogenesis
-~ Inflammation

~ Oxidative stress

l G
2 —
% 1 < » ~ Steatosis
_ ¥ 2 ~ Insulin sensitivity
i
t\ NS : f

r’ > LY

Mei:bolic o s 0
)HL. —
: >, } ’ ~|

-~ ity > -
Gut perm,eap'“ty _) endvotexamia s

<

-~ Inflammation

-~ Macrophage infiltration
~ Oxidative stress

~ Insulin sensitivity

~ Inflammation

n o GLP-Z ~ Insulin sensitivity

Cani et al, Pharm Ther 2010
Miele and Gasbarrini, Hepatology 2009
Scarpellini and Gasbarrini, Am J Gastro 2010




CpG DNA"

L

UPEC/

Prafi

lin

J

r

-

MD=

S
f‘nﬂammm\‘me I
=N
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