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All microbes are NOT threats
Benefits provided by our microbiome 

• food digestion 
• nutrition - vitamins, energy 
• regulating metabolism 
• helping our cells mature 
• educating our immune system 
• preventing colonization by harmful microbes

• the collection of microscopic organisms 
that live in a particular environment 

✦ Bacteria 
✦ Viruses 
✦ Fungi

The microbiome

• there are microbial communities 
everywhere - soil, water pipes, 
plants & animals



• how do we identify and 
measure these microbes? 

✦ historically by culturing

The microbiome

Less than 5% of bacteria can be cultured

5,000  species of bacteria

• how do we identify and measure 
these microbes? 

✦ historically by culturing 
✦ recently by their DNA 

sequence

The microbiome

• high-throughput sequencing 
machines are a game-changer

5,000  species of bacteria
1 million

Illumina HiSeq - www.illumina.com



The human microbiome project
5-year, federally funded, multi-center 
research project  

• catalog the microbiome of nearly 250 
healthy individuals 

• sampled subjects at 15-18 sites in the body
• resampled at different times 
• DNA sequencing allowed                      

direct identification of all          
microbes

initial findings (published June 2012) 
• 10,000 different species identified 
• each person ~ 1,000 different strains 
• approximately 100 trillion per person 

(compared to 37 trillion human cells) 
• approximately 2.5 pounds                  

by weight and 3 pints                         
by volume 

The human microbiome project



 enormous genetic diversity 
• collectively - 8 million microbial genes 

(compared to ~20,000 human genes) 
• vast collection of genetic instructions

The human microbiome project

✦ humans < 20 genes that encode          
enzymes for digesting                   
carbohydrates 

✦ bacteroides thetaiotaomicron                         
has over 260 of these genes

  
• variation between individuals 
• not random - there are “key” species 

consistently present at each body site 
• personalized microbiome                 

influenced by early life           
experiences, diet, genetics                   
& environmental exposures 

The human microbiome project



Historically, it was thought the 
fetus was microbe-free.

New data challenge this - 
perhaps maternal microbes 
pass through umbilical cord or 
across the placenta.

How does the microbiome develop?

Our first dose of microbes 
occurs when passing through 
the birth canal.
During pregnancy, the bacterial 
populations present in this region 
change.

Hypothesized to provide newborns with a set of bacteria to help digest 
the lactose sugar in milk (in addition to the human lactase enzyme)

Lactobacillus strains 
become prevalent

How does the microbiome develop?



Alderberth and Wold,  Acta Paediatrica (2009)

• gestational age 
• delivery mode: vaginal vs. c-section 
• maternity ward/neonatal unit 
• feeding mode: breast milk vs. formula 
• other foods and fluids given 
• antibiotic use 
• parental skin/skin of other caregivers

Factors influencing infant gut microbiome

   
• comparison of gut microbes for children in 

Burkina Faso vs. Europe 
• Burkina Faso - diet low in fat and animal 

protein, high in starch and fiber, 
predominantly vegetarian 

• Europe - diet high in fat, animal protein, 
sugar, starch, low in fiber

De Filippo et al PNAS (2011)

• both populations primarily breastfed; infants 
microbiome was similar before weaning

introduction of solid foods
Factors influencing infant gut microbiome



European Burkina Faso

De Filippo et al PNAS (2011)

characterized 
fecal microbes 
from 15 European 
and 14 Burkina 
Faso children after 
weaning

Factors influencing infant gut microbiome

Spor, Koren, Ley Nature Reviews Microbiology 9:279 (2011)

infant male - analysis of his gut microbiome for the first 2.5 years

Tracking guy microbiome development



many diseases may have a component 
that is linked to a “community-wide” 
disturbance in the population of our 
microbiome

Emerging concept

Strachan D.P. BMJ 299:1259-60 (1989)

exposure to germs as a child seems to be helpful, while 
living in a “sterile” environment seems to increase risk 
of certain diseases
• 1989 finding - hay fever and eczema less common in larger families 
• later findings showed lower risk for kids growing up on farms or around 

animals 
• immunologic and autoimmune disorders are much less common in the 

developing world than the industrialized (more sterile) world

Microbes and the immune system



“old friends hypothesis” 
• looks at microbes that have 

been part of human 
exposures for thousands of 
years - historically well 
tolerated by our systems

Petrof et al Beneficial Microbes 4:53-65 (2013)

• loss of these microbes 
increases disease risk 

Microbes and the immune system

• there is a constant monitoring of 
what passes through the intestine 
- looking at bacteria, viruses and 
food particles 

• this monitoring helps determine if 
invaders are present and an 
immune response should begin

How?
• our gut is both a digestive and an 

immune organ villi
Peyer’s patch

Inside a Peyer’s patch

many cells 
involved in the 
immune system images from Nature Video “Immunology in the Gut Mucosa” 

http://www.youtube.com/watch?v=gnZEge78_78



How?

images from Nature Video “Immunology in the Gut Mucosa” 
http://www.youtube.com/watch?v=gnZEge78_78

• routine interactions with intestinal 
bacteria help calibrate an infant’s 
immune system  

• these microbes also help the 
immune system learn to 
distinguish “self”, “friends” and 
“foes” 

• “heirloom” strains that have been 
part of our microbiome for 
thousands of years (old friends)

villi
villi

Peyer’s patch

Inside a Peyer’s patch

many cells 
involved in the 
immune system

Studying gut microbiome-disease links

Cryan and Dinan Nature Reviews Neurosicence (2012)



• the presence of gut bacteria that 
produce short chain fatty acids gives 
the host an additional source of 
energy (up to 10% of human caloric 
intake)

• variation in bacterial communities 
may lead to variability in caloric 
extraction and the storage of calories 
in fat

Gut microbe fermentation

Gut microbes and weight
2004 - working with “germ-free” mice 
(no contact with microbial world)

introduce the microbes from the gut of a wild-type 
mouse
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converted mice showed 
57% increase in total 
body fat content 

consumed 27% less 
rodent chow

Backhed et al., PNAS 101: 15718 (2004)

2004 - working with “germ-free” mice 
(no contact with microbial world)

introduce the microbes from the gut of a wild-type 
mouse

Gut microbes and weight
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2007 follow on study

suggests that the population of 
gut bacteria is linked to obesity 
             ..... cause or effect?

Ley et al., PNAS 102: 11070 (2007)

compare types of bacteria present in 
the gut microbiome of wild-type or 
genetically obese mouse

Gut microbes and weight



looking at one bacterial strain 
Akkermansia muciniphila

3,300 times less common 
in guts of genetically 
predisposed obese mice

100 fold drop in 
prevalence when mice 
are fed a high-fat diet increasing Akkermansia muciniphilia 

levels in mice: 
• improved gut barrier 
• reversed obesity-related metabolic 

disorders 
✦ reduced fat mass 
✦ calmed adipose tissue 

inflammation 
✦ shifted from insulin resistance to 

insulin sensitivityEverard et al PNAS ( 2013)

Gut microbes and weight

Obese individuals: 
• fecal microbes have increased 

capacity to harvest energy 
• fewer Bacteroidetes species 
• more Firmicutes species 
• fewer Akkermansia muciniphila

reviewed in Tremaroli and Backhed, Nature 489 (2012)

human studies

Caveat: not every study has provided identical results

Gut microbes and weight



2007 follow on study

Cox and Blaser, Cell Metabolism (2013)

Pathways in microbe-related obesity

pairs of germ free mice (no microbiome) 
received the gut microbiome from either an 
obese or lean human twin

human/mouse microbial transplants

weight gain among mice who 
received obese microbiome

Ridaura et al., Science (2013)

Gut microbes and weight



  
lean microbiome could displace the obese microbiome - if the mice 
ate diets rich in fruits and vegetables

mice were co-housed for 10 days
human/mouse microbial transplants

Gut microbes and weight

co-housed

Ridaura et al., Science (2013)

new finding linking 
microbiome, 
diabetes and 

artificial sweeteners

ARTICLE
doi:10.1038/nature13793

Artificial sweeteners induce glucose
intolerance by altering the gut microbiota
Jotham Suez1, Tal Korem2*, David Zeevi2*, Gili Zilberman-Schapira1*, Christoph A. Thaiss1, Ori Maza1, David Israeli3,
Niv Zmora4,5,6, Shlomit Gilad7, Adina Weinberger2, Yael Kuperman8, Alon Harmelin8, Ilana Kolodkin-Gal9, Hagit Shapiro1,
Zamir Halpern5,6, Eran Segal2 & Eran Elinav1

Non-caloric artificial sweeteners (NAS) are among the most widely used food additives worldwide, regularly consumed
by lean and obese individuals alike. NAS consumption is considered safe and beneficial owing to their low caloric content,
yet supporting scientific data remain 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 intestinal microbiota. These NAS-mediated deleterious metabolic effects are abrogated by antibiotic treatment,
and are fully transferrable to germ-free mice upon faecal transplantation of microbiota configurations from NAS-consuming
mice, or of microbiota anaerobically incubated in the presence of NAS. We identify NAS-altered microbial metabolic path-
ways that are linked to host susceptibility to metabolic disease, and demonstrate similar NAS-induced dysbiosis and glucose
intolerance in healthy human subjects. Collectively, our results link NAS consumption, dysbiosis and metabolic abnor-
malities, thereby calling for a reassessment of massive NAS usage.

Non-caloric artificial sweeteners (NAS) were introduced over a century
ago as means for providing sweet taste to foods without the associated
high energy content of caloric sugars. NAS consumption gained much
popularity owing to their reduced costs, low caloric intake and per-
ceived health benefits for weight reduction and normalization of blood
sugar levels1. For these reasons, NAS are increasingly introduced into
commonly consumed foods such as diet sodas, cereals and sugar-free
desserts, and are being recommended for weight loss and for indivi-
duals suffering from glucose intolerance and type 2 diabetes mellitus1.

Some studies showed benefits for NAS consumption2 and little induc-
tion of a glycaemic response3, whereas others demonstrated associations
between NAS consumption and weight gain4, and increased type 2 dia-
betes risk5. However, interpretation is complicated by the fact that NAS
are typically consumed by individuals already suffering from metabolic
syndrome manifestations. Despite these controversial data, the US Food
and Drug Administration (FDA) approved six NAS products for use in
the United States.

Most NAS pass through the human gastrointestinal tract without
being digested by the host6,7 and thus directly encounter the intestinal
microbiota, which plays central roles in regulating multiple physiolo-
gical processes8. Microbiota composition9 and function10 are modulated
by diet in the healthy/lean state as well as in obesity11,12 and diabetes
mellitus13, and in turn microbiota alterations have been associated with
propensity to metabolic syndrome14. Here, we study NAS-mediated
modulation of microbiota composition and function, and the resultant
effects on host glucose metabolism.

Chronic NAS consumption exacerbates glucose
intolerance
To determine the effects of NAS on glucose homeostasis, we added
commercial formulations of saccharin, sucralose or aspartame to the

drinking water of lean 10-week-old C57Bl/6 mice (Extended Data Fig. 1a).
Since all three commercial NAS comprise ,5% sweetener and ,95%
glucose, we used as controls mice drinking only water or water supple-
mented with either glucose or sucrose. Notably, at week 11, the three
mouse groups that consumed water, glucose and sucrose featured com-
parable glucose tolerance curves, whereas all three NAS-consuming mouse
groups developed marked glucose intolerance (P , 0.001, Fig. 1a, b).

As saccharin exerted the most pronounced effect, we further studied
its role as a prototypical artificial sweetener. To corroborate the find-
ings in the obesity setup, we fed C57Bl/6 mice a high-fat diet (HFD,
60% kcal from fat) while consuming either commercial saccharin or
pure glucose as a control (Extended Data Fig. 1b). As in the lean state,
mice fed HFD and commercial saccharin developed glucose intolerance,
compared to the control mouse group (P , 0.03, Fig. 1c and Extended
Data Fig. 2a). To examine the effects of pure saccharin on glucose intol-
erance, we followed a cohort of 10-week-old C57Bl/6 mice fed on HFD
and supplemented with 0.1 mg ml21 of pure saccharin added to their
drinking water (Extended Data Fig. 1c). This dose corresponds to the
FDA acceptable daily intake (ADI) in humans (5 mg per kg (body weight),
adjusted to mouse weights, see Methods). As with commercial saccharin,
this lower dose of pure saccharin was associated with impaired glucose
tolerance (P , 0.0002, Fig. 1d and Extended Data Fig. 2b) starting as
early as 5 weeks after HFD initiation. Similarly, HFD-fed outbred Swiss
Webster mice supplemented with or without 0.1 mg ml21 of pure sac-
charin (Extended Data Fig. 1d) showed significant glucose intolerance
after 5 weeks of saccharin exposure as compared to controls (P , 0.03,
Extended Data Fig. 2c, d).

Metabolic profiling of normal-chow- or HFD-fed mice in metabolic
cages, including liquids and chow consumption, oxygen consumption,
walking distance and energy expenditure, showed similar measures be-
tween NAS- and control-drinking mice (Extended Data Fig. 3 and 4).

*These authors contributed equally to this work.
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Roux-en-Y gastric bypass - rapid weight loss, improved 
glucose metabolism (return to typical glucose sensitivity)

Schaap et al. Nature Reviews Gastroenterology and Hepatology (2014)

mouse studies show that this surgery alters 
gut microbiota, especially in the distal gut 
(downstream from surgery site)

increased abundance of Escherichia and 
Akkermansia populations

transplanting the gut microbiota from 
gastric bypass mice into germ-free mice 
leads to weight loss and reduced fat 
mass Liou et al. Sci Transl Med (2013)

The impact of gastric bypass surgery

often follow antibiotic use 

post-antibiotics is often when 
Clostridium difficile infections occur in 
the gut

many cases are 
very difficult to treat

Clostridium difficile infections



often follow antibiotic use 

post-antibiotics is often when 
Clostridium difficile infections occur in 
the gut

Fecal Microbiota Transplant: 
treatment with “stool transplants” 
from healthy donors

many cases are 
very difficult to treat

 - 80-90% success in 2-3 days

Clostridium difficile infections

often follow antibiotic use 

post-antibiotics is often when 
Clostridium difficile infections occur in 
the gut

Fecal Microbiota Transplant: 
treatment with “stool transplants” 
from healthy donors

many cases are 
very difficult to treat

 - 80-90% success in 2-3 days

Clostridium difficile infections



note - in CDI, repeated 
antibiotics have damaged 
natural microbe populations

in the disorders at left, the 
existing microbial 
communities may be well 
established and very difficult 
to change

irritable bowel syndrome

multiple sclerosis

chronic fatigue syndrome

metabolic syndrome

Other potential applications for Fecal 
Microbiota Transplantation

ulcerative colitis

• early life influences on the microbiome 
★ method of birth 
★ formula vs. breast milk 
★ exposure to helpful microbes (“old friends”) 

• diet 
• probiotics/prebiotics 
• antibiotic exposure 
• microbial transplants

How to change the microbiome


