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Obesity – an epidemic 

•  The incidence of obesity is increasing 
dramatically since the 1980‘s. 

•  Obesity is set to overtake infectious diseases 
as the most significant contributor to illness 
worldwide.  

•  Obesity has been classified as an epidemic 
by the World Health Organization. 
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Lancet Aug 2014; 384: 766–81 

Age-standardised prevalence of obesity (BMI ≥30 kg/m2), 
ages ≥20 years, men & women, 2013 

Age-standardised prevalence of overweight and 
obesity (based on IOTF cutoffs), ages 2−19 years, 
by sex, 1980−2013 

1980	 1990	 2000	 2010	

Lancet Aug 2014; 384: 766–81 

ü  This suggests that 
the obesity epidemic 
is not yet over but 
will continue to 
worsen.  
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•  Obesity is associated with numerous conditions 
including diabetes, hypertension, cardiovascular 
disease events, certain cancers etc. 

•  This translates into reduced life expectancy, poor 
quality of life and certainly drives healthcare costs. 

Obesity – to be in bad health   

Human	evolu0on	dominated	by	...	
ü the	struggle	for	food	
ü the	struggle	against	infec0on	
ü the	need	for	reproduc0on	
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What are the reasons for that? 

•  Body weight and energy balance are important aspects of 
physiology and thus extremely finely regulated.  

•  Dieting induces compensatory “starvation” signals aiming to 
promote hunger and to sustain energy. 

•  This was a rationale strategy during the evolution of these 
homeostatic mechanisms – food shortage has been the norm. 

•  But not today when palatable and high energy density food is easily 
availability without having to expend energy.  

ANRV336-PH70-11 ARI 28 December 2007 16:51

CCK:
cholecystokinin

Peptide YY (PYY):
so named for its
tyrosine residues at
either end. The
major circulating
postprandial form is
the truncated
PYY3−36

Glucagon-like
peptide-1 (GLP-1):
a product of
proglucagon
cleavage in the gut
and brain that is
released
postprandially into
the circulation from
L cells of the gut

integration between endocrine and neuronal
signals.

The vagus nerve is the major neu-
roanatomical link between the GI tract and
the brain. Long recognized as a mediator of
efferent signals for the cephalic phase of diges-
tion (21), afferent signals convey information
about direct mechanical or chemical stimula-
tion of the GI tract by ingesta.

Cell bodies of afferent fibers of the abdom-
inal vagus nerve are located in the nodose gan-
glia, which project onto the brainstem. Here,
the dorsal vagal complex (DVC), made up by
the dorsal motor nucleus, the AP, and the sen-
sory nucleus of the tractus solitarius (NTS),
interfaces with hypothalamic and higher cen-
ters and is thus well positioned to play a key
role in energy homeostasis (22).

Gastric loads stimulate vagal mechanosen-
sitive fibers dose-dependently within the
physiological range, independently of the
contents of the gastric load (23, 24). Stimu-
lation of these fibers may be responsible for

the suppression of meal size and feeding by
gastric loads confined to the stomach, inde-
pendently of the nutrient content of the load
(25). This effect is abolished by subdiaphrag-
matic vagotomy (26).

The effect of gastric distension alone is in-
sufficient to account for all aspects of post-
prandial satiety. However, receptors for a
number of gut hormones, including chole-
cystokinin (CCK), are expressed on the va-
gus nerve (27, 28), and vagotomy abolishes
the appetite-modifying actions of CCK (27),
peptide YY3−36 (PYY3−36) (29), glucagon-like
peptide-17−36amide (GLP-17−36amide) (29, 30),
and pancreatic polypeptide (PP) (31). The va-
gus nerve is therefore thought to be a major
site of gut hormone signaling (Figure 2).

GUT HORMONES
The GI tract is the largest endocrine organ
in the body. The secretion of many GI hor-
mones is influenced by gut contents, and so

Brainstem

Hypothalamus

Intestines

Vagus

Pancreas

Pancreatic
polypeptide

Peptide YY3–36

Oxyntomodulin

Glucagon-like
peptide-1

Cholecystokinin

Figure 2
The site of production and principle site of action of the major anorexigenic gut peptides. Dashed lines
denote pathways over which there is continued debate.
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Macrophage

Adipocyte

Lean adipose tissue Obese adipose tissue

Weight gain

Apoptotic
adipocyte

Blood
vessel

Resistin (human)
IL-1β

Macrophage-
derived factors
•
•

TNF
IL-6
CCL2

Pro-inflammatory cytokines and chemokines
•
•
•

Crosstalk

Adiponectin
Leptin
Resistin

Adipocytokines
•
•
•

Complement factors
Complement factors are 
components of the 
complement system. Activation 
of these factors, which involves 
proteolytic cleavage of serum 
and cell-surface glycoproteins, 
leads to the formation of a 
terminal cell-lytic complex 
inside the cell membrane of a 
target cell. Complement 
fragments such as C3a and 
C5a have important pro-
inflammatory properties, such 
as vasodilation, chemotaxis 
and opsonization.

production, increased synthesis of acute-phase reactants, 
such as C-reactive protein (CRP), and the activation 
of pro-inflammatory signalling pathways1. Although 
there is no doubt that pro-inflammatory pathways are 
activated in the adipose tissue itself in cases of obes-
ity, the relative contribution of adipocytes as a source 
of the circulating and systemically active cytokines, adipo-
cytokines and chemokines remains unclear. The adipose 
tissue of obese individuals also contains a large number 
of macrophages, which are an additional source of solu-
ble mediators in the adipose tissue7,8 (FIG. 1). However, 
although macrophages in adipose tissue seem to be the 
main source of TNF, adipocytes contribute almost one 
third of the IL-6 concentration in the circulation of 
patients who are obese9. CCL2, produced by adipocytes, 
has recently been identified as a potential factor contrib-
uting to macrophage infiltration into adipose tissue10. 
Once macrophages are present and active in the adipose 
tissue, they, together with adipocytes and other cell types 
present in the adipose tissue, might perpetuate a vicious 
cycle of macrophage recruitment and production of 
pro-inflammatory cytokines.

In humans, adipocytokines function as hormones 
to influence energy homeostasis and to regulate neuro-
endocrine function. As cytokines, they affect immune 
functions and inflammatory processes throughout 
the body. The field of adipocytokines has attracted 
tremendous interest recently and the knowledge that 
has accumulated might lead to the development of new 
therapeutics. Here, we provide an overview of recent 
advances in our view of the role of adipocytokines in 
inflammation and immunity.

Insulin resistance: an inflammatory disease
Systemic chronic inflammation has been proposed to 
have an important role in the pathogenesis of obesity-
related insulin resistance1,11. Biomarkers of inflamma-
tion, such as TNF, IL-6 and CRP, are present at increased 
concentrations in individuals who are insulin resistant 
and obese, and these biomarkers predict the develop-
ment of type 2 diabetes mellitus and cardiovascular 
diseases (BOX 1).

The first link between obesity, an increase in expres-
sion of the pro-inflammatory cytokine TNF, and insulin 
action was reported by Hotamisligil and colleagues11. 
Their findings in rodents showed that adipocytes 
directly express TNF and led to the concept of a role 
for inflammation in obesity. These observations were 
paralleled by human studies showing increased TNF 
expression in the adipose tissue of individuals who were 
obese, and decreased TNF expression after weight loss12. 
Evidence supporting a key role for TNF in obesity-
related insulin resistance came from studies showing 
that ob/ob mice (leptin-deficient mice with evidence of 
insulin resistance) that were also deficient for TNF or 
TNF receptors (TNFRs) had improved insulin sensi-
tivity in diet-induced obesity compared with TNF- and 
TNFR-sufficient ob/ob mice13.

In searching for the mechanisms involved in 
inflamma tion-induced insulin resistance, Yuan and 
co-workers identified the inhibitor of nuclear factor-κB 
(NF-κB) kinase-β (IKKβ) pathway of NF-κB activation 
as a mediator of TNF-induced insulin resistance14. They 
showed that overexpression of IKKβ in a human embry-
onic kidney cell line (the HEK293 cell line) attenuated 
insulin signalling, and that ob/ob mice expressing only 
one copy of the gene encoding IKKβ (Ikbkb) were pro-
tected against the development of insulin resistance14. 
The JUN N-terminal kinase (JNK) family of serine/
threonine protein kinases, which are activated by many 
inflammatory stimuli — including TNF and ligation of 
Toll-like receptors (TLRs) — are also important regula-
tors of insulin resistance in mouse models of obesity15. 
In both genetic and dietary animal models of obesity, 
JNK activity is increased in the liver, muscle and adipose 
tissue, and loss of JNK1 prevents insulin resistance15. 
Another important mechanism involved in insulin 
resistance is endoplasmic-reticulum (ER) stress16. ER stress 
leads to suppression of signalling through the insulin 
receptor in a rat hepatocyte cell line through activation 
of JNKs and the subsequent serine phosphorylation of 
insulin receptor substrate 1 (IRS1), which is one of the 
main mediators of insulin signalling and thereby controls 

Figure 1 | Adipose tissue: cellular components and molecules synthesized. 
Expansion of the adipose tissue during weight gain leads to the recruitment of 
macrophages through various signals, which might include chemokines synthesized 
by adipocytes, such as CC-chemokine ligand 2 (CCL2). These macrophages are found 
mainly around apoptotic adipocytes. Various mediators synthesized by adipocytes and 
resident macrophages might contribute to local and systemic inflammation. The overall 
‘adipocytokine–cytokine cocktail’ might favour a pro-inflammatory milieu. IL, interleukin; 
TNF, tumour-necrosis factor.

REVIEWS

NATURE REVIEWS | IMMUNOLOGY  VOLUME 6 | OCTOBER 2006 | 773

Leptin Ghrelin 

So	what	are	those	signals	involved	in	energy	
balance	and	where	do	they	origin	from?	 

Modified from Chaudri OB et al. Annu Rev Physiol 2008; 70: 239–55 
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VIRUS 

You are 
there ! 

The Phylogenetic Tree of Life 

Man	=	a	„supra-organism“	
Microbiome	=	part	of	our	gene0c	landscape	

=	the	human	metagenome	

Important	facts:	
50%	of	stool	solid	mass	=	bacteria	
bacterial	outnumber	human	cells	by	factor	10	to	100	
>	400	species,	most	non-cultureable	
Yet:	also	archaea,	fungi,	proEsts,	and	virus	

100,000	genera0ons	 2	to	3	g.	

A co-evolution since the very beginning 
accounts for a high grade of mutualism 
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Obesity is associated with dysbiosis 

•  Disturbance of the mutualistic 
relationship with stereotypic 
alterations 

•  Low Species Richness und Low 
Gene Count (LGC)  

•  Reduction of certain “signature” 
strains e.g. Faecalibacterium 
prausnitzii 

•  Low grade inflammation on the 
host side 

Bäckhed et al. PNAS 2004; 101:15718–23.  

Hypothesis: the microbiota affects the host‘s energy 
storages through distinct signaling pathways  

Germ-free  
GF 

Conventional 
CONV-D 

GF - conventionalized 
CONV-R 
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•  Conventionalization of 7-10 week old GF mice resulted in a 
60% increase  

•  within 14 days despite reduced chow consumption 
•  No differences between males and females 
•  Independently of T- and B-cell biology (Rag 1-/-)	

Bäckhed et al. PNAS 2004; 101:15718–23.  

The microbiota affects energy storage 

Bäckhed et al. PNAS 2004; 101:15718–23.  

•  increases circulating leptin, insulin, and glucose levels  
•  reduced glucose tolerance 
•  increased insulin resistance 
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Tilg/Moschen. Gastroenterology 2009 

Conventionalization 

Processing of  
complex CH 

Increased hepatic 
lipogenesis 

(ChREBP, SREBP1) 

Suppression of  
FIAF 

Increased 
LPL activity 

Increased 
storage of  TG 

in adipose 
tissue 

Bäckhed et al. PNAS 2004; 101:15718–23.  

Underlying mechanisms 

Turnbaugh PJ et al. Nature 2006; 444:1028-31 

Hypothesis: the microbiota of the obese may 
be more efficient at extracting energy than the 
microbiota of the lean 

Methanogenic archaea increase the efficiency of bacterial fermenta-
tion by removing one of its end products, H2. Our recent studies of
gnotobiotic normal mice colonized with the principal methanogenic
archaeon in the human gut, Methanobrevibacter smithii, and/or
B. thetaiotaomicron revealed that co-colonization not only increases
the efficiency, but also changes the specificity of bacterial polysac-
charide fermentation, leading to a significant increase in adiposity
compared with mice colonized with either organism alone15.

Comparative metagenomic analysis

Using reciprocal TBLASTX comparisons, we found that the
Firmicutes-enriched microbiomes from ob/ob hosts clustered
together, as did lean microbiomes with low Firmicutes to Bacter-
oidetes ratios (Fig. 2a). Likewise, Principal Component Analysis of
EGT assignments to KEGG pathways revealed a correlation between
host genotype and the gene content of the microbiome (Fig. 2b).

Reads were then assigned to COGs and KOs (KEGG orthology
terms) by BLASTX comparisons against the STRING-extended
COG database13, and the KEGG Genes database14 (version 37). We
tallied the number of EGTs assigned to each COG or KEGG category,
and used the cumulative binomial distribution3, and a bootstrap
analysis16,17, to identify functional categories with statistically signifi-
cant differences in their representation in both sets of obese and lean
littermates. As noted above, capillary sequencing requires cloned
DNA fragments; the pyrosequencer does not, but produces relatively
short read lengths. These differences are a likely cause of the shift in
relative abundance of several COG categories obtained using the two
sequencingmethods for the same sample (Fig. 1b). Nonetheless, com-
parisons of the caecal microbiomes of lean versus obese littermates
sequenced with either method revealed similar differences in their
functional profiles (Fig. 1c).

The ob/ob microbiome is enriched for EGTs encoding many
enzymes involved in the initial steps in breaking down otherwise
indigestible dietary polysaccharides, including KEGG pathways for
starch/sucrose metabolism, galactose metabolism and butanoate
metabolism (Fig. 1d; Supplementary Fig. 3 and Supplementary
Table 6). EGTs representing these enzymes were grouped according
to their functional classifications in the Carbohydrate Active
Enzymes (CAZy) database (http://afmb.cnrs-mrs.fr/CAZY/). The
ob/obmicrobiome is enriched (P, 0.05) for eight glycoside hydrolase

families capable of degrading dietary polysaccharides including
starch (CAZy families 2, 4, 27, 31, 35, 36, 42 and 68, which contain
a-glucosidases, a-galactosidases and b-galactosidases). Finished gen-
ome sequences of prominent human gut Firmicutes have not been
reported. However, our analysis of the draft genome of E. rectale has
revealed 44 glycoside hydrolases, including a significant enrichment
for glycoside hydrolases involved in the degradation of dietary
starches (CAZy families 13 and 77, which contain a-amylases and
amylomaltases; P, 0.05 on the basis of a binomial test of E. rectale
versus the finished genomes of Bacteroidetes—Bacteroides thetaiotao-
micron ATCC29148, B. fragilis NCTC9343, B. vulgatus ATCC8482
and B. distasonis ATCC8503).

EGTs encoding proteins that import the products of these glyco-
side hydrolases (ABC transporters), metabolize them (for example,
a- and b-galactosidases KO7406/7 and KO1190, respectively), and
generate the major end products of fermentation, butyrate and
acetate (pyruvate formate-lyase, KO0656, and other enzymes in the
KEGG ‘Butanoate metabolism’ pathway; and formate-tetrahydro-
folate ligase, KO1938, the second enzyme in the homoacetogenesis
pathway for converting CO2 to acetate) are also significantly enriched
in the ob/ob microbiome (binomial comparison of pyrosequencer-
derived ob1 and lean1 data sets, P, 0.05) (Fig. 1d; Supplementary
Fig. 3 and Supplementary Table 6).

As predicted from our comparative metagenomic analyses, the ob/
ob caecum has an increased concentration of the major fermentation
end-products butyrate and acetate (Fig. 3a). This observation is also
consistent with the fact that many Firmicutes are butyrate produ-
cers18–20. Moreover, bomb calorimetry revealed that ob/obmice have
significantly less energy remaining in their faeces relative to their lean
littermates (Fig. 3b).

Microbiota transplantation

We performed microbiota transplantation experiments to test
directly the notion that the ob/ob microbiota has an increased capa-
city to harvest energy from the diet and to determine whether
increased adiposity is a transmissible trait. Adult germ-free C57BL/
6J mice were colonized (by gavage) with a microbiota harvested

a b
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Figure 2 | Microbiomes cluster according to host genotype. a, Clustering of
caecal microbiomes of obese and lean sibling pairs based on reciprocal
TBLASTX comparisons. All possible reciprocal TBLASTX comparisons of
microbiomes (defined by capillary sequencing) were performed from both
lean and obese sibling pairs. A distance matrix was then created using the
cumulative bitscore for each comparison and the cumulative score for each
self–self comparison. Microbiomes were subsequently clustered using
NEIGHBOUR (PHYLIP version 3.64). b, Principal Component Analysis
(PCA) of KEGG pathway assignments. A matrix was constructed containing
the number of EGTs assigned to each KEGG pathway in each microbiome
(includes KEGG pathways with .0.6% relative abundance in at least two
microbiomes, and a standard deviation.0.3 across all microbiomes), PCA
was performed using Cluster3.0 (ref. 25), and the results graphed along the
first two components.
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Figure 3 | Biochemical analysis and microbiota transplantation
experiments confirm that the ob/obmicrobiome has an increased capacity
for dietary energy harvest. a, Gas-chromatography mass-spectrometry
quantification of short-chain fatty acids in the caeca of lean (n5 4) and
obese (n5 5) conventionally raised C57BL/6J mice. b, Bomb calorimetry of
the faecal gross energy content (kcal g21) of lean (1/1, ob/1; n5 9) and
obese (ob/ob; n5 13) conventionally raised C57BL/6J mice. c, Colonization
of germ-free wild-type C57BL/6J mice with a caecal microbiota harvested
from obese donors (ob/ob; n5 9 recipients) results in a significantly greater
percentage increase in total body fat than colonization with a microbiota
from lean donors (1/1; n5 10 recipients). Total body fat content was
measured before and after a two-week colonization, using dual-energy X-ray
absorptiometry. Mean values 6 s.e.m. are plotted. Asterisks indicate
significant differences (two-tailed Student’s t-test of all datapoints,
*P, 0.05, **P# 0.01, ***P, 0.001).

NATURE |Vol 444 |21/28 December 2006 ARTICLES

1029
Nature  Publishing Group ©2006

•  Obesity is associated with alterations in the rel. abundances 
of Bacteroides and Firmicutes. 

•  Obesity affects the metabolic potential of the microbiota – 
increased capacity to harvest energy from the diet. 

•  No significant difference in chow consumption, initial body fat, 
or initial weight in the recipients. 

•  This trait is transmissible: colonization of germ-free mice with 
‘obese microbiota’ results in greater increase in total body fat 
than colonization with a ‘lean microbiota’ 
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Methanogenic archaea increase the efficiency of bacterial fermenta-
tion by removing one of its end products, H2. Our recent studies of
gnotobiotic normal mice colonized with the principal methanogenic
archaeon in the human gut, Methanobrevibacter smithii, and/or
B. thetaiotaomicron revealed that co-colonization not only increases
the efficiency, but also changes the specificity of bacterial polysac-
charide fermentation, leading to a significant increase in adiposity
compared with mice colonized with either organism alone15.

Comparative metagenomic analysis

Using reciprocal TBLASTX comparisons, we found that the
Firmicutes-enriched microbiomes from ob/ob hosts clustered
together, as did lean microbiomes with low Firmicutes to Bacter-
oidetes ratios (Fig. 2a). Likewise, Principal Component Analysis of
EGT assignments to KEGG pathways revealed a correlation between
host genotype and the gene content of the microbiome (Fig. 2b).

Reads were then assigned to COGs and KOs (KEGG orthology
terms) by BLASTX comparisons against the STRING-extended
COG database13, and the KEGG Genes database14 (version 37). We
tallied the number of EGTs assigned to each COG or KEGG category,
and used the cumulative binomial distribution3, and a bootstrap
analysis16,17, to identify functional categories with statistically signifi-
cant differences in their representation in both sets of obese and lean
littermates. As noted above, capillary sequencing requires cloned
DNA fragments; the pyrosequencer does not, but produces relatively
short read lengths. These differences are a likely cause of the shift in
relative abundance of several COG categories obtained using the two
sequencingmethods for the same sample (Fig. 1b). Nonetheless, com-
parisons of the caecal microbiomes of lean versus obese littermates
sequenced with either method revealed similar differences in their
functional profiles (Fig. 1c).

The ob/ob microbiome is enriched for EGTs encoding many
enzymes involved in the initial steps in breaking down otherwise
indigestible dietary polysaccharides, including KEGG pathways for
starch/sucrose metabolism, galactose metabolism and butanoate
metabolism (Fig. 1d; Supplementary Fig. 3 and Supplementary
Table 6). EGTs representing these enzymes were grouped according
to their functional classifications in the Carbohydrate Active
Enzymes (CAZy) database (http://afmb.cnrs-mrs.fr/CAZY/). The
ob/obmicrobiome is enriched (P, 0.05) for eight glycoside hydrolase

families capable of degrading dietary polysaccharides including
starch (CAZy families 2, 4, 27, 31, 35, 36, 42 and 68, which contain
a-glucosidases, a-galactosidases and b-galactosidases). Finished gen-
ome sequences of prominent human gut Firmicutes have not been
reported. However, our analysis of the draft genome of E. rectale has
revealed 44 glycoside hydrolases, including a significant enrichment
for glycoside hydrolases involved in the degradation of dietary
starches (CAZy families 13 and 77, which contain a-amylases and
amylomaltases; P, 0.05 on the basis of a binomial test of E. rectale
versus the finished genomes of Bacteroidetes—Bacteroides thetaiotao-
micron ATCC29148, B. fragilis NCTC9343, B. vulgatus ATCC8482
and B. distasonis ATCC8503).

EGTs encoding proteins that import the products of these glyco-
side hydrolases (ABC transporters), metabolize them (for example,
a- and b-galactosidases KO7406/7 and KO1190, respectively), and
generate the major end products of fermentation, butyrate and
acetate (pyruvate formate-lyase, KO0656, and other enzymes in the
KEGG ‘Butanoate metabolism’ pathway; and formate-tetrahydro-
folate ligase, KO1938, the second enzyme in the homoacetogenesis
pathway for converting CO2 to acetate) are also significantly enriched
in the ob/ob microbiome (binomial comparison of pyrosequencer-
derived ob1 and lean1 data sets, P, 0.05) (Fig. 1d; Supplementary
Fig. 3 and Supplementary Table 6).

As predicted from our comparative metagenomic analyses, the ob/
ob caecum has an increased concentration of the major fermentation
end-products butyrate and acetate (Fig. 3a). This observation is also
consistent with the fact that many Firmicutes are butyrate produ-
cers18–20. Moreover, bomb calorimetry revealed that ob/obmice have
significantly less energy remaining in their faeces relative to their lean
littermates (Fig. 3b).

Microbiota transplantation

We performed microbiota transplantation experiments to test
directly the notion that the ob/ob microbiota has an increased capa-
city to harvest energy from the diet and to determine whether
increased adiposity is a transmissible trait. Adult germ-free C57BL/
6J mice were colonized (by gavage) with a microbiota harvested
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Figure 2 | Microbiomes cluster according to host genotype. a, Clustering of
caecal microbiomes of obese and lean sibling pairs based on reciprocal
TBLASTX comparisons. All possible reciprocal TBLASTX comparisons of
microbiomes (defined by capillary sequencing) were performed from both
lean and obese sibling pairs. A distance matrix was then created using the
cumulative bitscore for each comparison and the cumulative score for each
self–self comparison. Microbiomes were subsequently clustered using
NEIGHBOUR (PHYLIP version 3.64). b, Principal Component Analysis
(PCA) of KEGG pathway assignments. A matrix was constructed containing
the number of EGTs assigned to each KEGG pathway in each microbiome
(includes KEGG pathways with .0.6% relative abundance in at least two
microbiomes, and a standard deviation.0.3 across all microbiomes), PCA
was performed using Cluster3.0 (ref. 25), and the results graphed along the
first two components.
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Figure 3 | Biochemical analysis and microbiota transplantation
experiments confirm that the ob/obmicrobiome has an increased capacity
for dietary energy harvest. a, Gas-chromatography mass-spectrometry
quantification of short-chain fatty acids in the caeca of lean (n5 4) and
obese (n5 5) conventionally raised C57BL/6J mice. b, Bomb calorimetry of
the faecal gross energy content (kcal g21) of lean (1/1, ob/1; n5 9) and
obese (ob/ob; n5 13) conventionally raised C57BL/6J mice. c, Colonization
of germ-free wild-type C57BL/6J mice with a caecal microbiota harvested
from obese donors (ob/ob; n5 9 recipients) results in a significantly greater
percentage increase in total body fat than colonization with a microbiota
from lean donors (1/1; n5 10 recipients). Total body fat content was
measured before and after a two-week colonization, using dual-energy X-ray
absorptiometry. Mean values 6 s.e.m. are plotted. Asterisks indicate
significant differences (two-tailed Student’s t-test of all datapoints,
*P, 0.05, **P# 0.01, ***P, 0.001).

NATURE |Vol 444 |21/28 December 2006 ARTICLES

1029
Nature  Publishing Group ©2006

Gaschromatography 
mass sectroscopy 

Bomb calorimetry of  
faecal gross energy 

Hypothesis: the microbiota of the obese may 
be more efficient at extracting energy than the 
microbiota of the lean 

Tilg/Moschen. Gastroenterology 2015 
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Tilg/Kaser/Moschen AR.  
Trends Endocrinol Metab. 2013;24:537-45. 
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Inflammasome-mediated dysbiosis
regulatesprogressionofNAFLDandobesity
Jorge Henao-Mejia1*, Eran Elinav1*, Chengcheng Jin1,2*, Liming Hao3, Wajahat Z. Mehal4, Till Strowig1, Christoph A. Thaiss1,
Andrew L. Kau5,6, Stephanie C. Eisenbarth7, Michael J. Jurczak4, Joao-Paulo Camporez4, Gerald I. Shulman4,8, Jeffrey I. Gordon5,
Hal M. Hoffman9 & Richard A. Flavell1,8

Non-alcoholic fatty liver disease (NAFLD) is the hepatic manifestation of metabolic syndrome and the leading cause of
chronic liver disease in theWesternworld. Twenty per cent of NAFLD individuals develop chronic hepatic inflammation
(non-alcoholic steatohepatitis, NASH) associatedwith cirrhosis, portal hypertension and hepatocellular carcinoma, yet
the causes of progression from NAFLD to NASH remain obscure. Here, we show that the NLRP6 and NLRP3
inflammasomes and the effector protein IL-18 negatively regulate NAFLD/NASH progression, as well as multiple
aspects of metabolic syndrome via modulation of the gut microbiota. Different mouse models reveal that
inflammasome-deficiency-associated changes in the configuration of the gut microbiota are associated with
exacerbated hepatic steatosis and inflammation through influx of TLR4 and TLR9 agonists into the portal circulation,
leading to enhanced hepatic tumour-necrosis factor (TNF)-a expression that drives NASH progression. Furthermore,
co-housing of inflammasome-deficient mice with wild-type mice results in exacerbation of hepatic steatosis and
obesity. Thus, altered interactions between the gut microbiota and the host, produced by defective NLRP3 and NLRP6
inflammasome sensing, may govern the rate of progression of multiple metabolic syndrome-associated abnormalities,
highlighting the central role of the microbiota in the pathogenesis of heretofore seemingly unrelated systemic
auto-inflammatory and metabolic disorders.

The prevalence of non-alcoholic fatty liver disease (NAFLD) ranges
from 20–30% in the general population and up to 75–100% in obese
individuals1,2. NAFLD is considered one of the manifestations of
metabolic syndrome3. Whereas most patients with NAFLD remain
asymptomatic, 20% progress to develop chronic hepatic inflam-
mation (non-alcoholic steatohepatitis, NASH), which in turn can lead
to cirrhosis, portal hypertension, hepatocellular carcinoma and
increased mortality4–6. Despite its high prevalence, factors leading to
progression from NAFLD to NASH remain poorly understood and
no treatment has proven effective7,8.
A ‘‘two hit’’ mechanism is proposed to drive NAFLD/NASH

pathogenesis9. The first hit, hepatic steatosis, is closely associated with
lipotoxicity-induced mitochondrial abnormalities that sensitize the
liver to additional pro-inflammatory insults. These second hits
include enhanced lipid peroxidation and increased generation of
reactive oxygen species (ROS)10. Inflammasomes are cytoplasmic
multi-protein complexes composed of one of several NLR and
PYHIN proteins, including NLRP1, NLRP3, NLRC4 and AIM2.
Inflammasomes are sensors of endogenous or exogenous pathogen-
associated molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs)11 that govern cleavage of effector pro-
inflammatory cytokines such as pro-IL-1b and pro-IL-18 (refs 12, 13).
Most DAMPs trigger the generation of ROS, which are known to
activate the NLRP3 inflammasome14. Therefore, we propose that
inflammasome-dependent processing of IL-1b and IL-18 may have
an important role in the progression of NAFLD.

Results
Feeding adult mice a methionine-choline-deficient diet (MCDD) for
4 weeks beginning at 8weeks of age induces several features of human
NASH, including hepatic steatosis, inflammatory cell infiltration and
ultimately fibrosis15. To investigate the role of inflammasomes in
NASH progression, we fed MCDD to C57Bl/6 wild type (NCI),
apoptosis-associated speck-like protein containing a CARD
(Asc2/2, also known as Pycard) and caspase 1 (Casp12/2) mutant
mice to induce early liver damage in the absence of fibrosis (Fig. 1a–d
and Supplementary Fig. 1c). Compared towild-type animals, age- and
gender-matched Asc2/2 and Casp12/2 mice that were fed MCDD
were characterized by significantly higher serum alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) activity, by
enhanced microvesicular and macrovesicular hepatic steatosis, and
by accumulation of multiple immune subsets in the liver from the
innate and adaptive arms of the immune system (as defined by patho-
logical examination and flow cytometry; n5 7–11 mice per group;
Fig. 1a–d and Supplementary Figs 1c, 2a). Remarkably, the hepatic
accumulation of T and B cells seems to be dispensable for this pheno-
type because Asc2/2 mice lacking adaptive immune cells (Asc2/2;
Rag2/2) also showed more severe NASH compared to wild-type
animals, and comparable degrees of pathology to Asc2/2 animals
(Supplementary Fig. 2b–d).
To test whether the increased NASH observed in Asc- and Casp1-

deficient mice was mediated by IL-1b or IL-18, we performed similar
experiments using mice deficient in either the IL-1 receptor (Il1r2/2)
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or IL-18 (Il182/2). Il1r2/2 mice did not show any changes in the
severity of NASH when compared to wild-type mice when fed
MCDD (Supplementary Fig. 1a, b). In contrast to, but similar to
Asc2/2 and Casp12/2 mice, MCDD-fed Il182/2 animals featured a
significant exacerbation of NASH severity (Fig. 1g, h and Supplemen-
tary Fig. 1c).
To assess the role of the NLRP3 inflammasome in NASH progres-

sion, we fed singly housed Nlrp32/2 and wild-type animals MCDD
for 24 days and evaluated disease progression. Nlrp32/2 mice
developed exacerbated NASH compared to wild-type mice as judged
by increased levels of serum ALT and AST, plus NAFLD activity
inflammation scores (Fig. 1e, f and Supplementary Fig. 1c).
Remarkably, bone marrow chimaeric mice in which NLRP3 and
ASC deficiency was limited to the haematopoietic compartment did
not show any increase in the severity of NASH when compared to
wild-type mice reconstituted with wild-type bone marrow (Sup-
plementary Fig. 3a–f). Likewise, knock-in mice that specifically
express a constitutively active NLRP3 inflammasome in CD11c1

myeloid cells (Nlrp3KI; CD11c1-Cre) or hepatocytes (Nlrp3KI; albu-
min-Cre)16 did not feature any significant differences in MCDD-
induced NASH severity as compared to wild-type mice (Supplemen-
tary Fig. 3g–l). These results indicate that aberrations in inflamma-
some function in cells other than hepatocytes or myeloid cells are key
determinants of the enhanced disease progression in inflammasome-
deficient mice.
We recently discovered that inflammasomes act as steady-state

sensors and regulators of the colonic microbiota, and that a deficiency
in components of two inflammasomes, NLRP6 (ref. 17) and NLRP3
(unpublished), both of which include ASC and caspase 1, and involve

IL-18 but not IL-1R, results in the development of an altered trans-
missible, colitogenic intestinal microbial community17. This micro-
biota is associated with increased representation of members of
Bacteroidetes (Prevotellaceae) and the bacterial phylum TM7, and
reductions in representation of members of the genus Lactobacillus
in the Firmicutes phylum17. Moreover, electron microscopy studies
disclosed aberrant colonization of crypts of Lieberkühn with bacteria
with morphologic features of Prevotellaceae17. Therefore, we sought
to investigate whether enhanced NASH severity in inflammasome-
deficient mice is driven by their altered microbiota. Strikingly, co-
housing of Asc2/2 and Il182/2 mice with wild-type animals for
4 weeks (beginning at 4–6weeks of age), before induction of NASH
with MCDD resulted in significant exacerbation of NASH in the
wild-type cage-mates (which we will refer to as WT(Asc2/2) and
WT(Il182/2), respectively, in the following text), as compared to
singly housed, age- and gender-matched wild-type controls
(n5 5–7 mice per genotype per housing condition). In co-housed
wild-type mice, disease severity reached comparable levels to that of
co-housed Asc2/2 and Il182/2 mice (Fig. 2a–h). Moreover, signifi-
cantly increased numbers of multiple inflammatory cell types were
present in the liver of WT(Asc2/2) compared to wild-type mice
(Supplementary Fig. 2a). Similar findings were observed in wild-type
mice co-housed with Casp12/2, Nlrp32/2 and Nlrp62/2 mice
(Supplementary Fig. 4a–f). To exclude the possibility that aberrant
microbiota presented in all mice maintained in our vivarium, we co-
housed wild-type mice with other strains of NLR-deficient mice that
were either obtained from the same source as Asc2/2 and Nlrp32/2

mice (Nlrc42/2, Nlrp122/2), or generated in our laboratory
(Nlrp4c2/2). None of these strains featured a similar phenotype
(Supplementary Fig. 4g–l). These results indicate that the trans-
missible colitogenic microbiota present in inflammasome-deficient
mice is a major contributor to their enhanced NASH. In agreement
with this, combined antibiotic treatment with ciprofloxacin and
metronidazole, previously shown to abrogate the colitogenic activity
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Figure 1 | Increased severity of NASH in inflammasome-deficientmice. To
induce NASH, mice were fed with MCDD for 24 days. Their serum ALT and
AST activities were measured and NAFLD histological activity scores were
determined. a–h, Comparison of ALT, AST and NAFLD activity, plus
histological scores for steatosis and inflammation between singly housed wild-
type (WT) mice and Casp12/2 (a, b), Asc2/2 (c, d), Nlrp32/2(e, f), or
Il182/2(g, h). Data represent two independent experiments (n5 7–19mice per
treatment group). Error bars represent the s.e.m. of samples within a group.
*P# 0.05, **P# 0.01, ***P# 0.001 (Student’s t-test).
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Increased severity of NASH in 
inflammasome-deficient mice. 

Second	set	of	experiments	(co-housing):	Asc	and	IL-18	ko	

or IL-18 (Il182/2). Il1r2/2 mice did not show any changes in the
severity of NASH when compared to wild-type mice when fed
MCDD (Supplementary Fig. 1a, b). In contrast to, but similar to
Asc2/2 and Casp12/2 mice, MCDD-fed Il182/2 animals featured a
significant exacerbation of NASH severity (Fig. 1g, h and Supplemen-
tary Fig. 1c).
To assess the role of the NLRP3 inflammasome in NASH progres-

sion, we fed singly housed Nlrp32/2 and wild-type animals MCDD
for 24 days and evaluated disease progression. Nlrp32/2 mice
developed exacerbated NASH compared to wild-type mice as judged
by increased levels of serum ALT and AST, plus NAFLD activity
inflammation scores (Fig. 1e, f and Supplementary Fig. 1c).
Remarkably, bone marrow chimaeric mice in which NLRP3 and
ASC deficiency was limited to the haematopoietic compartment did
not show any increase in the severity of NASH when compared to
wild-type mice reconstituted with wild-type bone marrow (Sup-
plementary Fig. 3a–f). Likewise, knock-in mice that specifically
express a constitutively active NLRP3 inflammasome in CD11c1

myeloid cells (Nlrp3KI; CD11c1-Cre) or hepatocytes (Nlrp3KI; albu-
min-Cre)16 did not feature any significant differences in MCDD-
induced NASH severity as compared to wild-type mice (Supplemen-
tary Fig. 3g–l). These results indicate that aberrations in inflamma-
some function in cells other than hepatocytes or myeloid cells are key
determinants of the enhanced disease progression in inflammasome-
deficient mice.
We recently discovered that inflammasomes act as steady-state

sensors and regulators of the colonic microbiota, and that a deficiency
in components of two inflammasomes, NLRP6 (ref. 17) and NLRP3
(unpublished), both of which include ASC and caspase 1, and involve

IL-18 but not IL-1R, results in the development of an altered trans-
missible, colitogenic intestinal microbial community17. This micro-
biota is associated with increased representation of members of
Bacteroidetes (Prevotellaceae) and the bacterial phylum TM7, and
reductions in representation of members of the genus Lactobacillus
in the Firmicutes phylum17. Moreover, electron microscopy studies
disclosed aberrant colonization of crypts of Lieberkühn with bacteria
with morphologic features of Prevotellaceae17. Therefore, we sought
to investigate whether enhanced NASH severity in inflammasome-
deficient mice is driven by their altered microbiota. Strikingly, co-
housing of Asc2/2 and Il182/2 mice with wild-type animals for
4 weeks (beginning at 4–6weeks of age), before induction of NASH
with MCDD resulted in significant exacerbation of NASH in the
wild-type cage-mates (which we will refer to as WT(Asc2/2) and
WT(Il182/2), respectively, in the following text), as compared to
singly housed, age- and gender-matched wild-type controls
(n5 5–7 mice per genotype per housing condition). In co-housed
wild-type mice, disease severity reached comparable levels to that of
co-housed Asc2/2 and Il182/2 mice (Fig. 2a–h). Moreover, signifi-
cantly increased numbers of multiple inflammatory cell types were
present in the liver of WT(Asc2/2) compared to wild-type mice
(Supplementary Fig. 2a). Similar findings were observed in wild-type
mice co-housed with Casp12/2, Nlrp32/2 and Nlrp62/2 mice
(Supplementary Fig. 4a–f). To exclude the possibility that aberrant
microbiota presented in all mice maintained in our vivarium, we co-
housed wild-type mice with other strains of NLR-deficient mice that
were either obtained from the same source as Asc2/2 and Nlrp32/2

mice (Nlrc42/2, Nlrp122/2), or generated in our laboratory
(Nlrp4c2/2). None of these strains featured a similar phenotype
(Supplementary Fig. 4g–l). These results indicate that the trans-
missible colitogenic microbiota present in inflammasome-deficient
mice is a major contributor to their enhanced NASH. In agreement
with this, combined antibiotic treatment with ciprofloxacin and
metronidazole, previously shown to abrogate the colitogenic activity
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Figure 1 | Increased severity of NASH in inflammasome-deficientmice. To
induce NASH, mice were fed with MCDD for 24 days. Their serum ALT and
AST activities were measured and NAFLD histological activity scores were
determined. a–h, Comparison of ALT, AST and NAFLD activity, plus
histological scores for steatosis and inflammation between singly housed wild-
type (WT) mice and Casp12/2 (a, b), Asc2/2 (c, d), Nlrp32/2(e, f), or
Il182/2(g, h). Data represent two independent experiments (n5 7–19mice per
treatment group). Error bars represent the s.e.m. of samples within a group.
*P# 0.05, **P# 0.01, ***P# 0.001 (Student’s t-test).
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of the microbiota associated with inflammasome-deficient mice
associated microbiota17, significantly reduced the severity of NASH
in Asc2/2 mice, and abolished transmission of the phenotype to
WT(Asc2/2) animals (Supplementary Fig. 5).
To ascertain the effects of MCDD on the gut microbiota, we per-

formed a culture-independent analysis of amplicons generated by
primers directed against variable region 2 of bacterial 16S ribosomal
RNA genes of faecal samples collected fromwild-typemice co-housed
with Asc2/2 animals (WT(Asc2/2)), their Asc2/2 cage-mates
(Asc2/2(WT)) as well as singly housed wild-type controls 1 day and
12 days before, and 7, 14 and 19 days after initiation of this diet
(n5 20 animals; 8 singly housed wild-type, 6 co-housed wild-type
and 6 Asc2/2 mice). The structures of bacterial communities were
compared based on their phylogenetic content using unweighted
UniFrac. The results are illustrated in Fig. 3. Supplementary Table 1
provides a list of all phylotypes that, based on criteria outlined in
Methods, discriminate co-housed WT(Asc2/2) from their singly
housed wild-type counterparts. Prior to MCDD, and consistent with
our previous findings17, the faecal microbiota of WT(Asc2/2) mice
adopted a configuration similar to Asc2/2 cage-mates, including the
appearance of Prevotellaceae (Supplementary Table 1 and Fig. 3 a–c).
There was also a significant increase in proportional representation of
members of the family Porphyromonadaceae (primarily in the genus
Parabacteroides) in WT(Asc2/2) mice compared to their singly

housed wild-type counterparts (Fig. 3d,e). The representation of
Porphyromonadaceae was greatly increased in both the co-housed
wild-type and Asc2/2mice (but not in singly housed wild-type) when
they were switched to a MCDD diet (P, 0.01; t-test; Fig. 3d). A
dramatic increase in the family Erysipelotrichaceae (phylum
Firmicutes) also occurred with MCDD in both singly and co-housed
WT animals, to a level that was .10% of the community (Fig. 3f).
Although the Prevotellaceae decreased when co-housed WT(Asc2/2)
mice were placed on MCDD, their relative abundance remained sig-
nificantly higher than in singly housed wild-type animals (Fig. 3c).
Together, these results pointed to the possibility that members of

the altered intestinal microbiota in inflammasome-deficient MCDD-
treated mice may promote a signalling cascade in the liver upon
translocation, resulting in progression to NASH in susceptible
animals. Toll-like receptors (TLR) have amajor role in NAFLD patho-
physiology due to the liver’s exposure to relatively large amounts of
PAMPs derived from the intestine and delivered via the portal circula-
tion18–20. Therefore, we propose that TLR signalling mediates the
increased susceptibility to progression to NASH in mice exposed to
the gut microbiota of Asc2/2 animals. Myd882/2;Trif2/2 mice are
devoid of all TLR signalling pathways. When co-housed with Asc2/2

(Myd882/2;Trif2/2(Asc2/2))mice between 5 and 9weeks of age, they
showed decreased severity of NASH after exposure to MCDD for
24 days, compared to WT(Asc2/2) mice (Supplementary Fig. 6a, b).
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Figure 3 | 16S rRNA sequencing demonstrates diet and co-housing
associated changes in gutmicrobial ecology. a, Principal coordinates analysis
(PCoA) of unweighted UniFrac distances of 16S rRNA sequences
demonstrating clustering according to co-housing status on principal
coordinate 1 (PC1). b, PCoA of same plot as in a coloured for experimental day.
Mice were co-housed and fed a regular diet (R) for the first 32 days of the
experiment (two time points taken at day 20 and 32) before being switched to
MCDD (M, sampled at days 39, 46 and 51 of the experiment). c–f, PCoA and
bar graphs of family level taxa Prevotellaceae, Porphyromonadaceae,
Bacteroidaceae and Erysipelotrichaceae demonstrating diet- and microbiota-

dependent differences in taxonomic representation. PCoA plots contain
spheres representing a single faecal community coloured according to relative
representation of the taxon (blue represents relatively higher levels; red
indicates lower levels). Bar graphs represent averaged taxonomic
representation for singly or co-housed mouse while on either regular or MCD
diet (n5 8 for singly housed wild-type, n5 12 co-housed Asc2/2(WT) and
WT(Asc2/2) animals). *P, 0.05, **P, 0.01, ***P, 0.001 by t-test after
Bonferroni correction for multiple hypotheses. n.d., not detected; Reg. diet,
regular diet.
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Third	set	of	experiments:	Tlr4,	Tlr9,	Tlr5,	TNF	knockouts	

To define which specific TLRs were responsible for the inflammatory
response, we co-housedTlr4-,Tlr9- orTlr5-deficientmice withAsc2/2

animals and induced NASH with MCDD as previously described.
Similar to wild-type mice, Tlr52/2 mice co-housed with Asc2/2 mice
(Tlr52/2(Asc2/2)) featured a statistically significant exacerbation of
hepatic injury, steatosis and inflammation, when compared to singly
housed Tlr52/2 controls (Fig. 4c and Supplementary Fig. 6g, h), indi-
cating that TLR5 does not mediate the microbiota-mediated exacer-
bation in disease severity. In contrast, Tlr42/2(Asc2/2) and
Tlr92/2(Asc2/2) mice did not show the customary increase in disease
severity when compared to their singly housed Tlr42/2 and Tlr92/2

counterparts (Fig. 4a, b and Supplementary Fig. 6c–f).
These observations indicate that intact bacteria or bacterial products

derived from the intestine trigger TLR4 and TLR9 activation, which
results in an increased rate of disease progression in mice that house a
colitogenic gut microbiota associated with inflammasome deficiency
(that is,Asc2/2 andWT(Asc2/2) mice). Efforts to sequence 16S rRNA
genes that might be present in total liver DNA, microbial quantitative
PCR assays of portal vein blood DNA, histologic analysis of intact

liver, and aerobic and anaerobic cultures of liver homogenates did
not reveal any evidence of intact bacteria in wild-type or Asc2/2mice
fed MCDD (data not shown). Notably, transmission electron micro-
scopy studies of colon collected from wild-type and Asc2/2 mice
revealed an abundance of electron-dense material, suggestive of some
black-pigmented bacterial species, in colonic epithelial cells and
macrophages located in the lamina propria of Asc2/2 mice but not
in wild-type animals (Fig. 4e and Supplementary Fig. 7c). In agree-
ment with previous results, we did not detect any translocation of
intact bacteria (Fig. 4e and Supplementary Fig. 7c).
These observations provide evidence for the uptake of bacterial

products from locally invasive gut microbes in Asc2/2 mice (Fig. 4e
and Supplementary Fig. 7c). If microbial components, rather than
whole organisms, were transmitted to the liver then they should be
detectable in the portal circulation. Indeed, levels of TLR4 and TLR9
agonists, but not TLR2 agonists (assayed by their ability to activate
TLR reporter cell lines), were markedly increased in the portal
circulation of MCDD-fed WT(Asc2/2), and Asc2/2 mice compared
to wild-type controls (n5 13–28 mice per group; Fig. 4d and
Supplementary Fig. 7a, b). Altogether, these results indicate a mech-
anism whereby TLR4 and TLR9 agonist efflux from the intestines of
inflammasome-deficient mice or their co-housed partners, through
the portal circulation, to the liver where they trigger TLR4 and TLR9
activation that in turn results in enhanced progression of NASH.
We next explored the downstream mechanism whereby micro-

biota-induced TLR signalling enhances NASH progression. Pro-
inflammatory cytokines, and in particular TNF-a, a downstream
cytokine of TLR signalling, are known to contribute to progression
of hepatic steatosis to steatohepatitis and eventually hepatic fibrosis in
a number of animal models and in human patients21,22. Following
induction of NASH by MCDD, hepatic Tnf mRNA expression was
significantly upregulated in Asc2/2 and Il182/2 mice, which show
exacerbated disease, but not in Il1r2/2 mice, which do not (Sup-
plementary Fig. 8a–c). Moreover, TnfmRNA levels were significantly
increased in wild-type mice that had been previously co-housed with
Asc2/2 or Il182/2 mice and then fed MCDD (Supplementary
Fig. 8d, e), indicating that its enhanced expression was mediated by
elements of the microbiota responsible for NASH exacerbation. In
contrast, we did not observe any changes in Il6 or Il1b mRNA levels
in the livers ofAsc2/2, Il182/2 or Il1r2/2mice compared to wild-type
controls (Supplementary Fig. 8a–c). Furthermore, whereas MCDD-
administered singly housed Tnf2/2 mice had comparable NASH
severity to singly housed wild-type animals (Fig. 4f–h and Sup-
plementary Fig. 8f), co-housing with Asc-deficient mice before
MCDD induction of NASH resulted in increased liver injury, hepatic
steatosis and inflammation in wild-type mice but not in Tnf2/2 mice
(Fig. 4f–h and Supplementary Fig. 8f). These results indicate that TNF-
amediates the hepatotoxic effects downstreamof the transmissible gut
microbiota present in Asc2/2 mice.
The aberrant gut microbiota in NLRP3 andNLRP6 inflammasome-

deficient mice induces colonic inflammation through epithelial induc-
tion of CCL5 secretion17. To test whether this colon inflammation
influences TLR agonist influx into the portal circulation and NASH
progression, we induced NASH in wild-type and Ccl52/2 mice that
had been either singly housed or co-housed.MCDD-fed, singly housed
wild-type andCcl52/2mice showedequivalent levels ofNASHseverity
(Supplementary Fig. 9a–c), indicating that CCL5 does not have a role
in the early stages of NAFLD/NASH in the absence of the inflamma-
some-associated colitogenic microbiota. However, we documented
significantly increased levels of liver injury, inflammation and steatosis
inWT(Asc2/2) but notCcl52/2(Asc2/2)mice (Fig. 5a–c), which ledus
to conclude that CCL5 is required for the exacerbation of disease
through cohousing with inflammasome-deficient mice. Moreover,
Ccl52/2(Asc2/2) animals showed significantly reduced levels of
TLR4 and TLR9 agonists in their portal vein blood than
WT(Asc2/2) mice (Supplementary Fig. 9d–f). Together, these results
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Figure 4 | Increased severity of NASH in Asc-deficient and co-housed wild-
type animals is mediated by TLR4, TLR9 and TNF-a. Asc2/2mice were co-
housed with wild-type, Tnf2/2, Tlr42/2, Tlr92/2 or Tlr52/2 mice for 4weeks
and then fedMCDD. a–c, ALT levels of Tlr42/2(Asc2/2) (a), Tlr92/2(Asc2/2)
(b), and Tlr52/2(Asc2/2) mice (c) and their singly housed counterparts.
d, TLR4 agonists in portal vein sera from MCDD-fed wild-type, WT(Asc2/2)
andAsc2/2 animals. e, Transmission electronmicroscopy images of colon from
wild-type and Asc2/2. f–h, ALT (f) and NAFLD (g–h) activity histological
scores of Tnf2/2, WT(Asc2/2) and Tnf2/2(Asc2/2) mice. Data are
representative of two independent experiments. Error bars represent s.e.m.
*P# 0.05, **P# 0.01, ***P# 0.001.
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To define which specific TLRs were responsible for the inflammatory
response, we co-housedTlr4-,Tlr9- orTlr5-deficientmice withAsc2/2

animals and induced NASH with MCDD as previously described.
Similar to wild-type mice, Tlr52/2 mice co-housed with Asc2/2 mice
(Tlr52/2(Asc2/2)) featured a statistically significant exacerbation of
hepatic injury, steatosis and inflammation, when compared to singly
housed Tlr52/2 controls (Fig. 4c and Supplementary Fig. 6g, h), indi-
cating that TLR5 does not mediate the microbiota-mediated exacer-
bation in disease severity. In contrast, Tlr42/2(Asc2/2) and
Tlr92/2(Asc2/2) mice did not show the customary increase in disease
severity when compared to their singly housed Tlr42/2 and Tlr92/2

counterparts (Fig. 4a, b and Supplementary Fig. 6c–f).
These observations indicate that intact bacteria or bacterial products

derived from the intestine trigger TLR4 and TLR9 activation, which
results in an increased rate of disease progression in mice that house a
colitogenic gut microbiota associated with inflammasome deficiency
(that is,Asc2/2 andWT(Asc2/2) mice). Efforts to sequence 16S rRNA
genes that might be present in total liver DNA, microbial quantitative
PCR assays of portal vein blood DNA, histologic analysis of intact

liver, and aerobic and anaerobic cultures of liver homogenates did
not reveal any evidence of intact bacteria in wild-type or Asc2/2mice
fed MCDD (data not shown). Notably, transmission electron micro-
scopy studies of colon collected from wild-type and Asc2/2 mice
revealed an abundance of electron-dense material, suggestive of some
black-pigmented bacterial species, in colonic epithelial cells and
macrophages located in the lamina propria of Asc2/2 mice but not
in wild-type animals (Fig. 4e and Supplementary Fig. 7c). In agree-
ment with previous results, we did not detect any translocation of
intact bacteria (Fig. 4e and Supplementary Fig. 7c).
These observations provide evidence for the uptake of bacterial

products from locally invasive gut microbes in Asc2/2 mice (Fig. 4e
and Supplementary Fig. 7c). If microbial components, rather than
whole organisms, were transmitted to the liver then they should be
detectable in the portal circulation. Indeed, levels of TLR4 and TLR9
agonists, but not TLR2 agonists (assayed by their ability to activate
TLR reporter cell lines), were markedly increased in the portal
circulation of MCDD-fed WT(Asc2/2), and Asc2/2 mice compared
to wild-type controls (n5 13–28 mice per group; Fig. 4d and
Supplementary Fig. 7a, b). Altogether, these results indicate a mech-
anism whereby TLR4 and TLR9 agonist efflux from the intestines of
inflammasome-deficient mice or their co-housed partners, through
the portal circulation, to the liver where they trigger TLR4 and TLR9
activation that in turn results in enhanced progression of NASH.
We next explored the downstream mechanism whereby micro-

biota-induced TLR signalling enhances NASH progression. Pro-
inflammatory cytokines, and in particular TNF-a, a downstream
cytokine of TLR signalling, are known to contribute to progression
of hepatic steatosis to steatohepatitis and eventually hepatic fibrosis in
a number of animal models and in human patients21,22. Following
induction of NASH by MCDD, hepatic Tnf mRNA expression was
significantly upregulated in Asc2/2 and Il182/2 mice, which show
exacerbated disease, but not in Il1r2/2 mice, which do not (Sup-
plementary Fig. 8a–c). Moreover, TnfmRNA levels were significantly
increased in wild-type mice that had been previously co-housed with
Asc2/2 or Il182/2 mice and then fed MCDD (Supplementary
Fig. 8d, e), indicating that its enhanced expression was mediated by
elements of the microbiota responsible for NASH exacerbation. In
contrast, we did not observe any changes in Il6 or Il1b mRNA levels
in the livers ofAsc2/2, Il182/2 or Il1r2/2mice compared to wild-type
controls (Supplementary Fig. 8a–c). Furthermore, whereas MCDD-
administered singly housed Tnf2/2 mice had comparable NASH
severity to singly housed wild-type animals (Fig. 4f–h and Sup-
plementary Fig. 8f), co-housing with Asc-deficient mice before
MCDD induction of NASH resulted in increased liver injury, hepatic
steatosis and inflammation in wild-type mice but not in Tnf2/2 mice
(Fig. 4f–h and Supplementary Fig. 8f). These results indicate that TNF-
amediates the hepatotoxic effects downstreamof the transmissible gut
microbiota present in Asc2/2 mice.
The aberrant gut microbiota in NLRP3 andNLRP6 inflammasome-

deficient mice induces colonic inflammation through epithelial induc-
tion of CCL5 secretion17. To test whether this colon inflammation
influences TLR agonist influx into the portal circulation and NASH
progression, we induced NASH in wild-type and Ccl52/2 mice that
had been either singly housed or co-housed.MCDD-fed, singly housed
wild-type andCcl52/2mice showedequivalent levels ofNASHseverity
(Supplementary Fig. 9a–c), indicating that CCL5 does not have a role
in the early stages of NAFLD/NASH in the absence of the inflamma-
some-associated colitogenic microbiota. However, we documented
significantly increased levels of liver injury, inflammation and steatosis
inWT(Asc2/2) but notCcl52/2(Asc2/2)mice (Fig. 5a–c), which ledus
to conclude that CCL5 is required for the exacerbation of disease
through cohousing with inflammasome-deficient mice. Moreover,
Ccl52/2(Asc2/2) animals showed significantly reduced levels of
TLR4 and TLR9 agonists in their portal vein blood than
WT(Asc2/2) mice (Supplementary Fig. 9d–f). Together, these results
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Figure 4 | Increased severity of NASH in Asc-deficient and co-housed wild-
type animals is mediated by TLR4, TLR9 and TNF-a. Asc2/2mice were co-
housed with wild-type, Tnf2/2, Tlr42/2, Tlr92/2 or Tlr52/2 mice for 4weeks
and then fedMCDD. a–c, ALT levels of Tlr42/2(Asc2/2) (a), Tlr92/2(Asc2/2)
(b), and Tlr52/2(Asc2/2) mice (c) and their singly housed counterparts.
d, TLR4 agonists in portal vein sera from MCDD-fed wild-type, WT(Asc2/2)
andAsc2/2 animals. e, Transmission electronmicroscopy images of colon from
wild-type and Asc2/2. f–h, ALT (f) and NAFLD (g–h) activity histological
scores of Tnf2/2, WT(Asc2/2) and Tnf2/2(Asc2/2) mice. Data are
representative of two independent experiments. Error bars represent s.e.m.
*P# 0.05, **P# 0.01, ***P# 0.001.
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Increased severity of NASH is mediated by 
TLR4, TLR9 and TNF-α. 
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•  Lard	increases	systemic	
TLR	ligands	

•  This	is	partly	aXributed	to	
differences	in	microbiota	
composiEon	

•  This	results	in	increased	
WAT	inflammaEon	and	IR	

•  Mice	deficient	in	Trif	or	
MyD88	are	protected	

•  Conclusion:	animal-
derived	fat	promotes	
metabolic	inflammaEon	



07.04.16	

15	

Chassaing B et al. Nature 2015  

	
	
	
	

•  Dietary	emulsifiers	(PS80,	CMC),	detergent-like	molecules	are	ubiquitous	
components	of	processed	foods	(and	drugs)	

•  They	can	disrupt	the	protecEve	mucus	layer	covering	the	intesEnal	surface	
•  FacilitaEng	deeper	encroachment	of	microbiota	into	the	mucosa	
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•  SW	mice	were	

exposed	to	PS80	or	
CMC	via	the	drinking	
water	

•  Dietary	emulsifiers	
promote	weight	gain	

•  fat	acquisiEon	
•  and	insulin	resistance	
•  This	effect	is	

dependent	on	the	
microbiota	
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•  promotes	IBD	in	suscep2ble	host	
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indicated that the amount of caecal short-chain fatty acids (SCFAs),
namely acetate, propionate and butyrate, was higher inCRB-HFD than
in CRB-LFDmice (Fig. 1e, f, Supplementary Fig. 7 and Supplementary
Table 1). Quantitative analysis confirmed a significant increase in ace-
tate and butyrate in the caecal content and colonic tissues of CRB-HFD
mice (Fig. 1g, h). Luminal GABA (c-aminobutyric acid), L-leucine and
L-isoleucine were also increased in CRB-HFD mice (Fig. 1f and Sup-
plementary Fig. 7). To test whether these metabolites can induce Treg
cells in vitro, splenic naive (CD44lo CD62Lhi) CD41 T cells were cul-
tured in the presence of T-cell antigen receptor and CD28 signalling
plus TGF-b with or without each metabolite. Butyrate significantly
increased the frequency of Foxp31 cells (Fig. 2a, b). Propionate showed
amoderate effect, whereas the othermetabolites, including acetate, did
not have any effect on Treg cell induction at physiological concentra-
tions (Fig. 2a, b and Supplementary Fig. 8).
To corroborate the role of butyrate in Treg cell induction in vivo, spe-

cific pathogen-free (SPF) C57BL/6 mice were fed modified diets con-
taining acetylated, propionylated or butyrylated high-amylose maize
starches10 (HAMSA,HAMSP orHAMSB, respectively) to increase the
luminal levels of the corresponding SCFA (Fig. 2c). Consistentwith the
in vitro observations, colonic Treg cells were significantly augmented
when the diet containedHAMSB,whereasHAMSPslightly andHAMSA
barely inducedTreg cells inSPFmice (Fig. 2d, e andSupplementaryFig. 9).
The HAMSB diet also increased the number of ovalbumin (OVA)-
specific colonic OT-II Foxp31 cells from adoptively transferredOT-II
naive CD41 T cells (Fig. 2f, g). Because butyrate did not affect the sur-
vival or the proliferation of colonic Treg cells (Supplementary Figs 10
and 11), this increase probably reflects a role for this SCFA in regula-
tingTreg cell differentiation. Furthermore, the intakeofHAMSB increased
colonic Treg cells in germ-free mice mono-associated with Bacteroides
thetaiotaomicron, an organismdevoid of butyrate-producing andTreg-
cell-inducing activities per se3 (Supplementary Fig. 12). Under germ-
free conditions, HAMSB did not increase Treg cells, suggesting that the
presence of commensal bacteria is a prerequisite for Treg cell induction
(Supplementary Fig. 13).

Interleukin (IL)-10 production byTreg cells is well documented to be
required for containment of inflammatory responses in mucosal tissues
including the colon11, and the colonizationwith amixtureofClostridiales
is sufficient to induce IL-10-producing Treg cells3. Likewise, the intake
of HAMSB significantly increased IL-10-producing Treg cells in the
colon (Fig. 2h). Collectively, these observations illustrate that butyrate
has a key role in the commensal-microbe-mediated differentiation of
functional Treg cells in the colon.
We also explored the effect of butyrate on the differentiation of naive

T cells into other CD41T-cell subsets. Treatment with butyrate or feed-
ingofHAMSBdidnot affect the inductionofT-bet,GATA3andRORct,
the master regulators of T helper 1 (TH1), TH2 and TH17 cells, respec-
tively (Supplementary Figs 14 and 15). Notably, butyrate promoted the
induction of Foxp31 cells even under TH1- and TH17-polarizing con-
ditions.These data strongly suggest that butyrate preferentially induces
Treg cell differentiation.
The requirement for theToll-like receptor (TLR)–MyD88 signalling

pathway12 in commensalmicrobe-inducedTreg cell expansion seems to
be variable depending on the type of bacteria involved3–5,13.We observed
that treatmentof SPFMyd882/2Ticam12/2micewithHAMSB induced
colonic Treg cells (Supplementary Fig. 16) to the same extent as inwild-
typemice (Fig. 2d, e). Therefore, TLR–MyD88 signalling is dispensable
for butyrate-dependent Treg cell induction in the colon.
Butyrate is well known to regulate gene expression epigenetically by

inhibitinghistonedeacetylases (HDACs)14,15, specifically classes IIa and
I of the four HDAC classes identified in mammals. Because class IIa
HDAC has been reported to suppress Treg cell expansion16,17, butyrate
may influence histone acetylation of gut CD41 T cells to regulate
epigenetically the transcription of the genes responsible for Treg cell
induction.Toverify this hypothesis,weperformed chromatin immuno-
precipitation sequencing (ChIP-seq) analysis of naive CD41 T cells
treatedwith orwithout butyrate underTreg-cell-polarizing conditions.
Butyrate slightly increased genome-wide histoneH3 acetylation (Sup-
plementary Fig. 17). Consistently, the histone acetylation status of
the promoter regions of most transcription factors was unchanged
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Figure 2 | Butyrate induces the differentiation of Treg cells in the colonic
lamina propria. a, b, Naive CD41 T cells were stimulated with immobilized
anti-CD3 and soluble anti-CD28 monoclonal antibodies in the absence
(untreated; UT) or presence of acetate, propionate or butyrate. Representative
FACS plots are shown in a. c, Amount of caecal SCFA in the mice fed with
control HAMS diet or diets containing HAMSA, HAMSP or HAMSB (SA, SP
or SB, respectively). d, e, FACS profile of colonic lamina propria cells. The
representative FACS plots gated on CD3e1 CD41 cells are shown in d. e, The
frequency of neuropilin-12 and neuropilin-11 Foxp31cells among CD41 T
cells. f, g, The percentage and total number of OVA-induced Foxp31 cells in

mice fedwithHAMScontrol (Ctrl) orHAMSB (SB). Representative FACSplots
gated on CD3e1 CD41CD45.21are shown in f. CD45.21Va21 CD41 T cells
were sorted and adoptively transferred into CD45.11 C57BL/6 recipients,
followed by administrationof drinkingwater containing 1%ovalbumin (OVA)
for 9 days before analysis. h, Percentage of IL-101 cells among CD251 FR41

colonic Treg cells in SPF C57BL/6 mice fed with HAMS or HAMSB. Error bars
indicate s.d. (b, n5 3; c, n5 4; e, n5 5; g, n5 4 for control and n5 5 for SB;
h, n5 5). P values determined by non-parametrical Mann–Whitney U test
(g, h) or one-wayANOVA followed by Tukey’s post-hoc test (b, e). All data are
representative of at least two independent experiments. NS, not significant.

RESEARCH LETTER

2 | N A T U R E | V O L 0 0 0 | 0 0 M O N T H 2 0 1 3

Macmillan Publishers Limited. All rights reserved©2013

indicated that the amount of caecal short-chain fatty acids (SCFAs),
namely acetate, propionate and butyrate, was higher inCRB-HFD than
in CRB-LFDmice (Fig. 1e, f, Supplementary Fig. 7 and Supplementary
Table 1). Quantitative analysis confirmed a significant increase in ace-
tate and butyrate in the caecal content and colonic tissues of CRB-HFD
mice (Fig. 1g, h). Luminal GABA (c-aminobutyric acid), L-leucine and
L-isoleucine were also increased in CRB-HFD mice (Fig. 1f and Sup-
plementary Fig. 7). To test whether these metabolites can induce Treg
cells in vitro, splenic naive (CD44lo CD62Lhi) CD41 T cells were cul-
tured in the presence of T-cell antigen receptor and CD28 signalling
plus TGF-b with or without each metabolite. Butyrate significantly
increased the frequency of Foxp31 cells (Fig. 2a, b). Propionate showed
amoderate effect, whereas the othermetabolites, including acetate, did
not have any effect on Treg cell induction at physiological concentra-
tions (Fig. 2a, b and Supplementary Fig. 8).
To corroborate the role of butyrate in Treg cell induction in vivo, spe-

cific pathogen-free (SPF) C57BL/6 mice were fed modified diets con-
taining acetylated, propionylated or butyrylated high-amylose maize
starches10 (HAMSA,HAMSP orHAMSB, respectively) to increase the
luminal levels of the corresponding SCFA (Fig. 2c). Consistentwith the
in vitro observations, colonic Treg cells were significantly augmented
when the diet containedHAMSB,whereasHAMSPslightly andHAMSA
barely inducedTreg cells inSPFmice (Fig. 2d, e andSupplementaryFig. 9).
The HAMSB diet also increased the number of ovalbumin (OVA)-
specific colonic OT-II Foxp31 cells from adoptively transferredOT-II
naive CD41 T cells (Fig. 2f, g). Because butyrate did not affect the sur-
vival or the proliferation of colonic Treg cells (Supplementary Figs 10
and 11), this increase probably reflects a role for this SCFA in regula-
tingTreg cell differentiation. Furthermore, the intakeofHAMSB increased
colonic Treg cells in germ-free mice mono-associated with Bacteroides
thetaiotaomicron, an organismdevoid of butyrate-producing andTreg-
cell-inducing activities per se3 (Supplementary Fig. 12). Under germ-
free conditions, HAMSB did not increase Treg cells, suggesting that the
presence of commensal bacteria is a prerequisite for Treg cell induction
(Supplementary Fig. 13).

Interleukin (IL)-10 production byTreg cells is well documented to be
required for containment of inflammatory responses in mucosal tissues
including the colon11, and the colonizationwith amixtureofClostridiales
is sufficient to induce IL-10-producing Treg cells3. Likewise, the intake
of HAMSB significantly increased IL-10-producing Treg cells in the
colon (Fig. 2h). Collectively, these observations illustrate that butyrate
has a key role in the commensal-microbe-mediated differentiation of
functional Treg cells in the colon.
We also explored the effect of butyrate on the differentiation of naive

T cells into other CD41T-cell subsets. Treatment with butyrate or feed-
ingofHAMSBdidnot affect the inductionofT-bet,GATA3andRORct,
the master regulators of T helper 1 (TH1), TH2 and TH17 cells, respec-
tively (Supplementary Figs 14 and 15). Notably, butyrate promoted the
induction of Foxp31 cells even under TH1- and TH17-polarizing con-
ditions.These data strongly suggest that butyrate preferentially induces
Treg cell differentiation.
The requirement for theToll-like receptor (TLR)–MyD88 signalling

pathway12 in commensalmicrobe-inducedTreg cell expansion seems to
be variable depending on the type of bacteria involved3–5,13.We observed
that treatmentof SPFMyd882/2Ticam12/2micewithHAMSB induced
colonic Treg cells (Supplementary Fig. 16) to the same extent as inwild-
typemice (Fig. 2d, e). Therefore, TLR–MyD88 signalling is dispensable
for butyrate-dependent Treg cell induction in the colon.
Butyrate is well known to regulate gene expression epigenetically by

inhibitinghistonedeacetylases (HDACs)14,15, specifically classes IIa and
I of the four HDAC classes identified in mammals. Because class IIa
HDAC has been reported to suppress Treg cell expansion16,17, butyrate
may influence histone acetylation of gut CD41 T cells to regulate
epigenetically the transcription of the genes responsible for Treg cell
induction.Toverify this hypothesis,weperformed chromatin immuno-
precipitation sequencing (ChIP-seq) analysis of naive CD41 T cells
treatedwith orwithout butyrate underTreg-cell-polarizing conditions.
Butyrate slightly increased genome-wide histoneH3 acetylation (Sup-
plementary Fig. 17). Consistently, the histone acetylation status of
the promoter regions of most transcription factors was unchanged
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Figure 2 | Butyrate induces the differentiation of Treg cells in the colonic
lamina propria. a, b, Naive CD41 T cells were stimulated with immobilized
anti-CD3 and soluble anti-CD28 monoclonal antibodies in the absence
(untreated; UT) or presence of acetate, propionate or butyrate. Representative
FACS plots are shown in a. c, Amount of caecal SCFA in the mice fed with
control HAMS diet or diets containing HAMSA, HAMSP or HAMSB (SA, SP
or SB, respectively). d, e, FACS profile of colonic lamina propria cells. The
representative FACS plots gated on CD3e1 CD41 cells are shown in d. e, The
frequency of neuropilin-12 and neuropilin-11 Foxp31cells among CD41 T
cells. f, g, The percentage and total number of OVA-induced Foxp31 cells in

mice fedwithHAMScontrol (Ctrl) orHAMSB (SB). Representative FACSplots
gated on CD3e1 CD41CD45.21are shown in f. CD45.21Va21 CD41 T cells
were sorted and adoptively transferred into CD45.11 C57BL/6 recipients,
followed by administrationof drinkingwater containing 1%ovalbumin (OVA)
for 9 days before analysis. h, Percentage of IL-101 cells among CD251 FR41

colonic Treg cells in SPF C57BL/6 mice fed with HAMS or HAMSB. Error bars
indicate s.d. (b, n5 3; c, n5 4; e, n5 5; g, n5 4 for control and n5 5 for SB;
h, n5 5). P values determined by non-parametrical Mann–Whitney U test
(g, h) or one-wayANOVA followed by Tukey’s post-hoc test (b, e). All data are
representative of at least two independent experiments. NS, not significant.
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ormoderatelyupregulated (Fig. 3a–c), andonly 70 transcription factors
(4.73% of the genes categorized as a transcription factor), including
Foxp3, were highly acetylated after butyrate exposure (Fig. 3b, pink area).
Importantly, this increased histone acetylation was positively correlated
with gene expression (Fig. 3c). Foxp3 expression is regulated not only
by its promoter but also by intragenic enhancer elements termed con-
served noncoding sequence (CNS) 1–3 (ref. 18). Butyrate upregulated
histone H3 acetylation at both the promoter and CNS3 of the Foxp3
gene locus 1 day beforeFoxp3 induction (Fig. 3a, d). Furthermore, buty-
rate exposure gradually increased the acetylated histone H3 status of
the CNS1 region over the course of Treg cell differentiation. In sharp
contrast, no such epigeneticmodifications were observed in theTbx21,
Gata3 andRorc genes after butyrate exposure (Supplementary Fig. 18).
CNS1, which contains binding motifs for Smad3, NFAT and retinoic
acid receptor, is important for theperipheral inductionofFoxp3 (ref. 18).
Conversely, CNS3 contains a c-Rel bindingmotif, which establishes the

Foxp3-specific enhanceosome and thus greatly enhances the probability
of Foxp3 induction19,20.Wedetected little, if any, increase in histoneH3
acetylation at the c-Rel, NFAT, Smad3 or Stat5 promoters after buty-
rate exposure (Supplementary Fig. 19). Correspondingly, expression
levels of these genes remained unchanged (Supplementary Fig. 20). On
the basis of these observations, we propose that butyrate probably aug-
ments the accessibility of these transcriptional regulators to the enhancer
elements aswell as the promoter region through acetylation of the Foxp3
gene locus.
Finally, we investigated the function of the butyrate-induced Treg cells

in chronic intestinal inflammation by adoptively transferring CD41

CD45RBhi naive T cells into Rag12/2 mice21. Over the course of the
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Figure 3 | Chromatin modification at the Foxp3 locus by butyrate.
a, Time-course analysis on the differentiation of naive T cells into Foxp31 Treg
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the absence (2) or presence (1) of butyrate. b–d, Acetylated histone H3
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The gut microbiota suppresses insulin-mediated
fat accumulation via the short-chain fatty acid
receptor GPR43
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Go Shioi5, Hiroshi Inoue4 & Gozoh Tsujimoto1,6

The gut microbiota affects nutrient acquisition and energy regulation of the host, and can

influence the development of obesity, insulin resistance, and diabetes. During feeding, gut

microbes produce short-chain fatty acids, which are important energy sources for the host.

Here we show that the short-chain fatty acid receptor GPR43 links the metabolic activity of

the gut microbiota with host body energy homoeostasis. We demonstrate that GPR43-

deficient mice are obese on a normal diet, whereas mice overexpressing GPR43 specifically in

adipose tissue remain lean even when fed a high-fat diet. Raised under germ-free conditions

or after treatment with antibiotics, both types of mice have a normal phenotype. We further

show that short-chain fatty acid-mediated activation of GPR43 suppresses insulin signalling in

adipocytes, which inhibits fat accumulation in adipose tissue and promotes the metabolism of

unincorporated lipids and glucose in other tissues. These findings establish GPR43 as a

sensor for excessive dietary energy, thereby controlling body energy utilization while main-

taining metabolic homoeostasis.
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acetate or PA significantly suppressed insulin-induced glucose
uptake and LPL activation, and these inhibitory effects were
abolished by treatment of PTX (Fig. 5g,h). Thus, acetate-mediated
activation of GPR43 suppresses the bioactivity of insulin by
suppression of Akt phosphorylation via G(i/o)bg–PLC–PKC–
PTEN (Fig. 5i).

GPR43 promotes energy expenditure. We finally assessed the
effects on energy metabolism exerted by adipose GPR43. The
plasma triglyceride content in HFD-fed Gpr43! /! mice was
markedly low compared with wild-type mice, whereas that in
aP2-Gpr43TG mice was markedly high (Fig. 6a). These differ-
ences were abolished under GF conditions or by treatment with
antibiotics (Supplementary Fig. S5a,b). However, the plasma free-
fatty acid (Fig. 6b), glucose (Supplementary Fig. S5c) and insulin
(Supplementary Fig. S5d) levels were comparable between wild-
type and Gpr43! /! mice fed an HFD and between wild-type
and aP2-Gpr43TG mice. Hence, changes in systemic insulin
sensitivity observed in Gpr43! /! and aP2-Gpr43TG mice are
not due to abnormal secretion of insulin. These results suggested
that lipids and glucose were not taken up into adipose tissues and
were instead consumed by other tissues. As expected, the
expression of energy expenditure-, glycolysis- and b-oxidation-
related genes were increased, while the expression of gluconeo-
genesis-related genes were decreased in the muscles, but not the
liver of aP2-Gpr43TG mice (Fig. 6c; Supplementary Fig. S5e). To
assess the energy expenditure and substrate utilization, we per-
formed indirect calorimetry of wild-type and mutant mice. The
Gpr43! /! mice showed decreased energy expenditure com-
pared with wild-type mice fed an HFD (Fig. 6d), although both

groups of mice showed similar locomotor activity (Fig. 6e). In
contrast, aP2-Gpr43TG mice showed an increased energy
expenditure compared with wild-type mice during all phases
(Fig. 6g), although both groups of mice showed similar levels of
locomotor activity during the light phase (Fig. 6h). Moreover,
interestingly, although Gpr43! /! mice showed obesity and
aP2-Gpr43TG mice showed leaness compared with wild-type
mice fed an HFD, the respiratory exchange ratio (RER) was
higher in Gpr43! /! and lower in aP2-Gpr43TG mice than in
wild-type mice (Fig. 6f,i). The RER is reduced because of pre-
ferential utilization of fat during obesity37. Collectively, our
results indicated that GPR43 activation promoted energy
expenditure and permitted the preferential utilization of fat as a
fuel through suppression of fat accumulation by inhibition of
adipose tissue-specific insulin signalling.

Discussion
SCFAs, including acetate, act as ligands for GPR43 and are
produced by gut microbiota12. Under HFD-fed conditions, faecal
SCFA and plasma acetate contents in HFD-fed mice significantly
decreased compared with those in NC-fed mice (Supplementary
Fig. S2a,b). This is presumably due the replacement of carbohydrate
with fat in the HFD, which reduced SCFA production by gut
microbiota (Supplementary Table S1). However, Gpr43 expression
was markedly higher (approximately twice) in the WAT of HFD-
fed mice as compared with NC-fed mice (Fig. 1e). This indicates
that although there was a decrease of endogenous SCFA ligands, the
increase of GPR43 expression in adipose tissue contributed to the
dramatic phenotype in Gpr43! /! mice, which is further
exacerbated by the HFD-induced metabolic phenotype.
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Figure 4 | GPR43 suppresses insulin signalling in the adipose tissues but not in muscles or liver. Insulin-stimulated Akt phosphorylation of Ser473 in
the WAT (a, n¼ 3), muscles (b, n¼4) and liver (c, n¼ 3) of aP2-Gpr43TG mice fed an HFD after 6 h of fasting. (d–f) Inhibitory effects of acetate on
insulin signalling (1 g kg! 1, i.p.). After pretreatment with acetate for 40min, a bolus of insulin (0.15U kg! 1) with or without acetate (1 g kg! 1) was
administered intraperitoneally. Akt phosphorylation of Ser473 in the WAT (d, n¼ 3), muscles (e, n¼ 3) and liver (f, n¼ 3) of Gpr43! /! mice after
6 h of fasting. (g, h) Effect of acetate on glucose uptake in MEF-derived adipocytes from Gpr43! /! or aP2-Gpr43TG mice (n¼4, respectively). (i, j)
Effect of acetate on the fatty acid uptake in MEF-derived adipocytes from Gpr43! /! or aP2-Gpr43TG mice (n¼8–15). LPL activity in the WAT
(k, n¼4–5) and the muscles (l, n¼ 3–5) of Gpr43! /! or aP2-Gpr43TG mice (n¼ 3–4). (m) LPL activity of Gpr43! /! mice fed an HFD under GF
conditions (n¼4, 6) or aP2-Gpr43TG mice treated with antibiotics (n¼ 7, 6). All mice were analysed at 15–16 weeks of age. All data are presented as
mean±s.e.m. analysis of variance followed by Tukey–Kramer’s post hoc test (a–j) and Student’s t-test (k–m); *Po0.05; **Po0.005; NS, not significant.
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Figure 5 | GPR43 suppresses insulin signalling via G(i/o)bc-PLC–PKC–PTEN signalling. (a) Inhibitory effects of GPR43 agonists (10mM acetate and 10mM
PA) and a GPR41 agonist (10mM cyclopropanecarboxylic acid (CPC)) on insulin-induced Akt phosphorylation (n¼ 3). PA, phenylacetamide. (b) Effects of Gi/o
signalling inhibition on suppression of insulin-induced Akt phosphorylation by acetate (n¼ 3). (c) Effects of Gq signalling inhibition using siRNA (no. 1) on
suppression of insulin-induced Akt phosphorylation by acetate (n¼ 3). (d) Effects of Gbg signalling inhibition on suppression of insulin-induced Akt
phosphorylation by acetate (n¼ 3). (e) Effects of GPR43 stimulation on PTEN phosphorylation (n¼ 3). (f) Effects of PTEN signalling inhibition on suppression of
insulin-induced Akt phosphorylation by acetate (n¼ 3). Cells were stimulated with insulin (3mgml" 1) in the presence of acetate (10mM) and bpV(pic) (1mM) for
5min after pretreatment with acetate for 2h. (g) Effect of GPR43 agonists (10mM acetate and 10mM PA) on insulin-induced glucose uptake (n¼4). (h) Effect of
acetate on insulin-induced LPL activity (n¼4). Cells were stimulated with insulin (3mgml" 1) in the presence of acetate (10mM) and inhibitor for 30min after
pretreatment with acetate for 2h and PTX (1mgml" 1) for 4h. In all experiments, cells were stimulated with insulin (3mgml" 1) in the presence of GPR43 agonist
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All data are presented as mean±s.e.m. analysis of variance followed by Tukey–Kramer’s post hoc test; *Po0.05; **Po0.005; NS, not significant. (i) Schematic
diagram of the mechanism for GPR43-mediated suppression of fat accumulation. Novel GPR43 signalling events in adipocytes are shown in red.

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2852 ARTICLE

NATURE COMMUNICATIONS | 4:1829 | DOI: 10.1038/ncomms2852 | www.nature.com/naturecommunications 7

& 2013 Macmillan Publishers Limited. All rights reserved.

•  SCFA	–	Gpr43	interacEon	suppresses	insulin	signaling	in	
adipocytes,	inhibiEng	fat	accumulaEon	in	the	adipose	Essue.	

•  GPR43	acts	as	a	sensor	for	excessive	dietary	energy,	
controlling	body	energy	uElizaEon,	and	maintaining	
metabolic	homoeostasis.	

Kimura I et al. Nature Commun 2013. 
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SUMMARY

Soluble dietary fibers promote metabolic benefits on
body weight and glucose control, but underlying
mechanisms are poorly understood. Recent evi-
dence indicates that intestinal gluconeogenesis
(IGN) has beneficial effects on glucose and energy
homeostasis. Here, we show that the short-chain
fatty acids (SCFAs) propionate and butyrate, which
are generated by fermentation of soluble fiber by
the gut microbiota, activate IGN via complementary
mechanisms. Butyrate activates IGN gene expres-
sion through a cAMP-dependent mechanism, while
propionate, itself a substrate of IGN, activates IGN
gene expression via a gut-brain neural circuit
involving the fatty acid receptor FFAR3. The meta-
bolic benefits on body weight and glucose control
induced by SCFAs or dietary fiber in normal mice
are absent in mice deficient for IGN, despite similar
modifications in gut microbiota composition. Thus,
the regulation of IGN is necessary for the metabolic
benefits associated with SCFAs and soluble fiber.

INTRODUCTION

Extrinsic factors such as a sedentary lifestyle and excessive
caloric intake contribute to the increasing incidence of obesity
and type 2 diabetes. It is well-established that diet quality can
be improved by reducing the intake of fat and simple sugars
while increasing the intake of dietary fiber. Dietary fiber is the
indigestible portion of plant foods and has two main compo-
nents: insoluble fiber (principally cellulose and lignin) and soluble
fiber such as galacto-oligosaccharides and fructo-oligosaccha-
rides (FOS), which are fermented by the gut microbiota into
short-chain fatty acids (SCFAs) acetate, propionate, and buty-
rate (Flint et al., 2012). Fiber-enriched diets improve insulin sensi-

tivity and glucose tolerance in lean (Robertson et al., 2003, 2005)
and obese diabetic subjects (Mendeloff, 1977; Ray et al., 1983).
The beneficial effects of soluble fiber are often considered

to be mediated by SCFAs through regulation of whole-body
energy homeostasis (Layden et al., 2013). SCFAs are also
signaling molecules, acting not only as important modulators
of the epigenome through altering histone acetylation but also
as endogenous ligands for the G-protein-coupled receptors
FFAR3 and FFAR2 (Brown et al., 2003). Signaling through these
receptors mediates numerous effects such as synthesis of
glucagon-like peptide 1 in enteroendocrine cells (Tolhurst
et al., 2012), modulation of adiposity, and changes in gut transit
time (Samuel et al., 2008). In some aspects, the benefits of
soluble fiber on glucose and energy homeostasis appear
paradoxical. First, butyrate is a key energy substrate for both
colonocytes and enterocytes (Donohoe et al., 2011). How could
an increase in energy harvest be reconciled with a benefit on
energy homeostasis? Recent studies have described a role of
butyrate in enhancing energy expenditure (Gao et al., 2009; Lin
et al., 2012), but mechanistic insights into how this is achieved
are less understood. Second, propionate is classically described
as an efficient hepatic gluconeogenic substrate (Anderson and
Bridges, 1984). An increase in hepatic glucose production is
recognized as a causal factor of insulin resistance (Clore et al.,
2000; Magnusson et al., 1992), leading to type 2 diabetes, and
thus it is unclear how this could be reconciled with a metabolic
benefit of soluble fibers.
It is noteworthy that most studies featuring propionate as a

gluconeogenic substrate were carried out before the intestine
was described as a gluconeogenic organ (Croset et al., 2001;
Mithieux et al., 2004a; Rajas et al., 1999). Studies from our lab
suggest that intestinal gluconeogenesis (IGN) induces beneficial
effects on glucose and energy homeostasis.We have shown that
glucose released by IGN is detected by a portal vein glucose
sensor that transmits its signal to the brain by the peripheral
nervous system to promote beneficial effects on food intake
and glucose metabolism (Delaere et al., 2012). This chain of
events is of particular relevance with protein-enriched diets
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•  The	gut	microbiota	represents	a	key	
factor	in	regula0ng	hepa0c	steatosis,	
metabolic	syndrome,	insulin	
resistance	and	diabetes.	

•  Diet	is	the	key	„environmental	
factor“	modula0ng	body	weight	and	
gut	microbiota	

•  So	far	mul0ple	mechanisms	
implicated:	TLRs,	inflammasomes,	
Fiaf,	SCFA,	AMPK,	ChREBP,	
cytokines,	ER	stress,	BA	–	FXR,	...	

•  Significant	lack	of	clinical	data	
•  What	is	the	op0mal	/	most	feasible	way	
of	targe0ng	the	microbiota		in	IBD?	

•  Is	it	FMT	or	next	genera0on	probio0cs?	

•  Is	it	targe0ng	specific	„pathobionts”?	
•  Could	dietary	interven0ons	modify	the	
microbiota	composi0ons	and	immunity	
beneficially?	
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Thanks for your attention ! 


