
Chapter 9
Gut Microbiota in Metabolic Syndrome

Fredrik Bäckhed

Abstract The human gut is colonized by trillions of bacteria that complement our
own human genes with 150-fold more microbial genes. Acting at the intersection
between diet and host biology the gutmicrobiota can be considered ametabolic organ
that affects host physiology. Here we explore evidence that supports the hypothesis
that there is a dynamic interrelationship betweenour diet andgutmicrobiota that plays
an important role in nutrition as well as modulating energy balance. Furthermore,
the gut microbiota is altered in obesity and germ-free mice have reduced adiposity
and are protected against diet-induced obesity. Accordingly, the gut microbiota may
be considered an important environmental factor that contributes to obesity and
metabolic diseases.
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9.1 Introduction

We humans are much alike and our genomes are > 99% identical and we all have
approximately the same human cellular composition. However, despite this simi-
larity we differ drastically in our microbial communities. The greatest variation is
between body sites (Costello et al. 2009). For example, the difference in microbial
communities between a person’s mouth and gut is comparable to the difference in
microbial communities that reside in soil and seawater. Even within a body site, the
differences between people are not subtle and the gut communities can differ by
80–90% at the species level (Turnbaugh et al. 2009; Costello et al. 2009).

The human gut microbiota is established at birth when our sterile gut is colo-
nized by bacteria from our mothers and the environment (Reinhardt et al. 2009,
Dominguez-Bello et al. 2010). This initial microbiota develops into a complex
ecosystem in a predictable fashion determined by internal (e.g., oxygen depletion
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and the immune system) and external (e.g., mode of birth, impact of environment,
diet, hospitalization, and application of antibiotics) factors. Whereas the initial gut
microbiota exhibits relatively low diversity the adult microbiota is composed by
> 1,000 bacterial species of which 160 are found in > 50 % of the study population
(Qin et al. 2010). The adult gut microbiota is estimated to weigh 1.5 kg, which is
similar to the liver, and the microbiome contains 150–200 times as many genes as we
have in our own human genome (Qin et al. 2010, Xu and Gordon 2003). The gut mi-
crobiota should be considered a metabolic organ that can affect our metabolism and
physiology function on the intersection between our genetics and our ingested food.
Accordingly, obesity is associated with an altered gut microbiota and germ-free mice
have reduced adiposity and resistant to diet-induced obesity (Bäckhed et al. 2004,
2007; Ley et al. 2005, 2006). However, the underlying mechanisms are just being
clarified and will require a combination of clinical and animal studies.

9.2 Microbial Extraction of Energy and Storage
in Adipose Tissue

The gut microbiota contains an impressive suite of glycosidases and lyases that are
essential for degrading otherwise non-degradable polysaccharides from the diet and
ferment them to short chain fatty acids (SCFA) (Xu et al. 2003). Interestingly, the
microbiota of obese mice exhibit increased capacity to degrade complex polysac-
charides and store these extra calories in as adipose tissue (Turnbaugh et al. 2006).
Similarly, germ-free mice have reduced capacity to degrade polysaccharides and the
reduced levels of SCFA reaching the liver from portal circulation in these mice is
associated with reduced lipogenesis (Bäckhed et al. 2004). In addition to salvage
energy by fermenting carbohydrates to SCFA the gut microbiota promotes glucose
absorption from the small intestine by a yet unidentified mechanism (Bäckhed et al.
2004). The increased levels of circulating SCFA and glucose act as substrates for
de novo lipogenesis in the liver by activating the key lipogenic transcription factors
sterol regulatory element binding protein 1c (SREBP-1c) and carbohydrate element
binding protein (ChREBP). These transcription factors in turn regulate the rate lim-
iting lipogenic enzymes fatty acid synthase and acetyl-CoA caboxylase (Bäckhed
et al. 2004). The increased lipogenesis was confirmed when we applied LC-MS
based lipidomics to investigate how the gut microbiota affects the host lipidome. We
identified ∼ 100 triglyceride species that were increased in livers of conventionally
raised mice (Velagapudi et al. 2010). Furthermore, colonization was associated with
increased hepatic VLDL production which is transported to the adipose tissue for
storage (Bäckhed and Crawford 2010).

The gut microbiota does not only promote lipogenesis and VLDL production
it also facilitate storage in adipose tissue by increasing lipoprotein lipase (LPL)
activity. In white fat, LPL is regulated posttranscriptionally by nutritional status:
fasting reduces and refeeding increases enzyme activity. Angiopoietin-like protein
(Angptl4, also known as fasting-induced adipose factor) is an important regulator
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of LPL activity (Yoshida et al. 2002). Expression analysis revealed that the gut
microbiota regulates the expression intestinal Angptl4 expression and analysis of
germ-free Angptl4-/- mice revealed that the gut microbiota increase LPL activity
by suppressing Angptl4 and that this suppression was associated with increased
adiposity (Bäckhed et al. 2004, 2007). Accordingly, the gut microbiota has profound
effects not only on energy extraction but also on energy partitioning and can thus be
considered as an environmental factor that modulates adiposity.

9.3 Microbial Modulation of Host Metabolism

The gut microbiota does not only affect energy extraction but also affect host
metabolism by other means. We found that germ-free mice are resistant to diet-
induced obesity (Bäckhed et al. 2007), which suggests that the gut microbiota may
have large effects on both central and peripheral metabolism. The observation that
germ-free mice are protected from developing diet-induced obesity has recently
been confirmed by several independent laboratories (Rabot et al. 2010; Fleissner
et al. 2010; Ding et al. 2010) and some additional mechanistic insights are currently
being made. Since ‘Western’ diet and other high-fat diets do not contain complex
polysaccharides the gut microbiota promotes obesity by other means than carbohy-
drate fermentation and recent evidence suggested that the gut microbiota modulates
several important pathways implicated in energy metabolism (Greiner and Backhed
2011).

The lean phenotype of germ-free mice is associated with increased levels of phos-
phorylated AMP-activated protein kinase (AMPK), and its downstream molecular
targets involved in fatty acid oxidation (acetylCoA carboxylase; carnitinepalmitoyl-
transferase) in skeletal muscle and liver (Bäckhed et al. 2007). AMPK is an enzyme
that functions as a “fuel gauge”, which monitors cellular energy status (Kahn et al.
2005) and may thus be responsible for the ability of germ-free mice to increase fatty
acid oxidation in skeletal muscle (Bäckhed et al. 2007). As mentioned above the gut
microbiota suppresses the intestinal expression of Angptl4, which in addition to its
effects on regulating LPL, also is a potent regulator of fatty acid oxidation (Mandard
et al. 2006). In support of these findings we observed that germ-free mice lacking
Angptl4 lost their protection from developing diet-induced obesity (Bäckhed et al.
2007). Further phenotypic characterization revealed that genes involved in fatty acid
oxidation were controlled by Angptl4 under germ-free conditions. Notably, Angptl4
did not signal via AMPK, which suggests that germ-free mice are protected against
diet induced obesity by two complementary but independent mechanisms that re-
sult in increased fatty acid metabolism. In addition the gut microbiota may affect
expression and function of other hormones that modulate host metabolism.



174 F. Bäckhed

9.4 The Gut Microbiota and Obesity

The gut microbiota is altered in obesity but is there direct evidence that the gut mi-
crobiota may affect obesity? Elegant experiments revealed such link by transplanting
the gut microbiota of lean and obese mice into germ-free recipients (Turnbaugh et al.
2006). Surprisingly, the lean and obese phenotypes were transferred to the recipients
where mice transplanted with an obese microbiota gained significantly more adipose
mass. A recent study identified that Toll-like receptor 5 (Tlr5), a pattern recognition
receptor that recognizes the bacterial protein flagellin, as an important modulator
of gut microbial ecology (Vijay-Kumar et al. 2010). Strikingly, the Tlr5-deficient
mice are associated with inflammatory bowel disorder as well as obesity and the
Metabolic Syndrome (Vijay-Kumar et al. 2007, 2010). Importantly, the obesity phe-
notype was transferrable to germ-free mice demonstrating that the phenotype was
caused by the microbiota. Further analysis revealed that the altered gut microbiota in
Tlr5-deficient mice was associated by increased food intake thus suggesting that the
gut microbiota may affect the central nervous system. Furthermore, it is becoming
increasingly clear that the gut microbiota modulates behavioral aspects of animal
physiology. For example, the germ-free mice have increased locomotors activity and
display altered anxiety behavior (Bäckhed et al. 2007; Heijtz et al. 2011). Accord-
ingly, the gut microbiota does not only modulate peripheral metabolism but can also
affect eating and behavioral phenotypes.

9.5 The Gut Microbiota as Modulator of Glucose Metabolism

In addition, to microbial effects on host adiposity the gut microbiota also contributes
to metabolic abnormalities by promoting low-grade metabolic inflammation (Cani
et al. 2007). Endotoxin is taken up from the gut together with chylomicrons or
alternatively through increased gut permeability (reviewed in (Caesar et al. 2010)).
Activation of TLR4 in macrophages that are recruited to the adipose tissue promotes
inflammation that reduces insulin sensitivity (Saberi et al. 2009). Germ-free mice
are exposed to very low levels of endotoxin from the diet but the levels are very
low compared to those observed in colonized mice. As expected germ-free mice
have reduced adipose inflammation and improved insulin sensitivity compared with
colonized counterparts (Bäckhed et al. 2004; 2007; Rabot et al. 2010; Reigstad
et al. 2009). Interestingly, antibiotic treatment of obese mice with antibiotics reduces
plasma endotoxin levels, adipose inflammation, adiposity, liver triglycerides, and
improves host glucose metabolism (Cani et al. 2008; Membrez et al. 2008). Taken
together these findings suggest that the gut microbiota can contribute directly to host
metabolism by affecting energy harvest from the diet and by modulating metabolic
and/or inflammatory signaling pathways.
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9.6 Systems Biology Approaches to Investigate Host
Microbial Interactions

The gut microbiota has an immense propensity to affect the metabolism of ingested
compounds such as dietary, drug, and xenobiotic components. Recent metabolomic
and lipidomic studies of germ-free and colonized mice have revealed that the gut
microbiota affects several important biotransformations that may have large effects
on host physiology (Claus et al. 2008; Velagapudi et al. 2010; Wikoff et al. 2009).
Untargeted mass spectrometry-based metabolomics of serum from germ-free and
conventionally raised mice demonstrated that a vast majority of the serum metabo-
lites were modulated by the gut microbiota (Wikoff et al. 2009). Many of these
metabolites corresponded to increased xenobiotic metabolism in colonized mice and
included metabolites that were sulfated, glucoronidated, or conjugated to glycine
(Wikoff et al. 2009; Claus et al. 2008), which renders hydrophobic compounds wa-
ter soluble. Tyrosine can be metabolized to p-cresol sulfate sulfatation by the gut
microbiota and thus germ-free mice have reduced serum levels of p-cresol sulfate
and corresponding elevated levels of tyrosine (Wikoff et al. 2009). The capacity
of the gut microbiota to perform such modifications contributes to an individual’s
capacity to perform xenobiotic metabolism as individuals with high bacterially me-
diated p-cresol generation have reduced with O-sulfonation of widely used analgesic
paracetamol (acetaminophen; (Clayton et al. 2009)). These findings may provide a
mechanism for why pre-dose urinary composition can be used to predict the extent
of liver damage sustained after paracetamol administration (Clayton et al. 2006).

Metabolism of other amino acids such as tryptophan is also modulated by the gut
microbiota. Serum levels of tryptophan are accordingly reduced in colonized mice
compared with germ-free counterparts (Velagapudi et al. 2010; Wikoff et al. 2009),
which can be explained by that the gut microbiota expresses tryptphanase which
converts tryptophan to indole, pyruvate, and ammonia. Further metabolism of indole
to indole-3-propionic acid is exclusively microbially mediated and thus IPA was
only detected in the serum of conventionally raised mice (Wikoff et al. 2009). IPA
is further metabolized by host enzymes in the liver to indoxyl and indoxyl sulfate.
Furthermore, serotonin is produced from tryptophan by enterochromaffin cells in the
gut and accordingly germ-free rats have increased volumes of serotonin producing
cells (Uribe et al. 1994). Taken together, microbial metabolism of amino acids may
have profound effects on host physiology.

9.7 Using Metabolomics to Identify Microbial Metabolites
in Disease

The above examples illustrate how the gut microbiota effects may affect host physi-
ology by modulating metabolism of dietary components. Accordingly, metabolomic
investigations of urine from mice predisposed or resistant to developing nonalcoholic
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fatty liver disease revealed that susceptible mice were associated with increased mi-
crobial conversion of phosphatidylcholine to trimethylamines (TMA), which are
excreted into the urine. Mechanistically, the reduced levels of phosphatidylcholines
may promote steatosis and insulin resistance since phosphatidylcholines are re-
quired for VLDL secretion and impaired VLDL secretion could lead to triglyceride
accumulation in the liver. However, recent findings revealed that metabolism of di-
etary choline to TMA is associated with cardiovascular disease and plasma levels
of choline-derived metabolites are a excellent predictor of cardiovascular disease
(Wang et al. 2011). Accordingly, dysbalanced choline metabolism by altered gut
microbial structure/function may affect host metabolism and physiology.

9.8 Targeted Approaches to Determine Microbial Regulation
of Specific Classes of Metabolites

9.8.1 Bile Acids

Metabolism of bile acids is another example of mammalian-microbial co-metabolism
that may have great physiological effects (Claus et al. 2008; Martin et al. 2007; Swann
et al. 2010). The gut microbiota is important for deconjugation, dehydrogenation,
and dehydroxylation of bile acids, which results in secondary bile acids and increases
the chemical diversity of these signaling molecules (Midtvedt 1974). Accordingly,
germ-free animals have very simplified bile acids characterized by conjugated cholic
and murocholic acids, which are absorbed before they reach the distal gut (Claus
et al. 2008; Swann et al. 2010; Wostmann 1973). Bile acids have different capacity
to induce the nuclear receptor FXR and the G-coupled receptor TGR5 (Thomas
et al. 2008). Furthermore, bile acids have been shown to regulate not only their
own synthesis and enterohepatic recirculation, but also triglyceride and cholesterol
homeostasis through activation of FXR (Sinal et al. 2000). Interestingly, bile acids
reduce diet-induced obesity and prevent hyperglycaemia in rodents, which suggests
that they also have effects on energy homeostasis (Ikemoto et al. 1997; Prawitt et al.
2011; Watanabe et al. 2011).

In contrast, bile acid activation of the GPCR TGR5 in brown adipose tissue
increases energy expenditure by producing active tri-iodothyronine (T3), which sub-
sequently increases metabolic rate and energy expenditure (Watanabe et al. 2006).
Accordingly, stimulation of TGR5 prevents diet-induced obesity (Thomas et al.
2009). Recent data demonstrated that TGR5 also is expressed by L-cells in the
colon and activation of TGR5 in L-cells induce secretion of the incretin GLP-1,
which promotes improved pancreas function and glucose metabolism in obese mice
(Reimann et al. 2008; Thomas et al. 2009). However, it is currently unclear whether
this protection requires TGR5 activation in brown adipose tissue or in L-cells.

The immense capacity of the gut microbiota to modulate bile acid diversity clearly
indicates that signaling through FXR and TGR5 are influenced by the gut microbiota.
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This was recently illustrated by that the gut microbiota modulated FXR-regulated
pathway transcripts in gnotobiotic rats (Swann et al. 2010) and suggests that new
pharmacological approaches targeting bile acid signaling networks must take the
person’s gut microbiota into account.

9.8.2 Short Chain Fatty Acids

Fermentation of fibers in the distal gut produces SCFAs, which has important sig-
naling functions in the gut through the GPCRs GPR41 and GPR43. Enteroendocrine
cells express the SCFA receptor GPR41 and may thus be regulated through the fer-
mentation capacity of the gut microbiota. There are no apparent differences in the
body composition of germ-free wildtype and Gpr41-deficient mice (Samuel et al.
2008). However, colonized Gpr41-deficient mice were leaner, which was associ-
ated with decreased expression of the hormone PYY. GPR43 was first identified
as a modulator of inflammatory responses in the gut as a chemoattractant receptor
on neutrophiles (Maslowski et al. 2009). Besides its effects on host inflammation
GPR43 has profound effects on host physiology. Bjursell et al., recently found that
Gpr43-deficient mice were resistant to diet-induced obesity (Bjursell et al. 2010).
Protection against developing diet-induced obesity was, at least in part, explained
by increased energy expenditure in Gpr43-deficient mice and the reduced fat mass
was accompanied by improved glucose tolerance. Despite no difference in adipocyte
size Gp43-/- mice contained fewer macrophages in the white adipose tissue, which
may explain the improved glucose metabolism.

9.8.3 Endocannabinoids

Anandamide (AEA) is an endogenous endocannabinoid (eCB) that is synthesized
from membrane bound phosphatidylethanolamine. AEA binds the eCB receptor
CB1, which has profound effects on host metabolism. Genetic and pharmacolog-
ical interference with the CB1 receptor protects against the development of hepatic
steatosis and diet-induced obesity (Osei-Hyiaman et al. 2005, 2008). Recent results
using several animal models demonstrated that the gut microbiota modulates AEA
levels in the colon but not in the small intestine and that the elevated levels correlated
with reduced expression of fatty acid amide hydrolase (FAAH), which degradesAEA
(Muccioli et al. 2010).

Obesity is associated with increased production of adipose derived eCB, increased
CB1 expression, and increased gut permeability (Cani et al. 2007; Di Marzo 2008).
Pharmacologic inhibition of CB1 in obese mice improved tight junction, reduced gut
permeability, leading to reduced serum endotoxin levels (Muccioli et al. 2010). Thus
it is possible that the gut microbiota controls gut permeability through modulating the
endocannabinoid system. As indicated above the gut microbiota has extensive effects
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on host adiposity, as well as on the eCB system in adipose tissue. Strikingly, prebiotic-
mediated decreases in fat mass, reduced CB1 mRNA expression, and reduced AEA
levels were associated with increased expression of markers of adipocyte differen-
tiation and lipogenesis suggesting a role of the gut microbiota. Importantly, these
results were phenocopied by blocking CB1 receptor signaling (Muccioli et al. 2010).
Conversely, agonists of CB1 increased adipogenesis in lean mice. Since CB1 func-
tion is associated with plasma LPS levels Muccioli et al hypothesized that LPS could
modulate eCB -induced adipogenesis. Accordingly, LPS reduced the expression of
adipogenic and lipogenic markers in adipose tissue. Furthermore, LPS completely
abolished the adipogenic effects of eCB receptor activation. Taken together, these
data suggest that the eCB system regulates adipogenesis, which is controlled by LPS.

In summary, the gut microbiota affects several important signaling systems that
contribute to controlling host metabolism these include, but are likely not limited to
the SCFA, bile acid, and eCB system.

9.9 Conclusions

The recent identification of the gut microbiota as an environmental factor that con-
tributes to metabolic diseases has spurred research all over the world. At present
several studies have demonstrated an altered gut microbiota that is associated with
obesity. However, the results are highly variable between studies, likely in part
due to different analytical procedures, heterogeneous populations, and relatively
small study groups. Accordingly, well controlled studies are required to parse out
the relevant differences between the gut microbiota between lean and obese indi-
viduals, furthermore, the gut microbiota should also be studied in other metabolic
diseases such as diabetes and cardiovascular disease. Accordingly, systems biology
approaches to construct metabolic networks and putative functions encoded in the
microbiome, which are associated with specific metabolic phenotypes in the host
(including obesity, diabetes, and cardiovascular disease), will be of utmost impor-
tance to gain understanding in how the gut microbiota may affect host metabolism.
However, one limitation with this approach is the lack of direct mechanistic un-
derstanding. An attractive tool to investigate mechanisms is to use ‘personalized’
gnotobiotics where germ-free mice are colonized with defined microbial communi-
ties and subsequently phenotyped. In these models interventions can be tested as well
as the impact of specific macro- and micronutrients (Kau et al. 2011). The usage of
genetically manipulated mouse models, especially tissue specific, will provide fur-
ther evidence for host factors involved in specific signaling pathways or biological
processes. However, to fully understand the intricate interplay between the gut mi-
crobiota, host, and metabolism we will need to integrate data from several ‘omics’
technologies such as metagenomics, transcriptomics, proteomics, and metabolomics



9 Gut Microbiota in Metabolic Syndrome 179

References

Bäckhed F, Crawford PA (2010) Coordinated regulation of the metabolome and lipidome at the
host-microbial interface. Biochim Biophys Acta 1801:240–245

Bäckhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, Semenkovich CF, Gordon JI (2004)
The gut microbiota as an environmental factor that regulates fat storage. Proc Natl Acad Sci U
S A 101:15718–15723

Bäckhed F, Manchester JK, Semenkovich CF, Gordon JI (2007) Mechanisms underlying the
resistance to diet-induced obesity in germ-free mice. Proc Natl Acad Sci U S A 104:979–984

Bjursell M, Admyre T, Goransson M, Marley AE, Smith DM, Oscarsson J, Bohlooly YM (2010)
Improved glucose control and reduced body fat mass in free fatty acid receptor 2 (Ffar2) deficient
mice fed a high fat diet. Am J Physiol Endocrinol Metab

Caesar R, Fåk F, Bäckhed F (2010) Effects of gut microbiota on obesity and atherosclerosis via
modulation of inflammation and lipid metabolism. J Intern Med 268:320–328

Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, Neyrinck AM, Fava F, Tuohy KM,
Chabo C, Waget A, Delmee E, Cousin B, Sulpice T, Chamontin B, Ferrieres J, Tanti JF, Gibson
GR, Casteilla L, Delzenne NM, Alessi MC, Burcelin R (2007) Metabolic endotoxemia initiates
obesity and insulin resistance. Diabetes 56:1761–1772

Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM, Burcelin R (2008) Changes
in gut microbiota control metabolic endotoxemia-induced inflammation in high-fat diet-induced
obesity and diabetes in mice. Diabetes 57:1470–1481

Claus SP, Tsang TM, WangY, Cloarec O, Skordi E, Martin F-P, Rezzi S, Ross A, Kochhar S, Holmes
E, Nicholson JK (2008) Systemic multicompartmental effects of the gut microbiome on mouse
metabolic phenotypes. Mol Syst Biol 4:219

Clayton JJ, Baig W, Reynolds GW, Sandoe JA (2006) Endocarditis caused by Propionibacterium
species: a report of three cases and a review of clinical features and diagnostic difficulties. J
Med Microbiol 55:981–987

Clayton TA, Baker D, Lindon JC, Everett JR, Nicholson JK (2009) Pharmacometabonomic identifi-
cation of a significant host-microbiome metabolic interaction affecting human drug metabolism.
Proc Natl Acad Sci U S A 106:14728–14733

Costello EK, Lauber CL, Hamady M, Fierer N, Gordon JI, Knight R (2009) Bacterial community
variation in human body habitats across space and time. Science 326:1694–1697

Di Marzo V (2008) Targeting the endocannabinoid system: to enhance or reduce? Nat Rev Drug
Discov 7:438–455

Ding S, Chi MM, Scull BP, Rigby R, Schwerbrock NM, Magness S, Jobin C, Lund PK (2010) High-
fat diet: bacteria interactions promote intestinal inflammation which precedes and correlates with
obesity and insulin resistance in mouse. PLoS One 5:e12191

Dominguez-Bello MG, Costell EK, Contreras M, Magris M, Hidalgo G, Fierer N, Knight R (2010)
Delivery mode shapes the acquisition and structure of the initial microbiota across multiple body
habitats in newborns. Proc Natl Acad Sci U S A 107:11971–11975

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

Greiner T, Backhed F (2011) Effects of the gut microbiota on obesity and glucose homeostasis.
Trends Endocrinol Metab 22:117–123

Heijtz RD, Wang S, Anuar F, Qian Y, Bjorkholm B, Samuelsson A, Hibberd ML, Forssberg H,
Pettersson S (2011) Normal gut microbiota modulates brain development and behavior. Proc
Natl Acad Sci U S A 108:3047–3052

Ikemoto S, Takahashi M, Tsunoda N, Maruyama K, Itakura H, Kawanaka K, Tabata I, Higuchi M,
Tange T, Yamamoto TT, Ezaki O (1997) Cholate inhibits high-fat diet-induced hyperglycemia
and obesity with acyl-CoA synthetase mRNA decrease. Am J Physiol 273:E37–45

Kahn BB, Alquier T, Carling D, Hardie DG (2005) AMP-activated protein kinase: ancient energy
gauge provides clues to modern understanding of metabolism. Cell Metab 1:15–25



180 F. Bäckhed

Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI (2011) Human nutrition, the gut
microbiome and the immune system. Nature 474:327–336

Ley RE, Bäckhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI (2005) Obesity alters gut
microbial ecology. Proc Natl Acad Sci U S A 102:11070–11075

Ley RE, Turnbaugh PJ, Klein S, Gordon JI (2006) Microbial ecology: human gut microbes
associated with obesity. Nature 444:1022–1023

Mandard S, Zandbergen F, Straten E van, Wahli W, Kuipers F, Muller M, Kersten S (2006)
The fasting-induced adipose factor/angiopoietin-like protein 4 is physically associated with
lipoproteins and governs plasma lipid levels and adiposity. J Biol Chem 281:934–944

Martin FP, Dumas ME, WangY, Legido-Quigley C,Yap IK, Tang H, Zirah S, Murphy GM, Cloarec
O, Lindon, JC, Sprenger N, Fay LB, Kochhar S, Bladeren P van, Holmes E, Nicholson JK
(2007) A top-down systems biology view of microbiome-mammalian metabolic interactions in
a mouse model. Mol Syst Biol 3:112

Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, Schilter HC, Rolph MS, Mackay F,
Artis D, Xavier RJ, Teixeira MM, Mackay CR (2009) Regulation of inflammatory responses by
gut microbiota and chemoattractant receptor GPR43. Nature 461:1282–1286

Membrez M, Blancher F, Jaquet M, Bibiloni R, Cani PD, Burcelin RG, Corthesy I, Mace K, Chou CJ
(2008) Gut microbiota modulation with norfloxacin and ampicillin enhances glucose tolerance
in mice. FASEB J 22:2416–2426

Midtvedt T (1974) Microbial bile acid transformation. Am J Clin Nutr 27:1341–1347
Muccioli GG, Naslain D, Bäckhed F, Reigstad CS, Lambert DM, Delzenne NM, Cani PD (2010)

The endocannabinoid system links gut microbiota to adipogenesis. Mol Syst Biol 6:392
Osei-Hyiaman D, Depetrillo M, Pacher P, Liu J, Radaeva S, Batkai S, Harvey-White J, Mackie K,

Offertaler L, Wang L, Kunos G (2005) Endocannabinoid activation at hepatic CB1 receptors
stimulates fatty acid synthesis and contributes to diet-induced obesity. J Clin Invest 115:1298–
1305

Osei-Hyiaman D, Liu J, Zhou L, Godlewski G, Harvey-White J, Jeong WI, Batkai S, Marsicano
G, Lutz B, Buettner C, Kunos G (2008) Hepatic CB1 receptor is required for development of
diet-induced steatosis, dyslipidemia, and insulin and leptin resistance in mice. J Clin Invest
118:3160–3169

Prawitt J, Abdelkarim M, Stroeve JH, Popescu I, Duez H, Velagapudi VR, Dumont J, Bouchaert
E, Dijk TH van, Lucas A, Dorchies E, Daoudi M, Lestavel S, Gonzalez FJ, Oresic M, Cariou
B, Kuipers F, Caron S, Staels B (2011) Farnesoid X receptor deficiency improves glucose
homeostasis in mouse models of obesity. Diabetes

Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, Nielsen T, Pons N, Levenez F,
Yamada T, Mende DR, Li J, Xu J, Li S, Li D, Cao J, Wang B, Liang H, Zheng H, Xie Y, Tap J,
Lepage P, Bertalan M, Batto JM, Hansen T, Le Paslier D, Linneberg A, Nielsen HB, Pelletier
E, Renault P, Sicheritz-Ponten T, Turner K, Zhu H, Yu C, Jian M, Zhou Y, Li Y, Zhang X,
Qin N, Yang H, Wang J, Brunak S, Dore J, Guarner F, Kristiansen K, Pedersen O, Parkhill J,
Weissenbach J, Bork P, Ehrlich SD (2010) A human gut microbial gene catalogue established
by metagenomic sequencing. Nature 464:59–65

Rabot S, Membrez M, Bruneau A, Gerard P, Harach T, Moser M, Raymond F, Mansourian R, Chou
CJ (2010) Germ-free C57BL/6J mice are resistant to high-fat-diet-induced insulin resistance
and have altered cholesterol metabolism. FASEB J

Reigstad CS, Lunden GO, Felin J, Bäckhed F (2009) Regulation of serum amyloid A3 (SAA3) in
mouse colonic epithelium and adipose tissue by the intestinal microbiota. PLoS One 4:e5842

Reimann F, Habib AM, Tolhurst G, Parker HE, Rogers GJ, Gribble FM (2008) Glucose sensing in
L cells: a primary cell study. Cell Metab 8:532–539

Reinhardt C, Reigstad CS, Bäckhed F (2009) Intestinal microbiota during infancy and its
implications for obesity. J Pediatr Gastroenterol Nutr 48:249–256

Saberi M, Woods NB, De Luca C, Schenk S, Lu JC, Bandyopadhyay G, Verma IM, Olefsky
JM (2009) Hematopoietic cell-specific deletion of toll-like receptor 4 ameliorates hepatic and
adipose tissue insulin resistance in high-fat-fed mice. Cell Metab 10:419–429



9 Gut Microbiota in Metabolic Syndrome 181

Samuel BS, Shaito A, Motoike T, Rey FE, Bäckhed F, Manchester JK, Hammer, RE, Williams SC,
Crowley J, Yanagisawa M, Gordon JI (2008) Effects of the gut microbiota on host adiposity are
modulated by the short-chain fatty-acid binding G protein-coupled receptor, Gpr41. Proc Natl
Acad Sci U S A 105:16767–16772

Sinal CJ, Tohkin M, Miyata M, Ward JM, Lambert G, Gonzalez FJ (2000) Targeted disruption of
the nuclear receptor FXR/BAR impairs bile acid and lipid homeostasis. Cell 102:731–744

Swann JR, Want EJ, Geier FM, Spagou K, Wilson ID, Sidaway JE, Nicholson JK, Holmes E
(2010) Microbes and Health Sackler Colloquium: Systemic gut microbial modulation of bile
acid metabolism in host tissue compartments. Proc Natl Acad Sci U S A

Thomas C, Pellicciari R, Pruzanski M,Auwerx J, Schoonjans K (2008) Targeting bile-acid signalling
for metabolic diseases. Nat Rev Drug Discov 7:678–693

Thomas C, Gioiello A, Noriega L, Strehle A, Oury J, Rizzo G, Macchiarulo A,Yamamoto H, Mataki
C, Pruzanski M, Pellicciari R,Auwerx J, Schoonjans K (2009) TGR5-mediated bile acid sensing
controls glucose homeostasis. Cell Metab 10:167–177

Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI (2006) An obesity-
associated gut microbiome with increased capacity for energy harvest. Nature 444:1027–1031

Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE, Sogin ML, Jones WJ,
Roe BA, Affourtit JP, Egholm M, Henrissat B, Heath AC, Knight R, Gordon JI (2009) A core
gut microbiome in obese and lean twins. Nature 457:480–484

Uribe A, Alam M, Johansson O, Midtvedt T, Theodorsson E (1994) Microflora modulates endocrine
cells in the gastrointestinal mucosa of the rat. Gastroenterology 107:1259–1269

Velagapudi VR, Hezaveh R, Reigstad CS, Gopalacharyulu PV, Yetukuri L, Islam S, Felin J, Perkins
R, Boren J, Oresic M, Bäckhed F (2010) The gut microbiota modulates host energy and lipid
metabolism in mice. J Lipid Res 51:1101–1112

Vijay-Kumar M, Sanders CJ, Taylor RT, Kumar A, Aitken JD, Sitaraman SV, Neish AS, Uematsu
S, Akira S, Williams IR, Gewirtz AT (2007) Deletion of TLR5 results in spontaneous colitis in
mice. J Clin Invest 117:3909–3921

Vijay-Kumar M, Aitken JD, Carvalho FA, Cullender TC, Mwangi S, Srinivasan S, Sitaraman SV,
Knight R, Ley RE, Gewirtz AT (2010) Metabolic syndrome and altered gut microbiota in mice
lacking Toll-like receptor 5. Science 328:228–231

Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, FeldsteinAE, Britt EB, Fu X, Chung
Y-M, Wu Y, Schauer P, Smith JD, Allayee H, Tang WHW, Didonato JA, Lusis AJ, Hazen SL
(2011) Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature
472:57–63

Watanabe M, Houten SM, Mataki C, Christoffolete MA, Kim BW, Sato H, Messaddeq N, Harney
JW, Ezaki O, Kodama T, Schoonjans K, Bianco AC, Auwerx J (2006) Bile acids induce energy
expenditure by promoting intracellular thyroid hormone activation. Nature 439:484–489

Watanabe M, HoraiY, Houten SM, Morimoto K, Sugizaki T, Arita E, Mataki C, Sato H, Tanigawara
Y, Schoonjans K, Itoh H, Auwerx J (2011) Lowering bile acid pool size with a synthetic FXR
agonist induces obesity and diabetes through reduced energy expenditure. J Biol Chem

Wikoff WR, Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC, Siuzdak G (2009) Metabolomics
analysis reveals large effects of gut microflora on mammalian blood metabolites. Proc Natl Acad
Sci U S A 106:3698–3703

Wostmann BS (1973) Intestinal bile acids and cholesterol absorption in the germfree rat. J Nutr
103:982–990

Xu J, Gordon JI (2003) Inaugural Article: Honor thy symbionts. Proc Natl Acad Sci U S A
100:10452–10459

Xu J, Bjursell MK, Himrod J, Deng S, Carmichael LK, Chiang HC, Hooper LV, Gordon JI (2003) A
genomic view of the human-Bacteroides thetaiotaomicron symbiosis. Science 299:2074–2076

Yoshida K, Shimizugawa T, Ono M, Furukawa H (2002) Angiopoietin-like protein 4 is a potent
hyperlipidemia-inducing factor in mice and inhibitor of lipoprotein lipase. J Lipid Res 43:1770–
1772


	Part II Pathophysiology of Metabolic Syndrome
	Chapter 9 Gut Microbiota in Metabolic Syndrome
	9.1 Introduction
	9.2 Microbial Extraction of Energy and Storagein Adipose Tissue
	9.3 Microbial Modulation of Host Metabolism
	9.4 The Gut Microbiota and Obesity
	9.5 The Gut Microbiota as Modulator of Glucose Metabolism
	9.6 Systems Biology Approaches to Investigate HostMicrobial Interactions
	9.7 Using Metabolomics to Identify Microbial Metabolitesin Disease
	9.8 Targeted Approaches to Determine Microbial Regulationof Specific Classes of Metabolites
	9.8.1 Bile Acids
	9.8.2 Short Chain Fatty Acids
	9.8.3 Endocannabinoids

	9.9 Conclusions
	References





