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Abstract

The creative use of gnotobiotic animals, coupled with the development of modern metagenomic
sequencing platforms and metabolomic profiling of biospecimens, has bestowed new insight into the
remarkably intricate interface between the host mammal and its resident microbiota. As mutual
benefactors, each partner exhibits evidence of adaptation: the host provides a hospitable habitat,
giving consideration to its own species of origin, diet, genotype, geographical location, presence or
absence of disease, and use of medications; the microbiota, in turn, configures its constituency,
collective genome (microbiome), transcriptome, and metabolome to optimally suit its ecological
niche. In this review, we discuss the mechanisms through which the gut microbiota and its host
collaborate to regulate lipid metabolism, thereby influencing the metabolic response to nutrient intake
and ultimately, the development of obesity and associated diseases such as lipotoxicity. These studies
therefore demonstrate that the gut microbiota is an “environmental' influence whose synergistic
interdependence with its host strongly suggests that we are in fact “supraorganisms'.
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Introduction

During the past ~160 million years mammals have co-evolved with a vast and diverse microbial
community that colonizes our cutaneous and mucosal surfaces. Most of these microorganisms
reside within our gastrointestinal tracts, and their constituency is determined by host phylogeny
and diet [1,2]. The gut microbiota exhibits profound influence over a large number of host
(patho)physiological processes, including vitamin biosynthesis, muscosal immunity,
inflammatory bowel disease, and colorectal cancer (reviewed in [3—7]). Over the past five
years, animal and human studies have revealed remarkable microbial influences on host
metabolism, energy utilization, and storage. In this review, we will explore the interdependent
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relationship between the host and its microbial community in their collaborative effort to
coordinate extraordinarily vast metabolic processes.

The microbial community living within its mammalian host consists of an enormous number
of microorganisms (10-100 trillion), reaching a cell number that is potentially an order of
magnitude greater than all the eukaryotic cells that comprise the host itself [8]. The collective
genomes of these resident microorganisms (termed the microbiome) encode a vast arsenal of
gene products, which collectively provide a diverse range of biochemical and metabolic
activities that complements the host eukaryotic genome [9]. These activities potentially limit
the requirement for the evolution of functions encoded by the host's genome, and hence strongly
support the notion that we are in fact “supraorganisms' [10].

For the microbiota to thrive, it must consistently meet the dynamic needs of its individual
constituents, the community as a whole, and the host (upon which it is dependent for its
existence). Thus, it must constantly adapt to its ecological niche, achieving a balance between
what it gives to and receives from a host environment that is likely to vary widely within and
among individual hosts, based on common factors such as diet, illness, and the use of
antibiotics. The microbiota has a number of mechanisms through which it can adapt to an
inconsistent niche. Unlike its host's genome, the microbiome can change, often quite rapidly,
though modifications in the configuration of the microbial community. And like its host, the
microbiota can modify its transcriptome, metabolome, and proteome. The field of
metagenomics has transformed our understanding of the structure and remarkable
transformative capacity of the microbiota. The family of pathophysiological states that includes
obesity has provided a demonstrative window into the reciprocal relationship between host and
its dynamic symbionts.

1. The gut microbiota alters its configuration in obesity

Culture-dependent methods for enumerating the microbiota revealed a relationship between
gut microbes and obesity as early as 1981, when changes in the microbiota were recorded in
patients undergoing gastric bypass surgery [11]. Surgically-induced obesity in rats (via lesion
of the ventromedial hypothalamic nucleus) was also associated with changes in microbial
ecology [12]. These studies utilized elegant but incomplete methods to survey the microbiota:
culture-based methods reflect a minor proportion of the microbial community. The ability to
acquire a census of the microbiota and characterize the microbiome have been revolutionized
by utilization of molecular based methods based on the ribosomal 16S sequence. Enumerative/
comparative platforms include fluorescence in situ hybridization (FISH), competitive PCR,
quantitative PCR, restriction fragment length polymorphism (RFLP) mapping, and denaturing
(or temperature) gradient gel electrophoresis (DGGE/TGGE) [13]. High-throughput
sequencing has spawned the development of useful phylogenetic microarrays [14], but the most
robust method to capture the diversity of the microbiota has become multiplex pyrosequencing
[15].

Highly-parallel pyrosequencing technology allows the procurement of a vast amount of
sequencing data in single runs. The use of these platforms has been widely applied to two
methods for characterizing the microbiome: first, enumeration of the microbiota via sequencing
of variable regions of 16S rRNA-encoding genes, which are retrieved by PCR using primers
designed against flanking conserved regions [16]. This approach has revealed that while
diversely represented at the microbial species level among different humans or among
vertebrates, the vast majority of mammalian bacterial communities can be classified within
two bacterial divisions, or phyla: the Bacteroidetes and the Firmicutes [1,2]. A second method
that allows characterization of the microbiome is “shotgun' sequencing, which samples the
microbiome's composite sequence, without rigorously assigning sequences to a discrete
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member of the community [9]. A third method of using high-throughput sequencing to
characterize the microbiome is through the definition of the transcriptome, a “post-array’
platform that will become used widely in the near future [17].

Using the former two approaches, mouse and human models have revealed that the gut
microbiota robustly and rapidly shifts its membership and representation at the gene content
level in response to host adiposity and nutrient environment. Leptin-deficient (ob/ob) C57BI/
6 mice, which are genetically predisposed to develop severe obesity, harbor a microbiota that
possesses a significantly higher percentage of Firmicutes, and a correspondingly lower
percentage of Bacteroidetes, than their wild-type littermates [18]. Provision of a high-calorie,
high-fat/simple carbohydrate, obesity-inducing “Western' diet to wild-type mice effects
analogous shifts in the Firmicutes and Bacteroidetes divisions, with the provocation of a
“bloom’ in the clade Mollicutes, which belongs to the Firmicutes [19]. The same increase in
Firmicutes/Bacteroidetes ratio has also been observed in obese humans, compared to lean
controls; furthermore, this representation exhibits plasticity, as humans losing weight exhibit
a reduction in this ratio irrespective of the type of diet (fat or carbohydrate restricted [20]).
Mono- and dizygotic human twins concordant for obesity reveal closely-related microbiomes
with the fractional representation of Bacteroidetes directly correlated with leanness [21]. While
many features of these constituencies appear to be plastic, their effects could be long-lasting:
a comparative study using FISH revealed that the childhood representation of Bifidobacteria
(which belong to the phylum Actinobacteria) and Staphylococcus aureus may inversely and
directly, respectively, predict the development of adulthood obesity [22].

Results of shotgun sequencing of the microbiome support the hypothesis that shifts in microbial
ecology effect functional shifts in the microbiota that could contribute to the perpetuation of
the obese phenotype. Compared to lean wild-type littermates, the metagenome of ob/ob or
Western diet-fed wild-type mice is enriched in genes that encode the catabolism of complex
polysaccharides, including glycoside hydrolases [19,23]. Furthermore, the microbiota from
ob/ob possesses biochemical evidence that it may contribute to the predisposition to obesity:
cecal contents from ob/ob mice are enriched in short-chain fatty acids (SCFAS), the products
of fermentation of complex polysaccharides, compared to their wild-type littermates.
Transplantation of the microbiota from either conventionally-raised normal chow-fed ob/ob
donor mice, or Western diet-fed wild-type mice to GF wild-type C57BI/6 recipient mice causes
a greater increase in adiposity than that caused by transplantation of a microbiota from
conventionally-raised wild-type littermate donors that had been fed standard chow [19,23].

In addition to the effects of host genotype and diet, it is also important to consider the ability
of antibiotics to manipulate the microbiota, and how this influences obesity and obesity-related
disease. A recent 16S rRNA enumeration of human fecal samples revealed that a five day
course of orally-administered ciprofloxacin decreased the diversity of the community, to
varying extents among treated subjects. Recovery of the community was evident within four
weeks, but some taxa had not re-appeared as remotely as six months after treatment [24]. The
effects of antibiotic treatment are important to consider: treatment with a combination of
norfloxacin and ampicillin yields improvement in fasting serum glucose and tolerance to an
oral glucose challenge in ob/ob and diet-induced obesity mice [25,26]. Some of these changes
may be attributable to reductions in circulating lipopolysaccharide (LPS) levels, which
correlate with the development of obesity and insulin resistance [27-29].

The most effective therapy to invoke weight loss for refractory obesity in humans is bariatric
surgery [30]. Not surprisingly, 16S rRNA-based enumeration of stool reveals marked shifts in
microbial ecology of post-gastric bypass patients: obese subjects exhibit enrichment in
hydrogen gas-producing bacteria and hydrogen-consuming methanogenic archeons, which
may increase energy availability to the obese host, whereas lean and post-bypass subjects
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exhibit much lower numbers of these organisms [31-33]. The use of postoperative probiotics
to further “stack the deck' in favor of reducing the abundance of hydrogen metabolizing
organisms may provide incremental improvement in bariatric surgery patients [34].

2. The gut microbiota shapes the host metabolome

Much like metagenomics, the family of approaches used in metabolomics [35] has also
revolutionized our understanding host-microbial relationships [36]. The two general
approaches — proton nuclear magnetic resonance (NMR) and mass spectrometry (MS) — are
applied to biofluids and extracted tissue to generate high density spectra whose interpretation
is dramatically enhanced by computational algorithms and chemical database libraries. Mass
spectrometry is coupled to chromatographic separation, either in the vapor (gas
chromatography, GC) or liquid (LC) phase, and ionization of parental species is effected by
one of several methods, such or electron impact or electrospray ionization (see [37,38] for
review).

Comparative metabolomic analysis of biospecimens derived from GF versus colonized mice,
via proton NMR has revealed a large number of metabolites whose modification in the host is
attributable to the microbiota. Of note, proton NMR profiling of GF mice [39] reveals that
levels of phosphocholine and glycine are higher in the livers of GF mice, as are levels of bile
acids in the gut: this latter finding is not surprising since the gut microbiota is responsible for
bile acid deconjugation, which allows excretion [40]. The metabolite hippurate (benzoyl
glycine), a metabolite of phenylalanine, generated through coordinate reactions encoded by
the genomes of gut microbes and host, was found at reduced concentrations in the urine of GF
mice [39]. Urinary hippurate may be an important biomarker of hypertension in humans:
urinary levels have been reported to be inversely proportional to blood pressure [41].

The metabolic significance of the ability of the microbiome to influence phosphatidylcholine
metabolism was demonstrated by the use of proton NMR-based metabolomics [42]. The mouse
strain 129S6 is prone to develop an insulin resistant, non-alcoholic fatty liver disease
phenotype, particularly when fed a high-fat diet, compared to the Balb/C strain. Unbiased
proton NMR profiling revealed that circulating phosphatidylcholine levels were higher in high-
fat diet fed Balb/C (relatively insulin sensitive) mice than in 129S6 mice. In addition, high
levels of urinary methylamines, which are generated via choline metabolism by microbial
enzymes, were detected in high-fat diet fed 129S6 but not Balb/C mice. Therefore, the ability
of the microbiome in 129S6, presumably distinct from that in Balb/C, to divert choline from
host metabolic pathways could create supraorganismal metabolic cross-talk that mimics a
choline-deficient diet's ability to induce a fatty liver, insulin-resistant phenotype. The
exploration of the microbial architecture, both at the level of taxonomy and gene content, would
be an important mechanistic step to underscore the importance of these findings. These findings
have been extended to humans, which showed a relationship between urinary methylamines
and community structure [43].

A recently published study employed complementary separation techniques (GC and LC)
coupled with diverse ionization platforms to chemically profile plasma from GF and colonized
mice [44]. The differences were striking: hundreds of metabolite “features' (which includes
metabolites, isotopic variations of metabolites, and a small proportion of artifactual adduct
ions) were unique to the GF or colonized state (mostly the latter), and approximately 10% of
those features present in both conditions were changed by >50% in concentration between
conditions. Notable changes were observed in the indolamine pathway (tryptophan and
serotonin metabolism) and in phase Il (conjugation of sulfate and glycine) drug/metabolite
sym-xenobiotic pathways, each set of changes illustrating a very important point: mutualistic
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metabolite exchange between enzymatic activities encoded within the host genome and those
encoded by the microbiome. [45].

3. The gut microbiota promotes increased energy harvest from the gut

The gut microbiota may increase energy absorption from the gut by indirect mechanisms (e.g.
gut transit time) or direct mechanisms: (1) increasing glucose uptake, (2) fermenting
polysaccharides to SCFAs, and (3) modulating lipid absorption. Whereas glucose and acetate
are substrates for lipogenesis, dietary triglycerides provide peripheral organs with fatty acids.
In order to accommodate the increased nutrient absorption, colonization of the gut is associated
with a dramatic increase in microvascular density in the lamina propria of small intestinal villi
[48].

3.1 Modulation of glucose absorption

Sugars are ingested in the form of mono- and disaccharides and more complex carbohydrates.
The gut microbiota is important for degradation of polysaccharides, but can also directly affect
monosaccharide (e.g. glucose) absorption. Colonization of GF mice leads to a two-fold increase
in intestinal glucose absorption [47]. Increased glucose absorption is associated with elevated
small intestinal Glutl expression following colonization of GF mice with Bacteroidetes
thetaiotaomicron, a prominent human gut symbiont [48]. The underlying molecular
mechanism for microbial regulation of intestinal glucose transporters remains to be identified.

3.2 Fermentation of short chain fatty acids

Many dietary complex polysaccharides escape digestion in the small intestine and are
metabolized by the colonic gut microbiota [49]. Although ruminants produce the highest
amount of SCFAs in the animal kingdom, the human gut microbiota contributes to significant
levels of SCFAs in the portal circulation (~375 umol/l). Acetate, propionate, and butyrate are
the main SCFAs and are commonly found at molar ratios ranging from ~75:15:10 to 40:40:20
[50]. Highly fermentable polysaccharides tend to result in high propionate:acetate ratio,
whereas high fiber diets increases the proportion of acetate [49]. Most microbially-produced
butyrate, and significant amounts of propionate, are used by the colonocytes as energy
substrates and for synthesis of membrane lipids. The remaining propionate is used for
gluconeogenesis in the liver, and it has been estimated that ~7% of the synthesized glucose
can be traced to colonic propionate [51]. Acetate is used by the liver (humans) and liver and
adipose tissue (rodents) as a substrate for lipogenesis. Provided sufficient reducing power in
the form of NADPH, the calculated efficiency for acetate for lipogenesis is high (~80%) [49].
As noted above, obese mice [19,23] exhibit increased capacity for gut luminal SCFA
production, suggesting that the gut microbiota may affect lipid metabolism and obesity by
increasing substrates for energy metabolism in the liver and peripheral tissues.

3.3 Lipid absorption from the gut

Dietary lipids are absorbed in the proximal small intestine. After a meal, bile acids are released
into the duodenum, which facilitates emulsification and absorption of dietary lipids. Bacteria
modify the bile acids by deconjugation and hydroxylation in the distal intestine, which affects
their hydrophobicity [52,53]. Thus an altered intestinal bile acid composition may affect lipid
absorption. Surprisingly, administration of a lipid bolus to GF and conventionally raised mice
did not demonstrate altered lipid absorption in the absence of a gut microbiota (Velagapudi,
Hezaveh, Reigstad, Gopalacharyulu, Felin, Yetukuri, Borén, Oresi¢, and F. B. submitted). This
may in part be explained by the ability of the microbiota to increase gut transit time [54,55],
which could compensate for relatively reduced absorption rates compared to GF mice.
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4. Microbial modulation of peripheral lipid metabolism

4.1 Serum

4.2 Liver

In addition to effects on energy absorption from the gut, the microbiota affects lipid
composition and metabolism in serum, liver, and peripheral organs. These effects occur
indirectly, through modulation of gut hormones, and directly, e.g. through microbial
modification of gut-derived lipids.

Triglycerides are packaged and transported in serum as (1) chylomicrons, which transport
dietary triglycerides from the intestine; and (2) very low-density lipoproteins (VLDL), which
transport hepatic triglycerides from the liver to adipose tissue [56]. GF mice have increased
serum triglyceride levels after a short 4 hour fast ([57]. Lipoprotein lipase (LPL) is a key
regulator of fatty acid release from triglyceride rich lipoproteins in muscle, heart, and fat, and
the enzyme is regulated by nutritional status; fasting reduces and refeeding increases enzyme
activity [58,59]. Increased adipocyte LPL activity leads to increased cellular uptake of fatty
acids and may affect lipid storage. Interestingly, the gut microbiota affects LPL activity and
lipid clearance, at least in part, by down-regulating intestinal expression of a potent LPL
inhibitor, Angiopoietin-like protein 4 (Angptl4; also known as fasting-induced adipose factor),
which results in increased LPL activity [47]. Thus it is likely that the gut microbiota affects
serum triglyceride levels predominantly by modulating triglyceride clearance, which is
supported by our finding that we did not observe any significant differences in the rate of free
fatty acid absorption following an oral bolus of olive oil in overnight fasted GF and
conventionally raised mice maintained on a normal chow diet [57].

The portal vein drains the gut and transports nutrients from the intestine to the liver, which is
the primary organ responsible for de novo synthesis of triglycerides. Increased intestinal
glucose absorption in colonized mice can stimulate lipogenesis either directly, through the
transcription factor carbohydrate response element binding protein (ChREBP) [60], or by
increased insulin levels through sterol response element binding protein 1 (SREBP-1) [61]:
colonization of GF mice induces hepatic expression of both ChREBP and SREBP-1. In
addition, expression of downstream target genes acetyl-CoA carboxylase (Accl) and fatty acid
synthase (Fas), which are rate-limiting enzymes for lipogenesis, are also increased by
colonization. The increase in de novo synthesis is reflected by increased levels of liver
triglycerides in colonized mice [47].

4.3 Muscle — skeletal and cardiac

The microbiota dynamically shapes the metabolic reactions within the host gut and liver, which
is reflected in the circulating blood, and excreted urine. These changes in the metabolite profile
may influence the development of obesity and insulin resistance. How can skeletal muscle and
heart serve as reporters of these microbial activities? Very little experimentation has yet
addressed this question, which is important, because it will allow the gut microbiota to teach
us previously unrecognized mechanisms through which metabolic disease is initiated and
perpetuated. Skeletal muscle (gastrocnemius) of Western diet-fed GF mice exhibits evidence
of increased rates fatty acid oxidation compared to that of colonized mice: in GF mice, levels
of AMP, phosphorylated AMP-activated protein kinase (a subunit) levels, and consequently,
phosphorylated acetyl-CoA carboxylase levels are increased, leading to increased carnitine
palmitoyl transferase activity [57].

Until recently, little was known about the effects of the microbiota on the myocardium. Relative
to body size, the heart of the GF mouse or rat is slightly small, compared to colonized animals
[62,63]. Given the ability of the microbiota to influence host metabolism and insulin resistance,
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plus the profound relationship among insulin resistance, nutrient delivery, myocardial substrate
metabolism, and cardiac phenotypes [64—66], it is not surprising that the myocardium and its
substrate utilization are influenced by the relationship between the coordinated metabolic
activities encoded by the microbiome and those by the host genome. Because the heart is
entirely dependent on the gut and liver for nutrient acquisition, processing, and delivery, it
serves as an excellent reporter of integrated metabolic homeostasis.

Nutrient deprivation induces biochemical and physiological responses across organ systems,
requiring orchestrated and complementary responses. After only 24 hours of nutrient
deprivation in mice that had been maintained on standard polysaccharide-rich chow, the
fractional representation of Bacteroidetes within the cecal microbiota of mice dramatically
increases, with a concomitant decrease in the proportion of Firmicutes present, demonstrating
the microbiota's remarkably dynamic plasticity [67]. After a 24h fast, the livers of GF mice
mount a diminished ketogenic response, compared to colonized mice, which partially deprives
the heart of an important myocardial substrate pool during nutrient deprivation. To maintain
cardiac functional capacity, hearts of starved GF mice compensate by increasing glucose
oxidation. When GF mice are “forced' to generate ketone bodies by feeding them a very low
carbohydrate ketogenic diet, their reduction in myocardial mass is reversed [67]. These studies
indicate that gut microbial manipulation influences metabolism among organ systems.

4.4 Adipose tissue

The presence of a gut microbiota does not alter expression of key adipogenic and lipogenic
genes in adipose tissue. Instead, conventionally raised mice have decreased LPL activity and
increased fat storage due to adipocyte hypertrophy. The increased fat storage is positively
correlated to leptin levels, which may indicate a state of relative leptin resistance [47]. In the
absence of leptin action overnutrition causes accumulation of triglycerides in nonadipose
tissues with resulting lipotoxicity, which may lead to diseases such as type 2 diabetes,
cardiomyopathy, and insulin resistance [68].

Obesity and increased adipocyte size are associated with macrophage infiltration and elevated
levels of inflammatory markers [69,70]. As discussed above, a recent study indicates that LPS,
which is derived from the outer membrane of Gram negative bacteria, may contribute to
increased adipose mass and elevated expression of pro-inflammatory markers in adipose tissue
[29]. Thus both increased nutrient absorption and elevated levels of LPS may contribute to
increased adipose mass and thus suggest a link between the gut microbiota, lipid accumulation,
and inflammation. Further support for this association derives from the increased expression
of serum amyloid A 3 (SAA3) in adipose and colonic tissue of conventionally raised mice
[71]. Adipose tissue-derived SAA3 confers monocyte chemotactic activity [72] and may play
a role in metabolic inflammation associated with obesity and insulin resistance [73].

5. Conclusion and perspective

The tools offered by insightfully-designed metabolic and physiological, metagenomic, and
metabolomic studies have exponentially expanded our insight into metabolic host-microbial
mutualism, plus how these shared relationships are important players in the development of
obesity and obesity-related disease. Critical questions are raised by these findings. Perhaps
most importantly, what host factors, in addition to diet, determine the constituency of the
microbiota in an individual host? Host species is a critical influence [1,74], but critical
differences in community structure may exist based on ethnicity within a species [43]. Clearly,
features of host muscosal nutrient environment and provision [75], as well as host mucosal
immunity [76] collaboratively orchestrate a community structure that confers maximal mutual
beneficence. It will also be important to advance our ability to identify individual species, or
more likely, microbial sub-communities, including those in scant minority, that nonetheless
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can be robustly correlated to biomolecular signatures within host biological specimens.
Resolution of the determinants and consequences of spatio-temporal variations in community
structure in a given host will undoubtedly advance our understanding of the mechanisms that
establish a habitat within the gut. How does the microbiome change in a given individual over
time? How does the constituency of the microbiota in the proximal small intestine differ from
that of the colon, and what are the metabolic consequences?

Metagenomic analyses have revealed that there may be functional redundancy within the
microbiome [24], and that a “core microbiome' exists in all of us, not necessarily at the level
of microbial species, but rather at the level of collective function, as predicted by the assembled
genes within the microbiome [21]. The functional capacity of the microbiome is therefore
determined by host genetic and environmental factors: the ability to manipulate the
microbiome, using probiotics, prebiotics, [77-79] or perhaps genetically, using bacteriophage,
could provide a set of immensely powerful reagents that encourage therapeutic adaptation of
the core microbiome into a maximally mutualistic partner to our genome in conditions such as
inflammatory bowel disease and obesity.
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Fig. 1. The gut microbiota affects host lipid metabolism

The gut microbiota affects lipid uptake and chylomicron formation by modulating bile acid
transformations and gut transit time. Furthermore the gut microbiota is instrumental in
fermenting complex polysachharides to short chain fatty acids that may act as a lipogenic
substrates in the liver. In addition, the gut microbiota suppresses expression of Angiopoietin-
like protein 4 (Angptl4) in the intestinal mucosa, which increases LPL mediated triglyceride
storage in adipose tissue and reduces serum triglyceride levels. Angptl4 also promote fatty acid
oxidation by a yet unidentified receptor.
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