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Abstract

Gut microbiota have recently been implicated in the pathogenesis of the obesity and its related
metabolic diseases. Avariety of factors including diet, genetic background, environment and host
innate and adaptive immune responses define an individual’s gut microbiota. In this review we
outline potential mechanisms by which gut microbiota can contribute to the development of
obesity focusing on specific processes such as microbial energy extraction, microbiota induced-
inflammation and regulation of appetite. We review the current understanding of each of these
processes on regulating metabolism and examine potential therapeutic strategies for the treatment
or prevention of the metabolic syndrome. We explore the hypothesis that alteration in gut
microbiota may be an initial event leading to altered feeding behavior and/or systemic
inflammation, ultimately leading to weight gain and the metabolic syndrome.
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Obesity is a growing epidemic in many developed and developing countries including the
United States (1, 2). The prevalence of obesity in adults has increased more than 75% since
1980 with currently more than half of the US population is overweight (2). At its simplest
level, obesity stems from an alteration in energy balance that can result from increased
energy intake and/or reduced expenditure thus favoring energy storage. Factors that can
promote this imbalance are widely appreciated to include genetics, high-fat food, high-
fructose diet, and physical inactivity (3, 4). Less appreciated, and the focus of this brief
review, is the possibility that the gut microbiota might play a role in the pathophysiology of
obesity (5-7).

The human gastrointestinal (Gl) tract harbors a large diverse community of bacteria
collectively referred to as the gut microbiota, which is increasingly appreciated to play an
intricate role in health and well-being, particularly in terms of digestive health and immune
function (8). The study of the entire microbial communities using metagenomics approaches
estimates that gastrointestinal tract in an adult human contains approximately 102 micro-
organisms per milliliter of luminal content and harbors approximately 15, 000 species of
bacteria (9). Amongst these species, Bacteriodetes and Firmicutes, account for more than
90% of all the phylotypes of colonic bacteria. Methanobrevibacter Smithi is a hydrogen
consuming methanogen that dominates the Archae domain of gut microbiota. The gut
microbiome is established during the first year of life and is influenced by multiple host and
external factors including diet and antibiotics. Recent studies show that obese and lean
people are different in their gut microbiota composition, specifically in the proportion of
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Bacteriodetes and Firmicutes. In obese people the Firmicutes are dominant and when they
lose weight, the proportion of Firmicutes become more like lean people (10). Some studies
have demonstrated that gut microbiota have a substantial correlation with obesity through
regulation of metabolism (5, 7, 10, 11). This review explores the recent advances in
understanding the role of gut microbiota in pathogenesis of obesity and regulation of satiety.
Specifically, we review some of the major processes by which gut microbiota can influence
weight gain, including modulation of the inflammatory response to microbiota, nutrient
extraction of calories by microbiota and also microbial influence of satiety through the
brain-gut axis.

Role of Gut Microbiota in Energy Harvesting

Gut microbiota are involved in energy harvest through breaking down complex dietary
macromolecules, synthesizing micronutrients, fermenting indigestible food substances,
assisting in absorption of electrolytes, and growth and differentiation of the intestinal and
colonic epithelium through regulating the diverse aspects of cellular differentiation and gene
expression (8, 12). Such bioactivities result in the microbiota regulating nutrient acquisition
and energy extraction. The gut microbiota provides enzymes involved in the utilization of
non-digestible carbohydrates, cholesterol reduction and biosynthesis of vitamins (K and B
group), isoprenoids and amino acids (e.g. lysine and threonine) (8, 12). In particular, the
ability of the commensal microbiota to utilize complex dietary polysaccharides which would
otherwise be inaccessible to human subjects, to generate short-chain fatty acids (SCFA)
seems to contribute to the ability of the host to harvest energy from the diet (5). In addition,
the commensal microbiota and its metabolites regulate the expression of genes involved in
the processing and absorption of dietary carbohydrates and complex lipids in the host
adipose tissue, favoring fat storage. Gut microbiota can also modulate serum lipids by taking
part in bile acid metabolism (5, 13, 14).

Gut microbiota can facilitate extraction of calories from ingested dietary substances that can
then be stored as adipose tissue or provide nutrients for microbial growth. The greater the
energy extraction efficiency of the microbiota the more predisposition an individual may
have towards the development of obesity (15). Studies conducted in germ-free animals,
indicate gut microbiota have a profound influence on the onset and progression of human
disease such as obesity and particularly, energy regulation and fat storage (5). This is
thought to be achieved by diverse mechanisms including improvement of diet macronutrient
utilization, generation of metabolites involved in energy balance and regulation of host gene
expression. Backhed et al. demonstrated that conventionally reared mice have a 40% higher
body fat content than germ-free mice even though they consume less food than their germ-
free counterparts (5). Colonization of germ-free mice with microbiota from normal mice
resulted in a 60 % increase in total body fat (5, 6). The microbial colonization increased the
host’s ability to both harvest energy from the diet and store this energy in adipocytes.
Specifically, the microbiota promoted absorption of monosacharrides from the gut through
activation of the signaling protein ChREBP. There was also an increase in hepatic
lipogenesis due to an increase in the expression of LPL and SREBP-1, genes influencing
fatty acid synthesis. Microbiota from genetically obese leptin deficient mice, the ob/ob mice,
contained genes encoding enzymes that break down indigestible dietary polysaccharides.
Transferring the bacteria from the ob/ob mice to germ free mice led to greater fat gain
compared to mice receiving microbiota from the lean mice (11).

Thus, by fermentation of indigestible dietary polysaccharides, increased intestinal absorption
of monosaccharides and short chain fatty acids and increased hepatic lipogenesis, microbiota
can influence the development of obesity. In a study examining energy harvesting in lean
and obese individuals fed varied caloric diets, it was noted that an increase energy harvest
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correlated with the predominance of a Firmicutes and a reduction in Bacteriodetes,
demonstrating the cross talk between the nutrients and flora ultimately modulating nutrient
assimilation (16).

Methanogenic Archaea can also contribute to increased energy extraction. In a study by
Samuel and Gordon they found that colonization with Methanobrevibacter Smithii increased
the efficiency of energy extraction from dietary polysaccharides and consequent adiposity
(17). Thus M. Smithii could be a potential therapeutic target for reducing energy harvesting
in obese humans.

Role of gut microbiota in inflammatory signaling influencing obesity

Acomplex mucosal immune system defends the intestine from potentially pathogenic
bacteria that can be members of the gut microbiota. Indeed, one of the powerful triggers for
inflammation is the presence of microorganisms in sites where they do not belong.
Emerging evidence over the past decade has shown that systemic, hepatic or adipose tissue
inflammation can be one of the crucial mechanisms in the development of obesity-
associated insulin resistance, T2DM and related diseases (18). Diabetes, the metabolic
syndrome, and obesity are metabolic diseases which based on recent demonstration are
associated and characterized by low-grade systemic inflammation (19-22). By regulating
gut microbiota innate immunity may influence metabolism and the development of obesity.
Recently we have shown a strong relationship between metabolic syndrome and Toll-like-
receptor (TLR5). TLR5 is a transmembrane protein that is highly expressed in intestinal
mucosa and that recognizes bacterial flagellin. Loss of TLR5 (T5KO) resulted in an
alteration in the gut microbiota which is responsible for low grade inflammatory signaling
(7). These mice were 20% greater in weight than their WT counterparts and had all the
features of insulin resistance and resultant metabolic syndrome. This phenotype was
worsened when the TSKO mice were fed a high fat diet. There were no differences in energy
harvesting in these mice as assessed by bomb calorimetry and short chain fatty acids.
Treatment of the T5KO mice with antibiotics for three months reversed the metabolic
syndrome. Finally transferring of gut microbiota from T5KO to wild-type germ-free mice
resulted in development of most features of metabolic syndrome to the recipients (7).
Comparison of the composition of microbiota in WT and T5KO mice demonstrated a
significantly different species composition between the two groups of mice. The conclusion
from this series of experiments was that loss of TLR5 resulted in low grade inflammation
leading to insulin resistance and subsequent hyperphagia and the development of the
metabolic syndrome. Microbiota that initially colonize the human gut may be one of the
factors that determines the ultimate metabolic phenotype of an individual.

Another study linking obesity and inflammation relates to Toll like receptor 4 and its ligand
Lipopolysaccharide. Cani et al, demonstrated another mechanism linking the gut microbiota
to the development of obesity. They hypothesized that bacterial lipopolysaccharide (LPS)
which is an important structural component of Gram-negative bacteria cell walls, acts as a
triggering factor linking systemic inflammation to high-fat diet-induced metabolic syndrome
(23). They found that mice injected with LPS showed increased weight gain and insulin
resistance without affecting the energy intake (23). High plasma LPS levels could result
from an increased production of endotoxin due to in the gut microbiota (24). High-fat
feeding significantly changes gut microbiota composition (24-26), specifically resulting in a
decreased number of Bifidobacteria, a group of bacteria which has been shown to reduce
intestinal LPS levels in mice and to improve the mucosal barrier function (25, 27, 28). In
addition, it has been shown that higher levels of serum free fatty acids (FFAs) play a role in
intestinal inflammation and activate pro-inflammatory pathways (29, 30). Further, FFAs
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activate Toll-like receptor 4 (TLR4) signaling in adipocytes and macrophages, and can
induce metabolic inflammation (31).

In another study examining the effects of high fat diet, de al Serre et al, demonstrated that
high-fat diets induces changes in the gut microbiota, but it is the development of
inflammation that is associated with the appearance of hyperphagia and obesity phenotype.
The high-fat diet led to alteration in microbial flora and resultant changes in intestinal
alkaline phosphatase and TLR4 expression. In particular, the obesity prone rats had
increased expression of TLR4, increased ileal inflammation, altered tight junctions,
increased epithelial permeability and plasma LPS levels. It was postulated that increased
serum LPS levels could then influence insulin resistance leading to the metabolic syndrome
(32). Overall, although the relative role of these mechanisms in promoting gut inflammation,
and consequently metabolic disease, in human disease remain undefined, such mechanisms
are plausible contributors to metabolic disease.

Gut microbiota regulation of the Brain-Gut axis

The hypothalamus and the brain stem are sites of central regulation of appetite. Satiety
signals include various hormones, neuropeptides as well as the constant bidirectional
communication between the gut and the brain called the brain-gut axis. The brain-gut axis is
a multi-component conceptual model describing the communication pathways connecting
the brain with gut, enteric nervous system and the immune system (33). The impact of gut
microbiota on behavior and central nervous system (CNS) function is a new research area
(34), and the idea that microbiota may signal beyond the gut to the brain is supported by
some studies that showed the gut microbiota could activate vagal sensory neurons and
regions of the brain associated with central autonomic network (35-38). Gut microbiota,
through developmental programming, a process whereby an environmental factor impact on
structure and function of an organ, could affect other organs functionality (8, 39, 40).
Recently a study demonstrated modulation of brain development by gut microbiota (41).
Thus, one can postulate that the host microbiota can influence the development of the central
regulation of appetite and satiety. The brain receives signals from gastrointestinal tract
through sensory nerves, a classical example being, gastric vagal simulation or balloon
distension induced satiety (42). The vagal afferent pathway is a major neural pathway
conveying information from gastrointestinal luminal contents to the brain and thereby
influencing gastrointestinal motility and feeding behavior. It has been shown that systemic
endotoxemia can lead to changes in neuronal function including vagal afferent neurons (43—
45). In a model of chronic infection with Helicobacter pylori, altered feeding behavior was
noted two months after eradication of infection, implying a role for gastric inflammation
regulating feeding behavior (46). In addition to gut microbiota regulating feeding behavior,
the brain can in turn influence the colonization of the gut. The hypothalamic—pituitary—
adrenal (HPA) axis is the central neuorendocrine pathway in man and activation of this axis
takes place in response to a variety of physical and psychological stressors. Studies in germ
free mice have demonstrated an exaggerated stress response that can be reversed with fecal
recolonization (Sudo et al). In animal models of stress differences in gut microbiota have
been noted (47). Studies on gut microbiota regulation of satiety through the brain-gut axis
are ongoing and more research is needed to understand the exact mechanism of this pathway
of microbiota regulation of feeding behavior.

Manipulating the gut microbiome- Therapeutic Strategies for Obesity

Alteration of gut microbiota through administration of probiotics and prebiotics can
modulate weight gain (48). Cani et al found that in the presence of prebiotic oligofructose,
there was an increase in Bifiobacterium spp. Further there was a reduced impact of high fat
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diet induced metabolic endotoxemia and inflammatory disorders. This was achieved by
preventing increased gut permeability through increased synthesis of GLP2 (49, 50). GLP2
is associated with intestinal growth and adaptation. In another study administration of
prebiotics (inulin and oligofructose) resulted in increase in the lactobaccilus species and
bifidobacterium species numbers and in addition there was an increase in satiety hormones
GLP-1 and PYY(51). Reduction in the load of microbiota with broad spectrum antibiotics
can prevent diet-induced obesity through reduction in adipose tissue inflammation, oxidative
stress, and macrophage infiltration in high-fat diet—fed mice. This supports the idea of
modulation of gut microbiota as a therapeutic strategy (25, 52).

Future Directions

Summary

Further insights into the human microbial community can help us understand the generation
of varied metabolic phenotypes. The human microbiota is shaped by the diet that is
consumed (53), the host innate and adaptive immunity, host genetics and other factors
influencing its environment. Gnotobiotic mice can help us understand the role of specific
microbiota in influencing metabolic phenotypes. Kau et al report new strategies to transplant
human gut microbiota to gnotobiotic mice(54). Using these models, the effects of diet,
physical activity, stress, innate and adaptive immunity on microbiota can be carefully
assessed and seem to play an interrelated role in regulating weight gain. Ongoing studies
involving transfer of human microbiota from specific communities around the world to
identify metabolic phenotype patterns are being performed (55). These “humanized”
gnotobiotic animals can be important tools for understanding the role of diet and genetics in
regulating obesity. Lastly, placebo-controlled trials have been initiated in humans to
examine if microbiota transplants can improve metabolic health (56).

In summary with the rapidly spreading obesity epidemic new strategies for the prevention
and treatment are critical. Understanding the role of gut microbiota in regulating metabolism
can provide new targets for therapy. Microbiota can influence weight gain by enhancing
energy extraction, creating a smoldering inflammatory response and by enhancing food
intake through stimulation of the brain gut axis. Future studies to identify specific bacterial
species or populations associated with a lean or obese phenotype can help in directing
obesity therapy by altering the human microbiome.
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Figure 1.

Schematic diagram of proposed mechanism of gut microbiota regulation of obesity. A
variety of factors shape the human gut microbiota. The microbiota in turn can influence
metabolic pathways by modulating energy extraction, inflammation and satiety, leading to
the development of obesity. Abbreviations: SCFA: Short chain fatty acids; SREBP-1: Sterol
Regulatory Element Binding protein-1; ChREBP:Carbohydrate Response Element Binding
Protein; NPY: Neuropeptide Y; PYY: Peptide YY; GLP-1: Glucagon Like peptide-1; TLR4:
Toll-like receptor 4, TSKO: TLR5 Knock out; LPS: Lipopolysaccharide
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