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Exploiting the Gut to Treat Obesity

ABSTRACT

The current obesity pandemic is due to interplay of
genetic, epigenetic and environmental factors. It is now
increasingly realised that the gut plays an important role
in energy homeostasis; and impairment in its functioning
results in obesity. Three major players from the gut gastrointestinal peptides, gut microbiota and bile acids
are involved in energy homeostasis. Structural and
functional changes of the above three have been observed
in obesity. Thus, exploiting these pathophysiologic factors
to develop the pharmacotherapeutic agents to correct the
defect is the major cornerstone of obesity management.

INTRODUCTION

Obesity is global pandemic today, accelerating at an
alarming speed. Between 1980 and 2014 the prevalence
of obesity doubled. In 2014, according to the World
Health Organization 1.9 billion adults were overweight,
of which 600 million were obese1. In the same report, 41
million children under the age of 5 years were overweight
or obese. According to the ICMR-INDIAB-3 study the
predicted prevalence of generalised and abdominal
obesity in India was 135 and 153 million respectively2.
This pandemic threatens to nullify all the achievements
mankind has achieved so far in the field of medical science
in the past centuries. For this pandemic to be contained
and managed effectively we need to understand why
obesity occurs.
Obesity is a very complex disease. Our current ‘obesogenic’
lifestyle definitely has a big role in precipitating this
pandemic. However obesity arises from interplay of
various factors including, but not limited to, genetic,
epigenetic and environmental factors. Environmental
influences can have effects from as early as intrauterine
life continuing throughout the life-span of an individual.
Thus early life environment like mother’s health and
disease, mode of delivery, mode of feeding, exposure
to antibiotics and later life environment like diet and
physical inactivity interact in a very diverse way to result
in obesity. Environment has a major role in influencing
genetic expression or epigenetics.

ROLE OF THE GUT IN ENERGY HOMEOSTASIS

Our Gut is Programmed to Increase Efficiency of Nutrient
Extraction

Our gastrointestinal tract (the gut) is the only ‘natural
and normal’ route through which we get calories
and nutrients for our survival. From an evolutionary
perspective the gut is programmed and modified in
such a way so that maximum nutrient is extracted from
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the food we consume. This ‘effectiveness’ of the gut was
necessary for survival when food supply was scarce and
intermittent. But in today’s environment of excess and
continuous food supply the adaptations made by the gut
for survival becomes maladaptive. The gut does possess
corrective mechanisms to prevent ‘energy overload’ by
releasing peptide hormones that reduce appetite and
decrease energy extraction from the food we consume.
However, these corrective mechanisms are non-functional
in obesity, both as cause and effect of obesity.
Therefore ‘exploring’ and ‘exploiting’ the gut would be
an ideal, scientific and effective way to manage obesity.
A lot of our understanding about the role of gut in the
pathogenesis of obesity and thereby making it an ideal
target for obesity management has emerged from the
impressive weight loss seen with bariatric surgery.
Bariatric surgery is associated with a number of operative,
post-operative and lifelong complications and thus can
never remain the permanent treatment of morbid obesity.
But the understanding of the science of energy homeostasis
from bariatric surgery remains the cornerstone for
development of novel pharmacotherapeutic agents for
the management of obesity.

Gut Peptides, Gut Microbiota and Bile Acids Play Major Role in
Energy Homeostasis

The important players in the gut that have a role in energy
homeostasis are i) gut hormones, ii) gut microbiota, and
iii) bile acids. Their proper functioning results in good
health and normal weight. But disturbance of these three
important players singly or in combination can give rise
to problems of either obesity or underweight. And thus,
targeting these three becomes an important therapeutic
tool for obesity.

GUT HORMONES: ROLE IN APPETITE AND WEIGHT
HOMEOSTASIS

Hypothalamus integrates Energy Signals and Respond
Accordingly

The body tries to maintain an intricate homeostasis of
energy stores and thereby of weight. The hypothalamus
plays the central role in this homeostasis by modifications
of food intake, energy expenditure and energy allocation
depending on signals it receives. The signals from the
periphery especially from the gut and adipose tissues,
tells the hypothalamus about the body’s energy reserve
and the hypothalamus respond accordingly. The
hypothalamus also receives supply from the cortical
and mesolimbic areas which are influenced by emotions,
behaviour and other factors.
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Long Term and Short Energy Signals Arise From Adipose Tissue
and Gut Respectively
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Signals from the periphery to the hypothalamus are of
2 major types: long term and short term energy reserve
signals3,4. The long term adiposity signals arise mainly
from the white adipose tissue in the form of leptin.
Insulin is also a long-term adiposity signal. When body
energy stores are increased leptin and insulin relay to the
hypothalamus to decrease energy intake and increase
energy expenditure3. Obesity is associated with both
leptin and insulin resistance5.
Short term peripheral signals regarding meal initiation
or termination arise from the gut in the form of hunger
or satiety signals. These signals reach the hypothalamus,
mainly at the arcuate nucleus (ARC) which is partially
permeable to the blood brain barrier6. In the ARC there
are two groups of neurons: appetite suppressing proopiomelanocortin (POMC) and appetite stimulating
agouti-related peptide (AgRP) and neuropeptide Y
(NPY) neurons7. These neurons project into the ventromedial and lateral areas of the hypothalamus involved
respectively in satiety and hunger8.

Appetite is Modulated by Two Major Mechanisms: Homeostatic
and Hedonic

Appetite is a complex issue and controlled by at least
two mechanisms: homeostatic and hedonic mechanisms9.
The homeostatic mechanism described above depends
on the body energy store and responds to correct any
imbalances in it. Thus ghrelin is released from the stomach
when energy stores are depleted, stimulating hunger
and promoting consumption of food10. Contact with
nutrients and distension of gut following eating, results
in the release of a number of gastrointestinal peptides
like glucagon-like peptide 1 (GLP-1), peptide YY (PYY),
pancreatic polypeptide (PP), cholecystokinin (CCK) and
oxyntomodulin (OXM) which delays gastric emptying
and suppresses appetite by central and peripheral
mechanisms11. The hedonic control of appetite is more
complex and is under the control of the mesolimbic
(reward) areas and others. This pathway is controlled
by emotion, taste, texture, colour and smell of food. This
pathway can continue to be active even when homeostatic
mechanism has replenished energy stores. However the
two mechanisms of appetite regulation are not exclusive
of each other and frequently interact. Thus ghrelin, a
hormone mainly acting via the homeostatic pathway also
stimulates the hedonic pathway12.

Gut Signals are Impaired in Obesity: Aim of Treatment is to
Replace the Defective Signals

Gut signals are impaired in obesity and bariatric
surgery acts by correcting this defect to a certain extent.
Modulation of gut hormone levels by pharmacotherapy
forms an important cornerstone of obesity treatment,
without the risks of bariatric surgery.
As discussed above, important gut hormones involved
in satiety are GLP-1, PYY, PP, CCK and OXM. GLP-1 is
released from the L cells of the small intestine and colon

in response to nutrients like glucose, amino acids and
fatty acids in the gut13. It promotes weight loss by central
mechanisms and peripheral mechanisms. Centrally it acts
directly on the hypothalamus causing an anorexigenic
effect and peripherally it slows gastric emptying resulting
in satiety. It also inhibits gastric acid secretion. It stimulates
glucose dependent insulin secretion and inhibits glucagon
secretion and therefore is a good anti-diabetic agent.
Obesity is associated with decreases in post-prandial
GLP-1 levels. However obese individuals respond well to
the anorexigenic effects of externally administered GLP-1
agonists14. Bariatric surgery has been shown to enhance
post-prandial GLP-1 response15. Endogenous GLP-1 has
a short half-life of around 5 minutes due to the effects of
dipeptidyl peptidase-IV (DPP-IV) enzymes. Long acting
analogues are already available for the treatment of
diabetes. Liraglutide, a long acting GLP-1 analogue at a
dose of 3mg subcutaneously daily has been approved by
the USFDA for the treatment of obesity.
PYY is a 36 amino acid polypeptide secreted from the L
cells of the intestine and belongs to the same family as
PP. PYY3-36 is the more active form of the peptide and acts
via the Y family of G-protein coupled receptors especially
Y216. Similar to GLP-1 it decreases appetite and induces
weight loss by peripheral and central mechanisms. Postprandial levels are low in obesity and levels of PYY3-36 rises
following bariatric surgery17. Nasal sprays of PYY3-36 have
shown modest weight loss in humans18. CCK, PP and OXM
are other gastrointestinal peptides released in response
to a meal and associated with weight loss by peripheral
and central mechanisms. CCK released from the jejunum
and duodenum was the first gut peptide known to affect
appetite in humans19. CCK receptor antagonists have
been studied in obese humans but the resultant weight
loss was unsatisfactory20. PP is secreted mainly from the
pancreas but also from L cells of the intestine and acts via
the Y4 receptor in the hypothalamus21. OXM is released
from the oxyntic cells of the stomach22. Like other gut
peptides they cause weight loss by central and peripheral
mechanisms and have also been found to increase energy
expenditure23,24. All the gut peptides described above are
low in obesity and rise to varying levels after metabolic
surgery.
Ghrelin is the only gut peptide that stimulates appetite25.
It acts via its growth hormone secretagogue receptor in
the hypothalamus and the brain. The expected fall in
post-prandial ghrelin levels does not occur in obesity
and hence hunger persists. In earlier studies bariatric
surgery was shown to decrease ghrelin levels. However
over the ensuing months after surgery, the ghrelin levels
continue to rise reaching pre-operative levels months
after surgery26. Ghrelin antagonists have been used in
experimentally induced obesity in mice resulting in
weight loss.
Following Roux-en-Y gastric bypass (RYGB), GLP-1
levels have been shown to rise by 10-fold a few days after
surgery27. Levels of other gut peptides especially PYY and
OXM increase after bariatric surgery. We have partially

exploited the gut peptides in the management of obesity,
but more needs to be done. Liraglutide is already being
used for the management of obesity. But a cocktail of gut
peptides especially GLP-1, PYY and OXM could mimic
many of the effects of RYGB on appetite, and could result
in weight loss similar to bariatric surgery without the
risks28.

i.

THE GUT MICROBIOTA: ROLE IN OBESITY PATHOGENESIS

The Size and Products of the Gut Microbiota is Impressive

The gut microbiota increases the efficiency of
energy extraction by the following mechanisms
i) intestinal absorption of monosaccharides and
short chain fatty acids (SCFA) after digestion of
non-digestible polysaccharides by gut microbiota.
Among the SCFA propionate serves as a precursor
for gluconeogenesis in the hepatocytes and acetate
serves as a precursor of de novo lipogenesis in
hepatocytes and adipocytes40; ii) suppression of
fasting induced adipocyte factor (FIAF), which
inhibits lipoprotein lipase (LPL). Inhibition of FIAF
increases LPL activity. This promotes lipolysis of
triglyceride in lipoproteins and facilitate greater fat
storage in adipocytes41; iii) decrease activity of the
AMPK which acts as a ‘fuel gauge’. AMPK plays
an important role in maintaining body weight (by
fuel utilisation) and preventing lipotoxicity42,43;
iv) SCFA inhibits the release of PYY44 by acting on
the G-protein coupled receptor 41 (Gpr41) in the
enteroendocrine cell.

Our understanding of the gut microbiota and microbiome
has increased exponentially due to greater reliance on
culture-independent techniques, especially genomic
methods. This is possible because of large projects like
the NIH sponsored Human Microbiome Project (http://
commonfund.nih.gov/hmp),
the
European-funded
Metagenomics of the Human Intestinal Tract (http://
www.metahit.eu) consortium, and the International
Human Microbiome Consortium (http://www.humanmicrobiome.org).

Gut Microbiota is a Virtual Endocrine Organ

The gut microbiota is a virtual complex endocrine
organ. It satisfies all the definition of an organ because
it collectively influences the functioning of the body and
is responsive to secretions and signals from other organs
of the host. It secretes a vast array of hormones and other
neurotransmitters with the amount exceeding those
secreted even by the brain35.

ii.

Release of Neurotransmitters: A number of
neurotransmitters are produced by gut microbiota.
Important among them are SCFA, serotonin,
dopamine, noradrenaline, acetylcholine and
GABA45-49. SCFA can modulate secretion of
serotonin and PYY50. SCFA like butyrate and
propionate can cross the blood brain barrier and
are major energy source for cellular metabolism,
especially during brain development. They can
also affect neurotransmitter synthesis in the CNS
via regulation of tyrosine kinase gene activation51.
In mice models SCFA butyrate has been found to
have anti-depressant effects52.

iii.

Impact on Bile Acid Metabolism: the microbiota
can transform the primary bile acids to secondary
bile acids. The effects of bile acids on metabolism
will be discussed later.

Gut Microbiota Increase Energy Extraction, Neurotransmitter
Release and Modulate Bile Acids

The symbiotic role of the gut microbiota with the
human host has been known for a long time. The
microbiota is known to protect the host from other
pathogens, synthesize vitamins, and digest indigestible
polysaccharides. However, the gut microbiota is far more
complex. In the context of obesity, the functions of the gut
microbiota may be considered as follows i) efficiency of
energy extraction, ii) release of neurotrasmitters that act
on the enteric nervous system (ENS) and central nervous
system (CNS), and iii) impact on bile acid metabolism.

Mode of Delivery, Mode of Feeding, Antibiotics and Mother’s
Health Determine Initial Gut Colonization

The gut is sterile in the intrauterine life. The microbiota
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The gut microbiota is composed of organisms that
reside in our gut. The microbiota composition is variable
between individuals but remains relatively stable in
a single individual. It is composed of organisms that
permanently reside in our gut and the organisms that
temporarily pass through it. Initial colonization at
birth may influence the permanent residents of the gut.
The stomach and duodenum harbour 103/ml with the
numbers increasing to 1011-1012/ml at more distal tracts29.
There are at least 1000 different species of organisms,
mainly anaerobes. The microbiota contains at least 100
times more genes than our own genome30. Bacteroidetes
and Firmicutes account for more than 90% of all31. The
volume of the gut microbiota is so impressive that it has
an approximate weight of 1-2kg in an average size adult32
and an estimated 90% of all the cells in the human body is
derived from microorganisms that reside in our body33,34.

Efficiency of Energy Extraction: Experimentally
produced germ free mice are protected from diet
induced obesity. Introduction of gut microbiota
from conventionally raised mice to the germ free
mice increased body weight by 60% in 2 weeks
despite decrease in food consumption by 29%
and increased activity by 27%36. The microbiota
composition of the obese gut is different from the
lean gut in both humans and mice. Firmicutes are
higher and Bacteroidetes are lower in the obese and
there is lesser bacterial diversity37,38. Successful and
sustained weight loss in obese humans improved
the Bacteroidetes/Firmicutes ratio38. Metagenomic
studies have shown that the microbiota in the
obese gut is enriched with genes coding for
enzymes involved in digestion of indigestible
polysaccharides39.

METABOLISM
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becomes established at the time of birth and therefore
the mode of delivery determines the character of the
microbiota. At 1-3 years of age adult-like microbiome
is present53. Immediately after vaginal delivery infants
have bacterial composition in the gut similar to those
in mother’s faeces54. Infants delivered by caesarean
section have microbiota derived from mother’s skin,
air and nursing personnel55. Children born by vaginal
delivery have greater diversity of the microbiota, higher
number of Bacteroides fragilis, Bifidobacteria and lower
Clostridium difficile compared to those born by caesarean
section56,57. Breast fed children have higher Bifidobacteria,
probably due to bifidobacterial growth factors in breast
milk and have lower rates of colonization by E. Coli and
Clostridium difficile56,58. Other factors that can adversely
affect microbial composition in the infant are antibiotic
use56 and maternal gut dysbiosis due to high fat diet,
obesity and antibiotics. The composition of gut microbiota
in early life determines the development of overweight
and obesity in future. Bifidobacteria were higher in fecal
samples of infants who remained normal weight at 7
years, whereas staphylococcus aureus was higher in fecal
samples of infants who subsequently became overweight
or obese at 7 years57.

High Fat Diet Can Induce Rapid Changes in the Gut Microbiota

Another very important fact is that diet can rapidly
affect the microbiota. Results obtained from mouse
models with humanised gut microbiome showed that gut
microbiota can shift rapidly in a single day when highfat, high-sugar diet is consumed in contrast to low-fat,
plant-based polysaccharide diet59. In experimental mice,
high fat diet is associated with an increase in Firmicutes
and Protobacteria, and a decrease in Bacteroidetes59. In
humans, it has been shown that short term increases in
nutrient load rapidly changes the gut microbiota in lean,
but not in obese individuals, with increased Firmicutes
and decreased Bacteroidetes, leading to increased energy
harvest60. This suggests that the microbiota of the obese
and lean respond differently to nutrient load.

Obese Gut Microbiota Promotes Greater Energy Extraction and
Metabolic Endotoxinemia

As detailed above, the microbiota of the obese encode for
genes that are efficient in energy extraction. A high fat diet
contributes to ‘metabolic endotoxinemia’ by increasing
lipopolysaccharides (LPS)61. LPS derived from the cellwall of gram negative bacteria are increased in obesity
and this result in a low grade chronic inflammation. High
fat diet changes the quality of the gut microbiota and
can promote increase capillary permeability favouring
LPS absorption62. In in vitro model of human colorectal
adenocarcinoma cells formation of chylomicrons favoured
the absorption of LPS63. All plasma lipoprotein class can
bind LPS64. Thus dietary fat increases LPS absorption
by at least 3 mechanisms: changes in composition
of gut microbiota, increased chylomicron formation
and increase capillary permeability. Bifidobacteria
which is the prominent species in the lean gut do
not degrade intestinal mucus glycoproteins as other

pathogenic bacteria, promoting a healthy gut that is less
permeable, preventing LPS translocation65. The metabolic
endotoxinemia results in low grade inflammation
contributing to insulin resistance, adipocyte hypertrophy
and β cell dysfunction66.
After bariatric surgery, especially after RYBG changes
in the gut microbiota have been observed. The possible
mechanisms could be anatomical rearrangement of the
gut with rapid delivery of undigested nutrients to distal
small gut, alterations in entero-hepatic bile flow, increase
in pH with bacterial overgrowth, use of antibiotics and
changes in food preference28.

Transfer of Microbiota from Obese to Lean or Vice Versa Can
Induce Phenotypic Characteristics of the Donor

Are changes in the gut microbiota a cause or consequence
of obesity? The probable answer is that it could be both.
Germ-free mice on receiving microbiota transplant from
obese mice develop the obese phenotype67,39, whereas they
lose weight on receiving microbiota from an animal who
has lost weight following RYGB68. In genetically obese
mice (ob/ob mice), there is a decrease in Bacteroidetes and
increase in Firmicutes, suggesting that obesity by itself
could determine the character of the gut microbiota69.

Modulation of Gut Microbiota: One Promising Aspect of Obesity
Pharmacotherapy

It is therefore clear that the gut microbiota is altered
in obesity and changes in the composition of the gut
microbiota similar to a lean gut can bring about metabolic
improvements. The therapeutic options that can be
exploited for bringing out changes in the gut microbiota
include the use of prebiotics, probiotics or both, antibiotics
and gut microbial transplantation (GMT).
Probiotics are living non-pathogenic microbes that when
consumed in appropriate amounts promote health.
Probiotics have been shown to decrease adipocyte size
which is the strongest marker of insulin resistance.
Possible mechanisms include fecal excretion of neutral
sterols and bile salts, decreased absorption of triglyceride,
cholesterol and phospholipids and increased lipolysis70,71.
Studies using dahi supplemented with probiotic strains
of Lactobacillus acidophilus and Lactobacillus casei
have shown that this product can improve the stigmata
of diabetes, i.e. hyperglycemia and hyperinsulinemia,
in high-fructose induced rat models of diabetes72,73.
In another study administration of fermented milk
containing Lactobacillus gasseri SBT2055 for 12 weeks
lead to a significant reduction of abdominal visceral and
subcutaneous fat areas by 4.6 and 3.3 % respectively
as measured by computed tomography74. The human
studies on probiotics are small scale and have short-term
follow up. Larger and longer studies with different strains
of microbiota will give more convincing results.
Prebiotics promote the growth of beneficial bacteria.
Prebiotics (oligosaccharides like galacto-oligosaccharides;
the inulin derivatives like the fructo-oligosaccharides; and
soluble fibers) are proposed to stimulate the growth of
beneficial bacteria (i.e. Bifidobacteria and Lactobacilli) in

the gut, to generate fermentation products i.e. SCFAs with
anti-inflammatory effects75, to reduce the appetite, and to
mimic the pathogen binding sites that coat the surface of
gastrointestinal epithelial cells inhibiting enteric pathogen
adhesion and infection76.

Fecal transplantation or gut microbiota transplantation
(GMT) refers to transfer of feces from a healthy donor
to a recipient. It is already in use for the treatment of
Clostridium difficile pseudomembranous colitis since
1950’s79. As discussed above transfer of gut microbiota
from obese gut induces obese phenotype and lean
microbiota induces lean phenotype in germ free mice.
GMT can actually be considered a probiotic treatment
because what is being transferred is the organisms from
healthy gut. In one study, GMT was done via a nasoduodenal tube in nine men with metabolic syndrome,
whereas another nine men with metabolic syndrome
received placebo80. Six weeks after GMT, treated subjects
had an impressive 75% increase in insulin sensitivity.
Moreover, GMT was associated with favourable changes
in the gut microbiota like greater bacterial diversity
and a 2.5-fold increase in butyrate-producing bacteria80.
However, at this moment challenges to GMT exist. Some
of the challenges are identification of healthy donor,
mode of delivery and the psychological stress that could
be associated with fecal transfer.

BILE ACIDS: METABOLIC EFFECTS

Modulation of Bile Flow and Content after Bariatric Surgery
Confer Metabolic Benefits

Bile flow alteration following bariatric surgery contributes
significantly to improvements in weight and correction of
dysglycemia. In fact, many of the beneficial effects after
bariatric surgery can be reproduced in rats by simply
diverting bile from the common bile duct to the mid-distal
jejunum via a catheter81. After RYGB fasting and postprandial concentrations of bile acids rise. Bariatric surgery
could actually alter the expression of nuclear receptors of
bile acids. Bile acids have multiple effects on metabolism.
It increases GLP-1 secretion by TGR5 receptor present on
the L-cells82. It also increases the levels of other satiety
hormones like PYY and CCK83,84. Bile acids have been
known to suppress genes associated with lipogenesis85.
Acting via the FXR, bile acids have been shown to activate
apo-CII and apoA-V expression which are co-activators
of lipoprotein lipase. This inhibits serum triglyceride
levels86. Bile acids may also contribute to changes in the
gut microbiota following bariatric surgery. The results of
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CONCLUSION

In the course of evolution complex mechanisms have been
developed by our gut to improve the efficiency of nutrient
extraction. Pathways exist to keep the system in ‘check’
so that overnutrition does not occur. In the modern day
‘obesogenic’ environment, an intricate interplay of factors
starting from intrauterine life and continuing in later
life interferes with the proper functioning of the gut and
results in obesity. The three important players in energy
homeostasis for which we have a fair understanding are
gut peptides, gut microbiota and bile acids. Obesity is
associated with functional and/or structural alterations in
the above three. Correction of these alterations can result
in significant and sustained weight loss as shown by
bariatric surgery. Bariatric surgery with its complications
can never be the final treatment for obesity. The science
of weight loss following bariatric surgery which
manipulates the gut structurally and functionally has
been understood to a large extent. We need to urgently
develop pharmacotherapy to exploit the gut based on this
understanding, so that the biggest epidemic to threaten
mankind can be dealt with effectively and on time.

REFERENCES

1.

World Health Organization. Obesity (2015). http://www.
who.int/topics/obesity/en/. Accessed 01 Sept 2016.

2.

Rajendra Pradeepa et al. for the ICMR -INDIAB
Collaborative Study Group. Prevalence of generalized
& abdominal obesity in urban & rural India- the ICMRINDIAB study (Phase-I) [ICMR-INDIAB-3]. Indian J Med
Res 2015; 142:139-150.

3.

Murphy KG, Bloom SR. Gut hormones in the control of
appetite. Exp Physiol 2004; 89:507-516.

4.

Hameed S, Dhillo WS, Bloom SR. Gut hormones and
appetite control. Oral Dis 2009; 15:18-26.

5.

Adam TC, Toledo-Corral et al. Insulin sensitivity as
an independent predictor of fat mass gain in Hispanic
adolescents. Diabetes Care 2009; 32:2114-2115.

6.

Small CJ, Bloom SR. Gut hormones and the control of
appetite. Trends Endocrinol Metab 2004; 15:259-263.

7.

Williams G, Bing C et al. The hypothalamus and the
control of energy homeostasis: different circuits, different
purposes. Physiol Behav 2001; 74:683-701.

8.

Vettor R, Fabris R, Pagano C, Federspil G. Neuroendocrine
regulation of eating behavior. J Endocrinol Invest 2002;
25:836-854.

9.

Yu JH, Kim MS. Molecular mechanisms of appetite
regulation. Diabetes Metab J 2012; 36: 391-398.

10. Woods SC, D’Alessio DA. Central control of body weight
and appetite. J Clin Endocrinol Metab 2008; 93 (11 Suppl 1):
S37-S50.
11. Chaudhri OB, Wynne K, Bloom SR. Can gut hormones
control appetite and prevent obesity? Diabetes Care 2008; 31
(Suppl 2): S284-S289
12. Muller TD, Nogueiras R, et al. Ghrelin. Mol Metab 2015;
4:437-460.

CHAPTER 154

Antibiotic treatment reduces metabolic endotoxinemia
and LPS levels in ob/ob mice resulting in improved
metabolic profile66. However, the impact of antibiotics on
metabolic health is variable. As discussed earlier, antibiotic
use can cause obesity by changing the composition of the
gut microbiota and by destruction of intestinal mucosa
causing increased LPS absorption. In fact, farmers have
used antibiotics for a long time in farm animals to increase
fat mass and body weight. The possible explanation for
increase in body weight are changes in the gut microbiota
with resultant obesity77,78.

modification of bile acids and bile acid dynamics should
be explored in greater detail, as this will guide novel
pharmacotherapy for obesity.

METABOLISM

718

13. Herrmann C, Goke R et al. Glucagon-like peptide-1 and
glucose-dependent insulin-releasing polypeptide plasma
levels in response to nutrients. Digestion 1995; 56:117-126.

31. Hugenholtz P, Goebel BM et al. Impact of culture
independent studies on the emerging phylogenetic view of
bacterial diversity. J Bacteriol 1998; 180:4765-4774.

14. Verdich C, Toubro S et al. The role of postprandial releases
of insulin and incretin hormones in meal-induced satietyeffect of obesity and weight reduction. Int J Obes Relat Metab
Disord 2001; 25:1206-1214.

32. Forsythe P, Kunze WA. Voices from within: gut microbes
and the CNS. Cell Mol Life Sci 2013; 70:55-69.

15. le Roux CW, Welbourn R et al. Gut hormones as mediators
of appetite and weight loss after Roux-en-Y gastric bypass.
Ann Surg 2007; 246:780-785.

34. Qin J, Li R, Raes J, et al. A human gut microbial gene
catalogue established by metagenomic sequencing. Nature
2010; 464:59-65.

16. Tatemoto K, Mutt V. Isolation of two novel candidate
hormones using a chemical method for finding naturally
occurring polypeptides. Nature 1980; 285:417-418.
17. Korner J, Bessler M et al. Effects of Roux-en-Y gastric
bypass surgery on fasting and postprandial concentrations
of plasma ghrelin, peptide YY, and insulin. J Clin Endocrinol
Metab 2005; 90:359-365.
18. Gantz I, Erondu N et al. Efficacy and safety of intranasal
peptide YY3-36 for weight reduction in obese adults. J Clin
Endocrinol Metab 2007; 92:1754-1757.
19. Lieverse RJ, Jansen JB et al. Satiety effects of a physiological
dose of cholecystokinin in humans. Gut 1995; 36:176-179.
20. Castillo EJ, Delgado-Aros S et al. Effect of oral CCK-1
agonist GI181771X on fasting and postprandial gastric
functions in healthy volunteers. Am J Physiol Gastrointest
Liver Physiol 2004; 287:G363-G369.
21. Neary NM, Small CJ et al. Peptide YY3-36 and glucagon-like
peptide-17-36 inhibit food intake additively. Endocrinology
2005; 146:5120-5127.
22. Dubrasquet M, Bataille D et al. Oxyntomodulin
(glucagon-37 or bioactive enteroglucagon): a potent
inhibitor of pentagastrin-stimulated acid secretion in rats.
Biosci Rep 1982; 2:391-395.
23. Murphy KG, Dhillo WS et al. Gut peptides in the regulation
of food intake and energy homeostasis. Endocr Rev 2006; 27:
719-727
24. Asakawa A, Inui A et al. Characterization of the effects of
pancreatic polypeptide in the regulation of energy balance.
Gastroenterology 2003; 124:1325-1336.
25. Bailey AR, Von Englehardt N et al. Growth hormone
secretagogue activation of the arcuate nucleus and
brainstem occurs via a nonnoradrenergic pathway. J
Neuroendocrinol 2000; 12:191-197.
26. Falken Y, Hellstrom PM eta al. Changes in glucose
homeostasis after Roux-en-Y gastric bypass surgery
for obesity at day three, two months, and one year after
surgery: role of gut peptides. J Clin Endocrinol Metab 2011;
96:2227-35.
27. Jorgensen NB, Jacobsen SH et al. Acute and long-term
effects of Roux-en-Y gastric bypass on glucose metabolism
in subjects with type 2 diabetes and normal glucose
tolerance. Am J Physiol Endocrinol Metab 2012; 303:E122-31.
28. Sten Madsbad, Carsten Dirksen et al. Mechanisms of
changes in glucose metabolism and bodyweight after
bariatric surgery. Lancet Diabetes Endocrinol 2014; 2:152–64.
29. Palmer C, Bik EM et al. Development of the human infant
intestinal microbiota. PLoS Biol 2007; 5:e177.
30. Gill SR, Pop M, Deboy RT et a. Metagenomic analysis of
thehumandistal gut microbiome. Science 2006; 312:13551359.

33. Arumugam M, Raes J, Pelletier E, et al. Enterotypes of the
human gut microbiome. Nature 2011; 473:174-180.

35. Russell WR, Duncan SH et al. The gut microbial metabolome:
modulation of cancer risk in obese individuals. Proc Nutr
Soc 2013; 72:178-188
36. Backhed F, Ding H et al. Th e gut microbiota as an
environmental factor that regulates fat storage. Proc Natl
Acad Sci USA 2004; 101:15718-23.
37. Ley RE, Backhed F et al. Obesity alters gut microbial
ecology. Proc Natl Acad Sci USA 2005; 102:11070-5.
38. Ley RE, Turnbaugh PJ et al. Microbial ecology: human gut
microbes associated with obesity. Nature 2006; 444:1022-3.
39. Turnbaugh PJ, Ley RE et al. An obesity-associated gut
microbiome with increased capacity for energy harvest.
Nature 2006; 444:1027-31.
40. Bergman EN. Energy contributions of volatile fatty acids
from the gastrointestinal tract in various species. Physiol
Rev 1990; 70:567-590.
41. Backhed F, Ding H et al. The gut microbiota as an
environmental factor that regulates fat storage. Proc Natl
Acad Sci USA 2004; 101:15718-15723.
42. Zhang H, DiBaise JK et al. Human gut microbiota in
obesity and after gastric bypass. Proc Natl Acad Sci USA
2009; 106:2365-2370.
43. Duncan SH, Lobley GE et al. Human colonic microbiota
associated with diet, obesity and weight loss. Int J Obes
2008; 32:1720-1724.
44. Backhed F, Manchester JK et al. Mechanisms underlying
the resistance to diet-induced obesity in germ-free mice.
Proc Natl Acad Sci USA 2007; 104:979-84.
45. Ozogul F, Kuley E et al. The function of lactic acid bacteria
on biogenic amines production by food-borne pathogens
in arginine decarboxylase broth. Food Sci Technol Res 2012;
18:795-804.
46. Tsavkelova EA, Botvinko IV et al. Detection of
neurotransmitter amines in microorganisms with the use
of high-performance liquid chromatography. Dokl Biochem
2000; 372:115-117.
47. Ozogul F. Production of biogenic amines by Morganella
morganii, Klebsiella pneumoniae and Hafnia alvei using a
rapid HPLC method. Eur Food Res Technol 2004; 219:465469.
48. Barrett E, Ross RP et al. γ-Aminobutyric acid production
by culturable bacteria from the human intestine. J Appl
Microbiol 2012; 113:411-417.
49. Stanaszek PM, Snell JF et al. Isolation, extraction, and
measurement of acetylcholine from Lactobacillus
plantarum. Appl Environ Microbiol 1977; 34:237-239.
50. Evans JM, Morris LS et al. The gut microbiome: the role of a
virtual organ in the endocrinology of the host. J Endocrinol
2013; 218:R37-R47.
51. DeCastro M, Nankova BB et al. Short chain fatty acids

regulate tyrosine hydroxylase gene expression through a
cAMPdependent signaling pathway. Brain Res Mol Brain
Res 2005; 142:28-38.
52. Schroeder FA, Lin CL et al. Antidepressant like effects of
the histone deacetylase inhibitor, sodium butyrate, in the
mouse. Biol Psychiatry 2007; 62:55–64.
53. Adlerberth I, Wold AE. Establishment of the gut microbiota
in Western infants. Acta Paediatr 2009; 98:229-238.
54. Bettelheim KA, Breadon A et al. The origin of Oserotypes
of Escherichia coli in babies after normal delivery. J Hyg
(Lond) 1974; 72:67-70.

56. Penders J, Thijs C et al. Factors influencing the composition
of the intestinal microbiota in early infancy. Pediatrics 2006;
118:511-521.
57. Kalliomaki M, Collado MC et al. Early differences in
fecal microbiota composition in children may predict
overweight. Am J Clin Nutr 2008; 87:534-8.
58. Coppa GV, Bruni S et al. The first prebiotics in humans:
human milk oligosaccharides. J Clin Gastroenterol 2004;
38:S80-S83.
59. Turnbaugh PJ, Ridaura VK et al. The effect of diet on
the human gut microbiome: a metagenomic analysis in
humanized gnotobiotic mice. Sci Transl Med 2009; 1:6ra14.
60. Jumpertz R, Le DS et al. Energy-balance studies reveal
associations between gut microbes, caloric load, and
nutrient absorption in humans. Am J Clin Nutr 2011; 94:5865.
61. Cani PD, Amar J et al. Metabolic endotoxemia initiates
obesity and insulin resistance. Diabetes 2007; 56:1761-72.
62. Brun P, Castagliuolo I et al. Increased intestinal permeability
in obese mice: new evidence in the pathogenesis of
nonalcoholic steatohepatitis. Am J Physiol Gastrointest Liver
Physiol 2007; 292:G518-25.
63. Ghoshal S, Witta J et al. Chylomicrons promote intestinal
absorption of lipopolysaccharides. J Lipid Res 2009; 50:9097.
64. Levels JH, Abraham PR et al. Distribution and kinetics of
lipoprotein-bound endotoxin. Infect Immun 2001; 69:28212828.
65. Caplan MS, Miller-Catchpole R et al. Bifidobacterial
supplementation reduces the incidence of necrotizing
enterocolitis in a neonatal rat model. Gastroenterology 1999;
117:577-583.
66. Cani PD, Amar J et al. Metabolic endotoxemia initiates
obesity and insulin resistance. Diabetes 2007; 56:1761-72.
67. Turnbaugh PJ, Bäckhed F et al. Diet-induced obesity is
linked to marked but reversible alterations in the mouse
distal gut microbiome. Cell Host Microbe 2008; 3:213-223.
68. Liou AP, Paziuk M et al. Conserved shifts in the gut
microbiota due to gastric bypass reduce host weight and
adiposity. Sci Transl Med 2013; 5:178ra141.
69. Ley RE, Bäckhed F et a. Obesity alters gut microbial
ecology. Proc Natl Acad Sci USA 2005; 102:11070-11075

719

71. Kadooka Y, Ogawa A et al. The probiotic Lactobacillus
gasseri SBT2055 inhibits enlargement of visceral adipocytes
and upregulation of serum soluble adhesion molecule
(sICAM-1) in rats. Int Dairy J 2011; 21:623-627.
72. Yadav H, Jain S et al. Effect of dahi containing lactococcus
lactis on the progression of diabetes induced by a highfructose diet in rats. Biosci Biotechnol Biochem 2006; 70:12558.
73. Yadav H, Jain S et al. Antidiabetic effect of probiotic dahi
containing Lactobacillus acidophilus and Lactobacillus
casei in high fructose fed rats. Nutrition 2007; 23:62-8.
74. Kadooka Y, Sato M et al. Regulation of abdominal adiposity
by probiotics (Lactobacillus gasseri SBT2055) in adults with
obese tendencies in a randomized controlled trial. Eur J
Clin Nutr 2010; 64:636-43 doi:10.1038/ejcn.2010.19.
75. Watzl B, Girrbach S et al. Inulin, oligofructose and
immunomodulation. Br J Nutr 2005; 93(Suppl 1):S49-S55.
76. Roberfroid M. Prebiotics: the concept revisited. J Nutr 2007;
137:830S-837S.
77. Gaskins HR, Collier CT et al. Antibiotics as growth
promotants: mode of action. Anim Biotechnol 2002; 13:29-42.
78. Butaye P, Devriese et al. Antimicrobial growth promoters
used in animal feed: effects of less well known antibiotics
on gram-positive bacteria. Clin Microbiol Rev 2003; 6:175188.
79. Eiseman B, Silen W et al. Fecal enema as an adjunct in the
treatment of pseudomembranous enterocolitis. Surgery
1958; 44:854-859.
80. Vrieze A, Van Nood E, et al. Transfer of intestinal
microbiota from lean donors increases insulin sensitivity
in individuals with metabolic syndrome. Gastroenterology
2012; 143:913-916. e7.doi:10.1053/j.gastro.2012.06.031
81. Kohli R, Setchell KD et al. A surgical model in male obese
rats uncovers protective effects of bile acids post-bariatric
surgery. Endocrinology 2013; 154:2341-2351.
82. Mencarelli A, Renga B et al. Dissociation of intestinal and
hepatic activities of FXR and LXRα supports metabolic
effects of terminal ileum interposition in rodents. Diabetes
2013; 62:3384-93.
83. Pournaras DJ, Glicksman C et al. The role of bile after
Roux-en-Y gastric bypass in promoting weight loss and
improving glycaemic control. Endocrinology 2012; 153:36133619.
84. Werling M, Vincent RP et al. Enhanced fasting and postprandial plasma bile acid responses after Roux-en-Y gastric
bypass surgery. Scand J Gastroenterol 2013; 48:1257-1264.
85. Repa JJ, Liang G et al. Regulation of mouse sterol regulatory
element-binding protein-1c gene (SREBP-1c) by oxysterol
receptors, LXR alpha and LXR beta. Genes Dev 2000;
14:2819-2830.
86. Houten SM, Watanabe M et al. Endocrine functions of bile
acids. EMBO J 2006; 25:1419-1425.

CHAPTER 154

55. Bezirtzoglou E. The intestinal microflora during the first
weeks of life. Anaerobe 1997; 3:173-177.

70. Hamad EM, Sato M et al. Milk fermented by Lactobacillus
gasseri SBT2055 influences adipocyte size via inhibition
of dietary fat absorption in Zucker rats. Br J Nutr 2009;
101:716-724.

