Clévio Nobrega, PhD -
Raquel Rodriguez-Lopez, MD, PhD  Editors

Molecular
Mechanisms
Underpinning the
Development of
Obesity

@ Springer



Molecular Mechanisms Underpinning
the Development of Obesity



Clévio Nobrega ¢ Raquel Rodriguez-Lopez
Editors

Molecular Mechanisms
Underpinning the
Development of Obesity

@ Springer



Editors

Clévio Nobrega Raquel Rodriguez-Lépez
Center for Neurosciences and Cell Biology Laboratory of Molecular Medicine
University of Coimbra Clinical Analysis Service
Coimbra Consorcio Hospital General de Valencia
Portugal Valencia

Spain
ISBN 978-3-319-12765-1 ISBN 978-3-319-12766-8 (eBook)

DOI 10.1007/978-3-319-12766-8
Library of Congress Control Number: 2014958583

Springer Cham Heidelberg New York Dordrecht London

© Springer International Publishing Switzerland 2014

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recita-
tion, broadcasting, reproduction on microfilms or in any other physical way, and transmission or in-
formation storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publica-
tion does not imply, even in the absence of a specific statement, that such names are exempt from the
relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, express or implied, with respect to the material contained herein or for any errors
or omissions that may have been made.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

On the Molecular Mechanisms Underpinning the Development
of Obesity

Obesity and overweight are defined as abnormal or excessive body fat accumu-
lation, possibly due to an imbalance of excess energy intake and reduced energy
expenditure. This excessive fat accumulation can reach levels capable of affecting
health, thus contributing to an increased risk of developing certain disorders.

The existence of obesity seems almost as ancient as humans, and from an evo-
lutionary perspective it is very tempting to consider as a strategy for storing food
reserves. In fact, during most time of human history, obesity could be an advantage
character in times where food was scarce. The ability to store energy as fat from the
least possible amount of food intake might have constituted a selective advantage.
Thus, during many times in human history obesity was considered beneficial. Only
in the XVIII century people start realizing that excessive body fat could have a
negative impact in life quality. With the documentation of morbid complication and
increased mortality associated with obesity it started to be recognized as a cause of
ill health. In 1997 the World Health Organization (WHO) declare it a global epi-
demic and worldwide public-health crisis. Actually, the WHO considers overweight
and obesity major risk factors for a number of chronic diseases, including diabetes,
cardiovascular diseases and cancer. In 2010, overweight and obesity were estimat-
ed to cause more than 3.4 million deaths worldwide. Following an intense debate
and controversy, in 2013 the American Medical Association recognized obesity as
chronic disease in an attempt to reverse the epidemic rise of obesity. According to
this decision, the diagnosis and treatment of obesity becomes a professional obliga-
tion for physicians. All these health consequences contribute to important economic
costs for health systems, with estimates suggesting that obesity is responsible for
approximately 1-3 % of total health expenditure in most countries (in United States
the estimates point to a cost of 5-10% of health expenditures).

Obesity was first considered a problem only of wealthy nations, however cur-
rently it has an important impact in developing countries, affecting economy, pro-
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ductivity and health worldwide. According to WHO the obesity levels across the
world nearly doubled in the past 30 years, and the current numbers are scary. In
2008, more than 1.4 billion adults (20 years of age and older) were overweight,
which corresponded to 20% of world population. From those, almost 200 million
men and 300 million women were obese. In 2012 more than 40 million children
under the age of 5 were overweight or obese. In developed countries from The
Organization for Economic Co-operation and Development (OECD) around 53 %
of the population are overweight or obese, with 21 from the 34 countries of OECD
having a prevalence above 50 % in adults. Over the past 10 years the obesity preva-
lence increased more than 40 % in countries like Denmark, France or Sweden and
the OECD average raised from 13 % in 2000 to 18% in 2010. In a recent study
reporting obesity trends worldwide from 1980 to 2013 found an increase not only
in the proportion of overweight or obese adults (both men and women), but also in
children and adolescents. According to the study, the proportion of adults with a
BMI of 25 kg/m? or greater increased in 33 years from 28.8 to 36.9 % in men, and
from 29.8 to 38 % in women. In children and adolescents the prevalence of obesity
and overweight has increased in developed countries (23.8 and 22.6 %, in boys and
girls, respectively), but also in developing countries with an increase around 5%
from 1980 to 2013.

But how is obesity defined? As it was mentioned overweight and obesity are
an excessive accumulation of body fat, which is difficult to measure. Therefore,
measures based on quantitative anthropometric characteristics are used to define
obesity. Currently, the body mass index (BMI), which is a simple index of weight-
for-height, is most commonly used to classify overweight and obesity in adults.
It is defined as a person’s weight in kilograms divided by the square of his height
in meters (kg/m?). The BMI is a measure that was devised in the 19th century by
Adolphe Quetelet, although only in 1972 did it become a world reference for mea-
suring body fat. Decades of research have shown that BMI provides a good estimate
for body fat, although more sophisticated and accurate measures are also being used
nowadays. Currently, it is widely accepted that BMI is a reliable and easy way to
access to body fat, and those are two of the most important advantages of it use as
an obesity measure. Also importantly, several studies related the risk of developing
health problems and risk of death with BMI. According to WHO for a healthy adult
the BMI should range from 18.5 to 24.9 kg/m2. Overweight is defined as a BMI of
25-29.9 kg/m?, whereas obesity is defined as a BMI above 30 kg/m?. If for adults
these cutoffs are more or less conventional, the definition of children obesity based
in BMI was more controversial. Depending on the age and gender, it is normal for
children and adolescents to have different amounts of body fat, thus several scales
based in age and gender are currently used (WHO, United States the Centers for
Disease Control and Prevention, and International Obesity Task Force). Despite the
great advantages and the broad use, BMI have also some limitations. For example,
being an indirect measure of body fat is does not distinguish between body fat and
lean body mean. Also, it is not so accurate in younger ages compared to adults and
it does not take into account normal differences between gender or ethnic groups.
Thus, other indirect methods were developed to measure body fat (for example
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waist circumference or waist-to-hip-ratio), and currently more sophisticated direct
methods such as magnetic resonance imaging or dual energy X-ray absorptiometry
are being used. However, despite all these methods and techniques, BMI remains
the simple, cheap and most used measure of obesity.

Obesity and overweight arises in a simple way as an energy imbalance between
calories consumed and calories expended. However, currently obesity is under-
stood as a multifactorial disorder. If it is clear the effect of environment and food
consumption in obesity, it is also widely accepted the effect of a genetic compo-
nent in the increased risk of developing obesity. Moreover, it becomes increasingly
clear the contribution of other mechanisms (like epigenetics, neurotrophic factors,
microRNAs) in obesity. However, the factors underlying the development of obe-
sity are still largely unknown. If in monogenic forms of obesity, the gene and the
particular causing mutation is identified, in polygenic forms of obesity the contri-
butions of mutations and genes are not yet completely understood. What emerges
from the last decades of research is that obesity is a complex trait resulting from
interplay of an obesogenic environment and a genetic background. In this book
entitled: Molecular Mechanisms Underpinning the Development of Obesity we try
to provide a state-of-the-art revision about the molecular mechanisms that could be
in the basis for developing obesity, reviewing the current knowledge in areas like
monogenic and polygenic obesity forms; but also providing an updated view of the
emerging knowledge about epigenetics, microRNAs, and neuronal aspects that may
also contribute to obesity.

Clévio Nobrega
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Chapter 1
Challenges in Understanding Development
of Obesity

Thorkild I. A. Serensen

The prevailing concepts about obesity is that it is a condition due to a positive
whole body energy balance—determined by the difference between energy intake
and energy expenditure—over a prolonged period of time. In this chapter, building
on previously published reflections [1, 2], I will show how this intuitively obvious,
but in reality naive, concept can lead to fundamental flaws in our understanding of
the development of obesity and hence potentially misguide the research in obesity
as well as the management of the obesity problem in both preventive and therapeu-
tic settings. The constructive outcome of this critique is an encouragement to shift
focus to the regulation of the body fat mass.

The interest in understanding the development of obesity is of course primar-
ily justified by the subsequent emergence of the health problems associated with
obesity, in particular the metabolic abnormalities including ectopic fat deposition,
insulin resistance, impaired glucose tolerance, dyslipidemia, and hypertension char-
acterizing the metabolic syndrome as a major step toward the development of the
various diseases associated with obesity, among many, diabetes and cardiovascular
diseases in particular. These abnormalities may be induced by the limitations in
adipose tissue expandability; when the process of development of obesity goes on
exhausting the fat storage capacity, a chronic state of lipotoxicity and inflammatory
response may ensue, which may induce the metabolic abnormalities constituting
the metabolic syndrome. There may be important links between the processes of
development of obesity and the development of the metabolic abnormalities, espe-
cially in relation to the determinants of the limits of the adipose tissue expandabil-
ity. However, the processes behind development of the metabolic abnormalities will
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2 T. I. A. Serensen

not be dealt with in this chapter, and interested readers are referred to previously
published papers [3, 4].

The accumulation of fat as triglycerides in the adipose tissue is in principle a
normal biological process, found ubiquitously in the animal world and serving sev-
eral important needs in the body, of which the fat storage as reserve of energy for
future use is an obvious one. At any given point in time it reflects the cumulative
net balance between preceding normal, continuously operating fat dynamics. At the
adipocyte level the dynamics of the balance is determined by uptake and synthesis
of fatty acids (lipogenesis) and release of fatty acids (lipolysis). At the adipose tis-
sue level, the dynamics is determined in addition by the current number of adipo-
cytes, the development of new adipocytes from pre-adipocytes and stem cells, and
apoptosis of adipocytes. On this background, it is a challenge to understand why
the net balance of the fat dynamics may be altered both regarding the fat cell size
determined by accumulated triglycerides and the adipocyte turnover at the tissue
level. Very detailed and profound knowledge is available about the singular ele-
ments in these processes, both adipocyte function and adipocyte development, but
the knowledge about the regulation of the integrated system, including the interplay
with the rest of the body, is less well understood.

The fat dynamics is continuously fluctuating with various time constants (in re-
lation to meals and circadian rhythm, by weekdays and weekends, by seasons, by
developmental stages through the life cycle with obvious sex differences, by preg-
nancies, et cetera) but on average it keeps the balance with fairly stable fat mass
over prolonged periods of time. However, on a daily basis the process of accumula-
tion of body fat during development of obesity is so tiny—on average usually less
than 1% or even less than 0.5 % of total energy turnover—that it must be based on a
very delicate imbalance in the integrated body systems that regulate the fat dynam-
ics of the adipose tissue over longer periods of time. So, the crucial question is what
is the difference in the long-term regulation of the fat dynamics between the normal
situations where the balance is kept versus the situations where there is this tiny
persisting imbalance leading to development of obesity? The accumulation of fat is
so small that it cannot be measured as a positive energy balance by any of the avail-
able technics—only by a change in the amount of fat between two points in time, so
far apart that the difference can be measured as a change in body composition. It is
therefore a major challenge to study these differences when it can be measured only
as differences in body composition over long time periods rather than as an ongoing
energy imbalance.

The idea that obesity is ‘due to’ a positive whole body energy balance appears
intuitively fairly obvious, but is in fact very unclear and possibly spurious in the
way it is applied in the prevailing thinking about causes of obesity. A more precise
and clear understanding of the relationship will undoubtedly help in understanding
obesity development. According to the first thermodynamics law about conserva-
tion of energy, a body that has grown heavier because of accumulated body mass
(apart from water accumulation) must have had a positive energy balance preceding
the point in time it is measured as compared to its state before that growth in body
mass. However, this mathematical-physical relationship between energy and body
mass does not imply anything about the causal sequence or mechanisms that lead
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to the growth of the body mass. A causal inference is usually implicit in the words
‘due to’, and this confusion must be avoided. The relationship between the heavier
body and the positive energy balance is purely descriptive and is indeed saying the
same things with other words (a tautology). Thus, all combinations of processes that
have induced alterations in the components of the energy balance equation on either
side of the equation—energy storage equals energy intake minus energy expendi-
ture—can in principle have been altered with the eventual outcome of a cumulative
positive energy balance reflected in the accumulation of body mass. Thus, while the
prevailing expectation is that the positive energy balance is due to an increased en-
ergy intake and/or a decreased energy expenditure, the primary causal mechanism
could as well be the alteration of the regulation of the fat dynamics that subsequent-
ly leads to adjustments of the energy intake and expenditure quantitatively keeping
the balance in accordance with the thermodynamic law.

The confusion about the relationship between obesity development and the posi-
tive energy balance is further exaggerated by the frequent mixing up the possible
causes of the development with its effects on the energy balance. Obesity is usu-
ally associated with increases in fat-free components of the body that induce the
increased energy needs. In most people developing obesity, the energy turnover
increases because of increased energy intake serving the increased energy needs to
sustain the obese body. Moreover, in accordance with the laws of physics any move-
ment of the heavier body requires more energy, and on average the energy spent on
physical activity usually is the same as for non-obese individuals. In contrast to the
minute alterations in the energy balance components ending up in the accumulation
of excess fat, these much larger effects that follow the development of obesity is
clearly both measureable and often immediately visible. In the sense that the obese
people are just satisfying their body needs for energy, they are not acting differ-
ently from non-obese people. It is a fundamental and regrettably frequent mistake to
make the inference from the observation that the obese people eats more and move
less, which is why they are obese. They do so to maintain the body functioning
with an intact composition as if they were not obese. One could ask why the obese
people are increasing the fat-free energy-demanding part of the body alongside with
development of obesity and why they are not using the stored excess of energy in
the adipose tissue to satisfy the increased needs of energy in the fat-free part of the
body; there is no good answer to this question, and it is one of the fundamental chal-
lenges in understanding the development of obesity.

Another frequently encountered error in the arguments about the role of the en-
ergy balance and development of obesity is based on the fact that the whole body
energy balance can be actively and voluntarily modified followed by a correspond-
ing change in body mass and obviously in the amount of fat in the body. Thus, it
is every one’s experience from daily life that it is possible to actively enforce upon
oneself a positive energy balance by overeating relative to the needs defined by
the energy expenditure, or vice versa to actively enforce a negative energy balance
leading to weight loss by restricting the food intake to an amount of energy that is
less than the energy expenditure. In this situation, the adipose tissue acts as stor-
age, the size of which passively reflects the enforced positive or negative energy
balance. The argument then goes that since this is obviously possible for everyone
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to increase their body mass, and especially their body fat mass, by voluntary over-
eating, the development of obesity is likely based on the same mechanism of an
enforced positive energy balance by overeating relative to the needs of energy. The
claim implies that the obese people can be blamed for the development of their
obesity because they have continuously been voluntarily overeating, and had they
not chosen to do so, they would not have become obese. There are several reasons
why this argument is false.

Experimental overfeeding studies showing the increase in body fat mass is
based on an excess of energy intake that far exceeds the tiny amount of excess
energy corresponding to the positive energy balance during obesity development.
It makes no sense to blame those developing obesity for overeating an amount of
energy that nobody can observe or even measure by the best available technics.
Also these studies show that the body composition often is easily restored after ces-
sation of the overfeeding, which is in stark contrast to the struggles people gaining
weight on their way to the obese state have in their attempt to avoid the continued
increase in body fat mass. Far the most obese people who do their best to get rid
of the accumulated body fat by enforcing upon themselves a negative energy bal-
ance by eating less than the needs of energy (as determined by the increased energy
turnover in their body) will sooner or later regain the body weight, restore the body
fat mass and continue to grow if they were on that track before the intermittent
departure. In other words, the development of obesity implies a drive to get this
excess accumulation of fat alongside with the increase in the fat-free part of the
body that is apparently similar to other basic inescapable physiologic drivers, for
example breathing. It is a major challenge in obesity research to identify the bio-
logical mechanisms and determinants behind this drive toward an altered forcefully
sustained body composition.

Insisting on the immediate link between a positive whole body energy balance
and obesity development may also lead to another possibly fundamental error in
the understanding of the process. The argument that there has been a cumulative
energy balance preceding the state of an increased fat mass is true with regard to
the fat mass as such, but not necessarily with regard to the whole body even though
the fat-free part of the body usually also increases during obesity development. The
disconnection of the whole-body energy balance from the body fat mass balance has
been convincingly shown in experiments in obesity-prone mice [5]; a 5% restric-
tion in the daily energy supplies makes the fat depots grow in size at the expense of
the non-fat part of the body (resulting in maintained body weight) compared with
mice not exposed to this restriction. There may be various human analogies to this
situation although none of them are so clear cut as the mouse experiments. Ameri-
can people living under food insecurity—defined as not knowing whether you have
food for yourself and your family the next day—are the most obese. There is a great
variation in the relation between the size of the fat and non-fat part of the human
body, with some at one end of the range who have a clearly increased fat mass to-
gether with a small fat-free mass and even a lower than normal body weight. By age
advancing above 65—70 years a process of increasing size of the fat mass concurrent
with decreasing size of the fat-free part (sarcopenia) takes place. These scenarios
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show that it is necessary to keep a distinction between the energy balance of the
fat mass and of the whole body, and it further emphasizes the need to approach the
biological mechanisms regulating the size of the fat mass as possibly distinct from
those regulating the size of other body components.

Although rather trivial, it should be mentioned that if people are living under
such constraints in food supplies that neither the minute positive energy balance
that is reflected in the increasing fat mass nor the concurrently developing increased
fat-free mass and its energy requirement can be met, then the obesity development
is blocked. The argument can then be switched around and it can be claimed that
availability of food above this level is a prerequisite for obesity development, and,
formally, availability of food can be defined as one necessary causal factor in obesi-
ty development. However, this self-evident argument does not help us to understand
the individual differences in obesity development under the circumstances where
there are no such constraints in food supplies. An important theoretical question is
what happens to the body composition and function of those people who live under
the constraints in food supplies that prevent obesity development, but who would
have developed obesity had there not been such constraints. Do they as the obesity-
prone mice develop increased size of their fat mass at the expense of the fat-free
part of the body?

The expectation about a direct link between a positive whole-body energy bal-
ance and obesity development usually leads directly to focusing on the potentially
modifiable behaviors that influence the whole-body energy balance, namely food
intake and physical activity. When discussing why some people have developed
obesity, the question emerges whether they have been eating too much or being too
little physically active or both (often expressed in moral terms as gluttony, sloth or
both). As it appears from the discussions above, this question is potentially mislead-
ing for several reasons. First, all observable differences between obese and non-
obese people in this regard must take into account the effects of obesity on the be-
haviors. Second, if food intake and physical activity are considered as contributions
to the energy balance purely by their energetic values, observation of an imbalance
corresponding to the tiny positive energy balance reflecting the fat accumulation is
completely out or reach by any measurement technics. Third, even if it had been
technically possible to measure the energetic values of these behaviors with a preci-
sion allowing detection of the difference in energy balance during obesity develop-
ment, it would not be possible to determine which changes might have induced
the fat accumulation because of the concurrent changes in these same behaviors as
consequence of the growth in the fat mass and fat-free mass and its implications for
the energy intake and expenditure. In accordance with these conditions and rela-
tionships, it has been impossible to show that the food intake and physical activity
levels in the non-obese state is associated with the future development of obesity.

However, the interest in food intake and physical activity may still be relevant
in understanding obesity development, but then only by asking if the food intake,
including its composition of foods and nutrients, and the physical activity, including
for example distribution between sedentary periods and active periods with differ-
ent types and intensity of physical activity, influence the fat dynamics by biological



6 T. 1. A. Serensen

mechanisms beyond their energetic values? This is possible and plausible in view of
the growing evidence indicating that excessive intake of sugar-sweetened beverages
and prolonged completely sedentary life style may alter the fat dynamics toward an
ongoing fat accumulation and eventual development of obesity.

The key challenge in understanding the development of obesity is not to make
inferences from the simple understanding of the whole-body energy balance, but
rather to unravel the changes in the biological mechanisms and the determinants
of these changes leading to the persisting very small alterations in the fat dynam-
ics resulting in an ongoing fat accumulation in the adipose tissue. While realizing
this state-of-the-art, a very complex plethora of specific questions emerges; which
biological mechanisms are altered, when during the life, where in the body, and how
are the alterations induced and under which conditions. The following chapters will
elucidate various aspects of this complexity.

While addressing these aspects it may be worthwhile to keep the perspectives in
mind about the history of the development of the global obesity epidemic, defined
as a steady increase in the occurrence of obesity in the world’s populations. Obesity
has been known as a body type for thousands of years in several cultures, but the
epidemic appears to be a very recent phenomenon in populations that are not suf-
fering from constraints in food supplies during the twentieth century, emerging in
the United States of America in the first half of that century and in other parts of the
world during the second half of the century. The epidemic has developed in a way
that leaves no doubt that some fundamental changes in the broadly defined environ-
ment must have taken place that allows the obesity development. This so-called
obesogenic environment is usually conceived as an environment where there is
abundance of cheap, energy-dense foods and where it is easy to avoid or difficult to
be physically active. However, in agreement with the discussion above, it remains
an open question whether the transition to such environment plays a driving or just
a permissive role in the global epidemic of obesity. As at the individual level, it has
been difficult to show that the obesogenic changes of the environment preceded
the takeoff in the epidemic. It is frequently claimed that the people who become
obese in this environment are those genetically predisposed to obesity development,
which indeed is a plausible explanation. On the other hand, some studies also sug-
gest that the epidemic may be driven by changes in early life induced by more spe-
cific environmental influences, creating an additional predisposition either before
conception, during pregnancy of during infancy in subgroups in the populations.

A major challenge in the understanding of development of obesity is to unite
the evidence about the apparent multitude of determinants. There are sizeable dif-
ferences in occurrence of obesity at different sites, even within small otherwise
homogenous populations, and there are changes over time within the same popula-
tions that essentially remain unexplained. The last decade has shown a surprising
heterogeneity, with a mixture of continued increases, leveling off, and even declines
in the occurrence of obesity at different rates in different populations. Interrogation
of these differences will likely pave the way to a much deeper understanding of
development of obesity.
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The key descriptive determinants of occurrence of obesity within given societ-
ies at given points in time are in addition to age and sex, also various psychosocial
factors. Where there is abundance of foods available, the greatest risk of obesity
development is among those who live with various psychosocial challenges. In con-
trast to the difficulties in showing relations of food intake and physical activity to
later development of obesity, the prospective relation of psychosocial factors to
obesity development is well confirmed. It has been tempting to claim that the psy-
chosocial relations are attributable to obesogenic behaviors regarding food intake
and physical activity, but this argument is invalid simply because it would require a
stronger relation between the obesogenic behaviors and obesity development than
with the psychosocial factors, which is not the case. There is no clear and con-
vincing evidence explaining the role of the psychosocial factors, but it is tempting
to hypothesize a direct link between the mental state induced by these conditions
and—through a cerebral neuronal and/or hormonal connection—alterations in the
fat dynamics in adipose tissue. The evolutionary justification of the process could
be that since securing food supplies is dependent on collaborative activities in a
well-functioning social environment, psychosocial challenges may be read by the
mind as an indication of risks of deficient food supplies, and hence elicits the ad-
ditional accumulation of fat as an energy reserve. Such processes could also be
behind the early life influences as a mechanism securing energy also for the next
generation. In the present context these speculations primarily demonstrates the
necessity of taking a broader, cross-disciplinary approach, also when investigating
the molecular mechanisms underpinning the development of obesity.
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Chapter 2
Monogenic Forms of Obesity

Héléne Huvenne and Béatrice Dubern

Introduction

Obesity, defined as an excess fat mass, is a complex and multifactorial disease re-
sulting from the interaction of numerous environmental and genetic factors. It is
characterized by a wide phenotypic heterogeneity. Numerous epidemiological and
intervention studies carried out in different cohorts (twins brought up together or
separately, adopted children, nuclear families, among others) have recognized the
role of individual genetic and biological susceptibilities in response to the current
weight-gain promoting environment [1]. There are also individual differences in
progression of weight (i.e. different trajectories) and risk of associated comorbidi-
ties. It is now well accepted that the development of obesity stems from the inter-
action of multiple environmental factors (such as overeating and/or reduction in
physical activity) with genetic factors. The severity of obesity will be thus deter-
mined by the impact of environment on the genetic background of each individual.
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Several clinical presentations are described in obesity depending on the involved
genes:

a. Monogenic obesity described as rare and severe early-onset obesity associ-
ated with endocrine disorders. There are mainly due to mutations in genes of
the leptin/melanocortin axis involved in food intake regulation (genes of leptin
(LEP) and its receptor (LEPR), proopiomelanocortin (POMC), proconvertase |
(PC1), etc).

b. Syndromic obesity corresponding to obesity associated with others genetic syn-
dromes. Patients are clinically severely obese and additionally distinguished
by mental retardation, dysmorphic features and organ-specific developmental
abnormalities. Prader-Willi and Bardet-Biedl syndromes are the 2 most frequent.
But more than 100 syndromes are now associated to obesity.

c. Melanocortin 4 receptor (MC4R) linked obesity characterized by a variable
severity of obesity and the absence of specific phenotype. They are responsible
for 2-3 % of obesity in adults and children.

d. Polygenic obesity, which is the more common clinical situation (> 95 % of cases).
Here each susceptibility gene, taken individually, would only have a slight effect
on weight. The cumulative contribution of these genes would become significant
only in an ‘obesogenic lifestyle’ (such as overfeeding, sedentariness, stress).

The comprehension of the obesity molecular mechanisms progressed enormously
these last years thanks to the development of faster, precise and effective genetic
screening tools. In particular, the whole-exome sequencing showed its power to
identify new monogenic obesities due to mutations in the leptin/melanocortin path-
way or in other genes. Rare genetic obesities are, in fact, important to clinically
detect because it allows to progress in understanding obesity physiopathology and
on the other hand there is a specific management of these forms of obesity depen-
ding on specific and multidisciplinary teams.

Monogenic Obesity Due to Mutations in the Leptin/
Melanocortin Pathway

As described in rodents, monogenic obesities are mainly due to mutations in the
genes encoding proteins involved in the leptin/melanocortin pathway that plays a
pivotal role in the hypothalamic control of food intake (Fig. 2.1). The hypothalamic
leptin/melanocortin pathway is activated following the systemic release of the adi-
pokine LEP and its subsequent interaction with its receptor LEPR located on the
surface of neurons of the arcuate nucleus. The downstream signals that regulate sa-
tiety and energy homeostasis are then propagated via POMC, cocaine-and-amphe-
tamine-related transcript (CART) and the melanocortin system [2]. While POMC/
CART neurons synthesize the anorectic peptide a-melanocyte stimulating hormone
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Fig. 2.1 The leptin/melanocortin pathway. Neuronal populations propagate the signaling of vari-
ous molecules (leptin, insulin, ghrelin) to control food intake and satiety. POMC-neurons in the
arcuate nucleus are activated by leptin and insulin and produce the a-MSH, which then activates the
MCH4R receptor in the paraventricular nucleus resulting in a satiety signal. The downstream roles
of SIM1, BDNF and TKRB are currently being explored. A separate group of neurons express-
ing NPY and AGRP produce molecules that act as potent inhibitors of MC4R signaling. Several
mutations of those genes involved in the leptin/melanocortin pathway are responsible for severe
early-onset obesity. AGRP agouti-related protein, BDNF brain-derived neurotropic factor, CRH
corticotrophin-releasing hormone, GHR ghrelin receptor, ISR insulin receptor, LepR leptin recep-
tor, MC4R melanocortin-4 receptor, M CH melanin-concentrating hormone, a-MSH a-melanocyte
stimulating hormone, f-MSH  -melanocyte stimulating hormone, NPY neuropeptide Y, Ox orex-
ins, PCI and 2 proconvertase 1 and 2, POMC proopiomelanocortin, SIM1 single-minded 1, TRH
thyrotropin-releasing hormone, TRKB tyrosine kinase receptor

(a-MSH), a separate group of neurons express the orexigenic neuropeptide Y (NPY)
and the agouti-related protein (AGRP), which acts as a potent inhibitor of melano-
cortin 3 (MC3R) and MC4R receptors. The nature of the POMC derived peptides
depends on the type of endoproteolytic enzyme present in the specific brain region.
In the anterior pituitary, the presence of the PC1 enzyme produces ACTH (adreno-
corticotropic hormone) and B-lipotrophin peptides, while the combined presence of
PC1 and PC2 in the hypothalamus controls the production of a-, -, y-MSH and p-
endorphins. Mutations in human genes coding for LEP [3-5], LEPR [6, 7], POMC
[8] and PC1 [9] lead to severe obesity occurring soon after birth, with generally
complete penetrance and autosomal recessive transmission (Table 2.1).
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Table 2.1 Rare monogenic forms of human obesity
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Gene Mutation type Obesity Associated phenotypes
Leptin (LEP) Homozygous Severe, from | Gonadotropic and thyrotropic
mutation the first days | insufficiency
of life
Leptin receptor | Homozygous Severe, from | Gonadotropic, thyrotropic and somato-
(LEPR) mutation the first days | tropic insufficiency
of life
Proopiomelano- | Homozygous Severe, from | ACTH insufficiency
cortin or compound the first Mild hypothyroidism and ginger hairs
(POMC) heterozygous months if the mutation leads to the absence of
mutation of life POMC production
Proprotein con- | Homozygous Severe obe- | Adrenal, gonadotropic, somatotropic
vertase subtilisin/ | or compound sity occurring | and thyrotropic insufficiency
kexin type 1 heterozygous in childhood | Postprandial hypoglycemic malaises
(PCSK1) mutation Central diabetes insipidus
Single-minded 1 | Translocation Severe obe- | Inconstantly, neurobehavioral abnor-
(SIM1) between chr sity occurring | malities (including emotional lability
1p22.1 and in childhood | or autism-like behavior)
6q16.2 in the
SIM 1 gene
Neurotrophic De novo hetero- | Severe obe- | Developmental delay
tyrosine kinase zygous mutation | sity from the | Behavioral disturbance
receptor type 2 first months | Blunted response to pain
(NTRK2) of life
Dedicator of Variable number | Childhood -
cytokinesis 5 tandem repeats and adult
(DOCKY5) (VNTRs) severe
obesity
Kinase sup- Heterozygous Severe Hyperphagia in childhood
pressor of Ras2 | frameshift, non- | obesity Low heart rate

(KSR2)

sense or missense
variants

Reduced basal metabolic rate
Severe insulin resistance

Tubby-like pro- | Homozygous Early-onset Night blindness, decreased visual acu-
tein (TUB) frameshift obesity ity and electrophysiological features of
mutation arod cone dystrophy
Leptin Deficiency

Mutations in the human genes coding for LEP [3-5] and LEPR [6, 7] lead to ra-
pid and dramatic increase in weight since the first months of life, as illustrated by
the weight curve of LEPR deficient subjects (Fig. 2.2). Evaluating body composi-
tion in some LEPR mutation carriers show a large amount of total body fat mass
(>50%) but resting energy expenditure remains related to the level of body corpu-
lence. Feeding behaviour is characterized by major hyperphagia and ravenous hun-
ger [10]. Surprisingly, one LEP deficient Austrian girl has been recently described
with more moderate obesity (BMI 31.5 kg/m?), despite an increased consumption
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Fig. 2.2 BMI curves of 2 homozygous null LEPR mutants (LEPR 1 and 2), 1 homozygous null
MCH4R patient, 6 heterozygous MC4R carriers and 40 non mutated obese controls [47]. The refer-
ence curves are the standard French/Institut National de la Santé et de la Recherche Médicale
percentile curves
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of calories in a test meal [11]. The phenotype was explained by extremely low
daily calorie intake. Even if one takes into account a substantial underreporting, this
observation might suggest that despite LEP deficiency, it was possible to control
energy intake and thus to prevent extreme obesity. In that specific case, the parents’
role was determinant by providing a favourable environment with vigorous control
of the patient’s eating behaviour from early infancy onward. A further explanation
might be related to the different genetic backgrounds of different subjects with LEP
or LEPR deficiency. However, despite this particular case, severe early-onset obe-
sity with major hyperphagia is recognized as a main clinical presentation of LEP or
LEPR deficiency.

Associated to the severe early-onset obesity with major hyperphagia, hypogo-
nadotrophic hypogonadism and thyrotrophic insufficiencies complete the pheno-
type. Insufficient somatotrophic secretion, leading to moderate growth delay, is also
described in some patients with a LEPR mutation. In LEP deficient subjects, it was
described a high rate of infection, particularly recurrent respiratory tract infections,
associated with a deficiency in T cell number and function [6, 12, 13]. In individu-
als with leptin deficiency either due to LEP or LEPR mutations, no pubertal de-
velopment was observed while in others there is evidence of spontaneous pubertal
development suggesting a recovery of hormonal functions with time. For example,
the follow-up of the initially described LEPR deficient sisters revealed the norma-
lization of thyroid mild dysfunction at adult age and normal spontaneous pregnancy
[14].

Measurement of circulating leptin may help in the diagnosis: it is undetectable in
LEP mutation carriers and correlated to fat mass or unusually elevated in LEPR mu-
tation carriers [3, 6, 7]. Thus, LEPR gene screening might be considered in subjects
with severe early-onset obesity associated to endocrine dysfunctions with leptin
related to corpulence level [7].

Mutations of POMC and PCSKI Genes

Obese children with a complete POMC deficiency have ACTH deficiency, which
can lead to acute adrenal insufficiency from birth. These children display also a
mild central hypothyroidism that necessitates hormonal replacement [8]. Altera-
tions in the somatotropic and gonadotropic axis are also described [15]. The reason
of these endocrine anomalies is unknown even if the role of melanocortin peptides
in influencing the hypothalamic pituitary axis has been proposed. Ginger hair due to
the absence of a-MSH, which activates the peripheral MC1R involved in pigmenta-
tion is classically described. However, it might be inconstant as reported in several
observations suggesting that the skin and hair phenotype might vary according to
the ethnic origin of POMC mutation carriers [15—17]. The modifications in color
hair, adrenal function and body weight are consistent with the lack of POMC-de-
rived ligands for the melanocortin receptors MC1R, MC2R and MC4R respectively.
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Patients carrying rare mutation in the PCSK! (proprotein convertase subtilisin/
kexin type 1) gene leading to PC1 deficiency, have also endocrine anomalies in
addition to severe obesity. They are mainly postprandial hypoglycemic malaises,
fertility disorders due to hypogonadotrophic hypogonadism, central hypothyroi-
dism and adrenal insufficiency secondary to lack of POMC maturation. The delayed
postprandial malaises are explained by the accumulation of proinsulin through lack
of PC1, which is involved in the synthesis of mature insulin from proinsulin. The
absence of POMC maturation causes a dysfunction in the melanocortin pathway
that explains the obese phenotype [9]. Severe persistent diarrhea, due to defect in in-
testinal absorption, is also described, secondary to lack in mature GLP-1 (glucagon-
like peptide-1) [18]. Alteration of the processing of prohormones, progastrin and
proglucagon, explains, at least in part, the intestinal phenotype and also suggests
the role of PCI in absorptive functions in the intestine. Recently, central diabetes
insipidus improved by oral desmopressin was noted in one compound heterozygous
proband and in 13 children with a total PC1 deficiency. These observations suggest
that PCSK 1 may be involved in the full functioning or central sensing of osmolality
in humans [19, 20]. Growth hormone deficiency was also noted in the 13 children
with complete PC1 deficiency [20].

Diagnosis Genetic Testing of Monogenic Obesity

In case of clinical situation suggesting a monogenic obesity (severe early-onset
obesity associated to endocrine anomalies and potentially consanguineous parents),
direct sequencing of the candidate gene (LEP, LEPR, POMC, etc.) is necessary
for diagnosis confirmation. It will detect homozygous or compound heterozygous
mutation responsible for an interruption of the leptin-melanocortin axis. Family
members are needed to be tested for segregation analysis and to evaluate the risk
of recurrence.

A few genetics laboratories routinely perform those analyses that usually are part
of research programs. For example in Europe, this genetic testing cans be found at

» UF nutrigénétique (Pitié-Salpétriere hospital). Contact: B. Dubern or K. Cl¢-
ment. Address: Endocrinology and Nutrition department, Pitié-Salpétriere hos-
pital, Boulevard de I’hopital, 75013 Paris or Pediatric Nutrition department,
Trousseau hospital, 75012 Paris. Email: beatrice.dubern@trs.aphp.fr; karine.
clement@psl.aphp.fr; Tel: 33 (0) 14234 8936; Fax: 33 (0) 4051 00 57; Web site:
http//www.cgmc-psl.fr/

* S O’Rahilly’s team (University of Cambridge). Contact: S. Farooqi or S.
O’Rahilly. Address: Department of Clinical Biochemistry, University of Cam-
bridge, Addenbrooke's Hospital, Hills Road, Cambridge, CB2 2QR. Email:
isf20@cam.ac.uk; Tel: +44 (0) 1223 336792; Fax: +44 (0) 1223 330598; Web
site: http://www.mrl.ims.cam.ac.uk
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Treatment

In case of LEP deficiency, children and adults benefit from subcutaneous injection
of leptin, resulting in weight loss, mainly of fat mass, with a major effect on reducing
food intake and on other dysfunctions including immunity, as described previously
[21]. A detailed microanalysis of eating behavior of three leptin deficient adults, be-
fore and after leptin treatment, revealed reduced overall food consumption, a slower
rate of eating and diminished duration of eating of every meal in the three subjects
after leptin therapy. Leptin treatment also induces features of puberty even in adults
[10]. This study supports a role of leptin in influencing the motivation to eat before
each meal [22]. Another study shows that leptin treatment had a major effect on
food intake. Ad libitum energy intake in a test meal was reduced, hunger ratings
in the fasted state decreased and satiety following a meal increased. Leptin acts on
neural circuits governing food intake to diminish perception of food reward while
enhancing the response to satiety signals generated during food consumption [23].
In a separate study, hormonal and metabolic changes were evaluated before and
after leptin treatment [10]. Leptin treatment was able to induce aspects of puberty
even in adults, as illustrated by the effect of leptin treatment in one 27 year-old adult
male with hypogonadism. In two women between 35-40 years, leptin treatment led
to regular menstrual periods and hormonal peaks of progesterone evoking a pattern
of ovulation. Although cortisol deficiency was not initially found in LEP deficient
patients, eight months of leptin treatment modified the pulsatility of cortisol with a
greater morning rise of cortisol. Leptin could have a previously unsuspected impact
on human hypothalamic-pituitary-adrenal function. Metabolic parameters of leptin
deficient patients improved in parallel with weight loss.

In the LEPR deficient subjects, leptin treatment is useless because of a non-
functional LEPR. Factors that could possibly bypass normal leptin delivery systems
are being developed but are not yet currently available. The ciliary neurotrophic
factor (CNTF) was one of the candidate molecules. CNTF activates downstream
signaling molecules such as STAT-3 in the hypothalamus area that regulates food
intake, even when administered systemically. Treatment with CNTF in humans and
animals induced substantial loss of fat mass [24]. The neurotrophic factor, Axokine,
an agonist for the CNTF receptor, has been under development by the Regeneron
Company, for the potential treatment of obesity and its metabolic associated com-
plications. But the phase III clinical trials were stopped due to development of an-
tibodies against Axokine in nearly 70 % of the tested subjects after approximately
3 months of treatment. In addition, Axokine had a small positive effect [25]. It is
also possible that side effects of CNTF, a molecule possibly acting in the immune
function, might be expected [26].

In children with a complete POMC deficiency, a 3 months trial using MC4R
agonist with low affinity was inefficient on weight or food intake [8]. POMC, PCI
or LEPR deficient families might benefit from the development of new MC4R ago-
nists if such drugs become available, in order to restore the melanocortin signal.
Likewise, deep brain stimulation trials with an electrode inserted in the anterior
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third ventricle contiguous to the ventromedian hypothalamus are actually per-
formed. In monkeys, this chronic 8-week stimulation induces a significant decrease
in corpulence with reduction of 8 % of body weight and 18 % of fat mass, without
side effects [27].

Today, bariatric surgery is the only long-term efficient treatment for severe
obesity [28] using several surgical technics (laparoscopic gastric bypass, gastric
banding or sleeve gastrectomy). The question of such treatment and its potential
efficiency is crucial in patients with monogenic obesity. But currently, data on ba-
riatric surgery in these patients are limited and controversial. In one LEPR deficient
patient, vertical gastroplasty was beneficial and sufficient to induce and maintain a
40 kg weight loss (—20 % of the initial weight) over 8 years of regular follow-up,
whereas the patient remained obese [29]. In contrast, a relative failure of surgical
therapy was illustrated by the rapid weight regain 1 year after bypass in another
LEPR deficient morbidly obese woman. But this patient with low socioeconomic
status had extreme difficulties after postsurgical counselling. She was noncompliant
with the recommendations provided in this type of purely restrictive surgery and her
medical follow-up was very irregular. This report illustrated the important role of
environment on the benefice of bariatric surgery especially in case of monogenic
obesities or underlined the poor efficiency of bariatric surgery in these patients [29].

So, due to the limited number of cases, the long-term efficacy and safety of
bariatric surgery need further evaluation. A multidisciplinary team approach should
always be adopted in order to establish the correct indication and realistic explana-
tion after surgical treatment of obese patients.

Other Monogenic Obesities

Several additional genes, implicated in the hypothalamus and central nervous sys-
tem development, have been found to cause monogenic obesity in humans. A dele-
tion of the SIM1 (single-minded homolog 1) gene, located on the 6q chromosome,
secondary to a de novo translocation between 1p22.1 and 6q16.2 chromosomes,
was identified in one girl with severe early-onset obesity associated to hyperphagia
and food impulsivity [30]. She had a rate of early weight gain comparable to the
weight curve of LEP and LEPR deficient children. Izumi et al. identified also an
interstitial 6q deletion including the SIMI gene in a subject with Prader-Willi-like
features (neonatal hypotonia, dysmorphy, developmental delay, early-onset obesity,
short stature, hypopituitarism) [31]. SIMI encodes a transcriptional factor impli-
cated, in mouse, in the development of the hypothalamic paraventricular nucleus.
It plays a role in the melanocortin signaling pathway and appears to regulate fee-
ding rather than energy expenditure [32, 33]. The sequencing of the coding region
of SIM1I, in 2100 unrelated patients with severe early-onset obesity and in 1680
unrelated population-based controls, identified 13 different heterozygous variants
in 28 severely obese patients. Variants carriers exhibited severe obesity, increased
ad libitum food intake in a test meal, normal basal metabolic rate and inconstantly
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neurobehavioral phenotype (impaired concentration, memory deficit, emotional lia-
bility or autistic spectrum behavior). Nine of the 13 variants significantly reduced
the ability of SIMI to activate a SIMI-responsive reporter gene. These mutations
co-segregated with obesity in extended family studies with variable penetrance. So,
rare variants in SIM1 should be considered in patients with hyperphagic early-onset
obesity associated or not to Prader-Willi-like syndrome features or neurobehavioral
abnormalities such as emotional lability or autism-like behavior [34-36].

Likewise, decreased expression of the brain-derived neurotropic factor (BDNF)
was found to regulate eating behavior [37]. BDNF, encoded by NTRK2 (neuro-
trophic tyrosine kinase receptor type 2) gene, and its associated tyrosine kinase
receptor (TRKB) are both expressed in the ventromedial hypothalamus. They have
been attributed a role downstream of MC4R signaling implicated in feeding regu-
lation [38]. A de novo heterozygous mutation in NTRK2 gene was described in an
8-year-old boy with severe early-onset obesity, mental retardation, developmental
delay and anomalies of higher neurological functions, like the impairment of early
memory, learning and nociception [39]. Other mutations in NTRK2 were found in
patients with early-onset obesity and developmental delay, but their functional con-
sequences and their implication in obesity are yet to demonstrate. In vitro studies
of some mutations have suggested that these mutations could impair hypothalamic-
signaling processes [40].

Finally, the contribution of copy number variants (CNVs) to complex disease
susceptibility, such as severe obesity, has been the subject of debates in recent years.
Variable number tandem repeats (VNTRs) constitute a relatively under-examined
class of genomic variants in the context of complex disease. Rare CNVs have been
shown to be responsible for severe highly penetrant forms of obesity. For exam-
ple, investigation of a complex region on chromosome 8p21.2 encompassing the
DOCKS (dedicator of cytokinesis 5) gene has shown a significant association of the
DOCKS5 VNTRs with childhood and adult severe obesity [41]. So, more systematic
investigation of the role of VNTRs in obesity had to be performed to study their
relatively unexplored contribution to this disease and their potential link with the
leptin/melanocortin pathway.

The rapid development of new tools such as whole-exome sequencing will pro-
bably help to identify novel genes in severe early-onset obesity or monogenic obe-
sity. The whole-exome sequencing is a diagnostic approach for identification of
molecular defects in patients with suspected genetic disorders. It showed its power
to identify mutations responsible for rare diseases, in a small number of unrelated
affected individuals. Indeed, it contributed greatly to the discovery of disease-cau-
sing genes in several rare inherited human diseases. So, this tool could probably
help to reveal new molecular abnormalities in patients with monogenic obesity.
It was tested and validated in a study for the molecular diagnosis of 43 forms of
monogenic diabetes or obesity. Forty patients (19 with a monogenic form of dia-
betes and 21 with a monogenic form of obesity) carrying a known causal mutation
for those subtypes according to diagnostic laboratories were blindly re-analyzed.
Except for one variant, all causal mutations in each patient were re-identified, asso-
ciated with an almost perfect sequencing of the targets (mean of 98.6 %). Moreover,
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in three individuals, other mutations were detected with a putatively deleterious
effect, in addition to those previously reported by the genetic diagnosis laboratories
[42]. In another study based on 39 unrelated severely obese Pakistani children, the
whole-exome sequencing revealed two novel homozygous LEPR mutations in two
probands who were phenotypically indistinguishable from age-matched LEP defi-
cient subjects of the same population [43]. Several other genes implicated in severe
obesity have been identified using this method: one paternal 2pter deletion, encom-
passing the ACP1 (acid phosphatase 1), TMEM 8 (transmembrane protein 18) and
MYTIL(myelin transcription factor 1-like) genes in five unrelated patients presen-
ting with severe early-onset obesity, hyperphagia, intellectual deficiency and severe
behavioral difficulties [44]; multiple rare variants in the KSR2 (kinase supressor of
Ras 2) gene in 45 unrelated severely obese individuals exhibiting low heart rate,
reduced basal metabolic rate and severe insulin resistance [45]; one homozygous
frameshift mutation in the 7UB (tubby-like protein) gene in a proband who presen-
ted with obesity, night blindness, decreased visual acuity, and electrophysiological
features of rod cone dystrophy [46].

In conclusion, whole-exome sequencing will probably help physicians to identify
new molecular abnormalities in patients with severe early-onset obesity in a close
future. Moreover, progress in understanding the monogenic obesity mechanisms
may help to better understand the pathophysiology of the more common forms of
obesity and to improve their management.
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Chapter 3
Heterogeneous Obesity Syndromes:
New Strategies for Diagnosis

Raquel Rodriguez-Lopez

Array Techniques for Diagnosis of New Obesity Syndromes

Obesity is a multifactorial and heterogeneous condition whose inheritance patterns
are results from alterations of various genes, each having a complete, partial and/
or additive effect. The identification of susceptibility genes and genetic variants for
obesity requires various methodological approaches and to date have been clas-
sified into three main categories on the basis of genetic etiology: polygenic obe-
sity (in which the combination of low number of single nucleotide polymorphisms
(SNPs) have already been considered the molecular basis of risk genetic score),
monogenic non syndromic (around 4-5% Mendelian inherited cases due to high
penetrance mutations), and syndromic obesity.

Considering an individual as candidate or not to study for genetic susceptibil-
ity to obesity, percentile or Body mass index (BMI) for age and percentile may
be calculated for child or individuals more than 16 years of age, respectively. The
consensus protocol to diagnose patients who have developmental delays or intel-
lectual disabilities and other variable phenotypic features, requires a detailed clini-
cal examination and precise description of the phenotype and a wide pedigree with
an exhaustive familial antecedent. The screening may be standardized with radio-
logical (hands, feet, spine, and renal ultrasonography) and biological investigation
(hormonal, metabolic). After clinical evaluation, directed genetic analysis looking
for suspected syndromic obesogenic etiologies as Prader Willi, Bardet-Biedl among
others may be previously discarded. After discarding the clinically recognizable
main monogenic etiologies of syndromic obesity, the phenotypic description of
“new” syndromes with obesity related to chromosomal anomalies should point out
new candidate genes implicated in the development of severe overweight.
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Since the end of 2011, whole genome analysis using SNPs/CNVs and Compara-
tive Genomic Hybridization array (CGH) analysis constitutes the first line testing
for the most unaffiliated developmental delay syndromes. These techniques are al-
ready established into the clinical setting as the principal tool to detect human varia-
tion in routinely clinical assistance [1]. The array technique analysis has detected
the presence of highly variable number of CNVs per subject. The International
Standards for Cytogenomic Arrays (ISCA) Consortium promotes standardization
of variant interpretation using standard filters, which have been established to con-
sider them as pathogenic or not: (a) the rate of overlap with known nonpathogenic
polymorphic CNVs, (b) smaller than 100 kb, (c) if the CNV did not involve known
genes, (d) detected with a low probe density <2 kb, except for CNVs affecting re-
gions known to be involved in microdeletion or microduplication. The test may be
expanded to parents to distinguish between de novo-generated and inherited delete-
rious imbalances. The information is been continuously included on the similarly
named and publicly available database (http://www.iscaconsortium.org).

Committees of clinical genetics laboratory experts have created and maintain
publicly available databases at NCBI/NIH (http://www.ncbi.nlm.nih.gov), includ-
ing the cytogenetic array data generated in clinical testing laboratories as the ISCA
data and others as Unique (http://www.rarechromo.org), The database of Genomic
Variants (http://projects.tcag.ca), UCSC Genome browser (http://www.genome.
ucsc.edu) and DECIPHER (http://www.sanger.ac.uk/PostGenomics/decipher). All
of them constitute the standards and the main recommendations for the interpreta-
tion and reporting of pathogenic versus benign copy number changes, as well as
imbalances of unknown clinical significance in the context of the clinical assis-
tance routine. The effort of clinicians and researchers to share their knowledge of
copy number variation (CNV) among individuals with abnormal features, conform
an invaluable resource in a process to establish sure guidelines to improve patient
diagnosis. An adequate validation of the generated information will depend on the
availability, accuracy and accessibility on genotype-phenotype relationships infor-
mation. Interactive databases on Internet offer a suite of tools designed to facilitate
the clinical interpretation of chromosomal imbalance.

Considering an obese patient as candidate to be studied using array techniques,
may be established as obesity above 90th percentile under 14 year-old and at least
one criterion among mental retardation and/or facial dimorphism [1]. Also, one ma-
jor malformation may exist as uro-genital, cardiac, skeletal, cerebral or ophthalmo-
logic, among others. Familial aggregation pattern of common obesity and/or obesity
antecedents with an identified etiology, have also to be controlled. Nowadays, the
utility of genetic testing using the array technologies on individuals with those phe-
notypes, even including autism, is absolutely accepted.

Multidisciplinary groups of experts in clinical genetics assistance, cytogenetic
and molecular techniques, genomics and bioinformatics, participate in a dynamic
process to design increasingly higher density arrays for general appliance, but also
directed to improve the efficiency to detect the causes of specific phenotypes. This
strategy is based on reviewing the data from chromosome array testing data of indi-
viduals with the same signs and symptoms. Experts designed common formularies
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to fill the same set of phenotype features and characteristics of each analyzed pa-
tient, however there are no options to reflect specific parameters to define obesity
in those questionnaires. In addition to this, the array techniques recommendations
have been mainly focused on clinical indications for pediatric applications. Ba-
bies or children with unexplained developmental disabilities, exhibit the majority
of signs and/or symptoms of their global features, which compose their phenotypes
at birth time, preferentially. However, obesity needs a variable but always a longer
period time to appear.

Instead of the deficient and unequal information related to overweight in that
series of patients, different syndromes with obesity have been associated with chro-
mosomal imbalance found by arrays. Their pathogenicity for obesity susceptibility
has not been considered definitely proved in all patients; further specifically de-
signed studies are required to corroborate the genotype-phenotype correlations for
specific involved genes and mechanisms responsible for the obesity. Wide studies
in cohorts of patients selected for syndromic obesity would allow the characteriza-
tion of cryptic chromosomal anomalies and identify candidate genes present at the
deleted or duplicated /oci.

Chromosomal Imbalance Affecting High Susceptibility
Genes to Obesity

Generally speaking about risk genes to obesity, the previous genetic analysis of
some chromosomal regions harboring one or more genes among members belong-
ing to families with multiple cases, and test whether co-segregate with the trait,
identified few variants with high penetrance [2, 3]. Those results do not contrib-
ute substantially to the risk of common forms of obesity [4, 5] but constitute the
sufficient molecular cause of the obesity appearance among individuals who carry
genetic alterations on these genes. Haploinsufficiency of these high susceptibility
genes to obesity has been also described in literature.

Two patients from western Spanish population, who were analyzed using array
techniques in the context of their unaffiliated syndromic phenotype in newborns,
resulted to be carriers of deletions including the BDNF and the MC4R gene, respec-
tively. The exhibited phenotypes included severe features, whose severe clinical
features compensated or at least delayed the overweight appearance. Weight and
height were controlled, but no alterations were described at consultancy time. Each
DNA sample was hybridized on the Affymetrix Cytogenetics Whole-Genome 2.7
Array. Data was collected using Gene Chip Scanner 3000 Dx and CEL files were
analyzed using Chromosome Analysis Suite software (ChAS v1.1). The annotation
file used was hgl8 software was then used to reveal copy number at each locus
quantifying the fluorescent signal intensity and comparing it with HapMap controls
(International HapMap Project, 2005; http://www.hapmap.org).
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Haploinsufficiency of the BDNF Gene

With respect to the example regarding to the haploinsufficiency of the BDNF gene,
a girl who was affected with aniridia as the only clinical sign from birth, resulted
carrier of the 40 Mb of 11p15.1p12 deletion [6]. High-density SNPs/CNVs mi-
croarray was used to delineate the deleted genes and to define how the area in
haploinsufficiency could possibly contribute to the phenotype development. The
proximal breakpoint was determined using the ChAS software at chromosome posi-
tion 18,676,926 affecting the TMEMS86A gene, and distal breakpoint at 36,576,388
within the RAG2 gene (Fig. 3.1). The size deletion was 40 Mb encompassing a total
of 124 genes and open reading frames, including the OMIM genes CSRP3, SLC6A5,
FANCF, BDNF, FSHB, PAX6, WT1, CD59, LMO2, CAT, CD44, RAG1 and RAG2
(OMIM entrance ID: 601240). The predicted genotype-phenotype relationship was
established from the published data of patients affected with WARG or WARGO
syndrome, and those who were analyzed at older ages [7-9]. The patient carried
a much broader than the described deletion which included all the major genes
involved in the WARGO phenotype: WT1, PAX6, BDNF and SLCI1A2. The sup-
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Fig. 3.1 Affymetrix Whole-Genome Human SNPs/CNVs 2.7 analysis. Deletion region
46,XXdell1p12-15.1 dn in patient (40 Mb). The distal breakpoint was determined using the ChAS
software at chromosome position 18,676,926 affecting the TMEMS86A4 gene and distal breakpoint at
36,576,388 within the RAG2 gene. The BDNF gene is included in the deleted region
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pression of P4XG6, its regulatory elements located 5' of the gene, and other upstream
elements explained the congenital aniridia and cataract in the patient. Sequencing
of the remain allele of BDNF gene identified the Valo6Met polymorphism, which
has been associated with poorer episodic memory, abnormal activation of the hip-
pocampus and eating disorders in distinct populations [10].

Rigorous monitoring of these patients would increase the clinical utility of the
card for the syndrome genes WARG [11] and should define in detail the WARGO/
WAGRO syndrome. In the Decipher database WARG 11p13 deletion syndrome is
described to be associated to deletions variable in size (from 1 to 26.5 Mb) and
always including the genes WT'1 and PAX6. Obesity is not included in the main fea-
tures of the four described phenotypes, although is reflected that a substantial pro-
portion of cases develop marked obesity, mediated by brain-derived neurotrophic
factor (BDNF).

It has been described that the WARGO patients reach a BMI around 4.3 SD
above the age-related population-based mean, at 8 years of age. By 10 years of age,
100% of the patients with heterozygous BDNF deletions are obese (BMI > or =
95th centile for age and sex) as compared with 20% of persons without BDNF
deletions. The baby had not deviated from the predicted percentiles during the 1st
year and a half of life, although the acceleration in weight gain has been described
to start at the beginning of the second year of life [§].

Haploinsufficiency of the MC4R Gene

Other girl in our series (unpublished data), newborn, exhibited in physical examina-
tion a moderate axial hypotonia and dysmorphic features such as hypertelorism, flat
nasal bridge, dysplastic ears, and redundant skin fold. The patient had an anorectal
malformation consistent in a previous perineal fistula, with a previous ectopic anal
opening in backplane fourchette [12]. At locomotor level, she had irreducible ab-
ducts and severe valgus feet. Cerebral ultrasound detected the cavity of septum pel-
lucidum and vergae. The otoacoustic emissions and brainstem auditory evoked po-
tentials were pathological, showing a conductive hearing loss. The temporary rock
TAC showed stenosis of both ear canals. An echocardiogram was performed and an
atrial septal defect (ASD), Ostium Secundum and patent ductus arteriosus (PDA)
were diagnosed. Growth parameters were under the normal limits at testing time.
Data from Affymetrix Cytogenetics Whole-Genome 2.7 Array analysis evi-
denced two chromosomal misbalances: arr18p11.32p11.21 (136.226-12602631)x3,
18q21.32q23 (57691236-78014123)x1. 20.3 Mb subtelomeric deletion of 18q and
12.5 Mb duplication 18p subtelomeric (Fig. 3.2). Haploinsufficiency of the MC4R
gene (Fig. 3.3) and the normal sequence at the remained allele by Sanger were cor-
roborated. Clinical Follow up revealed that the girl maintained a ponder-estatural
delay at 2 years of age, weight in percentile 1 (9 kg, corresponding to —2.52 SD)
and the size also in P1 (80 cm, corresponding to —2.35 DE). The molecular bases
of these signs could be related to the described growth hormone insufficiency in
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Fig.3.2 Affymetrix Whole-Genome Human SNPs/CNVs CytoScan HD analysis. arr18p11.32p11.21
(136.226-12602631)x3, 18q21.32q23 (57691236-78014123)x1. 20.3 Mb subtelomeric deletion of
18q and duplication 18p subtelomeric 12.5 Mb. The MC4R gene is included in the deleted region

patients carrying deletions on 18q23 [13]. Further specifically designed studies of
these patients will facilitate genotype-phenotype correlations for the haploinsuf-
ficiency of these specific genes responsible for the obesity. The comparison with
published related phenotypes is essential [14]. It seems also essential maintaining
a periodic clinical observance of these individuals to control the obesity indicators,
and the most complete set of parameters and variables enable to influence them.

Phenotypic Correlation Between Loci,
when Chromosomal Imbalances or Susceptibility
Alleles to Obesity Exist

The genome-wide association studies (GWAS) demonstrated to be the most effi-
cient study design in identifying common genetic variants associated with over-
weight. Using array techniques for case-control studies to the whole genome, the
human obesity susceptibility was scanned with the maximum resolution levels.
Around 250 obesity-related loci have been already identified [15—-17] (Fig. 3.4). It
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Fig. 3.3 Chromosome analysis suite software (Affymetrix) corroborated the existence of the
happloinsufficiency of the MC4R gene, due to the 20.3 Mb subtelomeric deletion 18q21.32q23
(57691236-78014123)

has been clearly demonstrated the complexity of obesity, because many of these loci
have been associated with BMI, other /oci were associated with abdominal obesity,
or the body fat percentage.

SNPs in FTO [18] and near-MC4R loci [19] were the locations firstly identified
among Europeans as genetic location for obesity susceptibility. SNP-to-SNP com-
parisons suggested that more than half of the 36 body mass index-associated /oci are
shared across European and East Asian ancestry populations, whereas locus-wide
analyses suggest that the transferability might be even more extensive [17].

The SNP rs9939609 in the FTO gene (Chr.16q12.2), has been one of the most
extensively candidate variants studied, to which has been attributed to explain about
1% of BMI heritability. Its common frequency allele and functional effect can be
acting in an interesting percentage of obese individuals, whose characteristics clas-
sify their overweight as syndromic or not.

The information on Unique web page describes deletions which are vary in size
with the proximal breakpoint at 16q12 to 16q13, including the 7O gene. Data is
drawn from around 15 cases and the effects are extremely variable. Babies carrying
deletions at 16q12 have been described to be born short and light, and continue to
grow slowly, with their weight and height at or below the lowest curves on a growth
chart. Obesity has not been referred in those patients. Descriptions of associated
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Fig. 3.4 Obesity-susceptibility loci identified through genome-wide association studies (GWAS) for
body mass index (blue), waist circumference and waist-to-hip ratio (pink) and extreme and early onset
of obesity (green). The fat mass and obesity associated gene FTO and the near-MC4R loci were cor-
roborated as principal risk genomic regions. Figure modified and updated from Loos [17]

phenotypes in medical journals are usually episodic and frequently describe babies,
with scant or no information on later health. 7 entries of 5 gains and 2 losses from
5.37 to 38.49 Mb have been detailed in Decipher v7.0 database, all of them included
the F'TO gene and none of their associated phenotype refers the existence of obesity.

Searching for individuals carrying deletions including the MC4R gene (Chromo-
some 18q21.32: 58,038,564—58,040,001) and flanking region, Unique web page
describes cases whose height and build are above average. Children use to be on the
98th percentile for height. Obesity has been described among adults with deletions
of 18q, who had grown up even plump but were frequently shorter than would have
been expected. 24 entries of 11 gains and 13 losses from 2.17 to 28.15 Mb have been
detailed in Decipher v7.0 database; all of them included the MC4R gene. The pheno-
type has been detailed in 12 cases from the 24 chromosomal imbalances described,
and only the entry 218187 (deletion of 2.56 Mb) refers the existence of intellectual
disability and truncal obesity (https://decipher.sanger.ac.uk/patient/248187).

The NPCI gene (Chromosome 18ql11.2: 21,086,148 —21,166,862) was identi-
fied as the gene that when mutated, results in Niemann-Pick disease type C (rare au-
tosomal recessively inherited neurovisceral lipid storage disorder). Mutations in the
NPCI gene have been strongly linked with obesity and genome-wide association
studies, identified NPC/ as a risk factor in childhood obesity (Fig. 3.4). Cases in-
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cluded in Unique database as carriers of deletions which include this genomic re-
gion, developed a severe overweight associated to behavioral problems and short
stature. Decipher describes 7 entries of duplications which include the NPC/ gene,
the phenotypes have been detailed only in 3 cases. Obesity does not appear in the
list of features.

One more example is the SECI16B gene (Chromosome 1q25.2: 177,893,091-
177,953,438). Decipher web page details 14 entries, 11 losses and 3 gains, in which
the SEC16B gene is implicated. 8 cases reported some data of their appearance;
only two cases were detailed in deep. The entry 248552 (deletion of 20.95 Mb)
described 36 distinct features of the exhibited phenotype, among them intellectual
disability, truncal obesity and proportionate short stature (https://decipher.sanger.
ac.uk/patient/248552). There is not information of cases carrying similar chromo-
somal misbalances in the Unique Rare Chromosome web page. It has been pub-
lished the identification of this rare 1q25.2-31.3 deletion, using SNP-array analysis,
spanning from 174,592,050 to 195,122,910 with a length of 20.5 Mb. The deletion
was of paternal origin. Other genotypes and phenotypes of other 16 previously iden-
tified cases of 1q25-32 deletions including this genomic region, confirmed a similar
phenotypes: obesity was not described as common features [20].

Copy Number Variants in Obesity-Related Syndromes

It has been corroborated than larger than 500 Kb and rare CNVs (< 1 %) contribute
to the risk of common complex disorders, whose effects are less highly penetrant
than Mendelian mutations [21]. Several rare, obesity risk CNVs have been detect-
ed by genome-wide studies of individuals with extreme phenotypes [22]. Among
these, a 220 Kb deletion on chromosome 16p11.2 containing the SH2BI gene has
been identified in three patients, who had inherited the deletion from obese parents.
Also a proximal deletion of 600 Kb at chromosome 16p11.2 containing the 7BX6
gene was described in 2.9% of series of obese children affected with cognitive
deficits and/or congenital malformations [23]. Another study found eleven large
and rare CNVs, which disrupt potential candidate genes as UCPI or IL15 [24],
contributing with higher risk to obesity than common variants.

The huge CNV dataset derived from the previously mentioned consortium of
clinical laboratories (the International Standards for Cytogenomic Arrays consor-
tium, ISCA; https://www.iscaconsortium.org), constitutes an efficient tool to re-
search the impact of the existence of CNVs among thousands of patients with a
variety of different clinical findings, compared with thousands of controls. These
studies observe the frequency of obesity in individuals carrying specific deletions/
duplications, highlighting the pathogenicity of the recurrent variants and its exact
association to overweight.

These results served as a basis for a subsequent work in which 17 CNV loci were
identified [25]. The deletion of the loci EDIL3, SIPRS5, FOXP2, TBCA, ABCBS5 and
ZPLD1, and the duplication of the loci KIF2B and ARL, replicated as risk factors to
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obesity susceptibility among distinct cohorts. A deletion at the EPHA6-UNQ6114
locus was also associated. Although these CNVs exhibited a low frequency among
global population, contributes to the genetic susceptibility of common childhood
obesity in subjects from different ethnicities. This work also detected that the F7TO
locus was very strongly associated with both BMI and obesity in their sample, how-
ever none association with any CNVs which was previously reported in subjects
with severe pediatric obesity was observed.

Although rare CNVs with attributed risk to obesity, do not contribute greatly to
the overall heritability for the disease, they constitute a potential insights into the
underlying biology of childhood obesity; it is essential to mention that these vari-
ants constitute an important causal factor to their disorder.

Conclusion

This chapter determines the etiological screening of syndromic obesity, reflecting
the place of array SNPs/CNVs, and detailing the recent advances in the field of
genetics, mainly on the genes and genomic regions implicated in highly penetrant
forms of obesity associated with developmental disorders. The efficiency of the
array genomic techniques in this type of patients evidences a new field for inves-
tigating deleterious chromosomal imbalances and groups of CNVs that have not
previously been detectable. Different syndromes with obesity have been associated
with chromosomal imbalances found by arrays, but more studies in cohorts of pa-
tients selected for syndromic obesity are necessary. Their pathogenicity for obesity
susceptibility has not been considered definitely proved in all patients. Designing
individualized studies for these patients would facilitate to improve the knowledge
about the genotype-phenotype correlations for specific genes that are implicated in
the genetic variants, and that could be responsible for the obesity. The molecular
characterization of cryptic chromosomal anomalies in these patients, could opti-
mize and make much more rigorous their clinical management and follow-up, in
addition to give the family the most adequate genetic counseling. The very low
efficiency of the clinical management of extreme obesity when it is framed in a syn-
dromic phenotype can only be improved if the patient care is related to the results
of the clinical genetic testing.

Efforts of the ISCA model for incorporating phenotype data with genotype data,
have generalized the use of the genome-wide analysis into clinical management on
a broader scale. However, the clinical interpretation of these variants still remains
difficult, particularly for those genes with recessive pattern, those, which have been
partially disrupted, and those, which have not been well characterized. Improving
the information related to the described phenotypes and the developed manifesta-
tions in the analyzed patients along the whole period life time is absolutely essential
to define the deleterious capability of the novel variants and the genotype pheno-
type correlations.
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Experts might design an efficient, precise and homogeneous way to aggregate
the observed genotype and phenotype from the clinical testing and complete the
data progressively, in order to improve the resources for clinicians and researches.
Improving the valuable source of phenotypic data could redound within developing
phenotypic profiles of emerging genomic disorders as obesity, the identification of
candidate regions for that particular phenotype, and the creation of tools for use
in clinical practice. The phenotypic description of new obesity-related syndromes
will also point out a list of genomic regions that will help developing new-targeted
diagnostic oligonucleotide arrays. A targeted clinical array to detect deletions or du-
plications occurring within genes in which the dosage effect is suspected to be cause
the obese phenotype, could calculate a higher risk of inherited obesity.

In addition, the huge available data about human variation (SNPs and CNVs)
have developed a new strategy in the search for genetic variants associated with
complex phenotypes, using the Genome-wide linkage scans for identifying common
loci associated with traits. However, the probe selection reflects the distribution of
SNPs in the genome. The included SNPs were very sparse in genomic segments
containing low-copy repeats and segmental duplications, and arrays frequently of-
fer a better detection of CNVs in gene-poor regions. The following high-resolution
SNP array platforms were generated by adding non-polymorphic sequences, cover-
ing the regions where SNP distribution is poorer.

It is essential to take into account that authors mentioned problems regarding
GWAS based on SNPs/CNVs array analysis, specifically related to the inaccuracy
of CNV calling algorithms in detecting particularly small CNVs, common CNVs,
and duplications. Interesting articles insist on the CNV genotyping call errors on
association analyses have not been extensively controlled and studied [26, 27]. The
generated information will promote the combination of the new diagnostic arrays
with massive sequencing platforms, which will enhance detection of known patho-
genic genetic conditions. The interest to advance in common and expensive dis-
eases for the health systems is developing a next-generation sequencing protocol
relevant to clinical practice, also for obesity management.
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Chapter 4
Genetic Contribution: Common
Forms of Obesity

David Albuquerque and Clévio Nobrega

What Is Obesity?

Human obesity is a global public health concern and results from an excessive accu-
mulation of body fat that can adversely affect health [1]. The global rise of obesity
has serious effects, and may contribute to a significant number of diseases includ-
ing type two diabetes mellitus, cardiovascular diseases, metabolic syndrome, and
some cancers [, 2]. Excessive fat accumulation results from a persistent positive
energy balance, where the amount of energy consumed exceeds the amount of en-
ergy expended [3]. So, a simple definition of obesity could be: a consequence of an
imbalance between energy intake and energy expenditure [4]. The energy balance
represents a conglomerate of traits, each one influenced by numerous variables such
as behavior, diet, environment, social structures, metabolic factors and genetics [5].
The result of this complex interaction among all of these variables contributes to
individual differences in the development of obesity.

Epidemiological studies indicate that adiposity, as reflected by BMI, has in-
creased worldwide over the past decades [6]. Moreover, obesity is more common in
some countries than in others, though precise cross-country comparisons can be dif-
ficult because not all samples are representative of the relevant populations. None-
theless, available data suggest that the increase in the prevalence of obesity began
to emerge during the 1980s and ever since more countries have joined the global
obesity pandemic [6]. In modern societies, despite obesity awareness campaigns
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and efforts to decrease the energy intake and increase the energy expenditure, obe-
sity prevalence is still increasing. Obesity has a multi-factorial etiology, involving
various non-genetic and genetic factors [1, 7]. Probably, most cases of obesity re-
sults of a cluster towards the middle of this spectrum, which can be best described
as the outcome of an adverse obesogenic environment, working on a susceptibility
genotype. Effectively, the genetic susceptibility can potentially be mediated through
defects in several different homeostatic mechanisms. Certainly, the exposure to an
obesogenic environment could be the cause of the increase in the prevalence of high
BMI for the last 30 years [1, 2, 6].

The Genetics of Human Obesity

The increase in the obesity prevalence around the world has been broadly attrib-
uted to the change in environment, which is more obesogenic. On the other hand,
specific features of the energy balance mechanisms can effectively protect against
obesity, possibly explaining why one third or more of the population remains lean
[8]. The obesity phenotype only emerges if food consumption exceeds the energy
expenditure on a lasting basis, resulting in a prolonged positive energy balance.
However, there are many risk factors that predict the development of obesity and
generally all involve the interaction of biological and social factors. Numerous stud-
ies are consistent with the thesis that the personal genetic profile could be a cause
for individual differences in the predisposition to weight gain. It is, therefore, inter-
esting that most of the genes involved in the susceptibility of obesity are also related
to food intake and regulation of energy balance [8].

The Evidence for a Genetic Component in Obesity

Over the last 30 years, the increase in the prevalence of obesity could be attributed
to environmental changes, or to high-calorie food intake together with the sedentary
lifestyle of modern societies [7]. However, these data appear to be inconsistent with
twin and adoption studies that have concluded that approximately 70 % of the vari-
ance in obesity is due to genetics [9—11]. The fact that the prevalence of obesity in
many countries has increased three-fold over the last three decades seems incom-
patible with the notion that genetics are the primary cause of obesity. Thus, other
factors, like methylation (or other epigenetics mechanisms), in which environmen-
tal factors cause changes in the expression of genes, could explain the increase in
obesity prevalence.

Heritability represents the proportion of phenotypic variation among individu-
als due to genetic contribution. Hence, it is not surprising that one important risk
factor for childhood and adolescent obesity is parental obesity. Whitaker et al. [12]
found that when both parents are obese there is an increase of more than double



4 Genetic Contribution: Common Forms of Obesity 39

of the risk for childhood obesity. However, most of the studies found a small to
medium effect of parental obesity as risk factor for childhood obesity [13]. Other
studies have found a stronger effect for maternal obesity compared to paternal obe-
sity, which may reflect pre- and postnatal environmental factors [14]. Moreover,
maternal weight gain in pregnancy has been positively associated with BMI of the
children into adulthood [15].

Twin studies have been used to model the genetic component of a given trait,
due to the fact that monozygotic (MZ) twins are genetically identical, while non-
identical dizygotic (DZ) twins share only 50 % of their genetic material [7]. In 1977,
Feinleib et al. [11] studied the correlations for weight in 250 MZ and 264 DZ male
veteran twin pairs, and established for the first time that familial aggregation for
obesity results mainly from genetic influence. In 1986, Stunkard et al. [10] con-
firmed these results in a 25-year follow-up study using more than 4000 MZ and
DZ twin pairs. High heritability values for BMI were observed for the same sub-
jects at 20 years (h>=0.77) and at 45 years (h>=0.84). The heritability of fat mass
among MZ twins has been reported to range from 70-90 %, while in DZ twins it is
35-45%. Adoption studies have strengthened the evidence of a strong genetic influ-
ence on human body weight. Body corpulence of adopted children correlates more
strongly with BMI of their biologic parents versus the BMI of their adoptive par-
ents [9]. Recently, Silventoinen et al. [3], conduct a review of studies in twins and
adopted children, suggesting that genetic factors could have a much stronger effect
than environmental factors on the BMI trends in children up to the age of 18 years.

Another evidence for a genetic component in obesity is highlighted through the
different prevalence between racial groups. For example, it was found that obesity
prevalence in Caucasian and Asian populations is about 35% or less compared to
50% or more found among Pima Indians living in New Mexico [16]. Several stud-
ies support the concept that genes play a key role in the obesity etiology. However,
the search for underlying genotypes that cause of obesity has been challenging due
to the complex interactions involved in the regulation of adiposity. Indeed, the vast
majority of individual genotypes that have been associated with elevated body mass
have not been replicated in a reliable fashion. Moreover, environmental factors and
cultural diversity also account for the different obesity prevalence found across eth-
nicities.

Polygenic or Common Forms of Obesity

In most modern societies, the environment favors weight gain due to food abun-
dance and lack of physical activity, favoring an increase of common obesity in both
adults and children worldwide. The genetic profile of common obesity results from
the effects of several altered genes [17]. However, the genetic and molecular mech-
anisms involved in body weight regulation are complex and not yet completely
understood. In theory, the genetic basis of common obesity implies that the specific
set of variants relevant for obesity vary considerably from one obese person to the
next [18].
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The Genetic Approach for Common Obesity

The study of common obesity is based in the analysis of gene variation in genomic
DNA (single nucleotide polymorphism, or repetition of bases of polyCAs or micro-
satellites) situated within or near candidate genes. In contrast with monogenic obe-
sity, in polygenic obesity each mutation leads to a variant that confers susceptibility,
requiring additionally the presence of other variants and an obesogenic environment
to determine the obese phenotype [19]. There are three main approaches for the de-
tection and analysis of a candidate gene in body weight regulation: linkage studies,
candidate gene association studies and GWA studies. Their objective is to determine
whether an association between a genetic variation and obesity-related trait exist.

Linkage Studies for Common Obesity

Family-based genome-wide linkage scans attempts to identify chromosomal re-
gions co-segregating with disease-related phenotypes of interest in related individu-
als. This design was used in many studies that successfully localized the causes of
rare monogenic disease, being frequent for the study of complex diseases. Until
2006, over 250 quantitative trait locus (QTLs) in more than 60 genome scans have
been reported to be associated with adiposity in every chromosome except the Y
chromosome [17]. Using the positional cloning strategy based on linkage, results
have identified candidate genes, including glutamic acid decarboxylase enzyme
(GAD?2) [20], ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) [21]
and solute carrier family 6 (amino acid transporter), member 14 (SLC6A414) [22]
directly related to obesity.

Candidate Gene Study

The candidate-genes association study approach detects association between ge-
netic markers in pre-selection genes considered to be candidate for the studied phe-
notype. In obesity studies the focus has been on polymorphisms in a gene within a
linkage region [23] or genes known for coding proteins involved in the regulation
of lipid and glucose metabolism, food intake or energy expenditure [24, 25]. More
than 300 chromosomal loci show some evidence of linkage with obesity [26, 27].
Nevertheless, few genes (~20) supported by at least five positive studies have been
associated with common obesity using the candidate gene approach [28]. One of the
main limitations of this approach is the need to understand the biological pathways
of the disease. Generally, most of the complex diseases like obesity are not yet un-
derstood, nor the molecular mechanisms underlying its pathogenesis. Interestingly,
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genetic mutations that produce monogenic forms of obesity do not appear to be
involved in the development of common forms of obesity [28].

Genome-Wide Approach

The first results about human variation provided by the Human Genome Project
(initiated in 1990) led to the development of a new strategy in the search for genes
associated with complex phenotypes [4]. The Genome-wide linkage scans identify
loci associated with complex traits. This strategy involves the typing of families
with multiple cases and tests some chromosomal regions capable of harboring one
or more genes co-segregating with the trait. However, in the case of obesity, these
studies did not identify multiple variants, mostly because common variants with
high penetrance do not contribute substantially to the risk of common forms of
obesity [25].

By 2006, the advance in chip genotyping technology conducted by the Interna-
tional HapMap project enabled the development of a new approach to investigate
the genetic basis of complex diseases [23, 24]. The GWAS proved to be power-
ful and efficient in the identification of genetic variants associated with complex
diseases [29]. Using many common variants, this case-control study approach
screened the whole genome at much higher resolution than the approach previ-
ously described. This method operates in two stages: the first is the discovery stage
in which millions of polymorphisms across the genome are tested for association
with a particular trait, and then, the second stage consisting in the identification of
polymorphism, which are associated with the trait, and subsequent tests of the pres-
ence of these polymorphisms in a new population [30]. It is now possible to identify
several common polymorphisms associated with a particular trait, and like for other
complex diseases, the advent of GWAS permitted to identify several /oci associated
with obesity [24, 27].

New Approaches for Common Obesity

The advent of automated DNA sequencing instruments, involving advances in engi-
neering, chemistry, molecular biology, and software, opened a huge number of new
opportunities [31]. Currently, molecular diagnosis based on Sanger’s sequencing is
restricted to only a few genes as this technology is expensive, time consuming, and
labor intensive. The advent of next-generation sequencing (NGS) technology pro-
vides a new method for molecular diagnosis, which consists in the identification of
genetic variations within several genes at the same time [30], promising to change
the landscape of genetic testing with innovative cost-efficient methods for sensitive
obesity multi-gene screening.
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Some studies can be found using the NGS technology to study obesity. Saeed
et al. [32] analyzed 26 susceptible genes for obesity in a sample of 39 Pakistani
children with early-onset obesity. They found two new LEPR mutations at the ho-
mozygous state: a splice site mutation in exon 15 (c.2396—1 G>T), and a nonsense
mutation in exon 10 (c.1675 G>A). Séllman et al. [33] amplified the entire region
of FTO gene (412 kilo base pairs), from 524 severely obese and 527 lean Swedish
children. They detected 705 single nucleotide polymorphisms, from which 19 were
novel obesity-associated polymorphisms within the first intron of the F70 gene.
An interesting finding was the fact that ten of them have a stronger association
with obesity (p<0.007) when comparing with the commonly studied rs9399609
polymorphism (p<0.012). This study concluded that within the entire region of the
FTO gene the first intron was the only one associated with obesity. Saeed et al. [32]
searched for mutations with NGS in 40 patients with a monogenic form of diabetes
(n=19) or obesity (n=21), in which the causing mutation was already known. The
study found the same mutations described as the phenotype cause, except for one
variant (mean of 98.6%). On the other hand novel mutations were found in three
patients with a putative deleterious effect.

The NGS approach could be used as an efficient tool, highly sensitive for the
screening of mutations in genes associated with obesity or other diseases. Further,
sequencing the human genome can now be accomplished in the data-generation
phase within two weeks at a cost of approximately US$ 5000 [31]. However, the
price for genome sequencing continues to decrease; in 2014, Illumina announced
that will produce a new system called HiSeq X Ten that can deliver full coverage of
human genomes for less than US$ 1000.

Common Loci Associated With Obesity-Susceptibility
Discovered Through GWAS

The GWAS approach has been the most common methodology used, allowing
geneticists to scan numerous polymorphisms (~0.1-5 million of polymorphisms)
across the entire genome using powerful statistical methods to identify /oci associ-
ated with a particular phenotype. Since the start of the GWAS era in 2005, there
have been five waves of GWAS’ discoveries for BMI (Table 4.1). The first /loci
identified through GWAS was the fat mass and obesity-associated (#70) gene, and
currently more than 50 genetic loci have been identified as being associated with at
least one obesity-related traits [4, 7, 27].
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First Discoveries by GWAS: FTO Gene

The first locus to be associated with obesity was the insulin-induced gene 2 (I/N-
SIG?2) [34]. However, replication studies demonstrated very inconsistent results. So,
the first locus unequivocally associated with obesity by a GWA study was the FTO
gene [35]. Initially, Frayling et al. [35] conducted a GWA study to test the correla-
tion between polymorphisms across the entire human genome and type II diabetes
(T2D). They found that the rs9939609 polymorphism, located in the first intron
of the FTO gene was strongly associated with T2D and increased BMI. However,
after adjustment for BMI, the apparent association of the polymorphism with T2D
was not maintained. The effect size of F7O polymorphism on BMI is modest, with
homozygous individuals for the risk allele (in this case a “A”) weighing on aver-
age 3 kg more than those homozygous for the protective allele (in this case a “T”),
with the difference representing approximately 0.36 kg/m? [7]. These findings have
been independently replicated and have consistently confirmed the association of
rs9939609 polymorphism with the etiology of common obesity in several popu-
lations: European [36, 37], Asian [38—41] and African [42—44], both in children
and adults. Two following studies reporting other polymorphisms in the intronic
FTO region were also consistently associated with severe early-onset childhood and
adult obesity (rs1421085 and rs17817449) [45], and have extended the association
to other obesity-related traits including body weight and waist-to-hip circumference
ratio (WHR) (rs9930506) [46]. The FTO polymorphisms were also associated with
abdominal obesity, waist circumference and waist-to-hip ratio (WHR) [47, 48], and
also with body fat percentage [49]. Although the findings replicate well, the FTO
polymorphisms explain only 1-3 % of the variance in BMI [35, 46].

The functional mechanism underlying 70 role in obesity remains unknown, as
well as the pathway underlying that role. The FTO is a very large gene with 9 ex-
ons spanning more than 400 kb in the chromosome 16q12.2 [S0]. It was originally
identified in 1999 in the mouse Fused toes (F7) homologue mutant, resulting in
a deletion of 1.6 Mb on chromosome 8 [51]. Homozygosity of F mutants is em-
bryonically lethal. To investigate the biological function of F7O gene, two mouse
models were used. Homozygous F7O—/— mice introduced by Fischer et al. [52]
show postnatal growth retardation, significant reduction in fat and lean body mass
compared to the wild-type animals [53]. In other mice model it was observed a lean
phenotype in mice carrying a missense mutation in exon 6 of F7O (FTO 1367F
mice) [54]. These results seem to indicate that #70O could play a role in food intake
control, energy expenditure and homeostasis.

The predicted human protein consists of 505 amino acids, characterized as a
2-oxoglutarate-dependent enzyme that is localized in the cell nucleus, belonging
to the (20G) oxygenases AlkB family of proteins [55]. The AIkB is a DNA repair
enzyme, which catalyzes Fe(II)- and 20G-dependent demethylation of damaged
DNA substrates [56]. Recently, a study indicated that F70 also demethylates N6-
methyladenosine (m6 A) residue in nuclear RNA [57]. FTO variation appears to
lead to an increase in energy intake [58] by modifying hypothalamic control of



4 Genetic Contribution: Common Forms of Obesity 47

appetite [59]. The crystal structure of 70 has recently been published and reveals
the basis for its substrate specificity [60].

To date, over 500 studies have been performed concerning the association of
FTO polymorphisms with obesity in several populations worldwide, and more than
60 polymorphisms in this gene were significantly associated with obesity [59]. All
these polymorphisms were found within a 47 kb linkage disequilibrium (LD) block
encompassing parts of the first two introns as well as exon two of F7TO gene [61].
This is a region where the sequence is strongly conserved across species, and were
polymorphisms are highly correlated (LD r>>0.80 in CEU of the HapMap) in Cau-
casian populations [59].

Five Waves of GWAS

Following the discovery of the FTO locus, investigators enhanced GWA studies
by increasing the sample size improving the statistical power to uncover additional
obesity-susceptibility /oci. Subsequently, a large-scale international consortium,
called the Genetic Investigation of Anthropometric Traits (GIANT) emerged. The
association data of 16.876 Caucasians from seven GWAS for BMI were combined
in a meta-analysis [62]. This study confirmed the strong association of obesity with
polymorphisms in the 7O gene, and identified one new /ocus near the MC4R gene
which mutations are known to be the common cause of extreme childhood obesity
[62]. The MC4R was the second gene significantly associated with common obesity
[62, 62]. The rs17782313 polymorphism near the MC4R gene was associated with
obesity among both adults and children [63]. Another polymorphism (rs12970134)
near the MC4R gene also appears to increase the risk of obesity among Europeans
[65]. Several polymorphisms near the MC4R gene have subsequently been found
and replicated in various populations of European descents, as well as in Asians
[66], African American [66], and in children and adolescents [42, 44].

In the third wave of discoveries, a meta-analysis was performed using 15 GWAS
for BMI in Caucasians (7>32.000) and replicated in another 14 studies for a sec-
ond-stage sample of 59.082 individuals [67]. They confirmed the association of the
FTO and MC4R genes, and found six new genes positively associated with obesity:
MTCH2, GNPDA2, KCTD15, SH2B1, NEGR1 and TMEM18. At the same time, a
GWAS of 31.392 individuals, predominantly from Iceland population, found seven
new genetic Loci near or in: BDNF, SEC16B, ETV5 and FAIM2, as well as FTO and
MC4R genes associated with BMI [65]. Four of the seven newly identified loci were
common with the results from Willer et al. [67].

In 2010, the fourth wave, the GIANT consortium expanded its GWAS stage
to comprise 249.796 individuals of European origin, and reveal 18 new loci as-
sociated with BMI near or in: PRKDI, SLC3948, GPRC5B, MAP2KS5, QPCTL,
RBJ, LRRN6 C, FLI35779, CADM2, TMEM160, FANCL, LRP1B, TNNI3K, MTIF3,
TFAP2B, ZNF608, NRXN3, RPL27A4, PTBP2 and NUDT3 [68]. By 2011, GWAS
had identified 32 genetic /oci unequivocally associated with BMI.
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The most recent and fifth wave expanded the GIANT meta-analysis, to comprise
263.407 individuals of European ancestry [69]. Besides confirming all 32 BMI-
associated /oci previously identified by the fourth wave, they found seven new /oci:
ZZ73, RPTOR, ADCY9, GNAT2, MRPS33P4, HS6ST3 and HNF4G, explaining an
additional 0.09 % of the variability in BMI [69].

To date, more than 35 loci have been found associated with the increase of BMI
(explaining~1-2% of the variance in BMI), while other loci correlate with ab-
dominal obesity, establishing 13 /oci associated with it, assessed by the WHR [70].
Other /oci, such as the Lactase gene (LCT) have been associated with BMI and
abdominal obesity, but more studies are required to confirm associations [71-74].
A study identified two new loci with body fat percentage: /RS/ and the other near
SPRY2 [75]. There is a gap between explained variance due to known common
polymorphisms that explain 1-2 % and the estimated heritability of BMI (40-70 %).
One of the main problems pointed out in GWAS is the failure to detect /oci that are
associated with traits whose effect sizes are too small to reach genome-wide statisti-
cal significance (false negative rate). To circumvent this “missing heritability” the
genome-wide complex trait analysis (GCTA) method appears to show a multitude
of low penetrance common polymorphisms, each with causal effects but too small
to allow detection by GWA studies. Using this approach, Yang et al. [76] estimate
the genetic variation for BMI to 17% and in a recent analysis of twin studies re-
vealed that 37 % of BMI could be explained by additive effects of multiple common
polymorphisms [77]. Finally, a recent study found that BMI-associated F7O vari-
ants interact with the promoter region of iroquois homeobox 3 (/RX3) gene in the
human, mouse and zebrafish genomes [78]. They also found that in Irx3-deficient
mice, there is a reduction in body weight of 25-30%. However, the /RX3 gene had
not been previously identified as associated with BMI in a GWA study. All these
data confirmed the complexity of the genetics underlying obesity.

Testing Adult-Discovered Loci in Children

Childhood obesity is a major health problem in developing countries throughout
the world. Most of obesity susceptible genes were found in studies with adults,
which prompted an effort to replicate findings in studies with children [36, 44, 79,
80]. Knowledge of the genetic risk factors of obesity in children could be used as a
first step to develop possible prevention measures. The F7O locus remains the most
replicated gene and the strongest gene associated with obesity susceptibility, both
in adults and children [36, 44, 81]. Genes TMEM18 and GNPDAZ2 were also as-
sociated with obesity susceptibility, with a similar effect of the F7O gene [82]. The
remaining /oci with evidence for association were INSIG2, MC4R, NEGRI, BDNF
and KCTD15 [82, 83].

In the GIANT meta-analysis of adult BMI in a pediatric European American
sample, Zhao et al. [80] examined 32 genetic loci in 1.097 obese cases and 2.760
lean controls, aged between 2 and 18 years old. They found evidence of associa-
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tions with nine of these /oci, namely at FTO, TMEM18, NRXN3, MC4R, SEC16B,
GNPDA2, TNNI3K, QPCTL, and BDNF. Overall, 28 of the 32 /oci showed direc-
tionally consistent effects to that of the adult BMI meta-analysis.

Another similar report by the Early Growth Genetics (EGG) consortium inves-
tigated the effect of established adult BMI with two recently associated loci with
childhood obesity (HOXBS5 and OLFM4 genes) [84] in a Greek adolescents cohort
[85]. The genetic risk score of the 34 (GRS-34) variants was calculated and found
that variants at the FTO, TMEM18, FAIM2, RBJ, ZNF608 and QPCTL loci pro-
duced nominal evidence for association with BMI and/or obesity risk. Overall, 27
out 34 variants showed consistent effects with those reported by large-scale meta-
analyses adult BMI.

These results showed clearly that these obesity-conferring variants operate early
in life, suggesting that individual preventative lifestyle intervention in childhood
could be important to obesity development.

GWAS-Related Investigations in Other Ethnicities

There are remarkable disparities in the prevalence of obesity between ethnic groups.
To date most of GWAS reports published have been performed in populations of
European origin. Only one study identified, a /ocus near MC4R gene associated
with waist circumference and insulin resistance in a cohort of South Asian popula-
tion [64]. This could be partly due to the fact that some susceptible /oci only affect
a specific ethnic group, while others might affect other ethnic group. Indeed, the
human genetic architecture differs across ethnicities, which is well illustrated by
differences in linkage disequilibrium (LD), whereas haplotype blocks vary only
somewhat among human populations [86].

As a case in point, F7O locus have consistently correlated with BMI and risk of
obesity in populations of African [42—44, 87], Asian [38—41] and Pacific-Islander
[88] ancestry. Despite the fact that effect sizes were similar to those observed in
white European populations, the risk of allele frequency varies substantially: ~25 %
in Asian, ~45 % in white Europeans and range of~ 7-18 % in African origin [89].

Two recent independent meta-analysis were performed in both East Asians
and African populations [90, 91]: Wen et al. [90] performed a meta-analysis using
27.715 individuals, followed by in silico and de novo replication studies in a further
37.691 and 17.642 individuals of East Asians, respectively. Seven previously identi-
fied loci were detected (FT0O, SEC16B, MC4R, GIPR-QPCTL, ADCY3-RBJ, BDNF
and MAP2KY5) and three new loci were uncovered, near or in CDKALI, PCSK]1
and GP2 genes. Data also implicated three loci, GNPDA2, TFAP2B (previously
identified) and PAX6, which all reached the genome-wide significance threshold.
A recent meta-analysis was conducted to examine the association of >3.2 mil-
lion polymorphisms with BMI in 39.144 adults of African ancestry [91]. It identi-
fied one new locus at 5q33 (GALNT10, rs7708584 polymorphism) and another at
7pl5, when data from the GIANT consortium was included (MIR1484-NFE2L3,



50 D. Albuquerque and C. Nobrega

rs10261878 polymorphism). They also found evidence of an association at 6q16
(KLHL32,1s974417 polymorphism) in African-ancestry sample. Overall, 32 of the
36 previously established BMI variants showed consistent effect in this GWAS.
The 36 known BMI Joci explain in average 1.30% of the variance in BMI of Af-
rican ancestry compared with 1.67% and 1.25% in European and Asian ancestry
populations, respectively [91]. More recently, Tan et al. [91] replicated 6 confirmed
obesity genes (F70, CTNNBLI1, ADRB2, LEPR, PPARG and UCP2 genes) in 8 dif-
ferent samples from different ancestries (five Caucasian, one Chinese, one African-
American and one Hispanic population). Regarding only the F70 gene they found
35 polymorphisms significantly associated with obesity in Caucasian population.
However, all of them showed limited or no evidence of associations with obesity in
the other ethnic groups.

Association studies across different populations can help us to define more pre-
cisely which loci or variants could play a role in the obesity etiology, and help to
understand the genetic and environmental factors that could contribute to obesity.
The discovery of new /loci in replication studies at established /oci found in other
populations reflects differences in allele frequency and effect size. Further studies
will be needed to test the biological function at the associated loci.

The Obesity Risk-Allele Scores

As noted, several GWAS have identified a large number of obesity susceptibility
loci. Nevertheless, the major part of these studies only identified single genetic /oci
associated with obesity. It has been demonstrated that combining information from
all these obesity /oci into a genetic risk-allele scores (GRS) could be a convenient
way to summarize a risk-associated variation across the genome [93] and better
when individual genetic effects are moderate [94]. The simplest way to calculate
a GRS is by summing the number of accumulated risk alleles associated with the
disease.

The use of a combined genetic score is considered as a better tool to determine
the susceptibility of a common trait, than using each genetic /ocus alone. This is
particularly more evident when the allele score consists either of many common
polymorphisms with small effects, or of rare polymorphisms [94]. Generally, when
several polymorphisms are combined into the same allele score, the score may ex-
plain a considerable proportion of variation in the risk factor, even if none of the
polymorphisms individually does. In complex diseases it is likely that the effects
of different genetic /oci related to obesity operate in an interactive fashion. Future
research should investigate this possibility using classification or regression tree
analyses, which are well suited to detecting complex non-linear interactions. The
identification of the complex interplay among all genes in the genome-wide context
is essential to unravel the molecular mechanisms in the obesity etiology. However,
as previously demonstrated there are differences between populations regarding to
alleles frequencies. Belsky et al. [94] sought to develop a GRS for obesity using
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results obtained in 16 previously published GWAS in European descent samples.
Analyzing 32 locus they found a significantly predictor of BMI and obesity among
Europeans. However, the predictive effects for this GRS did not replicate among
African Americans due particularly to the differences in risk-allele distributions.

Final Remarks

Obesity is a complex phenotype resulting from the interaction of several internal
and external factors. Although most scientists and clinicians now acknowledge that
genes contribute to obesity, at this point relatively little is known regarding the
specific /oci involved and the mechanism by which they lead to the expression of
obesity. Like many other complex human traits, environmental factors also play a
major role in the etiology of obesity. Evidence suggests that interactions between
genetic and environmental factors may contribute to common obesity. The contribu-
tion of new techniques as whole exome and whole genome analysis could play an
important role to identified new and rare polymorphisms associated with common
obesity.
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Chapter 5
The Role of the GWAS Identified F70 Locus
in Regulating Body Size and Composition

Giles S. H. Yeo

Obesity is a Problem... Who Can We Blame?

Since time immemorial, the control of food intake and body-weight has been
thought to be simply an issue of self-control and will-power. Gluttony is, after all,
one of the ‘seven deadly sins’. So as obesity has become an increasing public health
problem, reaching epidemic proportions in most developed and emerging econo-
mies, society in turn blames those overweight and obese for a lack of moral forti-
tude. ‘The obese only have themselves to blame, all they have to do is to eat less....
so the argument goes.

From a thermodynamic standpoint, this view is of course quite accurate. Body-
weight is clearly a balance between energy intake and energy expenditure. Thus, the
only way to gain weight is to eat more than you burn, and the only way to lose weight
is to eat less than you burn. There, in one succinct statement, is the cause and cure
of the obesity epidemic. However, this sage piece of advice that your grandmother
could have given you, is clearly not working. A far more complex and interesting
question to ask is WHY some people eat more than others. Few would dispute that
the obesity epidemic has been driven by lifestyle and environmental changes. How-
ever individuals respond differently to these ‘obesigenic’ environmental changes
and this variation in response has a strong genetic element underlying physiological
variations. Indeed studies of BMI (Body Mass Index; weight in kg/height in m?; a
correlate of body fat mass) correlations of monozygotic, dizygotic, biological and
adopted siblings reveal heritability of fat mass to be between 40-70% [1, 2]. Conse-
quently, genetic approaches offer an effective tool for characterising the molecular
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and physiological mechanisms of food intake and body weight control, and allow us
to understand how these may become defective in the obese state.

Genetics as a Tool

The study of extreme phenotypes in both mice and humans, have identified a num-
ber of genes that when mutated, cause severe obesity. Although relatively rare, these
monogenic disorders indicate a fundamental failure of the mechanisms of energy
homeostasis, and together with genetically modified mouse models, have illumi-
nated the critical role that these molecules play in the physiological control of food
intake and bodyweight [3]. However, the genetic determinants of body weight in
the general population are believed largely to be polygenic and only recently has
the spate of genome-wide association studies (GWAS) begun to reveal some of the
genetic architecture underlying common obesity.

Identification of the Fat Mass and Obesity Associated
(FTO) Locus

In 2007, a GWAS identified a cluster of single nucleotide polymorphisms
(SNPs) on chromosome 16q12 to be associated with type 2 diabetes (T2D) in
Europeans [4]. However, after adjusting for BMI, the association with T2D was
completely abolished, suggesting that the association of these SNPs with T2D
was mediated through their effect on BMI. The cluster of SNPs are located
within intron 1 of Fat Mass and Obesity Associated (FTO), with the surround-
ing region including the genes /RX3, 5, 6, FTM and FTL (more on these later;
Fig. 5.1). The study initially compared 1900 cases and 3000 controls, while fol-
low-up analyses in 39,000 individuals confirmed the association with BMI and
obesity risk [4]. Eight weeks after the first discovery, a GWAS for BMI in 4700
Sardinians observed highly significant associations for SNPs from the same
intronic cluster in 70, which was subsequently replicated in 2300 European
and Hispanic Americans [5]. A third study, published at around the same time as
the two GWAS, identified the same F7O locus serendipitously, while testing for
population stratification in their case-control obesity data [6]. Together, these
studies firmly established /7O as the first gene with common variants, albeit
non-coding, that affect obesity susceptibility in the general population.

?
FTS RPGRIPIL FTO IRX3  IRX5S IRX6
€« € B = — —

Fig. 5.1 Schematic representation of chromosome 16q22
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The FTO Locus—A Cluster of BMI-Associated SNPs
in FTO’s First Intron

The two GWAS that first reported on F70 as an obesity susceptibility gene each
identified a different SNP in the first intron as the most significantly associated with
BMI; i.e. 1$9939609 [4], rs9930506 [5]. Subsequent GWAS studies for obesity-
related traits in European ancestry populations all confirmed the F7O locus, but
reported a number of other F7TO SNPs, located in the same chromosomal region
[7-15]. All these GWAS-identified FTO SNPs are part of the same cluster of highly
correlated SNPs and, as a consequence, they are all highly significantly associated
with BMI and other obesity related traits. In European ancestry populations, this
SNP cluster stretches across ~46 kilo base-pairs (kb) in F7O s first intron that likely
harbors the causal variant(s).

Replication Across Multiple Ethnicities and Age Groups

Soon after the discovery of FTO in European ancestry populations, many replica-
tion efforts examined its effects in non-European ancestry populations, showing
convincing support for the generalizability of F70O as an obesity-susceptibility lo-
cus across most ancestries studied so far. The most consistent replications have been
observed for Asian ancestry populations. Three large-scale GWAS in East Asians
identified F70O SNPs as the most significantly associated with BMI [16—18]. In ad-
dition, targeted efforts consistently confirmed association with obesity-related traits
in multiple other Asian populations, including Vietnamese, Filipino, Malays and
Indian Asians (reviewed by [19]). SNPs in FTO also show association with obesity-
related traits in Hispanic/Latino populations and in Pima Indians [19].

Results of targeted replication of F70 in Africans and African Americans have
been inconsistent [20-22], which may be due to the substantial differences in cor-
relation structure between F70 SNPs in African compared to European/Asian an-
cestry populations. As such, an F70 SNP that is part of the larger ‘European/Asian’
cluster, but that does not overlap with the ‘African’ cluster, will likely not show
association with obesity related traits. However, in the recent large-scale GWAS in
African ancestry populations, SNPs in /70 were among the most significantly as-
sociated with BMI, firmly establishing F70 as an obesity-susceptibility locus also
in this ancestry [23]. While FT7O'’s effect on BMI was similar to that observed in
European ancestry populations, the minor allele frequency was much lower (12 %),
such that only 0.10% of the variation of BMI in African ancestry populations was
explained [23].

Although FTO was first discovered as an obesity-susceptibility locus in adults
[4-6], its associations with obesity related traits were promptly confirmed in stud-
ies of children and adolescents [4, 8, 10, 11]. While SNPs in 70 do not influence
birth weight [24-26], longitudinal studies have shown that they already affect body
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weight during early childhood, as early as age 3 years, after which F7O’s effect
increases to reach its largest impact at around young adulthood [27-29].

Taken together, SNPs in 7O show association with obesity-related traits across
many ancestries and age groups. Noteworthy is that the genotype frequency distri-
bution of the BMI-associated F7O SNPs differs substantially across ancestries, with
the highest prevalence of minor (risk) allele carriers observed in European ancestry
populations, and substantially fewer in Asian and African ancestry populations [19].

Effect Size

Since the discovery of F70 in 2007, at least many additional obesity-susceptibility
loci have been identified through large-scale GWAS efforts [12]. However, the FTO
locus stands out, as it has by far the largest effect size, is very common, and has the
largest explained variance among individuals of European ancestry. More specifi-
cally, each additional minor (risk) allele is associated with a 0.39 kg/m? higher BMI
(equivalent to 1130 g for a person of 1.70 m tall) and a 1.20 fold increased risk of
obesity [12]. Approximately 43 % of the population carries one risk allele and 20 %
carries two risk alleles, with small variations in genotype frequencies within Euro-
pean ancestry populations. Of all BMI-associated loci identified thus far, the F70
locus explains the most of the inter-individual variation in BMI, yet only a mere
0.34% [12]. As a consequence, the ability to predict a person’s risk of obesity based
on their F7O genotype is poor and only slightly better than tossing a coin [19].

The Role of Lifestyle Factors in the Association Between
FTO and Obesity-Susceptibility

To gain insight in the potential mechanisms through which variation in the F70
locus leads to increased risk of obesity, studies then considered whether F7O SNPs
associate with the two major mediators of body weight regulation, food intake and
physical activity.

The evidence supporting a role for 70 in the regulation of food intake is com-
pelling. The BMI-increasing allele of 7O SNPs has been found to be associated
with increased energy intake [30—32], increased intake of dietary fat [32, 33] or
protein [34], increased appetite and reduced satiety [35, 36], and loss of control
over eating [37]. A recent GWAS of macronutrient intake in more than 70,000 indi-
viduals identified the BMI-increasing allele of /70 SNPs to be highly significantly
associated with increased protein intake [38].

However, studies have consistently shown that F7O SNPs are not associated
with physical activity levels [31, 39—41], which has been convincingly confirmed in
a large-scale meta-analysis of published and unpublished data of more than 200,000
adults and 20,000 children [42]. Although physical activity does not seem to mediate
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the association between F70 and obesity-susceptibility, this meta-analysis showed
that the effect of 7O on BMI and obesity risk is approximately 30 % smaller in
physically active than in sedentary individuals, at least in adults [42]. This is consis-
tent with observations that between-person variability in obesity can also partly be
explained by the genotype at the FTO locus [43]. In other words, although carriers
of the FTO risk allele have an increased mean BMI, there is also increased variabil-
ity of effect size around the mean. This is likely influenced by the impact of exercise
and other environmental factors, highlighting the importance of physical activity in
influencing the ‘genetic burden’ of the /7O risk alleles.

Thus, while studying lifestyle factors such as physical activity and food intake
is challenging because of the inaccuracy of their measurement, there is growing
evidence that physical activity attenuates the association between F70 and obesity
susceptibility, whereas food intake might be mediating this association. It remains
to be confirmed which components of food intake are predominantly targeted by
FTO.

Is it FTO?

GWAS are by nature gene agnostic, and SNPs reaching the appropriate statistical
threshold for a given phenotype can appear anywhere in the genome, within, near
or far away from any coding sequence. The current assumption that the closest
coding region, which is sometimes hundreds of kilobases away, is the likely candi-
date is perhaps a reasonable first guess, but not necessarily true [44]. Thus a major
challenge in the field has been to translate these statistical hits into real biological
insight. As mentioned at the outset, in addition to F70, the surrounding locus on
chromosome 16q22 also encompasses the Iroquois B cluster of /RX3, 5, and 6, as
well as FTM and FTL (Fig. 5.1). The key question is which of these genes are re-
sponsible for the association with obesity, and what is the underlying mechanism?

The two closest genes in this instance were; with the obesity risk alleles actu-
ally located in its first intron, F70O; and, with the risk SNPs in close proximity to
its transcriptional start site adjacent to and coded for on the opposite DNA strand,
RPGRIPIL(human ortholog of mouse Ftm) [45]. Between these, there were two
main reasons why the focus of study over the past few years has been with F70 and
not RPGRIPIL Firstly, while FTO was found to be nutritionally regulated within
the hypothalamus [46, 47], this was not true for RPGRIP1L which is known to
localize in the primary cilia and centrosomes of ciliated cells. Secondly, human
defects in RPGRIPIL exist and cause Joubert syndrome type 7 (JBTS), which pres-
ents clinically with cerebellar and brainstem malformation and renal failure [48].
The patients do not present with any obvious body weight-related phenotypes, with
the caveat that any potential ‘lean’ phenotype is difficult to ascertain in a healthy
individual, let alone someone who is severely ill. Deletion of the mouse ortholog
Rpgripll (Ftm) recapitulates the cerebral, renal and hepatic defects seen in Jou-
bert’s patients [48].
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FTO is a Nucleic Acid Demethylase

In the same year of its identification as a candidate gene for obesity, 7O was pre-
dicted, using bioinformatics tools, to be a 2-oxyglutarate (2-OG) Fe(II) dependent
demethylase, closely related to the bacterial DNA demethylase AlkB and the mam-
malian AIkB homologues 1 & 2 (ABH1 and ABH2) [46]. In vitro, recombinant
FTO is able to catalyze the Fe(I)- and 20G-dependent demethylation of 3-methyl-
thymine in single-stranded DNA, as well as 3-methyluracil (3meU) [46, 49] and
6-methyl adenosine (6meA) [50] in single-stranded RNA, suggesting a potential
role for FTO in nucleic acid repair or modification (Fig. 5.2). The crystal structure
of FTO is available and shows an N-terminal catalytic domain and a C-terminal
domain of unknown function [51]. The catalytic pocket contains five amino acid
residues invariant in all members of this enzyme superfamily; two residues, a his-
tidine (H) and an aspartic acid (D), required for binding Fe(II); and three residues,
an H and two arginines (R) separated by six amino acids, required for 20G binding
[51, 52]. The specificity for single stranded nucleic acids is provided by an L1 loop,
not present in other members of the AlkB family, which sterically hinders double
stranded nucleic acids from entering the catalytic pocket [S1].
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Fig. 5.2 Biochemical function of FTO. FTO is able to catalyze the Fe(II)- and 20G-dependent
demethylation of N6-methyladenine and 3-methyluracil with concomitant production of succinate,
formaldehyde, and carbon dioxide. N6-methyladenine is found in mRNA while 3-methyluracil is
found largely in ribosomal RNA
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6meA, the most common modified nucleoside found in mRNA [53], is demeth-
ylated by FTO with 50-fold greater affinity than 3meU [50], which is found largely
in ribosomal RNA [54]. However, with vast majority of total RNA composed of
rRNA, there are in absolute terms actually a 100 fold more 3meU than 6meA in
any given cell. The question of whether one or both of these modified bases are the
endogenous substrate/s for F70 is still to be determined.

FTO Deficiency

There are notable examples where common variants close to a particular gene, such
as POMC [55, 56], PCSK1 [57, 58], MC4R [59, 60] and BDNF [13, 61] are associ-
ated with an increased risk of common phenotypes, such as susceptibility to obesity,
whereas rare loss-of-function mutations in these same genes result in Mendelian
forms of severe early onset obesity. Thus it was reasonable to consider what would
happen in the case of FTO deficiency.

Fto was originally identified as one of six contiguous genes, together with Frm,
Ftl and Irx3, 5, and 6, in a 1.6 Mb deletion causing the ‘fused-toe’ phenotype [62].
Homozygotes are embryonically lethal, while heterozygous fused toes mutants dis-
play severe developmental defects including left-right asymmetry [63], defects in
hypothalamic development [63, 64], the eponymous fused digits and hyperplasia
of the thymus. In contrast, mice with a specific targeted deletion of Ffo did not dis-
play these severe developmental abnormalities. Instead, Ffo homozygous null mice
exhibited a phenotype of postnatal growth retardation, decreased fat and lean body
mass, and elevated food intake when corrected for lean body mass [65], accompa-
nied by a significant level of post-natal lethality, with only 50% of homozygous
pups surviving till weaning [65, 66].

In humans, a loss-of-function mutation in F70 leads to an even more complex
phenotype of postnatal growth retardation, microcephaly, severe psychomotor de-
lay, functional brain deficits, and characteristic facial dysmorphism [67]. Structural
brain malformations, cardiac defects, genital anomalies, and cleft palate were also
observed in some of the patients. The R316Q mutation disrupts one of the obligate
arginines necessary for 2-OG binding and results in the loss of F70’s demethylase
activity. The importance of F70 s ability to demethylate is underlined not only by
the severe phenotype detailed above, but also by the tragic fact that none of the af-
fected individuals survived past the age of 30 months [67]. So in both humans and
mice, a fully functional F'7O certainly appears to be critical for normal physiology.

Perturbation of F7O Expression Points to Role
in Energy Homeostasis

Even despite the severe phenotype seen in FTO deficiency however, a compel-
ling body of evidence has emerged to support a role for 70 in the control of
energy homeostasis. As briefly touched on above, initial observations reported that
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Fto-/- mice have an apparent ‘hyperphagia’, and there is the fact that Fro+/- mice
are resistant to the effects of a high-fat diet [65]. In contrast, Church and colleagues
have generated a ‘knock-in’ mouse model carrying one or two additional copies
of Fto, and show that ubiquitous overexpression of Fto leads to a dose-dependent
increase in body and fat mass [68]. That said, although the increase in weight with
the overexpression of Ffo seems consistent with the ‘lean’ phenotype of FTO defi-
ciency, the increase in food intake seen in these mice is not. At 8 weeks, the mice
overexpressing Ffo do have reduced fasting leptin levels [68], which is odd given
that obese mice with increased fat mass are normally expected to have increased
leptin levels. One could speculate that the hyperphagic phenotype seen in this mod-
el is driven by the hypo-leptinaemia.

FTO is expressed ubiquitously in human and animal tissues [46], which is con-
sistent with multiple organ systems being affected in F70 deficiency. Its highest
expression however, is seen in the brain, including the hypothalamus [46], where
control of food intake is centred [3]. Within the arcuate nucleus of the hypothalamus
(ARCQ), Fto is bi-directionally regulated as a function of nutritional status; decreas-
ing following a 48 h fast [46] and increasing after 10 weeks of exposure to a high
fat diet, while modulating Fro levels specifically in the ARC can influence food
intake [47].

Thus, although there are some inconsistencies between the different mouse mod-
els to be worked out, the weight of evidence supports the notion that FTO itself
can influence energy homeostasis by having direct effect on food intake. These
findings are in keeping with the association between the F7O risk alleles and in-
crease in food intake. Central nervous system (CNS) specific F70 deleted mice
have also been generated [69]. Surprisingly, these brain-specific Ffo deficient mice
recapitulate much of the phenotype of the whole-body knock-outs, suggesting that
an important proportion of FTO’s function, particularly its link to the regulation of
energy homeostasis is mediated in the brain.

FTO as a Nutrient Sensor?

Given the evidence above that FTO is nutritionally regulated and can influence
food intake, could FTO be acting as a nutrient sensor? Initial attention focused on
2-0G, a key intermediate in the citric-acid cycle, and a co-substrate of FTO. It was
plausible that FTO could function as a sensor for intracellular concentrations of
this metabolite and thus cellular metabolism. However, since typical intracellular
concentrations of 2-OG are more than 10-fold higher than its calculated Km of
2.88 uM, it is unlikely that FTO’s physiological role is to sense 2-OG, even if it is
required as a co-factor for FTO activity [70].

FTO mRNA and protein levels however, are dramatically down-regulated by
total amino-acid deprivation mouse and human cell-lines [71]. Strikingly, this regu-
lation was seen only with essential amino-acids, suggesting that FTO might play a
role in the sensing of essential amino-acid availability [71]. Could the regulation of
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FTO expression by amino acids then be linked to the growth retardation phenotype
seen in FTO deficiency?

FTO Links Amino Acid Availability and mTORC1
Signaling to Regulate Growth and Translation

In a recent study, it was shown that mouse embryonic fibroblasts (MEFs) derived
from Fto™~ mice exhibit slower rates of growth and have reduced mRNA transla-
tion when compared to WT MEFs [72]. This seems to occur, at least in part, by
maintenance of levels of Aminoacyl-tRNA synthetases (AARSSs), as part of a large
multimer complex known as the Multi-Synthetase Complex (MSC) [73], which
tether free amino-acids to their cognate tRNAs and are one of the key modulators
of translation. Consistent with the reduced rates of translation, Fto~/~ MEFs have
reduced protein levels of MSC components. The defects in mRNA translation and
reduced levels of MSC components in Fto~~ MEFs are rescued by re-expressing
FTO in these cells, implicating a role for FTO in regulating translation rates through
maintenance of MSC protein levels within the cell [72].

In addition, cells lacking FTO display decreased activation of the mTORCI1
pathway and increased autophagy, all of which makes mechanistic sense in explain-
ing the growth retardation phenotype seen in Ffo-/- mice [65] and in humans homo-
zygous for loss-of-function F70O mutations [67]. The dramatic regulation of F7TO
by AAs [71] seems to be necessary for the cellular response to changing AA levels,
as expression of exogenous F70 in cells renders them insensitive to AA deprivation
by preventing the expected reduction in mMTORC1 signaling [72].

Thus, a cell without F70 is one that thinks it is starving of amino acids, reducing
mTORCI signaling and increasing autophagy in an effort to ensure cellular survival
by maintaining cellular energy levels (Fig. 5.3). The consequence of this in a whole
organism is clearly illustrated in another recent study, when a targeted deletion of
Fto in adult mice results in a loss of body weight, with all of the change in weight
down to a dramatic loss in lean mass [66]. As skeletal muscle is the largest depot of
protein in the body, it appears to be the most sensitive to the sudden removal of Fto
and subsequent increase in autophagy. In contrast, when Fro is postnatally deleted
specifically from the mediobasal hypothalamus, lean mass is unaffected, and the
resulting weight loss, stemming from a change in food intake, is subtle [66].

FTO and the 6meA Methylome

Critically, F70 s role in linking AA availability and mTORCI1 signaling with appropri-
ates rates of growth and translation is dependent upon its ability to demethylate [72].
The question of how and why this occurs remains to be answered, and is now an area
of intense activity. One possibility could involve F7O's ability to demethylate 6meA.
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Fig. 5.3 Model of FTO’s role in amino-acid sensing. a Under conditions of sufficient amino-acid
levels, FTO levels and consequently mTORCI activity are maintained, leading to appropriate
translation and cell growth and inhibition of autophagy. b In conditions of amino-acid depriva-
tion, FTO levels drop, leading to decreased mTORCT activity, mRNA translation and cell growth,
whereas autophagy is increased. This mechanism ensures cellular survival by maintaining cellular
energy levels. ¢ A cell with defective FTO (red X) interprets this as amino-acid starvation, thereby
reducing mTORCI signalling and increasing autophagy. Abbreviations: 44 amino acid, FTO fat
mass and obesity associated, mTORCI mammalian target of rapamycin complex 1

Using antibodies against 6meA to immunoprecipitate human and mouse transcripts that
carry the modification and coupling this to RNA-seq, two recently published studies
have mapped the presence of 6meA in a transcriptome-wide manner [74, 75]. 6meAs,
as it turns out, are common, enriched near stop-codons, highly conserved between mice
and man, and are dynamically, developmentally and tissue specifically regulated. These
studies have far reaching implications, as the decoration of 6meA at appropriate mRNA
sites appears to play a fundamental regulatory role in gene expression, in addition to ex-
erting varying effects on mRNA splicing and transport. To date, methyltransferase like
3 (METTLS3) is the only enzyme identified to catalyse the conversion of adenosine to
6meA [76], while two enzymes are known to catalyse the removal of this methyl group;
one is ALKBHS [77] and the other is FTO [50]. In fact, Meyer and colleagues show that
transient overexpression of F70 in HEK293 cells decreases the total amount of 6meA
found in the transcriptome [75].
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A recent paper has demonstrated that FTO does not globally target all 6meA-
modified mRNAs but instead demethylates specific mRNA subsets [78]. They
show for instance, that the midbrain and striatum of Fto-/- mice show increased
methylation in mRNAs from genes encoding components of the dopamine signal-
ling pathway, resulting in reduced dopaminergic signalling tone [78]. Outside of the
brain, F70 risk alleles have also been reported to influence the methylation status
of ghrelin mRNA. By doing so, Karra and colleagues have postulated that FTO may
affect levels of circulating ghrelin. Further studies will be required to determine the
extent to which changes in dopamine and/or ghrelin signalling could be effectors of
FTO’s association with increased BMI [79].

.... and Then Entering Stage Right, IRX3

Most recently, and perhaps heralding a sea-change in the way we begin ascrib-
ing the names of genes to GWAS identified disease associated SNPs, Smemo and
colleagues report that the obesity-associated noncoding sequences within F70 are
actually functionally connected, at megabase distances, with /RX3 [80]. Using so-
called ‘3C’ (chromatin conformation capture) technology, they show that sequences
in intron 1 of FTO directly interacts with not only the F7O promoters, but also those
of IRX3 in both humans and mice, suggesting that the obesity-associated interval
belongs to the regulatory landscape of /RX3. They then show that the F70O intron
1 risk SNPs are associated with expression of /RX3, but not F70, in human brains
[80]. The two caveats to this study being that (a) this expression work was done in
post-mortem cerebella, as opposed to other brain regions more relevant to energy
homeostasis and (b) that the differences in expression of /RX3 between those car-
riers and non-carriers of the risk SNPs were very subtle indeed. The authors do
however demonstrate a direct link between IRX3 expression and regulation of body
mass and composition, with Irx3-deficient mice being 30 % smaller than their WT
littermates, with reduced fat mass and increase in basal metabolic rate with brown-
ing of white adipose tissue. Additionally, hypothalamic expression of a dominant
negative form of Irx3 reproduces the metabolic phenotypes of Irx3- deficient mice.
Based on their findings, the authors conclude that the gene ‘responsible’ for the as-
sociation of the SNPs to increased body-weight is /RX3 and not F70 [80].

Where is the Smoking (Gene) Gun?

So is it all a fait accompli? Have we all been wasting our time and working on the
‘wrong’ gene? Not so fast there.

All of the findings I have detailed above regarding the biology of F7O are based
on perturbation of its expression or on the use of recombinant protein, and is there-
fore independent of the risk SNPs in intron 1. It is unequivocal that F70 has a
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function in regulating body-size [65, 66, 68], likely a consequence of its role link-
ing levels of amino acids to growth and translation [71, 72]. Additionally, there is
evidence for co-regulatory mechanisms between F70 and RPGRIPIL with a pos-
sible overlapping regulatory region within intron 1 of F7O that contains at least
two putative transcription factor binding sites (CUXT7), as mentioned above, one of
which overlaps with other obesity associated SNPs [45, 81].

As in Agatha Christie’s ‘Murder on the Orient Express’, where all 12 passengers
on the coach were complicit in the crime, it appears that a number of the genes in
the region, certainly F70 and IRX3, play important roles in the regulation of body
composition and size. It still remains a possibility that the association between FTO
SNPs and body weight regulation is mediated through changing the expression of
multiple genes in the 16q22 region.

In closing, we believe that the efforts to date in turning the statistical association
of SNPs on 16q22 with increased BMI into a deeper understanding of a number of
genes in the whole locus, could form a template into how we approach the many
other emerging GWAS obesity SNPs, the majority of which are close to genes of
unknown function.
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Chapter 6

Neural Vulnerability Factors that Increase Risk
for Weight Gain: Prevention and Treatment
Implications

Eric Stice, Sonja Yokum and Kyle Burger

Introduction

Nearly 70% of US adults are overweight or obese [1], which increases risk for
coronary heart disease, atherosclerotic cerebrovascular disease, colorectal cancer,
and all-cause mortality, is credited with 300,000 US deaths and $ 150 billion in
health-related expenses yearly [2, 3]. Unfortunately, treatments almost never result
in lasting weight loss and virtually all obesity prevention programs have not re-
duced future obesity onset [4, 5]. An improved understanding of the risk processes
that give rise to weight gain should guide the design of more effective preventive
programs and treatments. At present, most risk factors that predict future weight
gain show only weak effects [6-9]. For example, the predictive effects for parental
obesity, a well replicated risk factor for future weight gain, have only ranged from
an r=0.18 to 0.21 in large epidemiologic studies [e.g., 7, 9].

Theorists have focused on the role of reward circuitry in obesity because eating
palatable food increases activation in regions implicated in reward, including the
striatum, midbrain, amygdala, and orbitofrontal cortex (OFC) [10-12] and causes
dopamine (DA) release in the dorsal striatum, with the amount released correlat-
ing with meal pleasantness ratings [13]. Indeed, even delivery of high-fat food di-
rectly to the gut, bypassing the oral cavity, has been shown to induce robust striatal
dopamine release in rodents [14]. It has been posited that aberrant reward-related
responses to food intake and/or cues override homeostatic processes of hunger and
fullness, resulting in excess adipose tissue and weight gain [e.g., 15]. Further, data
indicate that appetitive hormones thought to influence homeostatic determinants
of food intake (e.g., leptin, peptide Y'Y, glucagon-like peptide 1) act by altering
reward value of food [16]. In support of hedonically driven food intake, direct phar-
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macological activation of the striatum prompts hyperphagia in animals, increasing
preferential intake of high-fat/sugar foods, even in sated animals [17]. Agonist and
antagonist experiments suggest that DA signaling plays a larger role in reward
learning and that opioid peptide signaling plays a larger role in hedonic pleasure
from food intake [ 18], though reward regions contain both DA and opioid receptors
and opioid agonists cause DA signaling [19], implying the two neurotransmitter
systems are tightly intertwined.

Reward Surfeit and Incentive Sensitization Theories
of Obesity

The reward surfeit model holds that individuals who showed greater responsivity
of reward regions to food intake, which is presumably inborn, are at elevated risk
for overeating and consequent weight gain [20]. The incentive sensitization model
posits that repeated intake of palatable foods results in an elevated responsivity of
reward valuation regions to cues that are repeatedly associated with palatable food
intake via conditioning, which prompts elevated food intake when these cues are
encountered [18].

Consistent with these theories, obese versus lean humans show greater respon-
sivity of brain regions associated with reward and motivation (striatum, amygdala,
OFC) to pictures of high-fat/sugar foods versus low-fat/sugar foods and control
images [21-28] and to pictorial cues that signal impending palatable food receipt
[20, 29]. These data are supported by studies examining acute and longer-term food
intake. Specifically, midbrain and medial OFC activity in response to milkshake re-
ceipt positively predicted subsequent ad libitum milkshake consumption and BOLD
response in the ventral striatum during exposure to food images positively predicts
later snack consumption [30, 31]. Using objectively measured energy intake over
a two-week period in lean adolescents, a positive relation was observed between
energy intake beyond basal metabolic needs and BOLD response during cues pre-
dicting food receipt in regions thought to encode visual processing and attention
(visual and anterior cingulate cortices), salience (precuneus), as well as the primary
gustatory cortex (frontal operculum) and (reward/motivation) striatum [32]. Animal
experiments indicate that firing of striatal and ventral pallidum DA neurons initially
occurs in response to receipt of a novel palatable food, but that after repeated pair-
ings of palatable food intake and cues that signal impending receipt of that food,
DA neurons begin to fire in response to reward-predictive cues and no longer fire in
response to food receipt [33—35]. Theorists posit this shift during cue-reward learn-
ing acts to either update knowledge regarding the predictive cues or attribute reward
value to the cues themselves thereby guiding behavior [36—39].

Critically, fMRI studies indicate that hyper-responsivity of reward regions
(striatum, amygdala, OFC) to palatable food images [40, 41], palatable food
odors [42] or cues that signal impending presentation of palatable food images
[43] predicts future weight gain. Additionally, teens that exhibit greater striatal re-
sponse to high-fat/sugar food commercials show elevated weight gain over 1-year
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Fig. 6.1 Partial regression plots showing the relations of a activation in the caudate (MNI coor-
dinates: 12, 14, 1) in response to food commercials > non-food commercials and b activation in
the caudate (MNI coordinates: —9, 14, —2) in response to food commercials > television show to
change in BMI over 1-year follow-up

follow-up (r=0.47-0.51; Fig. 6.1; [44]). Elevated amygdala, midbrain, thalamus,
hypothalamus, ventral pallidum, and nucleus accumbens responsivity to tastes of
milkshake have also predicted weight gain over 1-year follow-up [42, 45].
Interestingly, there is evidence that the effects of hyper-responsivity of reward
regions to food and food cues shows significantly stronger relations to future weight
gain for individuals with a genetic propensity for greater DA signaling capacity
in reward regions. Adolescents with elevated caudate and putamen responsivity to
milkshake tastes who have a genetic propensity for greater DA signaling due to
possessing an A2/A2 TaglA allele showed significantly greater weight gain over
1-year follow-up [46]. Likewise, teens who show elevated striatal/OFC response to
palatable food images and who had a genetic propensity for greater DA signaling
due to possessing an A2/A2 TaglA allele, also showed elevated future weight gain
[27]. Similar effects have emerged for another genotype (no seven-repeat or longer
alleles of the DRD4 gene [DRD4-S]) that has been associated with elevated DA
signaling [27]. Data from a large (N=155) ongoing study revealed that lean teens
who showed greater OFC response to a cue that signals impending milkshake re-
ceipt were more likely to gain weight over 2-year follow-up (r=0.29) and that this
relation was significantly stronger for youth with a genetic propensity for greater
DA signaling capacity in reward circuitry as indexed by a multilocus composite that
reflects the number of alleles associated with elevated DA signaling (Fig. 6.2). We
examined this multilocus score because it relates more strongly to reward region
responsivity than the individual alleles used to calculate this composite genetic risk
score [47, 48]. Theoretically, this is because a greater number of these genotypes,
regardless of the particular combination, are associated with greater DA signaling
capacity. The multilocus composite was scored as follows: Tagld A1/Al, DRD2-
141C Ins/Ins, DRD4-L, DATI 10R/10R, and COMT Met/Met genotypes were as-
signed a score of 0 (‘low”); Taql4 A2/A2, DRD2-141C Ins/Del and Del/Del, DRD4-
S, DATI 9R, and COMT Val/Val genotypes were assigned a score of 1 (‘high’), and
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TaqlA A1/A2 and COMT Met/Val genotypes received a score of 0.5. Scores were
summed to create the composite. Humans with the A2/A2 allele versus an Al al-
lele of the TagiA4 polymorphism and the Del allele versus Ins/Ins genotype of the
DRD?2-141C Ins/Del polymorphism show more D2 receptors [49]. Humans with the
shorter than seven alleles (DRD4-S) versus seven-repeat or longer allele (DRD4-L)
of the DRD4 genotype show greater in vitro DA functioning and stronger response
to DA agonists [50, 51]. Humans with the nine-repeat allele (DAT!-S) versus homo-
zygous for the ten-repeat allele (DATI-L) of the DAT1 show lower DATI expres-
sion [52], theoretically increasing synaptic DA clearance, producing lower basal
DA levels and increased phasic DA release [53]. Val homozygotes versus Met ho-
mozygotes of the Catechol-O-methyltransferase (COMT val'>®met) gene putatively
have lower basal striatal DA levels and greater phasic DA release [54]. Individuals
with higher multilocus scores showed greater future weight gain in three separate
studies (Fig. 6.3; [55]), confirming that this effect is replicable.

Thus, studies from multiple independent labs have found that individuals who
show elevated reward region responsivity to palatable food intake are more likely to
enter a prolonged period of positive energy balance and gain weight, providing key
behavioral data in support of the reward surfeit theory of obesity. Studies from mul-
tiple independent labs have also found that individuals who show elevated reward
region responsivity to cues that have been associated with palatable food intake
show elevated future weight gain, providing behavioral support for the incentive
sensitization theory of obesity. There was also evidence that the predictive relations
of elevated reward region responsivity to palatable food intake and food cues to
future weight gain are stronger for individuals with a genetic propensity for greater
DA signaling capacity in reward regions, which might be construed as further sup-
port for the reward surfeit model. These results imply that reducing habitual intake
of high-fat and high-sugar foods should theoretically reduce the conditioning pro-
cess that leads to elevated reward region responsivity to food cues, which may be an
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effective method of reducing risk for weight gain. However, the fact that behavioral
weight loss programs typically result in reduced intake of such foods, typically
leading to a 10 % weight loss on average, but do not produced sustained weight loss
implies that it is very difficult to reduce reward region hyper-responsivity to food
cues once it has emerged.

Reward Deficit Theory of Obesity

The reward deficit model of obesity posits that individuals with lower sensitivity of
DA-based reward regions overeat to compensate for this deficiency [56]. Apparent-
ly consistent with this theory, obese versus lean adults show lower striatal DA D2
receptor availability [57-59], though two other studies found no significant group
differences [60, 61], which might have been due to the smaller samples sizes in the
latter studies. Obese versus lean adults show lower capacity of nigrostriatal neurons
to synthesize DA [62], and less striatal responsivity to tastes of high-fat/sugar bev-
erages [20, 46, 63—65]. Obese versus lean rats likewise have lower basal DA levels
and D2 receptor availability and less ex vivo DA release in response to electrical
stimulation in nucleus accumbens and dorsal striatum tissue [66—69]. Interestingly,
a recent study in humans [58] found a positive correlation between BMI and DA
release in the dorsal striatum and substantia nigra in response to amphetamine, sug-
gesting that D2 receptor availability may not be closely coupled with degree of DA
response from rewarding experiences.

Although the above cross-sectional findings appear to provide some support for
the reward deficit theory of obesity, prospective and experimental findings indicate
that overeating contributes to reward region hypo-responsivity. Lean youth at risk
for future obesity by virtue of parental obesity show hyper-responsivity of reward
regions to palatable food receipt and monetary reward, rather than hypo-respon-
sivity [70]. Young women who gained weight over a 6-month period showed a
reduction in striatal responsivity to palatable food receipt relative to women who
remained weight stable [71]. This finding converges with experimental overfeeding
studies involving animals; rats randomized to overeating conditions that results in
weight gain versus control conditions show down-regulation of post-synaptic D2
receptors, and reduced D2 sensitivity, extracellular DA levels in the nucleus accum-
bens and DA turnover, and lower sensitivity of DA reward circuitry to food intake,
electrical stimulation, amphetamine administration, and potassium administration
[69, 72-76]. Of note, rats that had consumed a high-fat/sugar diet continued to
eat that food when subsequently paired with foot shocks, whereas chow-diet rats
would not eat high-fat/sugar food when paired with foot shocks [76], suggesting
that energy dense diets may induce compulsive eating. Further, pigs randomized to
a weight gain intervention versus a stable weight condition showed reduced resting
activity in the midbrain and nucleus accumbens [77]. The reduced DA signaling
capacity appears to occur because habitual intake of high-fat diets causes decreased
synthesis of oleoylethanolamine, a gastrointestinal lipid messenger [14]. Further,
people who report elevated intake of particular foods show reduced striatal response
during intake of that food, independent of BMI [78-80].
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Given that animals that habitually use drugs of abuse that produce similar down-
regulation of reward regions will work to keep DA levels in the nucleus accumbens
above a certain level [81-83], Geiger and associated [74] speculate that rats which
have experienced diet-induced down-regulation of DA circuitry may similarly over-
eat to increase DA signaling. However, a more recent study found that mice in
which reduced striatal DA signaling from food intake was experimentally induced
through intragastric feeding of high-fat food worked less for intragastric administra-
tion of high-fat food and consumed less food ad /ib than control mice [14]. These
experimental results seem incompatible with the notion that an induced down-reg-
ulation of DA reward circuitry leads to compensatory overeating. Results from the
Tellez et al. [14] study also provided further evidence that intake of high-fat food
can result in reduced DA response to food intake, independent of weight gain per se.

Interestingly, the relations between lower striatal response to milkshake receipt and
weight gain over 1-year follow-up [20] and between lower putamen and OFC response
to palatable food images and weight gain over 1-year follow-up [27] were significantly
stronger for youth with the A1 allele, which is associated with less DA signaling, im-
plying that any reduction in DA signaling caused by overeating may have a more pro-
nounced reward deficit effect for those at genetic risk for lower DA signaling. Similar
effects have emerged for individuals with the seven-repeat allele of the DRD4 gene,
which is also associated with reduced DA signaling capacity [27].

Thus, studies have provided little prospective or experimental support for the
reward deficit theory of obesity. Specifically, no prospective study has reported a
main effect between reduced reward region responsivity to food intake or cues and
future weight gain. Indeed, as noted, prospective studies have found that greater
responsivity of reward circuitry, including the amygdala, midbrain, ventral palli-
dum, nucleus accumbens, and striatal, rather than reduced responsivity, to palatable
milkshake intake predicts future weight gain [e.g., 42, 45]. And recent data found
that inducing down-regulation of DA response to food intake resulted in less caloric
intake and motivation for food than observed in control mice [14]. Thus, findings
collectively suggest that the reduced DA signaling capacity of reward circuitry can
be acquired from overeating, but provide little support for the notion that this con-
tributes to overeating and subsequent weight gain.

Translating Findings from Brain Imaging Research
into an Obesity Prevention Program

Thus, emerging research suggests that obese versus lean individuals show elevated
reward region responsivity to images of high-fat/high-sugar foods and that this in-
creases risk for future weight gain. Fortunately, there is evidence that prefrontal
regions can reduce reward region responsivity to appetitive cues [84]. Cognitive
reappraisals, such as thinking of the long-term health consequences of eating un-
healthy food when viewing images of such foods, increases inhibitory region (dIP-
FC, vIPFC, vimPFC, lateral OFC, superior and inferior frontal gyrus) activation and
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decreases reward region (ventral striatum, amygdala, ACC, VTA, posterior insula)
and attention region (precuneus, posterior cingulate cortex) activation relative to
contrast conditions, such as imagined intake [85—-88]. Stoeckel and associates [89]
used real-time fMRI biofeedback to augment the effects of cognitive reappraisals in
reducing reward region responsivity and increasing inhibitory region responsivity
to images of palatable foods; the training resulted in significantly greater reduc-
tion in medial OFC, right ventral striatum, and right amygdala, as well as greater
activation in an inhibitory control region (inferior frontal cortex [IFG]) in response
to palatable food images. Thus, findings suggest that cognitive reappraisals may
reduce hyper-responsivity of reward regions to food cues and increase inhibitory
control region activation, which is crucial because our environment is replete with
food images and cues (e.g., ads on TV) that contribute to overeating. For instance,
US teens are exposed to over 5000 unhealthy food commercials yearly [90]. Indeed,
exposure to unhealthy food commercials results in greater caloric intake of the ad-
vertised foods and other unhealthy foods [90-92]. Accordingly, we developed an
obesity prevention program that trained participants to use cognitive reappraisals
when confronted with unhealthy tempting foods. We hypothesize that if participants
learn to automatically apply these cognitive reappraisals, they will show reduced
reward and attention region responsivity and increased inhibitory region responsiv-
ity to food images and cues signaling impending delivery of a high-fat/high-sugar
food, which should result in reduced caloric intake and weight gain.

Emerging data also suggests that obese versus lean individuals show reduced
recruitment of reward regions during intake of high-fat/high-sugar foods, which is
either inborn of acquired, with some evidence that this may increase risk for future
weight gain. If overeating energy-dense food reduces reward region response to
such food, which may prompt compensatory overeating to achieve the same sat-
isfaction experienced previously, reducing fat and sugar intake may help people
avoid this induced-reward deficit that may contribute to obesity. Such a “palate-re-
training” intervention may also reduce preferences for high-fat/sugar foods, which
may contribute to weight gain. Reducing intake of dietary fat decreases preferences
and frequency of future consumption of previously preferred high-fat foods and
increases acceptance of low-fat foods [93, 94], implying a relation between habitual
fat intake and preferences for fat foods. Chronic intake of a high-fat diet theoreti-
cally leads to reduced oral sensitivity, prompting compensatory escalations in fat
intake to experience same degree of reward [95]. We therefore included a palate-
retraining component to our neuroimaging-informed obesity prevention program
wherein participants reduce fat and sugar intake to decrease taste preferences for
high-fat/sugar foods and avoid the reduced reward region responsivity to high-fat/
sugar food intake observed in obese humans. We hypothesize that if intervention
participants reduce overall consumption of fat and sugar, they will show an increase
in striatal response to receipt of a high-fat/high-sugar milkshake, which may reduce
risk for compensatory overeating.

We therefore evaluated an obesity prevention program that trained young adults
to (a) use cognitive reappraisals when confronted with tempting palatable foods
and (b) gradually reduce intake of fat and sugar in their diets to decrease risk for a
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blunted striatal response to palatable food intake [96]. Young adults at risk for future
weight gain by virtue of weight concerns (N=148) were randomized to this new
Minding Health prevention program, an alternative prevention program promot-
ing participant-driven gradual reductions in caloric intake and increases in physical
activity (the Healthy Weight intervention), or an obesity education video control
condition, completing assessments at pre, post, and 6-month follow-up. A subset
of Minding Health and control participants completed an fMRI scan at pre and
post assessing neural response to images of high-fat/sugar foods and to receipt and
anticipated receipt of a high-fat/sugar food. Minding Health participants showed
significantly greater reductions in body fat than controls and percentage of caloric
intake from fat and sugar than Healthy Weight participants, though these effects at-
tenuated somewhat by 6-month follow-up. However, Healthy Weight participants
showed greater reductions in BMI and eating disorder symptoms than Minding
Health participants. Minding Health participants showed greater activation of an
inhibitory control region (IFG) and reduced activation of an attention/expectation
region (mid cingulate gyrus) in response to palatable food images relative to pre-
test and controls. Although the Minding Health intervention produced some of the
hypothesized effects, it only affected some outcomes and the effects often showed
limited persistence.

Future Research Directions

This review highlights several important directions for future research. First, al-
though a small number of prospective brain imaging studies have investigated neu-
ral vulnerability factors that predict future weight gain, the vast majority of the
literature reviewed herein is cross-sectional. It will therefore be important for addi-
tional large sample prospective brain imaging studies to identify neural vulnerabil-
ity factors that predict future weight gain. Second, it will be important to investigate
environmental, social, and biological factors that amplify and mitigate the effects
of these vulnerability factors on future weight gain. Third, it would be useful for
additional prospective repeated-measures studies to attempt to capture the plasticity
of reward region responsivity to food images/cues and food receipt, that appears to
emerge secondary to overeating, which may play a role in maintaining overeating.
If randomized experiments could be used to address these three directions for fu-
ture research, much stronger inferences regarding these etiologic processes would
be possible. Finally, we hope that future research will continue to try to translate
findings from brain imaging studies into prevention and treatment interventions for
obesity. For instance, we suspect it would be useful to test whether real-time fMRI
biofeedback could be used to enhance the efficacy of the cognitive reappraisal-
based obesity prevention program described above. It might likewise be possible
to use non-invasive brain stimulation procedures to augment the efficacy of these
types of obesity prevention programs.
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Chapter 7
Molecular Mechanisms Involved
in the Regulation of Food Intake

Emilio Gonzalez-Jiménez

Introduction

Obesity is the most prevalent endocrine-metabolic disease in industrialized coun-
tries, and considered a serious public health problem worldwide [1]. Obesity is de-
fined as excessive storage of energy as fat, a situation that leads to the development
of a positive energy balance [2]. Among the factors that will shape the development
of a positive energy balance, environmental and neuroendocrine factors highlights
[3]. This complex regulatory process is controlled at the level of the central nervous
system by the hypothalamus. In addition, the regulatory peptides involved with nu-
merous synergistic or antagonistic actions are synthesized in different tissues, inter-
acting together and with different neural signals driving the information to different
cores. This in turn triggers a response in terms of initiating or completing food
intake and therefore controls the increase or reduction of caloric expenditure [4].
Nutritional homeostasis (Fig. 7.1) comprehends the set of physiological processes
involved in the mechanisms of digestion, absorption of nutrients, storing, and their
use when appropriate [5]. All this with one goal: allow adequate growth in size and
weight during childhood and adolescence, and in adulthood to acquire and maintain
a proper weight [5]. Nutritional homeostasis process got its start with the ingestion of
food and subsequent digestion and absorption of nutrients, in which participates nu-
merous enzymes and hormones [6]. Simultaneously, there is a distribution for the res-
ervoirs of glycogen in liver and muscle (deposits of immediate use) and triglycerides
inside adipocytes, in the postprandial stage [7]. This cycle continues in the fasting
phase. For the supply of nutrients, different metabolic processes (lipolysis, glycoge-
nolysis and gluconeogenesis) are activated [8]. In relation to energy expenditure, it’s a
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sum between the spending in maintenance processes of the organism, the expenditure
involved in physical activity, growth, and energy lost through secretions and body
fluids. This complex process is interconnected and controlled by a large number of
peripheral nerve signals, different molecules and mediators of neuroendocrine action
integrated with the central nervous system (CNS) [10]. The structures responsible for
controlling feelings of satiety and hunger in the healthy organism are located in the
hypothalamus [10]. First, in the lateral nucleus, which is responsible for hunger. Sec-
ond, in the ventromedial nucleus, which is responsible for management and control
of satiety during food intake. These centers generate an efferent nerve response that
controls the volume of energy stored or consumed in the short, medium and long term
[11]. All aimed to keep the subject in a state of normal weight.

Mechanisms of Regulation of Short-Term Food Intake

Having appetite at a given time is closely related to the need of an immediate intake
of nutrients. In this sense, the decrease in blood glucose and lipids is the main fa-
cilitator of hunger and thus an intake element, although it has been shown that this
process is far more complex [12].
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Food perception will involve different sensory signals (smell of food, taste,
texture, temperature and even the appearance or presentation), which through the
cranial nerves will be transmitted to the CNS [13]. Moreover, the start of insulin
secretion is also mediated by these sensory signals, being thus another factor in-
volved in activating nutrient intake. These set of signals is called the cephalic phase
of feeding. To compensate these signals, there is a compensatory mechanism to
decrease appetite [ 13]. This mechanism is possible due to oropharyngeal receptors,
which control the total caloric intake ingested, generating signals to complete the
ingestion.

If one or more daily food intakes are delayed, a decrease of blood glucose levels
will happen. Consequently, the feeling of hunger will be stronger in order to regain
the energy reserves consumed during the fasting period. This process is known as
glucostatic theory [14]. The organic lipid reserves represent another source of in-
formation that the body uses to control the intake of nutrients. The central nervous
system has receptors that regulate the concentrations of certain molecules as fatty
acids, glycerol and 3-hydroxybutyrate, molecules that in turn provide information
about the existing fat reserves in the body. This theory is known as lipostatic theory
[15]. Despite differences between both theories, there is a consensus to accept that a
decrease in the availability of nutrients correlates with feeding behavior. This theory
is known as energostatic theory [16].

At gastrointestinal level, it has been identified several peptide molecules in-
volved in inducing satiety. Its synthesis and secretion will be in proportion to the
amount of ingested food [17], although their mechanisms of action will vary. They
can act locally or be released into the bloodstream [18]. The information provided
reaches the brain, specifically through vagal afferent fibers of peripheral nerves.
From this region, the information will be transmitted in turn to the hypothalamus.
Gastric distension achieved during intake will also enhance the effect of the peptide
action already mentioned. The most relevant peptides are cholecystokinin (CCK),
bombesin, glucagon, enterostatin, pancreatic polypeptide and amylin, among oth-
ers. The satiating effect of cholecystokinin (CCK) was first described by Gibbs
et al. [19] in 1973, who observed how the administration of CCK via peritoneal
suppressed food intake in rats, and then in humans. Their release occurs by en-
teroendocrine cells of duodenal-jejunal mucosa in response to the intake of fats
(unsaturated fatty acids, long chain mainly) and proteins [20]. Two types of recep-
tors will mediate their action. The CCK-1 receptor type, formerly called CCK-A
(alimentary), given its location in the alimentary tract, from where they stimulate
nerve transmission by sending a message of satiety to the nucleus of the solitary
tract [21]. These receptors are present in the pancreas, gallbladder, and pylorus and
also in multiple locations of the CNS (nucleus of the solitary tract, area postrema
and dorsomedial hypothalamus) [21]. The CCK-2 receptor type, previously known
as CCK-B (Brain), which act in the brain are released in order to achieve an anorec-
tic effect. These receptors are located in the vagus nerve and in the CNS [22]. Other
peptides have different action mechanisms; bombesin reduces the volume of food
eaten in each meal. Glucagon, through a mechanism of vagal action suppresses food
intake but acting particularly on protein [23]. Enterostatin on the other hand, caused
by fragmentation of the pancreatic lipase in the intestine, leads to a decrease in the
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duration of meal [23]. The pancreatic polypeptide and amylin by its interaction with
the area postrema of the brain also induce a reduction in the food intake [23].

Mechanisms of Regulation of Medium-Term Food Intake

Appetite regulation in the medium term is regulated by peptide Y'Y [24]. It is a hor-
mone composed of 36 amino acids within the same group of pancreatic polypeptide
and neuropeptide Y (NPY) [24]. It is synthesized in the L cells of the intestine,
located in the more distal region of the same, in the pancreas and brain. Currently,
it has been identified two types of Y endogenous peptides, subtype 1-36 and 3-36,
the first being the more active metabolically. It was found that peptide YY 3-36
subtype specifically, has the ability to decrease by 36 % the volume of food ingested
immediately and by 33 % the total volume within 24 h. This is why it is considered
as the main regulator of food intake at intermediate periods of time [25].

Mechanisms of Regulation of Long-Term Food Intake

This type of long-term regulation occurs at the expense of peripheral adiposity sig-
nals and central neurotransmitters [26].

Peripheral Adiposity Signals with Anorectic Effect
(Catabolic)

Two hormone molecules, the leptin and insulin compose the peripheral adiposity
signals. Both of them act by inhibiting anabolic processes and stimulating catabolic
metabolism [27].

Leptin

Leptin is the final product of ob-gene. This gene in humans is located in 7q31.3
chromosome 7q. It has 650 kb and consists of three separate exons, spaced by two
introns. Exons two and three contain the region encoding leptin [28]. It consists of
167 amino acids whose sequence is very conserved across different species. For
example, the mouse leptin maintains an 84 % homology to human leptin, and the
rat around 83 % [28].

Through this hormone, hypothalamus controls the body nutritional intake modu-
lating the food intake and energy balance [29]. Leptin triggers the activation of
catabolic effector system. This cause a reduction of adiposity through an inhibition
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of appetite (anorexigenic effect), stimulating energy expenditure and disabling ana-
bolic effector system, which is designed to increase body adiposity (via increased
appetite), favoring the process of lipolysis in the adipose tissue [30]. Its synthesis is
carried out by adipocytes, but also in organs and tissues such as the pituitary, hypo-
thalamus, skeletal muscle, placenta, gastric mucosa and breast epithelium [31]. Its
concentration will vary in proportion to the volume of fat reserves in the organism,
that is, the amount of leptin produced by adipocytes and circulating is proportional
to the volume of fatty acids accumulated inside adipocytes [31]. Its secretion in the
body follows circadian rhythm pulses every 45 minutes [32]. Thus, the concentra-
tion of this hormone increases throughout the day until reaching its highest level at
midnight, and continue decreasing until the beginning of a new cycle [33]. There
are differences in leptin concentration in blood plasma by gender, being higher in
women [34]. Androgens appear to be responsible for its lower concentration in the
plasma of men [34]. According to physiology, circulating leptin exerts its anorexi-
genic effects through two processes of action. One mechanism is peripherally re-
stricted, for which is required the existence of specific receptors for this hormone
at the level of peripheral tissues and organs such as lung, kidney, liver, skeletal
muscle, testis, pancreatic islets, stomach, adipose tissue (white and brown) and he-
matopoietic cells [35]. To exert its action at central level, circulating leptin must
cross the blood-brain barrier, by the binding to specific receptors present in certain
areas of the hypothalamus [36]. In Fig. 7.2 is represented the control mechanisms
(acute and chronic) of feeding behavior, relying on the action of leptin.
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Fig. 7.2 Mechanisms involved in the regulation and appetite control. (Adapted from Arteaga [37])
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The lack of leptin, by a shortfall in production or defects in specific receptors,
will determine the development of early complications, such as severe early-onset
obesity, hyperphagia, diabetes, and infertility [38]. It has been shown that exogenous
inputs of leptin substantially improve these symptoms and their intensity [38]. How-
ever, in an almost paradoxical way, the majority of subjects with severe obesity (ex-
cept those with a mutation in the ob gene) present increased levels of leptin and in-
sulin in plasma [39]. This leads us to suspect a possible phenomenon of resistance to
the action of these hormones, which is verified in the case of the insulin. Such leptin
resistance may be mediated by process disturbances in the leptin transport through
the endothelial cells of the blood-brain barrier. It could also be related with defects in
the leptin receptor or by alterations in one or more of the neural systems that respond
to leptin signaling [40, 41]. Although much is still unknown about leptin involve-
ment in obesity, many aspects lead us to believe in obesity resulting from a leptin
resistance mechanism rather than a deficiency in subjects with obesity [2].

Insulin

Insulin is also involved in the regulation of energy balance. The blood levels of the
hormone are directly proportional to the body fat volume [42]. Circulating insulin,
like leptin, can access the central nervous system, by a saturable transport process
based in receptors present in endothelial cells of capillaries and cerebral vessels.
Insulin receptors also are located in hypothalamic brain areas [42]. Despite the simi-
larities between these molecules, the release of insulin, in contrast to leptin, is in
response to the stimulation of a single meal. It has been proven, that administration
of insulin in the central nervous system, causes considerable anorectic effect and
a consequent loss of body weight, although it is true that this effects appear to be
dose-dependent [43]. This fact has been verified by the reverse situation, i.e., lower
insulin levels in the brain generate an increase of food intake and consequently a
weight gain. This evidence, gives strength about the role of insulin as an anorectic
agent. However, we must not forget other functions of this hormone and the effect
that insulin exerts in the storing of ingested nutrients [44].

Peripheral and Central Adiposity Signals with Orexigenic
Effect (Anabolic) and Anorexigenic (Catabolic)

In this section, we found a large group of molecules whose involvement and meta-
bolic intervention will affect the production of an anabolic effect. From those, the
peripheral ghrelin levels highlights [45], whereas at the central level, it stands out
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the neuropeptide Y (NPY), agouti-related protein (AgRP) and melanin-concentrat-
ing hormone (MCH) [46].

Peripheral Orexigenic Signals

Ghrelin

The isolation of an endogenous ligand for a predetermined orphan receptor whose
activation induces a potent release of growth hormone (GH) was successfully con-
firmed in 1999 and received the nickname Ghrelin [47]. Ghrelin belongs to the
family of secretagogues hormones (GH). It consists of 28 amino acids and its most
active molecular form is acetylated by octanoic acid at its third serine residue [47].
The hormone structure determines its ability to cross the blood-brain barrier, relying
in specific receptors in the hypothalamic arcuate nucleus, which are related to the
eating behavior [48]. Its origin and production is outside the central nervous system,
particularly at the level of the stomach, being the major hormone at the gastroin-
testinal level with orexigenic effect. However, this substance is also produced in
other locations such as the hypothalamus, pituitary, pancreas, kidney, intestine, and
heart cells. It has also been isolated from placenta and testis [49]. Regarding its re-
lease, higher hormone levels correspond to periods of fasting or states of cachexia,
in which a feeling of hunger is generated, with low concentrations being found in
obese and healthy subjects after intake of nutrients. This molecule has been shown
to be very important in the regulation of food intake, through several mechanisms
like its competitive nature with leptin or its interaction with the vagus nerve [50].
It this last mechanism, can induce neuronal activation in the nucleus of the solitary
tract causing motility, gastric secretion and ultimately induction of appetite and
food intake [51]. Nevertheless, the main course of its action takes place in the arcu-
ate nucleus, exercising a stimulus for the synthesis of other orexigenic peptides such
as NPY and AgRP [52].

Central Orexigenic Signals

Neuropeptide Y (NPY)

Neuropeptide Y is an important molecule with an orexigenic potential. It is synthe-
sized in the hypothalamus, particularly in the arcuate nucleus. Its action is exerted
at the central level in the paraventricular nucleus, where it stimulates and enhances
food intake and thus weight gain. Its levels rise before the depletion of body fat
reserves, which occurs in situations of fasting or uncontrolled diabetes mellitus
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[53]. Moreover, the synthesis of this peptide is inhibited by leptin and its metabolic
anorectic effect [54]. It has been proven that NPY decreases the stimulus of the
sympathetic nervous system towards the brown adipose tissue. This situation results
in a decrease of energy expenditure and a consequent increase and development of
white adipose tissue [55]. Experimental studies in mice, which have a deficit of spe-
cific receptors for this orexigenic peptide, showed a development of a moderately
obese phenotype [56].

Agouti-related Protein (AgRP)

It is a peptide molecule, whose discovery in the human brain was accidental [56]. It
synthesis occurs in the hypothalamus, specifically at the level of the arcuate nucleus
and is distributed to the paraventricular nucleus and other regions of the CNS [56].
Its relevance in the field of nutrition derives from The high potential as inducing
agent of appetite and consequently weight gain. The mechanism of action is based
on its antagonizing effect with respect to MC3 and MC4 receptors of the a-MSH
[57]. Its action on the nervous system, unlike what happens with NY appears to be
more prolonged in time achieving its effects over several days [58].

Melanin-concentrating Hormone (MCH)

The melanin-concentrating hormone (MCH) is another possible way or anabolic
mechanism of action regarding body energy balance. This hormone is a neuropep-
tide of 19 amino acids whose synthesis is carried out in the lateral hypothalamus
during periods of fasting and in response to a deficit of leptin levels [59]. Moreover,
based on its inhibitory effect on the hypothalamus-pituitary-thyroid axis towards
AgRP and NPY, we must consider that while controlling the degree of appetite it
might also be involved in the reduction of energy expenditure [60]. In studies with
mice, it has been shown that inactivation of the gene that produces this hormone
generates hypophagia and extreme thickness [61]. Currently, numerous initiatives
and prospects for therapy contemplating this route are being studied, as another pos-
sible key piece in this complex puzzle.

Central Anorectic Signals

A-Melanocyte Stimulating Hormone (a-MSH)

The melanocyte-stimulating hormone (a-MSH) is derived from the proteolysis of a
prohormone called proopiomelanocortin (POMC). This process occurs in neurons
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of the arcuate nucleus and is activated by leptin. The anorectic action of this hor-
mone is produced by binding to the MC4-R receptors, which represents its main ag-
onist [62]. In mice, it has been verified that the inactivation of the gene encoding the
MCA4-R receptor yields obesity [63]. Studies with obese subjects demonstrate the
existence of a large number of patients with mutations in the MC4 receptor, which
are to some extent responsible for this hormone malfunction and subsequent energy
imbalance in these individuals [64]. From this genetic alteration, generally emerge
obesity and hyperphagia, hyperinsulinemia, and hyperglycemia [65]. Therefore, the
presence of mutations in the MC4-R receptor are currently the main cause of mono-
genic obesity in humans [65].

Corticotropin Releasing Hormone (CRH) and Thyrotropin
Releasing Hormone (TRH)

A level of the hypothalamus, and paraventricular nucleus neurons are synthesized
two neuropeptides whose main effect appears to be the inhibition of appetite. These
molecules are the corticotropin-releasing hormone (CRH) and thyrotropin-releas-
ing hormone (TRH) [66]. The first increases energy expenditure at the expense of
activation of the sympathetic nervous system. In addition exerts regulatory action in
the pituitary-hypothalamus axis [67]. Similarly, TRH is involved in the regulation
of this axis [67]. Both hormones were identified by their involvement in mediating
the effects of leptin, as it has been shown that the synthesis of these hormones in the
hypothalamus increases in response to leptin [68]. In Table 7.1, is summarized the
hormones and peptides discussed above (and others), specifying its site of synthesis
in the human body, together with its effects on food intake, body weight and energy
expenditure.

Conclusions

Numerous studies have demonstrated the pathophysiologic complexity of the regu-
lation of food intake and energy balance. Investigations confirm that endocrine sig-
nals originated in the gastrointestinal tract are critical in regulating the food intake
and energy homeostasis. From those, with exception of ghrelin, the other gastro-
intestinal hormones have inhibitory effects of appetite. Moreover, the molecules
involved in the central regulation of food intake are also important, as have been
successfully implicated in obese phenotype. In this regard, a better understanding
of the physiological processes by which these molecules regulates food intake will
be crucial for the development of new strategies against eating disorders such as
obesity.
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Table 7.1 Biomolecules regulatory intake, body weight and energy expenditure. (Adapted from

Solomon et al. [69])

Hormone/peptide Intake Body Energy Synthesis
weight | expenditure
AGRP il i l Brain
Amylin ! 1? 1?2 Pancreas
Bombesin l - T Stomach, intestine and brain
CART l l 1? Brain
CCK ! - - Small intestine
Cytokines ! l - Stomach and intestine
Corticosteroids 1 - - Small intestine
CRH ! l 1 Brain
Endocannabinoids 1 - - Small intestine
Galanin 1 - - Small intestine
GALP ! l 1 Brain
Gastrin ! Stomach
Ghrelin 1 T - Stomach, intestine and brain
GIP -? i 1? Intestine
GLP-1 ! 1? - Stomach, intestine and brain
Glucagon ! l - Pancreas
GRP l Stomach
Insulin ! l 1 Pancreas
Leptin ! l 1 Adipose tissue and Stomach
MCH 1 - l Brain
Neurotensin ! - - Brain and stomach
NPY 1 1 ! Brain
Obestatin ! | - Stomach and intestine
Opioids i - - Brain
Orexins T T - Brain
Oxyntomodulin ! - - Intestine and brain
Oxytocin ! - - Brain
Peptide YY l - - Stomach
POMC ! l i Brain
PP ! - - Pancreas
TRH ! - 1 Brain

| decrease, 1 increase
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Chapter 8
Epigenetics of Human Obesity: A Link Between
Genetics and Nutrition

David Albuquerque, Licinio Manco and Clévio Nébrega

Introduction

The prevalence of obesity has reached epidemic proportion becoming one of the
world’s greatest public health challenges, contributing to the increased risk of many
chronic diseases, such as type 2 diabetes mellitus, hypertension, cardiovascular
diseases and other co-morbidities [1]. Obesity is a multifactorial disorder result-
ing from interaction between lifestyle factors (such as dietary habits, sedentary be-
havior and other environmental exposures) and genetics. The excess of body fat
was described as the consequence of successive positive energy balance, where
the amount of intake energy is greater than the amount of energy expended [2]. It
is evident that the environment as diet has a significant role in the development of
obesity. However, several twin and adoption studies found a strong evidence for a
genetic component to the risk of obesity estimated to account for 40—70 % of body
mass index (BMI) variation in children and adults [3-7].

The advent of Genome-Wide Associations Studies (GWAS) over the last 7 years
appeared as a powerful approach to identify genetic variants associated with com-
mon diseases. Until now, GWAS found more than 35 genetic /oci associated with
BMI [8]. The most relevant GWAS of obesity phenotype identified a common sin-
gle-nucleotide polymorphism associated with BMI located at the first intron of the
Jfat mass and obesity associated gene (FTO) in 2007 [9]. Each A allele of the FTO
r$9939609 polymorphism leads to an increases body weight by 1.5 kg in adults.
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However, all the obesity-associated common single nucleotide polymorphisms sig-
nals known to date have a modest effect explaining only 2—4 % of the estimated
40-70 % inherited fraction of genetic susceptibility to obesity [8,10]. Thus, much of
the obesity-associated genetic variance remains unexplained. However, other dif-
ferent mechanisms could lead to inter-individual differences in complex traits.

The interaction between the environment and genes largely favor the obese state
[11]. The epigenetic regulation of gene expression, which has emerged in the last
few years as a new and promising field in science, could also play an important role
in the etiology of obesity. Thus, epigenetic mechanisms could help to explain why
common genetic variation cannot be expected to fully account for the measured
heritability, while a predisposition to obesity can be attributed to the interaction
between ancestral genetic and epigenetic factors.

What is Epigenetic?

Conrad Waddington formulated the concept of epigenetic landscape for the first
time in 1942. He used this term to define a new branch of biology, studying the
relations of cause and effect between genes and their products to produce the phe-
notype [12]. The term epigenetics comes from the Greek word epigenesis, referring
to embryology and genetics “as the genotype gives rise to the phenotype during
development” [13]. Epigenetics could be seen as a new field of genetics or the “new
genetics” because many biological processes are controlled not through gene muta-
tions, but rather through reversible and heritable epigenetics phenomena ranging
from DNA methylation changes, histone modifications, and regulatory action of
micro-ribonucleic acid (miRNAs) [14-16]. We can found extreme definitions of
epigenetics in the literature. To Conrad Waddington, epigenetics was the study of
epigenesis, which is how genotypes give rise to phenotypes during development
[12]. Robin Holliday defined epigenetics as “the study of the mechanisms of tem-
poral and spatial control of gene activity during the development of complex or-
ganisms” [17]. For Riggs et al. [18] epigenetics is “the study of mitotically and/or
meiotically heritable changes in gene function that cannot be explained by changes
in DNA sequence”. Currently, we can define epigenetic as heritable changes that are
mitotically stable (and potentially meiotically) and affect gene function, but do not
involve changes in the DNA sequence [19]. They occur in diverse organisms and
control several biological functions.

The experiences of an individual can “modify” genes by epigenetic marks which
remain over the lifespan [20]. When we say that genes can be modified, it does not
mean a change in the nucleotide sequence of DNA by mutation. Using a simple,
however good metaphor, we can say that genetics refers to genes’ “writing”, and
epigenetics to genes “reading”. One of the best natural examples of influence in the
epigenetic status is given by honey bee (Apis mellifera). Fertile queen and sterile
workers are genetically identical at the larvae level. So, which makes a simple bee
becomes a queen? Well, it is the fact that she fed exclusively of pure royal jelly,
which will make her progress to the phenotypic characteristics of a queen [21].
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On the other hand, the other bees fed on normal diet and become simple workers.
On a molecular level, it was shown that royal jelly silences the expression of DNA
methyltransferase (Dnmt3), a key driver of epigenetic reprogramming which codes
for the enzyme that catalyze the transfer of methyl groups to DNA, suggesting that
honeybees use DNA methylation to control the levels of activity of their genes [21,
22]. When bee larvae fed royal jelly, turns Dnmt3 “off” and certain genes jump into
action turning into a queen with fully developed ovaries. On the contrary, when a
bee larvae is not fed with royal jelly, Dnmt3 is active and the larval development
follows into morphological and physiological features to the default worker variety.
This example is simple but can help to understand how environment, in this specific
case diet, induces epigenetic changes that lead to different developments from the
same DNA genome. DNA methylation in honey bee is used for storing epigenetic
information, and the use of this information can be differently altered by nutrition
[21]. Developmental and reproductive transitions brought by environmental cue can
also be observed in plants. Vernalization is a natural process of plants in temperate
climates. This process consists of flowering early after exposed to the cold temper-
atures of winter. Vernalization involves epigenetic modifications by environment
signals which instruct plants to flower when weather conditions are favorable [23].

One of the best-studied examples in mammals on how early environmental ex-
posures interact with epigenetic gene regulation to influence the phenotype is prob-
ably the Agouti mouse viable yellow (4") model [24, 25]. The murine agouti gene,
influenced by the extent of DNA methylation established early in development,
affects coat color that correlates with adult body weight. In brown fur and slim
healthy mice, the agouti genes are kept in the “off” position by attaching methyl
groups to prevent transcription. In yellow fur and obese mice, however, the same
genes are not methylated and thus, are expressed or turned “on”. Varying the moth-
er’s diet tend to produce offspring with a wide variation in individual coat color and
obese phenotype because epigenetic modifications of agouti genes were established
in early development [26, 27]. The variation in phenotypes is caused by DNA meth-
ylation patterns that were acquired during early embryonic development and passed
through the female germline that results in stable intergenerational transmission
[19, 28-30].

Thus, epigenetics refers to all cases where a gene sequence alone is not enough to
describe what is happening in terms of phenotypic changes. A same gene could be read
differently according to specific circumstances. The DNA sequence is not modified,
but the proteins codified from it could be produced in different moments or in differ-
ent localizations, following epigenetics marks present on these genes. We have to re-
member that each cell that makes up the human body is composed by approximately
20,000-25,000 genes, all of them containing the same DNA sequence. So, epigenetics
can be thought as a process that regulates gene expression in a given cell, leading to its
cellular phenotype. Different gene expression results from an active gene “furned off”’
or “turned on” to express themselves. The gene environment is composed by several
other components, starting with the cell including the nucleus (where genes are located),
cytoplasm and organelles such are mitochondria, but also by tissues, organs, and the set
of life conditions suffered by the individual (alimentation, physical activity). All these
conditions are susceptible to modify the expression of our genes.
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Epigenetic Mechanisms

The most extensively studied epigenetic mechanisms in mammalians are described
in Fig. 8.1 and comprise DNA methylation, histone modifications and non-coding
RNAs (e.g. microRNAs) [31-34]. All these mechanisms in combination with the
underlying genetic sequence confer unique transcriptional instructions, and it is
because of these mechanisms that a same genotype can generate different cells,
lineages, organs and phenotypes.

Mechanisms of DNA Methylation

DNA methylation is a biologic process that consists in the addition of a methyl
group to DNA cytosine residues (Fig. 8.1). The most common methylation is that of
the carbon-5 position of cytosine (C) in the context of the CpG dinucleotides, a C
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Fig. 8.1 Schematic representation showing how our DNA is packaged to fit inside cells, and the
three fundamental mechanisms of epigenetic involved in gene expression regulation
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followed by guanine (G) nucleotides linked by a phosphate group (p) which occurs
mainly in gene promoter regions, and is usually associated with gene silencing [35,
36]. This stable epigenetic mark occurs in 70-80% of all CpG dinucleotides, and
constitutes the most common modification in mammalians genomes that is trans-
mitted through DNA replication and cell division [37]. It is also the well-studied of
the epigenetic mechanisms which is involved in processes such as genomic imprint-
ing and silencing of transposable elements [19]. The universal methyl donors are
DNA methyltransferases (Dnmts) that catalyze the transfer of a methyl group from
S-adenosylmethionine (SAM) to the carbon-5 of the cytosine pyrimidine ring, re-
sulting in 5-methylcytosine (5SmC) [38]. Four members of DNA methyltransferases
have been identified in humans and mice involved in establishing and maintaining
DNA methylation patterns (Dnmtl, Dnmt2, Dnmt3A and Dnmt3B) [39]. The Dn-
mt3A and Dnmt3B are responsible for establishing the initial de novo methylation
pattern, whereas Dnmtl ensures this pattern during the cell cycle. CpG dinucleo-
tides are not randomly distributed throughout the genome but are clustered in re-
gions known as CpG islands, that is, unmethylated GC-rich regions that contain
high densities of CpG dinucleotides and are positioned in the promoter regions at
the 5’ends of many genes [35, 40]. Hypermethylation of these CpG islands is asso-
ciated with transcriptional repression, whereas hypomethylation is associated with
transcriptional activation [40].

DNA methylation is very important in the establishment of the inactive X chro-
mosome and in imprinting genes, as this mechanism is essential to maintain the
silenced state [41]. Through the X-chromosome inactivation process, which has
only been shown in somatic cells of female mammals with a placenta, only one of
the two X-chromosomes is transcriptionally active whereas the other is inactive
and its genes remain silent. Genomic imprinting is associated with gene expression
whereby only one of the parental alleles is expressed.

Environmental perturbations during periods when DNA methylation patterns
are induced (mainly during embryogenesis or in early postnatal life) can impair
the program of gene silencing or activation with potential long-term adverse con-
sequences. Thus, the measurement of DNA methylation levels in a genome-wide
manner would be useful in studying the mechanisms of epigenetic control that are
involved in gene regulation and imprinting.

Mechanisms of Histone Modifications

Each human diploid cell contains approximately two meters of chromosomal DNA
packaged into the nucleus. This compaction is achieved by histones, which are small
basic proteins consisting of a globular domain and a more flexible and charged
NH,-terminus (histone “tail”) [42]. The result of this DNA-protein complex is
called chromatin [43], and appeared similar to a “beads-on-a-string” [44] (Fig. 8.1).
The basic unit of chromatin is the nucleosome “beads”, which is structured by a
paired of four histone (H) partners: H3 and H4 tetramer, flanked by two H2A-H2B
dimmers come together to form a histone octamer, which binds and wraps about 1.7
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The number in black under each amino acid represents its position in the sequence

turns of DNA, or about 146 base pairs [45, 46] (Fig. 8.2). Another histone, called
H1, wraps another 20 base pairs, resulting in two full turns around the octamer,
stabilizing the nucleosome [47]. Histones have an active function in the regula-
tion of chromatin structure and also in gene expression. There are a large variety
of post-translational modifications that can alter histone tails (short arms that are
separate from the main structure) such as acetylation, methylation, phosphorylation,
ubiquitination [48], and sumoylation [49]. These modifications induce changes of
the chromatin structure and subsequently affect gene expression (Fig. 8.2). His-
tone tail acetylation and histone methylation generally occurs on conserved lysine
(K) on the N-terminal tails of all four-core histones. Histone acetylation facilitates
“spacing out” of nucleosomes allowing easier access to transcription factors and is,
in general, considered the most often active mark region of transcription [50, 51].
Methylation can be present in both active and inactive regions of chromatin [50].
Some evidences shows that deacetylation of histones together with methylation of
H3K9 and of H3K27 are associated with silencing gene expression. In contrast,
acetylation of histones and demethylation of H3K9 and H3K27, together with meth-



8 Epigenetics of Human Obesity: A Link Between Genetics and Nutrition 107

ylation of H3K4, is observed with active transcription of the associated gene [52].
Interactions between histone deacetylases (HDACs), histone methyltransferases
and methyl-cytosine-binding proteins lead to the recruitment of DNA methyltrans-
ferases [50]. There could exist a possible “histone code” that characterizes all his-
tone modifications that can be read and interpreted by different cellular factors [48].

Mechanisms of Non-Coding RNAs

Non-coding RNAs, including small miRNAs, also contribute to the regulation
of the epigenome [31] (Fig. 8.1). These small molecules are endogenous short
single-stranded non-protein coding gene products, constituted by approximately
19-25 nucleotides long [52, 53], which regulate gene expression at the post-
transcriptional level and are conserved across species [54]. miRNAs act via
base-pairing with complementary sequences within the 3> UTR of multiple
target mRNA molecules, usually resulting in their silencing via translational
repression or target degradation [55]. It has been estimated that the human ge-
nome encode more than 1000 miRNAs, which could regulate nearly 30% of
human genes [56, 57]. miRNAs were found to be involved in a variety of bio-
logical functions with a wide impact in cell proliferation, cell differentiation,
including energy and fat metabolism [58]. Recently, several studies have shown
that miRNAs can regulate the expression of the epigenetic machinery [59].
They have demonstrated that miRNAs acts as central modulators in adipogen-
esis [53]. Many miRNAs have a potential role in controlling adipocyte number
and size, due to the regulation, enhancement, and inhibition of adipogenesis
[60]. Normally, miRNAs are downregulated in obesity and upregulated during
adipogenesis [53, 61]. Several studies showed that miRNAs expression in pre-
adipocytes is altered during fat cell development and in obesity [60]. There are
complex networks between miRNAs and epigenetic mechanisms to enhance
the robustness of the human gene regulatory network. The understanding of the
miRNAs regulatory roles in modulating energy balance, adipogenesis, and their
contribution to obesity is needed to highlight our knowledge in obesity etiology.

None of these mechanisms operates separately. The epigenome, which com-
prises the overall epigenetic mechanisms, is working by sequence-specific tran-
scription factors to coordinately regulate gene expression. The link between
DNA methylation and histone modification have been largely demonstrated in
gene silencing [62, 63]. These two epigenetic mechanisms are strongly con-
nected one with each other in a complex interplay with the nucleosome struc-
ture. Methylation of cytosine within CpG islands is associated with binding pro-
teins and subsequent recruitment of enzymes that catalyse histone modifications
[33]. DNA methylation and miRNAs signal transcriptional silencing genes as
specific histone modifications and their associated proteins may be characteris-
tic of either gene silencing or gene expression [52].
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Some “Epiobesogenic” Gene Studies

It is well known that epigenetic marks are tissue specific [64, 65]. The pathophysi-
ology of obesity is associated with extensive gene expression changes in tissues
throughout the body [51]. In this sense, it would be of great interest to study the
baseline epigenetic differences in obesity-related tissues such as liver, muscle, pan-
creatic islets or hypothalamus [66, 67]. However, these tissues are largely inac-
cessible and, although it may not be representative of those alterations happening
in more obesity-relevant tissues, peripheral blood white cells are being prefera-
bly used to explore the epigenetic characterization of humans at risk of obesity
(Table 8.1). Relatively few studies have explored also other human tissues includ-
ing umbilical cord blood, adipose cells or saliva. These studies have focused mostly
on characterizing the methylation status of selected CpG sites in candidate genes,
although the first Epigenome-Wide Association Studies (EWAS) are now emerg-
ing as large-scale studies to perform associations between methylation patterns at
CpG sites and BMI. Moreover, there is a lack of independent replication studies in
the field. In addition, to join controversy, there is no consensus to which cell type
should be explored in EWAS. Further studies are needed in this field of research to
corroborate this information. It is predictable that in the near future EWAS studies
will arise identifying new pathways associated with obesity providing new data,
which could help prevention.

Some Studies on DNA Methylation by Tissue Specificity

Blood cells are being preferably used to study epigenetic marks because of their
less-invasive nature regarding sample collection, and several recent works evi-
denced methylation changes in blood leukocyte DNA associated with the suscepti-
bility to obesity.

Regarding the most important human obesity related gene, hypermethylation
within the first intron of the F7O gene using DNA from peripheral whole blood,
has been associated with obesity and Type 2 Diabetes Mellitus [68—70]. Although
the function of F7O remains unknown, it is known that it encodes a demethylase
enzyme able to remove methyl groups from DNA residues [69, 71]. In the Almén
et al. [69] study an association of the BMI risk allele rs9939609-A was found with
the methylation status of several genes, including lysyl-tRNA synthetase (KARS),
telomeric repeat binding factor 2, interacting protein (7ERF2IP), dexamethasone-
induced protein (DEXT), musashi RNA-binding protein 1 (MSI1), stonin 1 (STONT)
and breast carcinoma amplified sequence 3 (BCAS3). However it remains unclear
whether the association of F7O gene with obesity could be explained by epigenetic
mechanisms.

Most recently, Xu et al. [72] compared the methylation profile in peripheral
blood samples from 48 obese versus 48 lean African-American young (14-20
years-old), using 470,000 CpGs sites, and found that differentially variable CpG
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sites were more variable in cases than controls. They also found that genes harbour-
ing differentially methylated CpG sites and genes harbouring differentially variable
CpG sites showed significant enrichment of genes identified by GWAS on obesity
and obesity-related traits, supporting their roles in the etiology and pathogenesis of
obesity in which either sequence variants or epigenetic variations may change gene
functions.

Peripheral blood mononuclear cells were used in a study by Wang et al. [73]
reporting CpG sites in ubiquitin associated and SH3 domain containing A (UBA4-
SH3A) and tripartite motif containing 3 (7RIM3) genes with different methylation
profiles when comparing obese versus lean individuals.

The relations between an exposure of famine periods and DNA methylation
have also been found in the Dutch Hunger Winter Families Study [20, 29] using
DNA from whole blood. Individuals who were prenatally exposed to famine in
1944-1945 at the end of World War II showed, decades later, less DNA methyla-
tion in Joci such as the imprinted insulin-like growth factor 2 (/GF2) and INS-IGF2
Read-through (INSIGF), and increased DNA methylation for the genes GNASAS,
MEGS3, IL10, ABCAI and LEP, in parallel with impaired glucose tolerance com-
pared with their unexposed same-sex siblings [20, 29, 74]. Regarding the exposure
to an high-fat diet, studies revealed that it was not only associated with peripheral
insulin resistance, but also influence DNA methylation of genes such the peroxi-
some proliferator-activated receptor gamma, coactivator 1-alpha (PPARGCIA) in
skeletal muscle [75].

Peripheral blood leukocytes have also been used in DNA methylation analyses
to predict the susceptibility to weight regain in appetite-related genes proopiomela-
nocortin (POMC), neuropeptide Y (NPY), which play a central role in the mainte-
nance of energy homeostasis. In a recent study, Crujeira et al. [76] found that NPY
and POMC methylation levels reflect a putative epigenetic regulation implicated
in the weight regain process. Also, the promoter region hypermethylation of the
serotonin transporter gene (SLC6A44), previously related with eating disorders and
body weight [77, 78], was associated with an increase in BMI, body weight and
waist circumference [79].

Umbilical cord blood had also been used to investigate epigenetic marks related
to intrauterine environmental exposures [80]. Regarding obesity, several reports
performed in cord blood samples evidenced epigenetic modifications linking early
life exposures with later body phenotypes. In a recent report, Relton et al. [81]
has evidenced that DNA methylation patterns in 9 of 24 (37.5%) genes at birth,
show association with at least one index of body composition (BMI, fat mass, lean
mass, height) at age 9 years. This observation suggests that variation in DNA meth-
ylation patterns at birth in multiple target genes may influence body size in child-
hood. Moreover, maternal diet can alters later child’s adiposity, accompanied by
epigenetic changes in genes controlling the energy homeostasis. Godfrey et al. [82]
has evidenced that the methylation of CpGs from different gene promoters (RXRA,
eNOS) at birth is associated with adiposity in later childhood. Furthermore, associa-
tions between pre-conceptional obesity and DNA methylation profiles in the off-
spring using DNA from umbilical cord blood leukocytes have also been observed
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[83]. Parental pre-conceptional environmental exposures could have an effect in
the health status of the offspring in later life. Pre-pregnancy maternal obesity was
found to alter offspring DNA methylation in genes relevant to the development of
complex disorders, including obesity, providing evidence of trans-generational in-
fluence on obesity susceptibility via epigenetic marks [8]. In two recent studies re-
garding parental obesity conducted by Soubry et al. [83, 84] it has been observed an
association between DNA methylation profiles (especially differentially methylated
regions) at human imprinted genes, such as mesoderm-specific transcript (MEST),
paternally expressed gene 3 (PEG3), and neuronatin (NNAT), in children born from
obese parents, when compared with children born from non-obese parents. Changes
related to maternal obesity was also detected at /oci pleiomorphic adenoma gene-
like 1 (PLAGLI), maternally expressed gene 3 (MEG3) and Imprinted Maternally
Expressed Transcript (Non-Protein Coding) (H19) [83, 84]. Hypomethylation at the
IGF2 gene was associated with paternal obesity [83]. These results points to a pre-
conceptional influence of parental life-style or over-nutrition on the reprogramming
of imprint marks during gametogenesis and early development [83, 84]. The trans-
generational effects of parental obesity can influence the offspring’s future health
status. These reports have evidenced that peri-natal events are important in defining
the epigenetic marks that will persist until the adult age and could be used as early
prognostic markers to identify those individuals with more risk to develop later
obesity. However, the knowledge of mechanisms by which maternal nutritional en-
vironment induces such changes remains in the beginning.

Saliva has also been used for DNA methylation analysis [80]. Using this tissue,
Souren et al. [85] investigate in monozygotic twins discordant for BMI whether dif-
ferential methylation at nine target differentially methylated regions most represen-
tative for abnormal growth syndromes contribute to the development of non-syn-
dromic overweight; however no significant correlations between BMI differences
and DNA methylation variability was found meaning that buccal cells DNA might
not necessarily reflect the methylation status in whole blood or adipose tissue.

Adipose tissue represents an accessible and relevant tissue to investigate obesity-
related traits. Generally, this tissue is collected from abdominal fat or subcutaneous
biopsies. In a recent study, Drong et al. [86] investigated the profiling of 27,718
genomic regions using differential methylation hybridization in abdominal subcu-
taneous adipose tissue samples of 38 unrelated individuals, together with genotypes
at 5,227,243 polymorphisms and expression of 17,209 mRNA transcripts, aiming
to find genetic variation that influences methylation status in abdominal subcutane-
ous adipose tissue. They could not found any differential methylation hybridization
probes that were significantly associated with BMI, but rather observed association
between expression levels of two mRNA transcripts (7TNFRSF11B, Tumor necrosis
factor receptor super-family member 11B, and GOT1, Aspartate aminotransferase)
and cis-methylation status, indicating that DNA CpG methylation in abdominal
subcutaneous adipose tissue is partly under genetic control. In another study, Rénn
et al. [87] performed a EWAS to evaluate the possible alteration of DNA meth-
ylation patterns after a 6 month exercise intervention. For this purpose 476,753
CpG sites were analyzed in 23 healthy men, with a previous low level of physical
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activity, and observed a global DNA methylation change in 17,975 CpG sites in
response to physical activity.

There are several evidences suggesting that miRNAs play an essential role in
regulating the pathways in adipose tissue differentiation [88]. Normally, miRNAs
induced during adipogenesis are downregulated in obese subjects [53]. Several
studies have been profiling the expression of many miRNAs during adipogenesis
of human and rodent adipocytes. Xie et al. [89] profiled the expression of >370
miRNAs during adipogenesis of preadipocyte 3T3-L1 cells and adipocytes from
leptin deficient ob/ob and diet-induced obese mice, observing that miRNAs that
were induced during adipogenesis were downregulated in adipocytes from both
types of obese mice and vice versa, and that ectopic expression miR-103 and miR-
143 in preadipocytes accelerated adipogenesis. Expression levels of miR-143 were
also found correlated with body weight and mesenteric fat weight [90]. The effect
of miR-519d on adipogenesis was similar to that of miR-143 [57]. Kloting et al.
[91] identified in abdominal subcutaneous and intra-abdominal omental adipose
tissue some miRNAs significantly associated with fat depot at specific pattern. The
expression of some of them was correlated with key metabolic parameters, includ-
ing visceral fat area, fasting plasma glucose, and circulating leptin, adiponectin.
Ortega et al. [92] found in obese subjects different expression profiles of miRNAs,
up or down regulated, in fat cells and subcutaneous adipose tissues. These studies
revealed that miRNAs might represent new biomarkers and potential based therapy
targeting obesity and obesity-related disorders.

We are What We Eat: Nutritional Influences in Epigenetics

Of all the potential environmental factors affecting epigenetic mechanisms, nutri-
tion appears to be the most influential, especially during early life, in the way that
nutritional changes can modify patterns of gene expression influencing the pheno-
type.

The periconceptual, in utero, and postnatal developmental environment can have
an impact on long-term risk for adult-onset obesity by set point adaptive changes
[93]. Early life environmental factors such as breastfeeding have been pointed to
protect against childhood obesity [94]. This early life environment was shown to be
associated with DNA methylation of LEP, a gene that is implicated in appetite regu-
lation and fat metabolism [94]. The human diet suffered profound modifications in
the last century, marked by innovations in food technology (processed food), novel
ingredients, and artificial vitamins altering the human diet. A “poor” or “excess”
nutrition at pre- or periconceptional stages can increase the chance of developing
metabolic syndromes (e.g. obesity, hypertension, insulin resistance) in later life, and
these developmental origins of adult disease put forward epigenetic inheritance as
the possible mechanism in this programming [95, 96]. Dietary factors modulate epi-
genetic processes and are largely demonstrated to play an important role in cancer
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and aging [97]. Understanding how these changes may affect health remains still
unknown and epigenetic emerge as an important mechanism in this alteration.

Animal studies point that the intrauterine environment, as producing persistent
changes in epigenetic marks, influences for a phenotypic change in later life [98].
In animal models, maternal under- and over- nutrition can induce persistent changes
in gene expression and metabolism. In humans, the Dutch Hunger Winter in 1944—
1945 has been a classic example whether prenatal exposure to famine is associated
with differences in methylation levels [99]. Maternal nutrition during gestation can
“program” the offspring to develop aspects of metabolic syndrome in later life [20,
100]. Offspring exposed to famine in the last trimester of mother’s pregnancy or in
the first months of life were less likely to be obese, while those whose mothers had
been in early or mid-pregnancy during this famine period were twice as likely to be
obese [20, 29]. So, early changes may differ in programming from later changes,
fitting with hypotheses of developmental programming and critical epigenetic win-
dows. This observation suggests that the mother’s diet can affect descents health,
in a way that their children and their grandchildren inherit the same health prob-
lems. From a molecular standpoint this occurrence seems to derive from epigenetic
mechanisms. If the hypothesis of epigenetic inheritance takes place, it will open
new perspectives on the role of the environment in the appearance, disappearance
or frequency of certain diseases and conditions.

In the last years, several studies found a possible implication of specific nutrients
or other bioactive components with epigenetic processes that regulate gene expres-
sion and may contribute to an increased susceptibility to develop obesity [67]. In
Wistar rats, the regulation of LEP gene expression was shown to be influenced
by a high-energy diet by affecting LEP gene promoter methylation [101]. Authors
suggest that important epiobesigenic genes could be involved in obesity regulating
gene expression through epigenetic mechanisms.

DNA methylation requires constant supply of new methyl groups that can be ob-
tained directly from food or chemical precursors such as serine, folate, vitamin B12
(cobalamin), vitamin B6 (pyridoxine), vitamine B2 (riboflavin), methionine, cho-
line, betaine and alcohol, and transferred to DNA and histones through the methyl
donor SAM, influencing many genes [52, 102]. Otherwise certain chemical ele-
ments stemming from food are required to transport the methyl groups along the
body for fixing DNA [103]. For example, a zinc or vitamin B deficiency may lead
to alteration in the level of DNA methylation as demonstrated in animal studies
[24, 104]. In the case of “Dutch mothers” it is probable that poor food consumption
deprived them of nutrients needed for proper methylation pattern in their offspring,
and these anomalies were transmitted to the next generation.

Other factors have been shown to influence epigenetic modifications including
pollution, drugs, tobacco, stress, and the personal livings [105]. On the other hand,
diseases such as allergies, asthma, metabolic syndrome, obesity, diabetes, cancer,
etc. may develop epigenetic factors. Other nutrients such as genistein, soy isofla-
vones, curcumin, sulforaphane, tea polyphenols among others showed to modify
the activity of DNA methyltransferases [67].
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Histone marks can also be modified through dietary factors by two major ways:
altering the abundance and/or efficacy of enzymes responsible for the modification,
and altering the availability of the enzyme substrate [52]. Thus, there is a great
potential of diet to influence histones. For example, butyrate (n-butyric acid), a
short-chain naturally occurring fatty acid produced in human by anaerobic bacterial
fermentation of carbohydrates (present in dairy products such as Greek feta cheese),
and dietary polyphenols have been shown to be histone deacetylase inhibitors [106,
107], whereas histone acetyltransferases enzymes are inhibited by green tea poly-
phenols and copper [108, 109]. The effect of diets on histone methyltransferases
and histone demethylases is less known.

Although the precise mechanism underlying the control of miRNA expression
is not well understood, currently, several studies in rodents and humans found that
nutrients such as vitamin A, B, D and E, fatty acids, proteins or alcohol alter expres-
sion of many miRNAs [110, 111]. Moreover, epigenetic changes could also play a
major role in the miRNA expression [ 112]. Although there are relatively few studies
on natural agents that might modulate gene expression by targeting miRNAs, this
field is likely to gain significant attention in the future.

Walking to an Epigenetic Food?

Epigenetics has been surely the most rapidly growing field in molecular science in
the last 5 years. As we pointed out previously, several nutrients and bioactive food
(Table 8.2) could play an active role in the complex interaction between the genome
and the epigenome machinery that regulate gene expression [52, 102]. Nutrigenom-
ics is in charge to identify the role of nutrients on gene expression, in which food
and nutrition could affect the health [113, 114]. When we eat, we introduce some
bioactive dietary components that have molecules carrying information from the
external environment [115]. It is not only the quality, but also the quantity of the
nutrient ingestion that may affects the process of gene expression [97]. Recently, the
term nutriepigenetics appear to define dietary food that modulate gene expression
and long term health outcomes through epigenetic modifications [116]. There are
several studies that linked early nutrition and poor growth in utero with increased
risk of several metabolism disorders [98]. Nutrient-gene interaction can modulate
epigenetic phenomena by inhibiting enzymes such as DNA methyltransferases and
histone deacetylases [52]. It is well know that responses to nutritional interventions
such as calorie restriction or low protein diets show a wide range of inter-individual
variation [117], which is induced by epigenetic modifications. Chromatin modifi-
cations play an important role in the process of DNA repair, DNA recombination
and many other chromatin-dependent processes [118]. So, some vitamins or other
micro/macro elements can alter these processes affecting chromatin [119].

Dietary interventions based on phytochemicals (e.g. green tea, cruciferous veg-
etables) are demonstrated to have anticancer epigenetic effects and are also effi-
cacious for preventing or treating the epigenetic changes of other age-associated
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diseases, with an efficacy for prevention and treatment of associated epigenetic
aberrations that are readily reversible [97]. Many bioactive components with epi-
genetic properties can be found. For example, epigallocatechin gallate (EGCQG),
a potent anti-inflammatory agent and the most abundant component of green tea,
has been suggested to have a role as a preventive agent in obesity, cancer and other
disorders inducing histone modifications [120]. Sulforaphane, an aliphatic isothio-
cyanate present in cruciferous vegetables such as broccoli, cauliflower and cabbage,
is known for its association with adipocytes and has been shown that can inhibit
Dnmtl, 3A and histone deactylases activity [97]. Dietary intervention on sulfora-
phane suggest an anti-obesity activity by inhibiting adipogenesis and suppressing
lipogenesis [121]. An anti-obesity effect with reduction of body weight and abdomi-
nal obesity was also found in dietary intervention with resveratrol, present in red
grapes [122], playing a role in epigenetic changes [123]. Soybean products are a
good source of proteins that contains isoflavones, including genistein; data obtained
in non-human primates showed epigenetic modifications associated with dietary
interventions with soy protein that may potentially alter the risk of obesity [124].
There are some evidences demonstrating that diets rich in polyphenols contained in
fruits and vegetables promote health and attenuate, or delay, the onset of cardiovas-
cular diseases through epigenetic changes [115]. Other study has suggested the use
of soybean in prevention to repress early breast tumorigenesis [125].

The DNA methylation profile can change under the influence of genetic varia-
tion [126]. Methylenetetrahydrofolate reductase (MTHFR) is a key enzyme in the
one-carbon metabolism, which serves as methyl donor for methionine, precursor of
SAM [127, 128]. The common missense mutation C677T in MTHFR gene has been
demonstrated in gene-nutrient interactions, and individuals with the mutant T allele
show less enzyme activity compared with the wild-type homozygous state (CC)
[129]. In 2002, Friso et al. [ 128] demonstrated the influences of the MTHFR C677T
polymorphism in DNA methylation status through an interaction with folate status.

This data suggests that, in the future, nutritional agents or “epigenetic foods”
containing bioactive compounds could have the capacity to modulate DNA methyl-
ation, histone modifications, or miRNA expression. However, the actual molecular
interactions of nutrients with biological systems remain mostly speculative.

Epigenetics: The Return to Lamarckism?

The possibility that some epigenetic marks could be acquired and transmitted from
parents to children has a deliciously Lamarckian flavour. This idea is irresistible
as a potential “cure” to genetic determinism. In 1809, the book “Philosophie Zo-
ologique” by Jean-Baptiste Lamarck was published explaining his theory of the
progressive transformation of species as an alternative to creationism. For Lamarck,
the evolution of species is a proven fact. His theory was based on the influence
of environment in the development of organs, the modification of the organs by
the use or non-use and the transmission of these changes from one generation to
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another. Sure, the examples chosen to illustrate his theory were not the most ap-
propriate: “the giraffe becomes obliged to eat the leaves of the tallest trees, and
so her neck elongates” contributed to ridicule his work. Nevertheless, the idea of
Lamarck could not be totally wrong. Recently, and as stated above, several studies
demonstrated environment as a cause of phenotypic changes, by only modifying
the methylation pattern (for the example about honey bees), without modifying the
DNA sequence. These studies showed how environmental factors could modify the
Mendelian inheritance as a result of these epigenetic factors.

To Lamarckism the transformation of species occurs through the “inheritance
of acquired characters”, and by these modifications all organisms would become
adapted to their environments as those environments changed. According to Dar-
winism, the variations (i. e., mutations) are random and are selected according to
their advantage for the carrier. Lamarck was refuted because the experience held by
August Weismann which consisted of the mutilation of the tail of rats [130]. Over
several generations, the descendants had not “acquired” the absence of a tail. For
Weismann, individual adaptation could not be inherited because of the existence of
an insuperable barrier. Certain experiences came to shake the classical view of he-
reditary mechanisms. Indeed, there is a hereditary “no gene” that is not registered in
the DNA chain. Epigenetic mechanisms regulate gene expression and function as a
gene memory that could be transmitted from parents to children. The changes in our
diet in the last century could have an important influence in some epigenetic mecha-
nisms increasing the susceptibility to develop an obese phenotype. So, we need to
reinvent the Lamarckism, and thus speak in epigenetics as neo-Lamarckism?

When Epigenetics Open Us New Perspectives

Epigenetics shows that we are not simply determined by our genes. On the contrary,
we are able by our behaviors to “change them”. Inappropriate behavior will lead to
epigenetic changes responsible for certain diseases such as diabetes, obesity, cardio-
vascular diseases, cancers, asthma and other. Instead, behaviors for healthy lifestyle
will produce “good” changes in the expression of our genes, allowing us to stay in
the path of healing and good health. One of the most important environmental fac-
tors to which we are exposed along our lifetime is our diet. Effectively, the ingestion
of nutrients and bioactive food components can influence and modulate epigenetic
phenomena affecting gene expression. It is well known that some nutrients or other
lifestyle factors affect physiologic and pathologic processes in our body. Certain nu-
trients can modulate epigenetic changes in the epigenetic genome by inhibiting en-
zymes such as DNA methyltransferases and histone deacetylases. As we discussed
previously, epigenetics patterns such as DNA methylation or histone modifications
are very important in gene expression. DNA methylation is important to control
gene expression and chromosome structure, whereas histone modifications modu-
late chromatin structure controlling DNA transcription, replication, recombination,
and repair. Until now, our knowledge about the roles of specific epigenetic marks,
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proteins and their interactions remain unclear. As proposed by Zaidi et al. [131] it
can exist an “architectural epigenetics”, describing all combination of mitotically
inheritable epigenetic mechanisms which control gene expression. However, there
are no yet convincing proofs between the interactions of epigenetic mechanisms as
key regulators of gene transcription in responses to altered environmental signals.

Epigenetics can open us a new door inside the treatment to obesity, as the diverse
nutritional exposures could have the potential to influence epigenetic regulation
in some genomic regions, potentially in a tissue- and cell-type specific manner.
So, identification of individuals with a specific methylation profile, susceptible to
weight gain could be used to prevent and monitor their evolution with a specific
diet. The understanding of how nutrients affect epigenetic mechanisms and how
deregulation contributes to obesity are important to create a specific and individual-
ized treatment. We are only in the beginning of the understanding of the contribu-
tion of epigenetic marks to the increased risk of developing an obese phenotype.
Thus, it is a new exciting challenge to unveil epigenetic mechanisms associated
with the development of human obesity and to elaborate specific therapeutic con-
cepts into new directions.
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Chapter 9
MicroRNAs in Obesity and Metabolism

Ligia Sousa-Ferreira, Luis Pereira de Almeida and Claudia Cavadas

MicroRNAs are small, endogenous, non-coding RNAs that play an important regu-
latory role in cell physiology because of their inhibitory effect in gene expression.
MicroRNAs regulate several metabolic processes including adipocyte differentia-
tion, insulin production and secretion, glucose metabolism and insulin resistance. In
this context, deregulation of the miRNA pathway, including changes in the levels of
miRNAs and target mRNAs, results in defective or distorted cellular mechanisms
that contribute to the pathogenesis of obesity and related complications.

A growing body of evidence shows that miRNA are important regulators of sev-
eral metabolic processes including adipocyte differentiation, insulin production and
secretion, glucose metabolism and insulin resistance. More importantly, it has been
reported that deregulation of the miRNA pathway is associated to obesity and re-
lated conditions such as diabetes. Accordingly, global miRNAs profiling studies in
rodents and humans show that obesity, high-fat diet and diabetes lead to alterations
in the expression pattern of specific miRNAs in different metabolic tissues namely,
adipose tissue, muscle, liver and pancreas. Moreover, changes in miRNAs and tar-
get mRNAs levels result in defective or distorted cellular mechanisms that may
contribute to the pathogenesis of obesity and related complications. In this context,
miRNA modulation emerges as a possible therapeutic option to reestablish the regu-
latory balance in biological pathways affect by obesity. Another interesting concept
is the utilization of plasma miRNA levels as biomarkers for obesity and diabetes.

This chapter will focus on the role of miRNAs and their targets in the cellular
mechanisms regulating metabolism and the involvement of miRNAs in the patho-
genesis of obesity and related diseases.
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MicroRNAs

MicroRNAs (miRNAs; miRs) are small, endogenous, non-coding RNAs that play
an important regulatory role in cell physiology because of their inhibitory effect in
gene expression [ 1-3]. Since they were first described [4, 5], hundreds of individual
miRNAs have been identified in animal and plant cells, and associated to a broad
range of biological functions, such as tissue development, cell division, cell fate de-
cision, apoptosis, inflammation and immune response [1]. Additionally, a growing
body of evidence shows that miRNAs are crucial regulators of cellular processes
controlling metabolism and homeostasis, such as adipocyte differentiation, insulin
production and secretion, glucose metabolism and hepatic lipid metabolism [6].
Given the critical role of miRNAs in these mechanisms, it is understandable that a
deregulation of the miRNA pathway participates in the pathogenesis of diseases like
obesity and diabetes.

The 21-25 nucleotide miRNAs operate by binding to the 3’ untranslated region (3’
UTR) of target mRNA based on nucleotide sequence, and they achieve gene silencing
by promoting the cleavage or translational repression of mRNA transcripts [7]. The
regulation of biological mechanisms by miRNAs is a complex system because a single
mRNA can be simultaneously repressed by more than one miRNA specie and an indi-
vidual miRNA can target hundreds of mRNA transcripts [8, 9]. Moreover, the degree
of repression is correlated with the number of miRNA binding sites and the amount of
target mRNA and miRNAs available within the cell [8]. Importantly, miRNA expres-
sion levels are tissue and developmental stage specific [1].

The miRNA biosynthesis pathway (Fig. 9.1) begins with the transcription of
gene-encoded miRNAs to primary miRNAs (pri-miRNA), which are long poly-
adenylated mRNAs containing a hairpin-loop (duplex structure) [10, 11]. Then,
pri-miRNAs are processed by Drosha (RNAse enzyme) to a 60—70 nucleotide pre-
miRNA that includes the loop structure [12, 13]. The pre-miRNA is exported to the
cytoplasm and further processed by endonuclease Dicer [14, 15], resulting in the
small double-stranded miRNA. The mature miRNA is constituted by the antisense
strand (complementary to the target mRNA sequence), which is loaded to the miR-
Induced Silencing Complex (miRISC) [16]. The miRISC complex consists of a
number of enzymes including proteins of the Argonaute family, of which AGO2 is
responsible for cleaving the mRNA transcripts [16, 17].

The miRNA loaded in the miRISC can recognize and bind target mRNAs, and
gene silencing is then induced by cleavage or translational repression of mRNA
transcripts, depending on the level of complementarity [17]. The mechanisms re-
sponsible for translation inhibition are not fully understood but may include block-
age of translation initiation, dissociation of active ribosome or removal of cap/
poly(A) tail of the mRNA [17, 18].
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Fig. 9.1 Schematic representation of the microRNA (miRNA) biosynthesis pathway. The gene-
encoded miRNA is transcribed to the primary miRNA (pri-miRNA), a long poly-adenylated
mRNA containing a hairpin-loop (duplex structure). Then, the pri-miRNA is processed by Drosha
(RNAse enzyme) to a 60—70 nucleotide pre-miRNA. This pre-miRNA is exported to the cytoplasm
and processed by Dicer (endonuclease), resulting in a small double-stranded miRNA. The mature
miRNA (antisense strand complementary to the target mRNA sequence) is loaded to the miRNA-
Induced Silencing Complex (miRISC). This miRNA recognizes and binds target mRNAs, and
gene silencing is induced by cleavage or translational repression of mRNA transcripts, depending
on the level of complementarity

MicroRNAs and Obesity

Adipose Tissue and Adipogenesis

Excessive caloric intake promotes adipocyte hyperplasia and adiposity, which are
hallmarks of obesity. Adipogenesis is the biological process that leads to the in-
crease of adipocyte number due to the conversion of mesenchymal stem cells into
preadipocytes, and their differentiation into adipocytes [19]. Mature adipocytes ac-
cumulate triglycerides and express specific genes such as peroxisome proliferator
activator receptor gamma (PPAR-y), CCAAT/enhancer binding protein alpha (C/
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EBPa), GLUT4 and adipocyte protein homologous to myelin P2 (aP2), among oth-
ers. The synchronized series of events that occur during adipogenesis are controlled
by transcription factors and cell-cycle proteins regulating gene expression [19].

Role of microRNAs in Adipogenesis and Obesity

During the past years, numerous studies have shown that miRNAs participate in the
physiological regulation of adipogenesis [20—-25], and that obesity and high-fat diet
can affect this regulation [26-29] (Tables 9.1 and 9.2). In fact, experiments with
knocking-down essential enzyme for miRNA biogenesis confirm the importance of
miRNAs in adipogenesis [20, 23, 30]. For example, suppression of Drosha or Dicer
abolishes adipocyte differentiation [20, 30], while knock-down of Ago2 reduces the
metabolic activity of adipocytes [23].

Research performed with mouse adipocyte cell line 3T3-L1, human primary
adipocytes and mesenchymal stem cells showed that numerous miRNAs are dif-
ferentially expressed during adipocytes maturation, suggesting that these particu-
lar miRNAs may participate in the cellular regulation of the adipogenic process
[20-24, 27, 31-33]

Moreover, obesity leads to a deregulation of the miRNA pathway in the adipose
tissue, as shown by the differential expression pattern of specific miRNAs in fat
deposits of obese mice [27, 34—-37] and obese subjects [31, 38—40] when compared
to lean controls. Importantly, in obese and overweight humans, miRNAs deregula-
tion in the adipose tissue co-relates with metabolic parameters such as body weight
increase, body fat content, fasting plasma glucose, circulating levels of adipokines
(leptin and adiponectin) and adipose tissue morphology [31, 38—40]. Together, these
evidences support the role of miRNAs in the pathological development of obesity
via impairment of adipocyte biology.

MicroRNAs that Promote Adipogenesis

Among the miRNAs that promote adipogenesis (Table 9.1), miR-143 is one of the
most investigated miRNAs in adipose tissue biology with several studies corrobo-
rating a pro-adipogenic role in mice and human adipocytes [21, 22, 27]. In fact, the
expression levels of miR-143 are strongly upregulated during 3T3-L1 pre-adipo-
cyte differentiation and primary human pre-adipocyte differentiation [21, 22, 27].
In accordance, ectopic expression of miR-143 promotes triglycerides accumulation
during early differentiation of 3T3-L1 pre-adipocytes [27]. Moreover, inhibition
of miR-143 in human pre-adipocytes suppressed the adipocyte markers GLUT4,
PPAR-y and triglycerides accumulation [21]. The mRNA targets of miR-143 that
contribute to its adipogenic effect are largely unknown. It was first proposed that
miR-143 could target ERKS and regulate the MAP kinase signaling pathway to
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Table 9.1 MicroRNAs that promote adipogenesis
miRNA System Function Validated Levels of References
direct targets | miRNA in
obesity
miR-17/92 | Mouse adipo- | T Adipogenesis | Rb2/p130 N/a [30]
cyte cell line
miR-21 Human mesen- | 1 Adipogenesis | Transforming | Biphasic [34, 44]
chymal stem growth factor | change in
cells f3 receptor 2 adipocytes of
(TGFBR2) diet-induced
obese mice
Regulates Signal trans- (] after 1 week
proliferation ducer and HED; 1 after 1
of adipocytes | activator of week HFD)
precursors transcription 3
(STAT3)
miR-24 Mouse mesen- | T Adipogenesis | N/A N/A [24]
chymal stem
cell line
miR-30c Human mesen- | 1 Adipogenesis | Plasminogen | In adipocytes | [35]
chymal stem activator of diet-induced
cells inhibitor 1 obese mice
(PAIl) | In adipocytes
Activin recep- | of ob/ob obese
tor-like kinase | mice
2 (ALK2)
miR-30 Human mesen- | T Adipogenesis | Runt related N/A [33]
family chymal stem transcrip-
cells tion factor 2
(RUNX2)
miR-103 | Mouse adipo- | T Adipogenesis | N/A | In adipocytes | [27]
cyte cell line of diet-induced
Mouse obese mice
primary | In adipocytes
adipocytes of ob/ob obese
mice
miR-143 Mouse adipo- | 1 Adipogenesis | N/A | In adipocytes | [21, 22, 27,
cyte cell line of diet-induced | 42, 43]
Mouse obese mice
primary (1 was also
adipocytes reported)
Human | In adipocytes
primary of ob/ob obese
adipocytes mice
miR- Mouse mesen- | T Adipogenesis | N/A N/A [46]
200c/141 | chymal stem
cell line
miR-200b, | Mouse mesen- | 1 Adipogenesis | N/A N/A [46]
a/429 chymal stem

cell line
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miRNA System Function Validated Levels of References
direct targets miRNA in
obesity
miR-210 | Mouse adipo- | T Adipogenesis | Tcf712 N/A [32]
cyte cell line
miR-335 Mouse adipo- | 1 Adipogenesis | N/A 1 In adipocytes | [36]
cyte cell line of ob/ob obese
mice
1 In adipocytes
of db/db obese
mice
miR-375 Mouse adipo- | T Adipogenesis | N/A N/A [45]
cyte cell line
miR-378 Mouse mesen- | 1 Adipogenesis | N/A N/A [23]
chymal stem
cell line
Mouse adipo-
cyte cell line
miR-519d | Human 1 Adipogenesis | Peroxisome 1 In adipose [38]
primary proliferator- tissue of
adipocytes activated human obese
receptor o subjects
(PPARQ)

miR microRNAs, N/A not available, HFD high fat diet, 1 increased, | decreased

maintain the adipocyte differentiated state [21]. Other transcripts including fibro-
blast growth factor 7 (Fgf7) were also indicated as putative targets of miR-143 [41];
however, further studies are needed to validate these candidates.

Alterations in the biosynthesis of miR-143 may be responsible for the impair-
ment of the adipogenic process observed in obesity [27, 42]. In fact, the levels of
miR-143 are downregulated in adipocytes of obesity models, including high-fat
diet (HFD) fed mice and leptin deficient (ob/ob) mice [27, 43]. However, another
study reports that miR-143 is upregulated and associated to adipocyte differentia-
tion markers PPAR-y and aP2 in the white adipose tissue of HFD fed mice [42].
These opposite results may be influenced by experimental issues such as source of
adipose tissue analyzed because miRNA expression profiles are significantly dif-
ferent between fat depot [39, 40]. Noteworthy, mice deficient for the miR-143-145
cluster develop white adipose tissue similarly to wild type mice, upon HFD regime
[43]. These data suggest that miR-143 is dispensable for adipose tissue formation
and maintenance in vivo [41, 43]. In conclusion, miR-143 has a proven modulatory
role in adipogenesis in vitro, but the correlation between miR-143 and obesity in
vivo and the targets of miR-143 involved in adipocyte differentiation need further
investigation.
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Similarly to miR-143, pro-adipogenic miR-103 is strongly induced during
murine and human adipogenesis [21, 27], and promotes triglycerides accumulation
and adipocyte specific gene expression [27]. Moreover, the levels of miR-103 are
down-regulated in adipocytes of obese mice [27].

Another example, miR-30c is upregulated in differentiated adipocytes, it pro-
motes adipogenesis and is inhibited in genetic and diet obesity models [35]. Of note,
the inverse expression pattern of miR-143, miR-103 and miR-30c observed in dif-
ferentiated adipocytes and obese tissue [27, 35] suggests that obesity leads to a loss
of miRNAs that characterize mature and metabolically active adipocytes.

Other pro-adipogenic miRNAs may play a role in the development of obesity
by increasing the mature adipocyte population [36, 44]. For instance, miR-519d is
upregulated in the adipose tissue of human obese subjects and ectopic expression of
miR-519d promotes adipogenesis [38]. Also, the expression of miR-335 is upregu-
lated in the adipose tissue of genetically obese mice (leptin and leptin receptor de-
ficient mice) and is correlated to differentiation markers in adipocyte cell line [36].

Another example, miR-21 promotes adipogenic differentiation of human adi-
pose tissue-derived mesenchymal stem cells via inhibition of TGF-3, a growth fac-
tor known to block adipogenesis in vitro and in vivo [44]. Additionally, miR-21
controls the number of adipocytes in murine adipose tissue by regulating the prolif-
eration of adipocyte precursors at the early phase of obesity and increasing adipo-
cyte differentiation during the late stage [34].

Several miRNAs that are upregulated in mature adipocytes have proven to stimu-
late adipogenesis after ectopic expression [30, 32, 33]. Moreover, the identification
of mRNA targets helps understanding the role of those miRNAs in adipogenesis
[30, 32, 33]. For example, the miR-17-92 cluster accelerates adipogenesis by tar-
geting and negatively regulating Rb2/p130, tumor-suppressor proteins that inhibit
cell differentiation [30]. MiR-210 induces adipocyte differentiation by targeting
Tcf712, an activator of the Wnt/B-catenin signaling, which should be suppressed
during adipogenesis [32]. Additionally, the miR-30 family directs the differentia-
tion of human adipose tissue-derived stem cells to adipocytes via inhibition of os-
teogenesis transcription factor RUNX2 [33].

Furthermore, it was demonstrated that several other miRNAs including miR-24,
miR-375, miR-378, miR-200c/141 and miR-200b, a/429 can accelerate the differ-
entiation of mesenchymal stem cells and pre-adipocytes to mature adipocytes [23,
24, 45, 46].

Considering the involvement of miRNAs in adipogenesis and obesity, a novel
strategy to reduce fat deposit based on the decrease of pro-adipogenic miRNA lev-
els emerges; this strategy would aim an inhibition of pre-adipocyte expansion and/
or differentiation. However, caution should be taken because this putative therapeu-
tic approach may lead to toxic accumulation of lipids in the liver and other organs.
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MicroRNAs that Inhibit Adipogenesis

MiRNAs can also regulate adipogenesis negatively as reported by recent murine
and human studies [25, 26, 28, 29, 47, 48] (Table 9.2). For example, the miR-27
family (miR-27a, b) is down-regulated during differentiation of 3T3-L1 pre-adipo-
cytes and human mesenchymal stem cells [26, 28, 29]. Moreover, miR-27a or miR-
27b mimics specifically inhibit adipogenic differentiation of murine pre-adipocytes
and mesenchymal stem cells and block the expression of PPARy and C/EBPa, two
master regulators of adipogenesis, when delivered before adipogenesis induction
[26, 28, 29]. In fact, the PPARy mRNA transcript was validated as target of miR-
27b and miR-27a [28, 29]. Interestingly, the anti-adipogenic effects of miR-27a, b
are not observed when mimics are delivered few days after adipogenesis induction
[26]. These data suggest that miR-27 family inhibits adipogenesis by preventing
pre-adipocyte from entering the differentiation process.

The expression of miR-27a, b is increased in fat tissue of genetically obese ob/
ob mice and regulated by hypoxia, an important extracellular stress associated with
obesity [26]. However, the levels of miR-27a are lower in the adipose tissue of di-
etary obese mice when compared to lean controls [28]. Despite these discrepancies
and knowing the important role of miR-27 family in the regulation of adipogenesis,
alterations in the expression levels of these miRNAs may be contributing to an inap-
propriate adipocyte differentiation in obesity.

The miRNA let-7 is well known to regulate cell proliferation and differentiation
processes of different cell types [49]. In what concerns adipocytes, let-7 inhibits the
expansion and terminal maturation of 3T3-L1 pre-adipocytes [47]. The levels of
let-7 increase during adipogenesis and in differentiated mouse adipocytes, and this
miRNA seems to act via negative regulation of HMGA?2 [47]. HMGA?2 is a tran-
scription factor that controls growth and proliferation in other contexts and is nec-
essary for adipose tissue formation in transgenic mice models [50]. In accordance,
transgenic mice with global overexpression of let-7 show decreased body adiposity
as they fail to accumulate fat with age [51], indicating a putative role of let-7 in the
expansion of adipose tissue in vivo.

MiR-31 has emerged as key regulator of adipogenesis because it targets C/EBPa,
the major factor promoting mesenchymal stem cell differentiation to adipocytes
[24]. In fact, miR-31 overexpression prevents the upregulation of C/EBPa during
adipogenesis induction of murine mesenchymal stem cell line [24]. This informa-
tion suggests that miR-31 has an anti-adipogenic effect by preventing cell commit-
ment towards adipocyte maturation.

Other miRNAs have been also identified as negative regulators of mesenchy-
mal stem cell differentiation to adipocytes [25, 48]. For instance, miR-363 is sig-
nificantly down-regulated during the adipogenic process, and overexpression of
miR-363 inhibits expansion and terminal differentiation of mesenchymal stem cells
[25]; suggesting that miR-363 levels should be decreased to allow the maturation
of adipocytes. The anti-adipogenic effect is mediated by direct inhibition of E2F3
mRNA transcripts, a key transcription factor that regulates growth and prolifera-
tion [25]. Another example is miR-138, which inhibits adipocyte differentiation and
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Table 9.2 MicroRNAs that inhibit adipogenesis
miRNA System Function Validated Levels of References
direct targets | miRNA in
obesity
Let-7 Mouse adipo- | | High mobility | N/A [47]
cyte cell line | Adipogenesis | group protein
A (HMGA2)
miR-15 Mouse adipo- | | Delta-like N/A [53]
cyte cell line | Adipogenesis | 1 homolog
(DLK1)
miR-27a/b Human ! Peroxisome | In adi- [26, 28, 29]
mesenchymal | Adipogenesis | proliferator pocytes of
stem cells activator diet-induced
Mouse adipo- receptor y obese mice
cyte cell line (PPARY) 1 In adipo-
cytes of ob/ob
obese mice
miR-31 Mouse l CCAAT/ N/A [24]
mesenchymal | Adipogenesis | enhancer
stem cell line binding
protein o (C/
EBPa)
miR-138 Human l Early region | N/A [48]
mesenchymal | Adipogenesis | 1-A-like
stem cells inhibitor of
differentia-
tion 1 (EID1)
miR-363 Mouse l E2F3 N/A [25]
mesenchymal | Adipogenesis
stem cell line
miR-448 Mouse adipo- | | Kriippel- N/A [52]
cyte cell line | Adipogenesis | like factor 5
(KLF5)

miR microRNAs, N/4 not available, 1 increased, | decreased

decreases the expression levels of key adipogenic markers, via targeting the nuclear
receptor EID-1 (Early region 1-A-like inhibitor of differentiation 1) [48].
Additionally, miR-448 inhibits adipogenesis when transfected to 3T3-L1 pre-ad-

ipocytes before induction of differentiation [52]. MiR-448 exerts its anti-adipogenic
actions, at least partially, by targeting the transcription factor KLF5 (Kriippel-like
factor 5) [52]. MiR-15a seems to be involved in the determination of 3T3-L1 pre-
adipocytes cell number and cell size via DLK1, a molecule previously implicated
in cell growth [53].

During the last years, several potential negative regulators of adipogenesis were
identified but most of the research was performed in vitro. The implications of these
miRNAs in adipogenesis in vivo need further clarification before conclusions can
be drawn for their role in adipose tissue dysfunction in obesity.
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Extracellular Factors Regulate miRNAs in Adipocytes

The adipose tissue of obese mammals and humans is exposed to a chronic inflam-
matory environment caused by macrophages infiltration [54]. In this situation, the
elevated levels of inflammatory cytokines, such as TNF-a and IL6, are responsible
for the metabolic adipocyte dysfunctions including insulin resistance [55].

Inflammatory mediators can also induce miRNA alterations similar to the ones
observed in obesity [27, 56]. In fact, 3T3-L1 adipocytes treated with TNF-a show
reduced expression of the same miRNAs that are down-regulated in the adipose tis-
sue of ob/ob mice, including miR-103 and miR-143 [27]; and increased expression
of miRNAs that are upregulated in the adipose tissue of dietary and genetic obese
mice [27]. The levels of cytokine transforming growth factor beta (TGF-B) and
miR-130b are increased in the adipose tissue of obese ob/ob mice [56]. Interestingly,
incubation of mouse adipocytes with TGF- B elevates the quantity of miR-130b se-
creted by these cells, mimicking the obesity-induced alteration of miR-130b [56].
These studies show that miRNA alterations in obesity are, at least partially, caused
by elevated levels of inflammation mediators, and are in line with the notion that
miRNAs are associated to the metabolic dysfunction of obese adipose tissue. Nev-
ertheless, further studies are needed to establish the mechanistic link between cy-
tokines and adipocyte miRNA expression, and to unravel the putative role of other
inflammatory mediators in this process.

Another interesting concept is the regulation of miRNA levels in adipocytes by
dietary components. In fact, diet supplementation with conjugated linoleic acid
(CLA) affects the expression of miRNAs in murine adipose tissue, in a dose-depen-
dent manner [57]. Moreover, the miRNAs altered by dietary CLA were previously
implicated in adipogenesis and adipocyte alterations induced by obesity, including
miR-143, miR-107, miR-221 and miR-222 [27, 57]. This investigation introduces
the possibility that dietary components can affect fat deposits via miRNA pathway.
In the future, it will be critical to understand whether dietary lipids present in west-
ern diets can change the miRNA profile in human adipose tissue.

Glucose Metabolism

Obesity and high-fat diet are frequently associated to type 2 diabetes (T2D) and glu-
cose metabolism impairment, which are characterized by deficient insulin produc-
tion from the pancreas and insulin resistance from target tissues. Over the last years,
miRNAs have emerged as regulators of glucose homeostasis by influencing cellular
mechanisms that control insulin production and secretion [58—61], insulin resis-
tance and glucose sensitivity [43, 62—64] (Table 9.3). Moreover, specific miRs were
associated to T2D and obesity in rodent models and human subjects [58, 65—68].
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Table 9.3 MicroRNAs involved in glucose metabolism
miRNA System Function Validated Levels of References
direct targets miRNA in
obesity
Let-7 Mouse pancreas | | Insulin Insulin recep- | Silencing let-7 | [51, 62]
Mouse liver and | secretion tor (IR) protects and
muscle 1 Insulin Insulin recep- | treats obesity-
resistance tor substrate 2 | induced insu-
(IRS2) lin resistance
AKT-2
Insulin-like
growth factor
1 receptor
(IGF1R)
PIK3 interact-
ing protein 1
miR-9 Rodent pancre- | Insulin Onecut-2 1 In the pres- | [59, 72]
atic islets secretion (0C2) ence of high
Mouse pancre- Sirtuin-1 glucose
atic B-cell line (SIRT1)
miR-15a Mouse pancre- 1 Insulin Uncoupling Modulated by | [69]
atic B-cell line expression protein-2 glucose levels
(UCP2)
miR-24 Pancreatic | Insulin HNF1A 1 In pancre- [67]
B-cells secretion NEURODI1 atic islets of
obese db/db
mice
1 In pancre-
atic islets of
diet-induced
obese mice
miR-29 Adipocyte cell | Glucose PIK3 subunit 1 In muscle, [63, 81]
line up-take p85a fat and liver
Hepatic cell line | (adipocytes) of diabetic
| Insulin rats
signaling 1 In liver of
(hepatocytes) db/db mice
1 In the
presence of
high glucose
or insulin
(adipocytes)
miR-30d Mouse pancre- 1 Insulin N/A 1 In the pres- | [61]
atic B-cell line expression ence of high
glucose
miR-33a/b | Human hepatic | Insulin IRS2 N/A [84]
cell line signaling SIRT6
| glucose

uptake
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Table 9.3 (continued)
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miRNA System Function Validated Levels of References
direct targets miRNA in
obesity
miR-34a Mouse pancre- | Insulin Vesicle-associ- | 1 B-cells [66]
atic B-cell line secretion ated membrane | exposed to
Rat pancreatic protein 2 fatty acid
islets (VAMP2) palmitate
BCL-2 1 In pancre-
atic islets of
diabetic db/db
mice
miR-96 Mouse pancre- | Insulin N/A N/A [71]
atic B-cell line secretion
miR-103/ Mouse liver and | 1 Insulin Caveolinl 1 In liver of [64]
miR-107 adipose tissue resistance (CAV) diet-induced
| Glucose obese mice
uptake 1 In liver of
(adipocytes) obese ob/ob
mice
miR-126 Hepatic cell line | 1 Insulin IRS1 1 In hepato- [83]
resistance cytes with
| Insulin mitochondrial
signaling dysfunction
miR-143/ Mouse liver 1 Insulin Oxysterol 1 In liver of [43]
miR-145 resistance binding diet-induced
protein-like 8 | obese mice
(ORPS) 1 In liver of
obese db/db
mice
miR-144 T2D rats and Insulin IRS1 1 In pancreas, | [58]
humans signaling adipose tissue
Rat pancreatic and liver of
islets T2D rats
1 In the pres-
ence of high
glucose
miR-146 Mouse pancre- N/A N/A 1 B-cells [66]
atic B-cell line exposed to
Rat pancreatic fatty acid
islets palmitate
1 In pancre-
atic islets of
diabetic db/db

mice
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Table 9.3 (continued)
miRNA System Function Validated Levels of References
direct targets | miRNA in
obesity
miR-375 Mouse pancre- | Insulin 3 phos- 1 In pancreas | [60, 71,
atic B-cell line secretion phoinositide of obese ob/ 75]
Rat pancreatic | Insulin dependent pro- | ob mice
islets expression tein kinase-1 | In pancreas
(PDK1) of diabetic
Myotrophin rats
(MTPN) | In the pres-
ence of high
glucose
miR-802 Mouse hepatic | Insulin Hepatocyte 1 In liver of [82]
cell line signaling nuclear factor | diet-induced
1 Insulin 18 (HNF1B) obese mice
resistance 1 In liver of
obese db/db
mice (also in
adipose tissue,
pancreatic
islets and
muscle)
1 In liver of
overweight
humans

miR microRNAs, N/A not available, 72D type 2 diabetes, 1 increased, | decreased

Insulin Production and Secretion

Some studies highlighted the role of miRNAs on insulin production and secretion
by B-cells [58-61], and, consequently, in the establishment of T2D. Indeed, profil-
ing studies show that several miRs are differentially expressed in the pancreatic
islets of T2D rat models [58, 65—67] and obese mice [67, 68]. Moreover, glucose
regulates the expression levels of these differentially expressed miRNAs in T2D rat
pancreas, and miRNAs involved in insulin biosynthesis in pancreatic cell lines and
human islets cultures [58, 61, 65, 69, 70]. These evidences suggest a regulatory loop
between circulating glucose levels and insulin production that involves the miRNA
pathway.

Concerning insulin secretion, miR-124a, miR-96 and miR-9 were identified as
negative regulators of glucose-stimulated insulin release in pancreatic cell lines and
rodent pancreatic islets [59, 71, 72]. These miRNAs act by affecting the expression
of several components of the exocytotic machinery, as well as transcription factors
involved in intracellular signaling [59, 71-73]. Other miRNAs, including miR-30d
and miR-15a were implicated as positive regulators of insulin gene expression, but
not insulin release, in murine pancreatic f-cell line MING6 [61, 69].
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MiR-144 may also have an important role in insulin metabolism because it is
upregulated in pancreatic islets of diabetic rats, and it targets the insulin receptor
substrate 1 (IRS1) [58]. IRS1 present in pancreatic f-cells promotes insulin secre-
tion in an autocrine manner [74]. Inhibition of IRS1 by miR-144 may contribute to
insulin secretion impairment in diabetes.

The islets specific miR-375 suppresses glucose-induced insulin secretion from
murine pancreatic B-cell line [60, 71]. MiR-375 knock-out mice exhibit severe de-
fects in numerous glucose metabolism markers, further supporting the importance
of miR-375 as a regulator of insulin-dependent mechanisms [68]. MiR-375 directly
targets and reduces PDK1 (3-phosphoinositide-dependent protein kinase-1), a pro-
tein involved in the phosphatidylinositol (PI) 3-kinase cascade [75]; this is relevant
in pancreatic cells because glucose stimulates the insulin gene promoter activity via
the PI 3-kinase cascade. Noteworthy, obese ob/ob mice have increased expression
of miR-375 in the pancreas [68], which may represent a link between obesity and
insulin secretion deficiency.

MiR-34a and miR-146 affect exocytosis and, consequently, the secretion of in-
sulin from B-cells [66]. These miRNAs are upregulated in the pancreatic islets of
diabetic db/db mice and in B-cells exposed to fatty acid palmitate [66]. Plasma fatty
acids are commonly elevated in high-fat diet regimes and produce detrimental con-
sequences in pancreatic J-cells; as shown in this study, this adverse effect is, at least
partially, mediated by alterations in the levels of specific miRNAs [66].

A recent study showed that miR-24 is highly expressed in pancreatic f-cells and
further upregulated in islets from genetic fat mice (db/db) or mice fed with a high-
fat diet [67]. Additionally, overexpression of miR-24 inhibits insulin secretion [67].
In the future, it will be relevant to evaluate the levels of other pancreatic B-cells
miRNAs in rodent models of obesity and obese subjects and further investigate a
putative role of miRNA dysfunction in the impairment of insulin secretion associ-
ated to obesity. Delivery of specific miRNAs to the pancreatic islets may represent
a putative therapy to reestablish insulin secretion in patients that developed insulin
deficiency owing to high-fat diet regime and obesity.

Glucose Sensitivity and Insulin Resistance

Insulin binding to the insulin receptor (IR) activates intracellular signaling path-
ways that include the proteins insulin receptor substrate (IRS), PI3K, PDK1 and
the protein kinase AKT, resulting in glucose uptake from target cells [76—78]. De-
regulation of this process is responsible for insulin resistance (diminished glucose
uptake and utilization in insulin-sensitive tissues), which is one the most frequent
alterations observed in T2D obese subjects and murine obese models [76—78].

A growing body of evidences indicates that miRNAs participate in the develop-
ment of insulin resistance as suggested by the differential expression of specific
miRNAs in the muscle, liver and adipose tissue of T2D rat models [58, 79-81] and
obese mice [43, 64, 82]. In this situation, alterations of miRNA expression levels
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can affect gene expression of transcripts involved in insulin signaling in target tis-
sues.

The miR-103/107 tamily is upregulated in the liver of obese ob/ob mice and diet-in-
duced obese mice [64]. Moreover, silencing of miR-103/107 leads to improved glucose
tolerance and insulin sensitivity in the liver and adipose tissue of those mice [64], which
implicates these miRNAs as possible therapeutic targets for diabetes. Conversely, miR-
103/107 gain of function in the liver or fat is sufficient to induce insulin resistance and
glucose intolerance in mice fed with standard chow diet, as shown in glucose tolerance
and insulin tolerance tests [64]. Caveolin-1 (Cavl) is a direct target of miR-103/107;
this protein regulates the number of insulin receptors in cell membranes [64]. Therefore,
elevated expression of miR-103/107 in obese mice will decrease the levels of Cavl,
reduce insulin signaling and contribute to insulin resistance.

Another miRNA involved in hepatocyte insulin signaling is miR-802 [82]. This
miRNA is upregulated in the liver of obese mice and humans and induces insulin
resistance by targeting the hepatocyte nuclear factor 1 (HNF1p) [82]. Transgenic
mice overexpressing miR-802 have impaired insulin homeostasis including insulin
insensitivity and glucose intolerance [82].

The expression levels of miR-143/miR-145 cluster are increased in the liver of
dietary and genetic db/db obese mice [43]. This alteration is implicated in insulin
insensitivity since inducible hepatic miR-143 overexpression results in prominent
deregulation of glucose homeostasis [43]. In accordance, mice deficient for miR-
143/145 are protected from diet-induced insulin resistance [43]. MiR-143 is a nega-
tive regulator of insulin sensitivity by indirectly inhibiting the ability of insulin to
phosphorylate and activate AKT and downstream kinase signaling in hepatic cells
[43].

MiR-29 also inhibits the phosphorylation of AKT, in adipocyte and hepatocyte
cell lines, but without altering the total levels of this insulin signaling cascade ki-
nase [63, 81]. The indirect effect of miR-29 in AKT phosphorylation is mediated by
negative regulation of upstream mediator PIK3 subunit p85a [63]. MiR-29 seems
to be responsible for insulin resistance in adipocytes because it inhibits insulin-
induced glucose uptake when delivered to these cells [81]. Further supporting this
hypothesis, the expression of miR-29 is elevated in insulin target tissues (muscle,
fat, liver) of diabetic rats and diabetic db/db mice [63, &1].

Mitochondrial dysfunction is associated to the development of insulin resistance
in T2D, and, more recently, miRNAs were implicated in this process [83]. Indeed,
miR-126, which is upregulated in hepatocytes with mitochondrial dysfunction,
regulates negatively the IRS1 mRNA transcript, thus inhibiting intracellular insulin
signaling [83]. Similarly, the IRS2 transcript is a target of miR-33a/b in hepatocytes
[84]. Overexpression of miR-33a/b results in an insulin resistance phenotype that
includes decreased insulin signaling and glucose uptake [84].

Recently, the Lin-28/let-7 axis was implicated in glucose metabolism in mice
[51, 62]. The let-7 family consists of 9 slightly different miRNAs that share the
same seed region (let-7a, let7-b, let7-c, let7-d, let-7e, let7-f, let7-g, let7-i and miR-
98) [85]; the let-7 biogenesis is inhibited by the RNA-binding proteins Lin-28a and
Lin-28b [85].
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Global let-7 transgenic mice present body composition alterations namely re-
duced fat mass and body weight gain with age [51]. Let-7 transgenic mice also
exhibit glucose metabolism alterations, including high levels of glucose in glucose-
tolerance test [51, 62]. However, it remains to be clarified whether the glucose ho-
meostasis defects result from insufficient insulin secretion [51] or insulin resistance
from peripheral tissues, that was associated to compensatory overproduction of in-
sulin [62]. The discrepancies observed in these studies could be related to the differ-
ent overexpression pattern of let-7 in the two transgenic mice models, in particular
in what concerns the pancreas [51, 62]. Indeed, mice with specific overexpression
of let-7 in the pancreas (but not in the muscle, liver, adipose tissue or neurons) ex-
hibit decreased insulin secretion [51].

In the context of dietary obesity, global knockdown of let-7 using anti-miR mol-
ecules is sufficient to prevent and treat glucose intolerance, presumably trough im-
proved insulin sensitivity in peripheral tissues [51]. The anti-miR let-7 treatment
could also reduce fat accumulation and increase lean mass in mice fed with high-fat
diet [51]. Moreover, this phenotype is replicated in transgenic mice overexpressing
the let-7 biosynthesis inhibitors Lin28a/b [62]. Nevertheless, the involvement of
let-7 in the pathogenesis of diet-induced obesity and diabetes is still unclear because
high-fat diet did not change the levels of let-7 in metabolic organs [51].

Knowing that let-7 induces insulin resistance, it was investigated whether insulin
signaling mediators are targeted by let-7 for negative regulation [62]. Indeed, in
vitro studies confirmed that let-7 targets the mRNA transcripts of IR and IRS-2 and
reduces the expression levels of these proteins [62]. Moreover, anti-miR let-7 treat-
ment prevents the down-regulation of IR and IRS-2 in the muscle and liver of obese
mice, which may contribute to the positive effects that this possible anti-obesity
therapy has on glucose metabolism [51]. Other transcripts of the insulin signaling
pathway were validated as targets of let-7, namely AKT-2, insulin-like growth fac-
tor 1 receptor and PIK3 interacting protein 1 [62].

Despite the functional evidence for a role of altered posttranscriptional gene si-
lencing in the development of obesity-associated insulin resistance in vivo, more
investigation is needed in this area. For example, it will be important to define the
molecular mechanisms leading to alteration of miRNA expression levels in insulin
target tissues in obesity. Nevertheless, the experiments showing improvement of
glucose homeostasis in obesity mice models after silencing of specific miRs impli-
cated in insulin insensitivity [43, 51, 64], uncover a therapeutic option that consists
in using anti-miRs to reverse obesity-associated insulin resistance. In particular, the
anti-let-7 treatment presents a high therapeutic potential for dietary obesity because
of the combined positive effects on insulin secretion, prevention of glucose intoler-
ance and reduction of fat deposits [51].

This putative therapeutic strategy may be more effective if based on the modu-
lation of miRNA clusters or families, rather than a single miRNA. Indeed, as sug-
gested from the roles of miR-103/107, miR-143/145 and let-7 family in insulin
signaling, a hypothesis arise that different members of one miRNA cluster/family
can act together to coordinately control a signal transduction pathway at multiple
levels. This theory was reinforced by Xu and collaborators, in 2008, showing that
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each member of the miRNA cluster mir-183/96/182 targets one mediator of the
insulin signaling pathway [86].

Circulating microRNAs

MiRNAs can be detected in human blood and biofluids; they circulate inside mi-
crovesicles or exosomes that are derived from the plasmatic membranes of donor
cells [87] or as lipid-free complexes with AGO2 protein [88]. Circulating miRNAs
act as endocrine or paracrine signaling molecules, delivering regulatory messages
from donor cells to target cells or tissues [89, 90]. The miRNA-mediated cross-talk
between metabolic tissues was investigated more recently in an interesting study
that suggested that serum miR-130b high levels observed in obese mice are related
to increased miRNA secretion from mature adipocytes [56]. Moreover, the miR-
130b levels are also increased in the muscle but the transcription activation for this
miRNA occurs only in adipocytes, indicating that miR-130b secreted by fat cells is
uptaken by muscle cells [56].

Another interesting concept is the fact that aberrant levels of circulating miRs in-
dicate a pathological condition from donor cells [91]. In what concerns obesity, evi-
dences indicate that the levels of blood miRNAs reflect their expression in metabol-
ic organs [40, 56, 58]. For example, a study showed that miRNAs down-regulated
in the adipose tissue of obese patients (miR-17 and miR-132) are also decreased in
the blood of these individuals [40]. Additionally, a significant number of miRNAs
that are altered in metabolic organs of diet-induced obese rats are simultaneously
deregulated in their blood samples [58].

Hence, circulating miRNAs have been investigated as possible non-invasive dis-
ease biomarkers. Moreover, miRNAs are expressed in a tissue specific way and
associated with pathological mechanism, which reinforces their ability to serve as
biomarkers. Indeed, altered plasma or serum miRNA profiles have been linked to
numerous diseases including cancer, cardiac disease, hepatic injury and infection
[92-96]. In addition, studies have also reported alterations of specific circulating
miRNAs in T2D and obese patients [40, 56, 58, 93, 97].

In line with these observations, it was shown that T2D patients, pre-diabetic
patients and control subjects have distinct profiles of circulating miRNAs [58, 97].
Therefore, the metabolic condition of an individual (diabetic or pre-diabetic) can be
distinguished by determining the blood levels of specific miRNAs [58]. Besides,
the levels of particular blood miRNAs correlate with obesity indicators in humans,
including body mass index, body fat percentage and triglyceride levels, and can be
used in the diagnostic of individuals with metabolic syndrome [56]. Importantly, a
study reported that the development of T2D by normoglycemic subjects could be
predicted by a specific plasma miRNA profile (reduction of miR-15a, miR-29b,
miR-126 and miR-223 and elevation of miR-28), within a 10-years period before
disease manifestation [97]. Altogether, these evidences highlight the promising use
of blood miRNA profiling in the identification of patients with increased risk of
developing T2D.
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The use of miRNAs as obesity or disease biomarkers presents numerous ad-
vantages namely, non-invasive collection method, good stability in plasma and se-
rum samples and reproducible levels among individuals of the same specie [96].
However, there are still some issues that need to be addressed including validation
of miRNA profiles in large studies, standardization of quantification methods and
source of miRNAs (total blood or plasma/serum).

Conclusion and Future Perspectives

Recent investigation revealed the critical contribution of miRNAs to the regulation
of cellular mechanisms involved in metabolism, including adipogenesis and glu-
cose metabolism. Furthermore, deregulation of the miRNA pathway was implicated
in the cellular alterations present in obese metabolic tissues. In this context, miRNA
modulation emerges as a possible therapeutic option to reestablish the regulatory
balance in biological pathways affect by obesity.

The unique characteristics of miRNAs designate them as interesting candidates
for an effective therapy against obesity and metabolic diseases. For example, one
single miRNA can target several metabolic pathways or multiple molecules act-
ing at different levels of the same pathway. Theoretically, the one molecule with
multiple-targets approach will be more efficient than the traditional pharmacologi-
cal options focused in one particular receptor or protein. However, this is also one
important limitation of using miRNAs as therapy because it may result in unspecific
or adverse effects in other tissues or signaling pathways.

Modulation of specific miRNAs with therapeutic purposes can be achieved with
synthetic nucleic acids that function as miRNA mimics or inhibitors. These mol-
ecules can be delivered to the organism by peripheral roots of administration and
achieve miRNA overexpression or silencing in multiple organs [98]. For example,
subcutaneous administration of locked-nucleic acids (LNA) anti-let-7 to obese mice
decreases the expression of this miRNA in the liver, pancreas and fat tissue, up to 2
weeks after the last injection [51]. Moreover, this strategy as proven to prevent and
treat glucose intolerance in mouse models of obesity [51]. However, repeated ad-
ministrations and high doses are required to maintain the effect of synthetic nucleic
acids.

On the other hand, most of the promising results concerning the use of LNA
in metabolic diseases have been achieved by silencing individual miRNAs in the
liver, as this organ seems to be more accessible to nucleic acids [41, 82]. Indeed,
intravenous administration of LNA anti-miR-802 specifically reduces the hepatic
levels of this miRNA and improves insulin sensitivity in dietary obese mice [82]. In
accordance, higher doses of anti-miR are needed to achieve miR-143 silencing in
the adipose tissue as compared to the liver [41].

Further investigation is needed to clarify the distribution pattern of synthetic
nucleic acids in the living organism and investigate alternative approaches to allow
miRNA modulation specifically in other tissues affected by obesity. In the context
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of metabolism, organ specific modulation of miRNAs was achieved by different
approaches including lipid modifications of synthetic nucleic acid molecules, lipid
based formulations and viral vectors [64].

In the future, the miRNA biology and the function of these regulatory molecules

in different metabolic pathways will be topics of intense investigation, aiming a
better understanding of the cellular mechanism affected in obesity and a possible
new innovative therapy.
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Chapter 10
Obesity Study: Animal Models

Goro Katsuura, Namiko Kawamura, Miyuki Nishida, Haruka Amitani,
AKkihiro Asakawa and Akio Inui

Introduction

Body weight and adiposity are maintained at near-constant levels through matching
food intake to energy expenditure over long periods. Obesity is defined as a high
body mass index with a large amount of adiposity resulting from chronic excess
of energy intake over energy expenditure. Recently, the number of obese people
increased in the world, and obesity is becoming a world-wide problem because obe-
sity is a risk factor in increased induction of type II diabetes, cancer, hyperlipidemia
and hypertension, so-called metabolic syndrome [1]. Moreover, clinical studies have
revealed that obesity is comorbid with several forms of mental disorder [2—4]. Epi-
demiological studies have demonstrated that the incidence of depression and cogni-
tive impairment is higher in obese subjects than normal body weight subjects [5, 6].
There is the possibility that mental disorder acts as a trigger of the development of
obesity. Also, such mental disorder might cause further progression of obesity. After
findings on the hypothalamus as the center of energy regulation in 1940°s, the central
nervous system came to the forefront of attention in the pathophysiology of obesity.
Genetic and environmental factors play a role in the development of obesity, and diet
is one of the main environmental factors that contribute to this disease [1, 7]. Human
studies have shown that increased fat intake is associated with body weight gain,
resulting in obesity and other related metabolic diseases. It is therefore important to
understand the basics of the controls of food intake and how they might relate to obe-
sity. Animal rodent models are useful tools for studying obesity, and are important in
the development of treatments for obesity. This chapter shows representative animal
obese models that are used to analyze pathophysiological properties of obesity.
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Energy Regulation

Energy homeostasis including food intake and energy consumption has been dem-
onstrated to be predominantly regulated by orexigenic and anorexigenic systems in
the hypothalamus (Fig. 10.1) [8—10]. The blood-born signals, such as leptin, insulin
and ghrelin, mainly interact with receptors in the hypothalamus to regulate food
intake and energy expenditure [9, 10]. In the arcuate nucleus (ARC), orexigenic
neuropeptides, such as neuropeptide Y (NPY) and agouti-related protein (AgRP)
increase food intake and decrease energy expenditure. On the other hand, anorexi-
genic neuropeptides, o-melanocyte-stimulating hormone (0a-MSH) and cocaine-
and amphetamine-regulated transcript (CART) decrease food intake and increase
energy expenditure. Activities of these neuropeptides in the ARC are regulated by
leptin, insulin and ghrelin. These neuropeptide-containing neurons project to lateral
hypothalamic area (LHA), ventromedial hypothalamus (VMH), dorsomedial hypo-
thalamus (DMH) and to paraventricular nucleus (PVN). Moreover, the LHA, orexi-
genic neuropeptides, such as orexin (ORX) and melanin-concentrating hormone
(MCH), project to mesolimbic dopamine system, the so-called reward system.
Oxytocin (OXT) neurons project to the brain stem and modulate activity of sym-
pathetic and parasympathetic nervous systems. Recently, several lines of evidence
have indicated that energy regulation is also modulated by extra-hypothalamic brain
areas originally related to regulation of emotion and cognition, such as the nucleus
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accumbens, amygdala, hippocampus and cerebral cortex [9]. These findings sug-
gest that maintaining energy homeostasis and regulating emotion and cognition
share common brain regions, as well as bidirectional interaction between energy
regulation and emotional/cognitive functions.

Animal Models

Genetic Obese Models

Lethal Yellow Mutant Mouse (Ay)

An agouti mouse was first described more than a century ago. Agouti gene is the
first obesity gene characterized at the molecular level [11]. The agouti protein tran-
siently expressed in the follicular melanocyte stimulates production of the red/yel-
low pigment and inhibits production of the black/brown pigment [12, 13]. The red/
yellow pigment production is especially regulated by antagonism of the binding of
a-MSH to melanocortin 1 receptor (MCI1R) [12]. The lethal yellow mutant mouse
(Ay) is one of five dominant agouti mutations and has been found to be an excel-
lent mouse model of obesity [11]. The Ay mutation is characterized by the deletion
of 120-170 kb genomic DNA that places it under the control of a ubiquitously
expressed promoter, resulting in ubiquitous agouti expression due to loss of the
tissue-specific control promoter element [14—16]. The Ay mouse has a complex
phenotype including yellow coat color, mature-onset obesity, type II diabetes, hy-
perleptinemia, increased linear growth, higher tumor susceptibility, and infertility.
Transgenic mice expressing ubiquitous agouti exhibited yellow coat color, obesity,
hyperinsulinemia, and hyperglycemia similar to Ay mouse [15], revealing the mo-
lecular mechanism of agouti in mouse phenotype. However, agouti expression in
skin has little effect on the obesity phenotype, because transgenic mice overex-
pressing agouti in skin do not become obese [17]. Mice with adipose tissue-specific
agouti overexpression exhibit an overgrowth of adipose tissue without alteration of
food intake, suggesting that increased fat in this model is due to changes in energy
metabolism [18]. The adipose tissue agouti overexpression model could be relevant
to human obesity because agouti gene expression is found in human adipose tissue
[19, 20] and is increased in the adipose tissue of type 2 diabetic subjects [21]. The
obesogenic role of agouti is considered to be tissue dependent [22]. The molecular
categorization of agouti was responsible for elucidation of the melanocortin sys-
tem’s involvement in energy regulation, due to its mimicry of AgRP activity in the
hypothalamus. The melanocortin receptor family comprises five G-protein—coupled
proteins, MCIR to MC5R, which demonstrate tissue-specific patterns of expres-
sion. Especially, MC4R in the hypothalamus plays a key role in the regulation of
feeding and metabolism and is normally antagonized by AgRP [23]. Novel expres-
sion of agouti in the brain results in the chronic antagonism of MC4R, disrupting
its function.
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Ob/ob Mouse (Lepob/Lepob mouse)

In 1950, Ingalls et al. described a spontaneous mutation in a V mice colony, which
provoked severe obesity. This mutation, named ob [24], was subsequently intro-
duced into C57BL/6J to obtain ob/ob mice, which are obese and exhibit hyperinsu-
linemia, insulin resistance, hyperglycemia, infertility, hypothyroidism, hypercorti-
coidism, low sympathetic activity, impaired thermoregulation and lowered physical
activity [25, 26]. In 1966, Hummel et al. described a spontancous mutation in a
C57BL/Ks mice colony that provoked moderate hyperphagia and obesity, accompa-
nied by severe fasting hyperglycemia increasing with age and a marked increase in
plasma insulin concentration [27, 28]. Parabiosis studies with ob/ob mice and nor-
mal mice indicated that the mutation causes a deficiency in a circulating lipostatic
factor [26]. In 1994, Zhang et al. [29] identified the product of the gene mutation
in ob/ob mice that was responsible for their obesity and was also the presumed
circulating factor. This protein, leptin, has the structure of a long chain helical cy-
tokine [30] and is expressed in adipose tissue in proportion to adipocyte size [31,
32]. Leptin is an adipocyte-derived blood-borne satiety factor that is involved in the
regulation of food intake and body weight acting in the hypothalamus. Ob/ob mice
exhibit a mutation located on the +105 codon, replaces an arginine by a stop codon
(CGA—-TGA) [29], resulting in a deficiency of biologically functional leptin. It
was reported that leptin recovers the decreased metabolic rate, body temperature,
and locomotor activity in ob/ob mice [33]. The discovery of leptin has opened up
a whole new field of studies on regulation of food intake, energy expenditure and
obesity. They have been used in many studies of the effects of antiobesity and anti-
diabetogenic drugs.

Db/db Mouse (Leprdb/Lepdb Mouse)

The db (stands for “diabetes”) mutation is an autosomal recessive trait. The obese
mouse was identified initially in 1966 by researchers in the Jackson Laboratory [34].
In 1995, the mouse leptin receptor gene was cloned [35] and the db gene encodes
for a G-to-T point mutation of the leptin receptor, leading to abnormal splicing and
defective signaling of the adipocyte-derived hormone leptin [36, 37]. This mutation
affects the alternative splicing of the ob-Rb subtype of leptin receptors, the only
subtype with a functional C-terminal intracellular domain to transmit the signal.
Leptin can bind to the receptors but the signal transduction system is not functional.
Lack of leptin signaling in the hypothalamus leads to persistent hyperphagia, hy-
perlipidemia, insulin resistance and diabetes [37, 38]. Following the onset of overt
diabetes, db/db mice develop progressive kidney disease, which has similarities to
human diabetic nephropathy. Therefore, db/db mice are now regularly used to ex-
amine the mechanisms of renal injury, which result from type 2 diabetes.
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SHROB (Spontaneously Hypertensive-Obese) rat

SHROB rats were first described in 1973 [39]. They result from crossing a spon-
taneously hypertensive female rat and a Sprague—Dawley male rat, which leads to
a spontaneous mutation, first designated f for fatty [40, 41] and then fak [42]. This
mutation is recessive and is located on the +763 codon of the leptin receptor gene
in a sequence coding for the extracellular domain of the leptin receptor and common
to all subtypes. This mutation is non-sense, replacing a tyrosine with a stop codon
(TAT—>TAA), and does not affect the leptin receptor mRNA. However, the protein
is not expressed [43—45]. They are obese because of the accumulation of fat, in
particular at the sub-cutaneous, retroperitoneal and mesenteric level. These animals
exhibit hyperlipidemia, hyperglycemia and insulin resistance. Arterial pressure in
SHROB rats increases with age up to 180 mmHg for systolic blood pressure. The
life span of male SHROB is quite short (10—11 months in average) and the principal
causes of death are kidney, urinary tract or vascular pathologies [40, 41].

Zucker Fatty Rat and Zucker Diabetic Fatty Rat

In 1961, Zucker et al. observed an obese phenotype due to a spontanecous mutation
in their 13 M rat colony [46, 47]. The mutation, named fatty or fa, is an autosomal
recessive mutation in the fatty (fa) gene and affects the leptin receptor gene, but is
different from the fak mutation of SHROB rats [42]. Located on the +269 codon,
it replaces a glutamine with a proline, leading to production of a truncated protein
[43, 44, 48, 49]. This mutation affects the extracellular part of the leptin receptor. In
experiments using cells expressing wild-type or mutated leptin receptors, mutated
receptors have shown weaker affinity for leptin, and altered signal transduction
[50, 51]. Zucker fatty rats required much higher doses of leptin than normal rats
to produce a similar effect [52]. These rats are characterized by hyperphagia and
early-onset obesity corresponding to an accumulation of subcutaneous and retro-
peritoneal fat. Zucker fatty rats exhibit hyperlipidemia with age. They are slightly
insulin-resistant but do not exhibit fasting hyperglycemia. Nevertheless, obesity in
Zucker fatty rats is not as marked as in SHROB rats. Zucker fatty rats can present
moderate arterial hypertension, but only when old [46, 47, 53]. In addition, Zucker
diabetic fatty (ZDF) rats were derived from substrain of obese Zucker fatty rats and
display early deregulation of glucose metabolism [54, 55]. ZDF rats constitute a
model of metabolic syndrome with type 2 diabetes.

OLETF Rat (Otsuka Long-Evans Tokushima Fatty Rat)

OLETF rats were developed by the selection of spontaneously type 2 diabetic rats
from the outbreeding of Long Evans rats in a closed colony of Charles River at the
Tokushima Research Institute of Otsuka Pharmaceutical in Japan. [56]. OLETF rats
are hyperphagic beginning several weeks after birth, with increasing body weight
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eventually progressing to frank obesity [56] These rats exhibit obesity, hypergly-
cemia, hypertriglyceridemia, hyperinsulinemia and chronic diabetes mellitus [56,
57]. In 1995, Otsuki et al. demonstrated that pancreatic acini of OLETF rats are
insensitive to the amylase actions of cholecystokinin (CCK) due to low expression
or absence of expression of CCK-1 receptor mRNA [58, 59]. Other studies showed
that this lack of expression of CCK-1 receptors is due to a deletion including the
promoter region and the first and second exons [60]. Because CCK plays an impor-
tant role in satiation, OLETF rats are a valuable animal model to study deregulated
control of eating and obesity.

Diet-Induced Model

High-Fat Diet-Induced Obese Model

The development of obesity and metabolic syndrome in human is mostly linked
with increased caloric intake and lack of physical activity, in addition to genetic pre-
disposition. It would be of interest to study the pathogenesis of metabolic syndrome
induced by greater food intake in general. A high-fat diet is often used in obesity
research as a non-leptin-deficient model. In animal models, although there is no
consensus about the definition of a low- or high-fat diet, and a wide variety of diets
are used in animal experiments, in general, standard diets contain less than 10 % of
calories from fat whereas high-fat diets or very-high-fat diets contain 30—50 %, and
more than 50% of calories from fat, respectively. From a nutritional perspective,
diets with 60 kcal% fat are commonly used to induce obesity in rodents since ani-
mals tend to gain more weight more quickly thereby allowing researchers to screen
their compounds after a shorter period of time [61, 62]. Many high-fat diets used in
laboratory animal research contain more saturated fat such as lard, beef tallow, or
coconut oil and are quite capable of inducing metabolic disorders such as obesity,
insulin resistance or glucose intolerance in susceptible strains [63—65]. Addition of
sucrose aggravates the metabolic consequences of enriched diets and induces se-
vere dyslipidemia [66, 67]. Moreover, high-fat diets rapidly and specifically reduce
the central actions of insulin and leptin, most likely due to a post-receptor effect
[68—72]. This effect is rapid, occurring after a few days of HF exposure.

An appropriate diet in an appropriate strain is necessary to induce the develop-
ment of a specific metabolic problem because there are mouse strain-specific dif-
ferences in responses to the high-fat diet [73]. Among the various strains, C57BL/6J
mice are the most widely used for high-fat diet -induced obesity because they exhib-
it abnormalities similar to human metabolic syndrome when fed with high-fat diet
[74]. Interestingly, within the C57 mouse strain, there are significant differences
among substrains in response to the high-fat diet. For instance, whereas C57BL/6J
mice exhibit high-fat diet -induced obesity, hyperinsulinemia, and insulin resistance
that closely parallel the progression of human disease, C57BL/KsJ mice display a
weak phenotype [73]. For example, murine strains C57BL/6 and AKR both develop
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obesity on a high-fat diet, but (for the same weight gain) C57BL/6 mice also exhibit
fasted hyperglycemia, and glucose intolerance due to a decreased insulin concen-
tration, whereas AKR mice also exhibit hyperinsulinemia but with normal fasted
glucose [75]. Other strains, such as A/J mice, are resistant to obesity induced by a
high-fat diet [66]. Rat models including Sprague-Dawley and Wistar rats are popu-
lar strains to study obesity as they readily gain weight on high-fat diets. Sprague
Dawley or Long Evans rats are also used for non-mouse rodent models of high-fat
diet -induced obesity [76].

These reports indicated that the high-fat diet-induced obesity animals could be
a good model for the experimental therapy and the translational research aiming to
discover a novel therapeutic strategy for obesity epidemic.

Cafeteria Diet-Induced Obese Model

Another experimental rodent diet model that exists, which more accurately reflects
the variety of highly palatable, energy dense foods that are prevalent in Western
society and associated with the current obesity pandemic: the “cafeteria diet”. The
cafeteria diet foods include cookies, cereals, cheese, processed meats, crackers,
etc. Rats become obese when offered a varied and palatable diet that mimics the
so-called Western diet of humans (cafeteria diet) [77—79]. Cafeteria diet-induced
obesity mainly results from hyperphagia with increased average meal size as well
as increased meal frequency that is partly compensated by increased energy expen-
diture, in particular diet-induced thermogenesis due to sympathetic activation of
brown fat. This contrasts with overeating of palatable diets with no choice of foods,
which mainly influences meal size.

Genetically Modified Obese Model

As the central and peripheral pathways involved in food intake and energy ex-
penditure are elucidated, a wide range of genes affecting these processes is being
identified. Accordingly, many genetically modified obese mice have been created
with genes either overexpressed or deleted. In particular, genes of the melanocortin
system have been examined using this approach because melanocortin system is a
major player in regulation of energy homeostasis (Fig. 10.1).

POMC (Proopiomelanocortin)-Knockout Mouse

POMC-expressing neurons in the arcuate nucleus of the hypothalamus are direct
targets of leptin. POMC is the precursor of several biologically active peptides in-
cluding o-MSH. In the brain, a-MSH is a potent anorexigenic neuropeptide that re-
duces food intake and increases energy expenditure by activating MC3R and MC4R
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in the paraventricular nucleus of the hypothalamus and elsewhere. Mice lacking
POMC overeat and develop marked obesity that is exaggerated on a high-fat diet
[80, 81]. Heterozygous mutants develop an intermediate phenotype, implying that
a functional POMC gene is necessary to maintain normal energy homeostasis. Al-
though treatment with leptin is ineffective in POMC-knockout mice, the obesity in
POMC-knockout mice can be markedly reduced when these mice are treated with
a-MSH or other agonists for the MC4 receptor, such as MT II. POMC deficiency
has also been reported in rare cases of human obesity [82].

MC4R and MC3R-Knockout Mouse

a-MSH and AgRP influence energy homeostasis via melanocortin receptors. The
MCA4 receptor subtype among melanocortin receptors in particular is involved in the
control of food intake. These mice exhibit obesity, hyperphagia, hyperglycemia, hy-
perinsulinemia [83, 84]. Knockout of the MC4R gene in mice is observed to result
in early-onset obesity, non—insulin-dependent diabetes and other obesity associated
syndromes. As agouti peptide is an antagonist of MC4-R, these symptoms are a par-
allel to the yellow agouti mouse syndrome, indicating that agouti expression in the
hypothalamus inhibits MC4R function, leading to obesity. In contrast to many other
obesity models, MC4R-knockout mice do not have elevated circulating corticoste-
rone levels. MC4-knockout mice do not respond to leptin, AgRP or a-MSH. Similar
mutations of the MC4 receptor are often stated to be the most frequent genetic cause
of obesity in humans. An MC4R knockout rat has recently been described [85]. It
has many characteristics in common with MC4R-knockout mice (such as increased
body weight, food intake and body length, and lower spontaneous activity). Tar-
geted deletion of the MC3R gene also results in a late onset obesity phenotype, but
regulation of appetite and metabolism appear to be intact [86].

Hypothalamic Lesion-Induced Obese Model

In the earliest obesity study with rodents, obese models in rats were induced by
surgical or chemical lesions of the VMH as a satiety center and the ARC of the hy-
pothalamus that results in hyperphagia, increased body weight and adiposity.

VMH Lesion-Induced Obese Model

Rats with VMH lesions often begin eating voraciously even before fully recovering
from the effects of anesthesia [87, 88]. The overeating and obesity have tradition-
ally been divided into two stages [88]: a dynamic phase of marked hyperphagia and
rapid weight gain followed by declining food intake as body weight is maintained
during the static phase of obesity. While the precise mechanisms underlying VMH-
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lesion induced obesity are still unclear, it was detected a change in the tone of the
sympathetic (decrease) and parasympathetic (increase) nervous systems that is as-
sociated with reduced energy expenditure contributes to the syndrome [89]. VMH
lesion induces hyperphagia, resulting in hyperglycemia, hyperinsulinemia, insulin
resistance, and reduction in physical activity, hyperlipidemia and obesity. Hyper-
phagia is probably due to the destruction of POMC neurons from the ARC and
possibly of neurons producing brain-derived neurotrophic factor as anorexigenic
factor in the VMH [90-92]. VMH lesion-induced obesity has been found in a wide
variety of species including mice, ground squirrels, rabbits, cats, dogs, pigs, goats,
chickens, sparrows, monkeys, and humans [90].

ARC Lesion-Induced Obese Model

The ARC is considered one of the most important hypothalamic regions involved in
the regulation of energy homoeostasis. It is difficult to perform a selective surgical
lesion of the ARC due to its anatomical shape and location. The repeated admin-
istration of monosodium glutamate (MSG), which is a neuroexcitatory amino acid
that is harmful to the central nervous system (CNS), to neonatal rats within the first
10 postnatal days has been used to induce the relatively distinct lesion of ARC neu-
rons projecting to the VMH and PVN. All features of metabolic syndrome, such as
massive adipose tissue accumulation, insulin resistance, glucose intolerance, hypo-
gonadism and dyslipidaemia are induced by neonatal MSG treatment [93-96]. It is
important to note that systemic MSG treatment also lesions neurons in the circum-
ventricular organs due to their open blood-brain barrier. MSG lesions are therefore
not restricted to the ARC and interpretation of results must take this into account.
ARC neurons can also be destroyed by local administration of goldthioglucose,
resulting in a similar obesity phenotype [97-99].

Conclusion

There has been a growing body of literature using rodents as models of human obe-
sity, even though there are many confounding factors including species, strain, age
of the animals, type of diet, level of fat, and type of control diet. The development of
the human obesity is multifactorial; it depends not only on particular environmental
conditions (increased caloric intake, activity), but also on genetic predisposition,
moreover has a strong component of individual dependence. This aspect is prob-
ably a limit of the use of animal models to investigate human obesity and metabolic
syndrome. Therefore, intensive and continuous efforts should be made to establish
novel obesity-associated animal models that mimic human health problems, as suit-
able animal models are fundamental to testing novel therapeutic strategies against
obesity.
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Chapter 11
From Homo Obesus to Homo Diabesus:
Neuroadipology Insight

George N. Chaldakov, Luigi Aloe, Anton B. Tonchev and Marco Fiore

Introduction

In 2000 Astrup and Finer wrote [1]: “Since type 2 diabetes is obesity dependent,
and obesity is the main aetiological cause of type 2 diabetes, we propose the term
‘diabesity’ should be adopted” (see also [2]). Obesity is most prevalent disease in
the world. In 2005, 800 million people were overweight (BMI 25.0-29.9 kg/m?) and
400 million were obese (BMI over 30 kg/m?). Although the pathogenesis is not yet
completely understood, there is now solid evidence that type 2 (non-insulin depen-
dent) diabetes mellitus is a disease strongly associated with the obese man (Homo
obesus) [3]. Obesity predisposes to type 2 diabetes and is largely responsible for
its current pandemic feature predicting to double the number of diabetic people
worldwide within the period of 30 years, from 150 million in 1995 to over 300 mil-
lion in 2025. Thus diabesity has been moving to centre stage being one of the most
challenging biomedical and social threats. Accordingly, the term Homo diabesus
was recently introduced [4].
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Adipobiology: The Renaissance of a Tissue
Marked by Three Paradigm Shifts

One of biggest recent achievements in studying cardiovascular (atherosclerosis and
hypertension) and metabolic (obesity, type 2 diabetes, metabolic syndrome, and Al-
zheimer’s disease which is recently viewed as type 3 diabetes, see below) diseases
is associated with the “rediscovery” of a neglected tissue, the adipose tissue.

In 1962 Thomas S. Kuhn published his book The Structure of Scientific Revolu-
tions (1st edition, University of Chicago Press, Chicago, USA). Its publication was
a landmark event in history and philosophy of scientific knowledge (epistemology).
Kuhn challenged the then prevailing view of “normal science” which was viewed
as “development-by-accumulation” of accepted facts and concepts leading—most
oftenly—to epistemological paralysis, we dubbed it neophobia. Kuhn argued for a
model in which a period of such conceptual continuity in normal science were inter-
rupted by a period of revolutionary science leading to a new paradigm, an event he
designated paradigm shifi.

At epistemological level, the adipose tissue has undergone three major paradigm
shifts in last 20 years. This rise it above the horizon to take center stage in so many
syndromes and diseases that it leaves most scientists and medical doctors aston-
ished.

The first paradigm shift was: while considered as passive storage-release of
lipids by most cell biologists and pathologists for a long period of time, adipose
tissue is now considered the biggest endocrine and paracrine organ of the human
body (Table 11.1). The discovery of leptin, an adipose-secreted hormone/cyto-
kine, by Jeffrey Friedman and colleagues in 1994 marked this revolutionary event
(Table 11.2). Here the pioneering contribution of Douglas Coleman (1931-2014)
has to be acknowledged. His work established the first clues to a genetic component
in obesity. In the 1970s, Coleman conducted a series of experiments that led him to
propose the existence of a satiety factor that would account for obesity and type 2
diabetes among certain laboratory mice.

Table 11.1 A paradigm shift: never before has adipose tissue been so active

From

Adipose tissue is a lipid/energy storage involved in obesity
To

Adipose tissue is an endocrine and paracrine organ

Adipose tissue is a neuroedocrine organ

Adipose tissue is a steroidogenic organ

Adipose tissue is an immune organ

Adipose tissue is a source of and target for inflammatory mediators

Adipose tissue produces all components of rennin-angiotensin system

Adipose tissue is thus involved in numerous diseases beyond obesity
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Table 11.2 Adipose-brain talk: examples of mediators in leptin signaling

Anorexigenic pathway 1 Orexigenic pathway |
Proopiomelanocortins Neuropeptide tyrosine (NPY)
Melanocortin 4 Agouti-related protein
a-melanocyte stimulating hormone Endocannabinoids
Brain-derived neurotrophic factor

The second paradigm shift derived from the study of Jeffrey Bell and colleagues
[5] who have scanned nearly 800 people with magnetic resonance imaging (MRI)
technique, aimed at obtaining map of WAT. The authors demonstrated that as many
as 45 % of women and nearly 60 % of men scanned have normal scores of the body
mass index (BMI, 20-25 kg/m?). These people are thin outside (TO), while actu-
ally have excessive levels of internal adipose tissue—they are fat inside (FI), hence
TOFI phenotype of body fatness. Noteworthy, TOFI phenotype was also found
among people who are professional models. TOFI may thus be considered a spe-
cific, “invisible” expression of both Homo obesus [3] and Homo diabesus [4].

The third paradigm shift features the increasing significance of brown adipose
tissue in health and disease (see below).

Accumulation of adipose tissue in the visceral and subcutaneous abdominal tis-
sue, also around almost all internal organs, is a major risk factor for the develop-
ment of numerous disorders including diabesity and related cardiometabolic dis-
eases. Of note, metaflammation (metabolically-induced inflammation) has emerged
as a pivotal process involved in the clustering of those disorders [6].

Adipose tissue is very plastic tissue, being constantly remodeled along with
weight gain and weight loss. It is a dynamic cellular and extracellular matrix as-
sembly composed of adipocytes, fibroblasts, immune cells and matrix components,
also rich in sympathetic nerve fibers, blood vessels, and stem cells. There are two
major subtypes of adipose tissue, white adipose tissue (WAT) and brown adipose
tissue (BAT).

By sending and receiving different types of protein and non-protein signals, adi-
pose tissue communicates with many organs in the body (Fig. 11.1), thus contribut-
ing to the control of energy, lipid and glucose homeostasis as well as inflammation,
immunity, learning and memory among many other biological functions.

In human body, while WAT stores energy, BAT has the ability to dissipate energy
by producing heat. BAT-mediated increase in energy expenditure is realized by un-
coupling respiration from ATP synthesis, via uncoupling protein 1 (UCP1), which
is expressed in brown adipocytes, thus generating heat, a process known as adaptive
thermogenesis. Animal studies have shown that activation of BAT counteracts diet-
induced weight gain and related disorders such as type 2 diabetes and metabolic
syndrome; it may also be the case for humans [7]. Recently, the knowledge about
WAT and BAT were enriched with their relatives, namely brite (brown in white)
and bruscle (brown in skeletal muscle) adipocytes [8]. Hence, brown adipobiology
is emerging as a new challenge in biomedicine.
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Fig. 11.1 A drawing illustrat-
ing both secretory and recep-
tor nature of adipose tissue
(AT) cells. At the secretory
level, AT-derived signaling
molecules communicate via
multiple pathways, such

as endocrine (arrows 1, 4
and 5, from top to bottom),
paracrine (arrow 2) and
autocrine (arrow 3, curved).
Also depicted is that AT cells Exosomes
express receptors for various OO0
ligands

Adipokines
Steroids

Free fatty acids
Prostaglandins
Nitric oxide
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In effect, such an adipocentric approach has revealed that while BAT is ma-
jor thermogenic organ, WAT is the body’s largest endocrine and paracrine organ
producing multiple signaling proteins collectively termed adipokines [9-12], with
nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) being
also produced from adipose tissue [13].

Multiple Life of Neurotrophins and Adipokines

At the end of the nineteenth century it was envisaged by Santiago Ramon y Cajal
but has not been proved that the nerves require trophic support. By a rare com-
bination of scientific reasoning and intuition, Rita Levi-Montalcini (1909-2012)
obtained the proof in the early 1950s in Saint Louis, MO, USA, where the first
cell growth factor, namely NGF, was discovered, and 35 years later awarded No-
bel Prize 1986 [14]. Data of NGF have been embodied in a conceptual framework
well known now as neurotrophic (nerve-effector interaction) theory. It reveals a piv-
otal role of effector (target) cells in the control of neuronal differentiation, survival
and function via production of NGF and other neurotrophic factors.

The neurotrophin family of proteins consisted of NGF, pro-NGF, brain-derived
neurotrophic factor (BDNF), pro-BDNF, neurotrophin-3 (NT-3), NT-4/5, NT-6, and
NT-7. Neurotrophins mediate their effects via ligation of (i) panneurotrophin recep-
tor, p75NTR, and (ii) receptor tyrosine kinase (tropomyosin-related kinase) (Trk),
namely, TrkA (for NGF), Trk B (for BDNF and NT-4/5), and TrkC (for NT-3) [14,
15].

The past three decades has witnessed a number of breakthroughs in the study
on Rita Levi-Montalcini’s NGF. Studies have revealed that the neurotrophins NGF
and BDNF are not only stimulating for nerve growth and survival, but also exert
trophic effects over (i) immune cells, acting as immunotrophins, (ii) keratinocytes,
enterocytes, prostate and breast epithelial cells, acting as epitheliotrophins, and (iii)
endothelial cells, acting as angiogenic factors (reviewed in [15]).
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Metabotrophic Factors and Cardiometabolic Disease

In 2003 the NGF-ome was enriched with one more expression, that is, metabotro-
phic action on glucose, lipid, energy, pancreatic beta cell and cardiovascular ho-
meostasis, and thus, together with BDNF, designated metabotrophic factors (MTF)
or metabotrophins (from Greek metabole, and trophe, nutrition, means “nutritious
for metabolism™) (reviewed in [15, 16]; see also [17]). Onward, the proof-of-hy-
pothesis was based on results demonstrating that the circulating and/or tissue lev-
els of NGF and BDNF are (commonly) decreased in atherosclerosis and metabolic
syndrome [18], type 2 diabetes [19, 20], depression and other psychiatric diseases
[15], and in Alzheimer’s disease which nowadays is considered as type 3 diabetes
[21,22].

Neuroadipology

Life of multicellular organisms requires the interaction between cells of nervous
and other systems. One of the biggest recent achievements of neurobiology and
adipobiology is the study on neurotrophic factors (e.g. NGF, BDNF) and adipokines
(e.g. leptin, adiponectin) respectively.

As often occurs, the framework of an initial concept of the physiological role of
a newly discovered molecules extends in the light of emerging findings. This was
also the case with neurotrophic factors and adipokines. For instance, during some
30 years after NGF discovery, there have been few reasons given to indicate that it
acts on non-neuronal cells. Thus, it was remarkable when Aloe and Levi-Montalcini
have discovered in 1977 that the treatment of newborn rats with NGF caused a sys-
temic increase in the number of mast cells. This seminal finding paved the road of a
novel research field, neuroimmunology ([23] and references therein).

As indicated above [9-12] the adipose tissue is a dynamic endocrine and para-
crine organ producing a large number of adipokines. Some of them mediate the
cross-talk between adipose tissue and hypothalamus in regulating food intake and
energy homoeostasis (Table 11.2 for leptin). However, the hypothalamus is not the
only brain target for leptin, and food intake is not the only biological effect of this
adipokine. Rather, some adipokines support various cognitive functions and exert
neurotrophic activity. Current data of adipose-derived neuroendocrine and neuro-
trophic factors are summarized in Tables 11.3 and 11.4. This raises an intriguing
question as to whether adipose tissue might be a peripheral counterpart of hypothal-
amus-hypophysis (see also [41]). Cumulatively, linking neurobiology and adipobi-
ology resulted in neuroadipology, a novel component of neuroendocrinology [24].

In an attempt to “close” the metabotrophic “loop” in cardiometabolic disease,
we have measured circulating levels of NGF and BDNF in patients with acute coro-
nary syndromes, and found they are significantly reduced [25, 26]. Another study
revealed altered levels of NGF in pancreas and brain in streptozotocin-induced
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Table 11.3 Selected list of
adipose-derived neuroendocrine
factors

Table 11.4 Selected list of
adipose-derived neurotrophic
factors

G. N. Chaldakov et al.

Neuropeptides

Hypothalamic factors

Neuropeptide tyrosine
(NPY)

Mineralocorticoid-releasing
factors

Substance P

Corticotropin-releasing
hormone (CRH)

Calcitonin gene-related
peptide

Stresscopin, urocortin
(CRH-like peptides)

Agouti protein

Adrenomedullin

Somatostatin

Kisspeptin

Neuromedin B

Neurotensin

Apelin

Nesfatin-1

Leptin

Nerve growth factor

Brain-derived neurotrophic factor

Angiopoietin-1

Vascular endothelial growth factor

Ciliary neurotrophic factor

Glial cell line-derived neurotrophic factor

Steroids

Metallothioneins

diabetes [27]. Recently, it was demonstrated that in response to experimental stress
or diabetes, the amount of NGF and BDNF was altered both in WAT and BAT

(Figs. 11.2 and 11.3; [13]).

Conclusion and Perspectives

Examples for proof-of-metabotrophic concept derived from other laboratories in-
clude: (i) pancreatic beta cells secrete NGF and express its TrkA receptor, findings
being implicated in the pathogenesis of diabetes mellitus [28], and (ii) mutations af-
fecting Bdnf gene (encoding BDNF) in mice or Ntr2k2 gene (encoding the high-af-
finity BDNF receptor TrkB) in patients are associated with hyperphagia and severe
obesity (15 and references therein). Selective list of metabotrophins (Table 11.5)
and metabotrophic effects of NGF and BDNF (Table 11.6) are shown.
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Fig. 11.2 Changes in the amount of nerve growth factor (NGF) in white adipose tissue ( WAT) and
brown adipose tissue (BAT) of controls compared to the concentration of NGF in stressed mice
(Stress) and streptozotocin-induced diabetic rats (S7Z), expressed as percentage of controls. Note
the enhanced presence of NGF in WAT and BAT in stressed mice as well as diabetic rats. The ver-
tical lines in the figure indicate pooled S.E.M. derived from appropriate error mean square in the
ANOVA. * Significant differences between groups (p<0.05)

In this context, the recent discovery of (i) humanin, a mitochondria-derived pep-
tide expressing neuro-metabotrophic effect [29, 30], and (ii) irisin, a myokine/adi-
pokine involved in the browning of WAT [31, 32], may lead to a novel approach in
the therapy of Homo diabesus. It may open new windows for the search of exog-
enous MTF, such as (i) small molecules boosting secretory and/or signaling path-
ways of MTF [15], and (ii) incretin mimetics and receptor agonists, because the
insulinotropic hormone glucagon-like peptide-1 (GLP-1) and exendin-4, a GLP-1
receptor agonist, exert neuro-metabotrophic effect [33, 34].

Further, the present description suggests that understanding the precise role of
MTF in the origin of Homo diabesus may lead to potential new therapies for dia-
besity and related diseases including Alzheimer’s disease (AD). Noteworthy, the
use of transcript clustering to identify molecular mechanisms contributing to early
stages of AD in mice identified changes to the insulin signaling pathway including
the down-regulation of insulin receptor substrate 4 (Irs4) as an early event in AD
[46]. Insulin signaling is strongly associated with diabesity, which have recently
been identified as possible risk factors for AD [30, 34, 47-52, also see 53, 54].
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Fig. 11.3 Changes in the amount of brain-derived neurotrophic factor (BDNF) in epicardial white
adipose tissue (WAT) and brown adipose tissue (BAT) of controls compared to the concentration
of BDNF in stressed mice (Stress) and streptozotocin-induced diabetic rats (S7Z), expressed as
percentage of controls. The vertical lines in the figure indicate pooled S.E.M. derived from appro-
priate error mean square in the ANOVA

Table 11.5 Selected list of endogenous metabotrophic factors. (Modified from [4]. For references
see the text, also [35-45])

Secretory proteins Intracellular proteins
Nerve growth factor, Brain-derived neurotrophic Sitruins, PPAR-gamma, Uncoupling
factor protein-1 (UCP-1)

Ciliary neurtrophic factor, Neuron-derived neuro-
trophic factor

Adiponectin, Irisin, Humanin, Omentin, Chemerin,
Apelin, Otopetrin 1

Interleukin-10, Metalothionein-IL,-11, Glucagon-like
peptide-1
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Table 11.6 Metabotrophic effects of NGF and BDNF. (Modified from [15]. For references see the
text, also [39—40])

NGF shares homology with proinsulin

NGF/BDNEF are produced by pancreatic beta cells and exert insulinotropic effect

NGF/BDNF are trophic factors for pancreatic beta cells, also improve beta cell transplantation

NGF up-regulates expression of LDL receptor-related protein

NGF up-regulates expression of PPARgamma

NGF inhibits glucose-induced down-regulation of caveolin-1

NGF improves skin and corneal wound healing

NGF may improve vascular (atheroma) wound healing

NGF rescues silent myocardial ischemia in diabetes mellitus

NGF improves diabetic erectile dysfunction
NGF and BDNF suppress food intake
Healthy lifestyle increases brain and/or circulating levels of NGF/BDNF

Atherogenic diet decreases brain BDNF levels

BDNF-deficient mice develop abnormalities similar to the metabolic syndrome

BDNF improves cognitive processes

Coda

In 1999 Albee Messing published in Hepatology (29: 602—603) an editorial entitled
“Nestin in the liver—lessons from the brain.” He wrote: “Most neuroscientists man-
age to get through each day without thinking of the liver even once ... but I think
that is about to change.” This may also be the case for adipose tissue. Future dance
round in neuroadipology of diabesity might therefore cultivate a neuro-metabotro-
phic thinking about how we can make MTF secretion and signaling work for the
improvement of physical and mental quality of life of Homo diabesus.
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Chapter 12
Obesity and Type 2 Diabetes

Charbel Abi Khalil and Shahrad Taheri

Introduction

The impact of excess adiposity (overweight and obesity) in health and wellbeing
has been appreciated throughout history. From an evolutionary standpoint, adiposi-
ty could provide a survival advantage in an environment where resources are scarce.
In fact, there is a close relationship between adipose tissue stores and reproductive
function, which is essential for species survival. Whilst maintaining adipose tissue
stores has served survival in previous environments, recent environments that pro-
mote excess calorie intake and reduced physical activity have resulted in the current
obesity pandemic, which has become one of the greatest challenges to health. The
pervasive impact of obesity on health has now been recognised by some organisa-
tions designating obesity as a disease condition.

While accurate data is not universally available, the incidence and prevalence of
obesity is increasing worldwide [1, 2]. According to the World Health Organization
(WHO), more than 1 in 10 adults are obese worldwide [2]. The WHO estimated
in 2008 that over 1.4 billion adults aged 20 years and above were overweight, and
300 million men and 200 million women were obese [2]. Estimates in 2012, put
40 million children under the age of 5 years as overweight or obese. Amongst high-
income countries, the United States of America (USA) has the highest prevalence of
overweight and obesity (30 % of the population) with a projection for this to rise to
50% of the population by 2030. In USA, obesity accounts for over 20 % of health-
care expenditure. With increasing levels of overweight and obesity, the prevalence
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of chronic conditions such as type 2 diabetes mellitus is also increasing. The WHO
reports that approximately 347 million people have diabetes worldwide, and that
by 2030, diabetes will be the 7th leading cause of death [3]. In USA, obesity is as-
sociated with low socioeconomic status and poverty and certain ethnic groups are
vulnerable to obesity (e.g. Hispanic and African Americans; [4]. In Middle Eastern
countries, particularly those with high gross domestic product, paradoxically, obe-
sity is associated with greater affluence and westernization [1].

Of major concern are the increasing levels of obesity in children and adolescents.
The onset of obesity at a young age can result in significant morbidity and mortal-
ity. In a cohort of young men (n=6502, age 22 years) followed up in Denmark [5],
obesity was associated with serious adverse outcomes: 48 % of those who were
obese (BMI >30 kg/m?) had diabetes, cardiovascular disease (CVD), or venous
thromboembolism, or had died before the age of 55 years. Compared to normal
weight participants, the absolute risk difference was 28 % (95% CI 19-38%) and
the hazard ratio was 3.0 (95% CI 2.3-4.0). In a cohort study of healthy young
men (n=37.674) [6], there was an independent association between elevated body
mass index (BMI) at age 17 years and angiography-proven coronary heart disease
(B=1.355, P=0.004).

Type 2 diabetes results in serious micro-and macro-vascular complications. Mi-
crovascular complications include nephropathy, retinopathy, and neuropathy. Dia-
betes is the leading cause of blindness, end-stage renal disease, and non-traumatic
amputations. Macrovascular complications include ischaemic heart disease, stroke,
and peripheral arterial disease. Type 2 diabetes mellitus associated with obesity at a
young age can also be devastating, being associated with a greater burden of micro
and macrovascular complications. A Swedish population-based study reported that
39% of young adults with diabetes developed retinopathy at 10 years [7]. Further-
more those with type 2 diabetes had 3 times greater risk for severe retinopathy
compared to those with type 1 diabetes. For cardiovascular disease, a study of UK
primary care data [8], reported that the adverse cardiovascular risk profiles of the
younger aged with diabetes (mean age 33.8 years) group were similar to the older
group (mean age 66.9 years). Regarding mortality, in an Australian study [9], the
outcomes for 354 type 2 diabetes patients with early onset diabetes (aged 15-30
years) were compared to type 1 diabetes patients. Median follow up was greater
than 20 years. Those with type 2 diabetes had almost double the mortality compared
to the type 1 diabetes group (11 % vs. 6 %). Furthermore, death in the type 2 diabetes
group occurred after about 10 years shorter disease duration than the type 1 diabetes
group. There were more cardiovascular deaths (50% vs. 30%), and also increased
neuropathy, in the type 2 diabetes group.

Obesity has many complications (Fig. 12.1), but dysglycemic disorders are most
closely linked to it. It is commonly agreed that excess adiposity (in particular excess
visceral adiposity; [ 10]) results in insulin resistance, which in turn is associated with
high insulin secretion. A number of factors promote insulin resistance including
pathways influenced by adipocytokines [11-13]. Eventually, high insulin secretion
exhausts pancreatic islet beta cell function resulting in insulin dependence. A num-
ber of factors will determine the development and progression of type 2 diabetes
(Fig. 12.2) with obesity including genetic and epigenetic factors [ 14, 15] thatinfluence
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Fig. 12.1 The multiple complications of obesity. Obesity affects multiple organs and systems. The
complications of obesity significantly reduce quality of life and increase mortality
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pancreatic beta cell number and function. Abnormalities in the neuro-hormonal
axes are also important in the relationship between obesity and type 2 diabetes. Oth-
er factors that have recently been recognised to potentially mediate the relationship
between obesity and type 2 diabetes [16] including endocrine disrupting chemicals
[17] and the gastrointestinal microbiome [18].

This chapter will discuss the relationship between obesity and diabetes and the
potential mechanisms involved. The major cause of death in diabetes is cardiovas-
cular disease and the most devastating and financially costly diabetes microvascular
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Fig. 12.3 The central role of adiposity in the metabolic syndrome, dysglycaemia, diabetes, and
accelerated ageing. PVD peripheral vascular disease, CHD coronary heart disease. All factors are
interconnected and synergistically influence cardiometabolic and other health outcomes

complication is end-stage renal disease requiring renal replacement therapy and
renal transplantation. Therefore, the chapter will concentrate on mortality, coronary
artery disease, and nephropathy in type 2 diabetes in the context of obesity.

Excess Adiposity and Type 2 Diabetes

There is extensive data linking excess adiposity to type 2 diabetes (Fig. 12.3). Even
small increases in body mass index are associated with a significant increase in risk
of developing dysglycemia and type 2 diabetes [19]. Several diabetes prevention
studies have examined the impact of lifestyle change and weight loss on progres-
sion into type 2 diabetes [20, 21]. These have shown that weight loss of 5—10 % and
lifestyle change (dietary change and increased physical activity) are associated with
significant reductions in the risk of progression into type 2 diabetes [20]. The re-
cent Look AHEAD (Action for Health in Diabetes) study in the USA examined the
impact of intensive lifestyle intervention on type 2 diabetes itself with the primary
outcome of cardiovascular mortality [22]. While, the study did not find any re-
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duction in cardiovascular mortality with intensive lifestyle intervention and weight
loss, there were significant improvements in glycated hemoglobin (HbAlc) and
medication use. The Early ACTID study (Early ACTivity In Diabetes) in southwest
England examined the impact of dietary and physical activity in early diabetes and
observed reductions in HbAlc with reduction in body weight and waist circumfer-
ence [23].

Recently, there has been great interest in the impact of bariatric surgery on type
2 diabetes [24, 25]. Bariatric surgery results in the most significant weight loss
that is more likely to be best sustained [26]. The procedures employed result in
varying degrees of weight loss, but those that result in the greatest weight loss are
associated with the greatest percentage of patients achieving improvement and re-
mission of diabetes [27]. The STAMPEDE trial [28] reported 3-year outcomes of
intensive medical management versus intensive medical management plus bariatric
surgery (sleeve gastrectomy and Roux-en-Y gastric bypass) for patients with uncon-
trolled type 2 diabetes. Weight loss in the surgery group was significantly greater:
—29.4+/-9.0 kg (gastric bypass) and —25.1+/—8.5 kg (sleeve gastrectomy) versus
—5.4+/—8.0 kg with intensive medical intervention. About four times the number
of patients in the surgery group achieved the target outcome of HbA1c<6% at 12
months post-intervention compared to the medical intervention. While initial diabe-
tes improvement/remission has been observed in many studies, this is not sustained
in all individuals in the long-term as observed in the Swedish Obese Subjects (SOS)
study [26]. Factors associated with diabetes improvement/remission include degree
of weight loss, patient age, duration of diabetes, and insulin dependency.

Weight loss is generally considered difficult in patients with type 2 diabetes [29].
A major problem is that many of the older drugs used to treat diabetes (sulpho-
nylureas, thiozolidenediones, and insulin) are associated with weight gain. High
endogenous insulin is associated with increased lipid deposition as is administration
of exogenous insulin. Furthermore, hypoglycemia is associated with increased food
intake, which exacerbates adiposity. Fortunately, novel diabetes treatments [30-32]
are associated with lesser degrees of hypoglycaemia and are either weight neutral
(dipeptidyl peptidase IV inhibitors, gliptins) or are associated with weight loss (glu-
cagon-like peptide 1 GLP-1 agonists and sodium glucose cotransporter-2 SGLT-2
inhibitors). The weight loss in response to GLP-1 agonists is generally modest, but
clinically important at doses used for diabetes control. At higher doses GLP-1 ago-
nist use is associated with greater weight loss [33].

Obesity and Type 2 Diabetes—Shared Complications

Obesity and Type 2 diabetes are part of the cluster of cardio-metabolic disorders
that include hypertension, dyslipidemia, non-alcoholic fatty liver disease [34], and
obstructive sleep apnoea [35]. Non-alcoholic fatty liver disease consists of a spec-
trum of disorders with steatohepatitis, fibrosis, cirrhosis, and hepatocellular carci-
noma being its worst manifestations. Obstructive sleep apnoea is associated with



184 C. Abi Khalil and S. Taheri

intermittent complete or partial airway obstruction during sleep accompanied by
hypoxemia. Obstructive sleep apnoea is closely related to obesity [36] and is very
common in patients with diabetes ranging from about 30-80 % of patients depend-
ing on study stetting, patient population studied, and cut-points for diagnosis of
sleep apnoea. Both obesity and type 2 diabetes are also associated with several
cancers e.g. breast cancer [37, 38], poor mental health and wellbeing [39], cognitive
decline [40], and reduced quality of life [39]. Additionally, obese patients with dia-
betes are at greater risk of diabetes complications. Key pathogenetic mechanisms
operating include oxidative stress and inflammation.

Obesity, Type 2 Diabetes, and Mortality

Obesity increases the risk of mortality in the general population, which has been
proven in several prospective cohorts from various ethnic backgrounds in different
parts of the world [41-44]. However, studies pertaining to mortality in obese pa-
tients with diabetes are controversial. While some studies have reported decreased
mortality in these patients, a phenomenon known as obesity paradox, others sug-
gested a neutral effect, a U-shaped association or an increased risk only with high
BMI ranges (Table 12.1). Many factors contribute to the conflicting results. The
studies, to date, have not been congruent in different aspects such as the follow-up
period, definition of diabetes at study initiation, the number of participants, and
mortality events rates. Most importantly, statistical correction of mortality risk on
common CVD risk factors such as smoking has not been universally included.

The mechanisms underlying the increased risk of mortality with significant ex-
cess or low adiposity in type 2 diabetes patients are unclear because of association
of other confounding co-morbid pathologies. However, the increased risk of mor-
tality is often driven by a significant elevation in cardiovascular and cancer related
mortalities. The recent follow-up of approximately 11.500 patients with incident
diabetes in 2 large prospective cohort studies showed a significant association with
severe obesity and all-cause mortality, cardiovascular mortality and cancer-related
mortality (HR 1.33[95% CI 1.14-1.55], HR 1.23 [95% CI 1.01-1.70] and HR 1.33
[95% CI 1.07-2.00], respectively [45].

Whether weight loss in obese patients with type 2 diabetes is associated with de-
creased mortality is controversial. An earlier systematic review that included studies
of weight loss and mortality in patients with type 2 diabetes concluded that results
were contradictory [46]. The meta-analysis of 26 studies that enrolled individuals
with BMI >35 Kg/m? found out that weight loss is associated with decreased all-
cause mortality risk in obese patients that suffer from other co-morbidities such as
diabetes [47]. Recently, the 9.6 years follow-up of an intensive lifestyle interven-
tion in overweight or obese patients with type 2 diabetes, the Look AHEAD trial,
showed a moderate decrease in CVD risk factors but not death [22].
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Table 12.1 Studies reporting association between mortality and obesity in patients with type 2
diabetes

Type of Number of Follow-up | Result Reference
study patients with period

type 2 diabetes
Pooled 2,625 27,125 Obese patients when diabetes [90]
analysis of 5 person-years | was diagnosed had less risk of
prospective death compared to their obese
cohorts counterparts
Pooled 11,427 15.8 years J-shaped association between [45]
analysis of 2 BMI and mortality among non-
prospective smokers (BMI range <22.5 or
cohorts >25 kg/m?) and a linear associa-

tion among smokers. Obesity did
not confer protection to newly
diagnosed patients with diabetes
in terms of mortality

Prospective | 106,640 4.7 years U-shaped association between [91]
BMI and mortality. Mortality was
increased for BMI range 20 to

25 kg/m? or >35 kg/m?
Prospective | 373 14 years J-shaped association between [92]
BMI and mortality. Mortality was
increased for BMI range <21.2 or
22.7 and >27.3 or 27.8 kg/m? in
women and man, respectively

Prospective | 30,534 2.7 years U-shaped association between [93]
BMI and all-cause, total, and
CVD mortality for a BMI <25 or
>30 kg/m?

Prospective | 814 8.1 years U-shaped association between [94]
BMI and all-cause mortality for a
BMI <25 or >40 kg/m>

Prospective | 7,534 5.5 years V shaped association between [95]
BMI and all cause-mortality, cut-
off BMI being 26 kg/m?
Prospective | 8,334 8 years Overweight and/or obesity was [96]
not associated with increased risk
of mortality

Prospective | 2,960 NA BMI >26 kg/m? was not associ- [97]
ated with increased risk of
mortality

Obesity, Type 2 Diabetes, and Cardiovascular Disease

Cardiovascular disease is a major cause of morbidity and mortality in both obesity
and diabetes. Diabetes and obesity are associated with dyslipidaemia, hyperten-
sion, increased inflammation, oxidative stress, and endothelial dysfunction, which
together predispose to cardiovascular disease.



186 C. Abi Khalil and S. Taheri

There is no accepted clinical measure that best predicts cardiovascular events in
obese patients irrespective of the presence of diabetes. While many clinical studies
use standard BMI ranges, it has been suggested that measurement of total body fat
and its distribution may be better indicator for estimating the risk of CVD risk in
obese patients [48].

During the past decades, cardiovascular complications in patients with diabetes
have decreased, notably myocardial infarction and stroke [49]. As a consequence,
cause-specific mortality to these major complications has also reduced [50]. Nev-
ertheless, patients with diabetes still have a higher risk of cardiovascular disease
compared to the non-diabetic population.

In patients with type 2 diabetes, obesity is not only an additional risk factor that
enhances the absolute risk of CVD, but another disease on top of the underlying
pathology. In the Framingham heart study, obesity increased the cardiovascular risk
in patients with type 2 diabetes by more than 40 % over 30 years, most noticeable in
women [51]. Interestingly, the risk in obese patients with type 2 diabetes correlates
strongly with insulin resistance as cardiovascular risk profile is higher in patients
with high insulin resistance compared to insulin-sensitive individuals in the same
BMI range [52]. Additionally, the risk is even enhanced at the pre-diabetes stage as
supported by epidemiological data. Analysis from of the Third National Health and
Nutrition Examination Survey showed that insulin resistance associated with other
components of the metabolic syndrome were independent predictors of myocardial
infarction whereas obesity itself was not [53].

Obesity, Type 2 Diabetes, and Coronary Heart Disease

Type 2 diabetes has for some time been recognised as a coronary heart disease
(CHD) equivalent [54, 55]. Type 2 diabetes and obesity confer independently a
higher risk for fatal and non-fatal CHD events compared to non-diabetic and non-
obese individuals [56, 57].

Obesity induces coronary atherosclerosis formation through classical and well-
known mechanisms, such as dyslipidemia, hypertension, and other components of
the metabolic syndrome. However, the association between obesity and diabetes
could enhance the activation of other pathophysiological pathways, such as sub-
clinical inflammation, neurohormonal activation with increased sympathetic tone,
increased free fatty acid turnover, and intra-myocardial and sub-epicardial fat depo-
sition [58, 59]. Most importantly, obese patients with type 2 diabetes exhibit distur-
bances in the coagulation and fibrinolytic pathways, hence platelet adhesion is en-
hanced and endothelial dysfunction accelerated. High levels of insulin, fibrinogen,
plasminogen activator inhibitor-1, factor VII, factor VIII and von Willebrand factor
have all been implicated [60, 61]. Although shared genetic susceptibility has been
identified for the triple association of obesity-type 2 diabetes-CHD in Genome-
Wide Association Studies (GWAS), the genetic predisposition has only a minor
impact [62].
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Epidemiological and experimental data are not completely aligned. The 6 year
follow-up of the Swedish National Diabetes Register suggested that overweight and
obese patients with diabetes who were CHD event-free at inclusion were at higher
risk for CHD and stroke compared to patients with a BMI <25 kg/m? [63]. Larger
cohorts or meta-analysis examining only obese patients with type 2 diabetes are
lacking. However, an obesity paradox has been proposed for a protective role of
obesity in CHD related mortality in studies that included participants with type 2 di-
abetes. In-hospital mortality and coronary revascularization rates were significantly
lower in extremely obese patients, 63.4% of whom had type 2 diabetes, admitted
for myocardial infarction compared to those who were not obese [64]. In the Na-
tional Cardiovascular Data Registry (NCDR, USA), overweight and obesity up to
a BMI of 40 kg/m? in patients with ST-elevation myocardial infarction was not as-
sociated with higher in-hospitality mortality; that was only validated in the group of
extreme obese patients of whom 43 % were diabetic [65]. In the Swedish Coronary
Angiography and Angioplasty Registry, patients with angiographically documented
CHD, of whom 41.3 % had type 2 diabetes, there was a 3 year increased mortality
only when BMI was >35 kg/m? [66].

The effect of weight loss on CHD events in obese patients with diabetes is still
unclear. In the Look-Ahead trial, coronary events were not reduced in patients with
type 2 diabetes who lost weight compared to controls. The Swedish Obese Subjects
(SOS) study reported a reduction in the risk of myocardial infarction in obese pa-
tients with type 2 diabetes who underwent bariatric surgery over 13 years of follow-
up [67]. In the recent 3 year follow-up of a study that compared bariatric surgery to
intensive medical therapy, BMI and HbA 1c decreased in the surgery group whereas
major CHD risk factors such as hypertension and Low-Density Lipoprotein (LDL)
were almost unchanged [28].

Obesity, Type 2 Diabetes, and Nephropathy

Both diabetes and obesity are known to increase the risk of renal impairment [68,
69]. However, obese patients with type 2 diabetes are at higher risk of develop-
ing diabetic nephropathy (DN) and End Stage Renal Disease (ESRD) [70]. In the
Swedish National Population Register, the Odds Ratio (OR) of having diabetic ne-
phropathy was found to be 7.4 (4.2-13.0) for a BMI >35 kg/m?and 2.8 (1.8-4.4)
for a BMI between 30 and 35 kg/m?, compared to a BMI <25 kg/m? [71]. Similar
findings were reported in the follow-up of a large integrated health care delivery
system in northern California [72].

Whether the decline of renal function in type 2 diabetes patients with established
nephropathy is directly influenced by obesity is controversial with very few studies
reporting positive association between obesity and an accelerated decline in renal
function (Table 12.2).

The mechanisms mediating the association between obesity and diabetic ne-
phropathy are complex. Excess adipose tissue is believed to secrete a panel of in-
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Table 12.2 Effect of obesity on progression of diabetic nephopathy (DN) in patients with type 2
diabetes

Type of study | Number Follow-up | Result Reference
of patients period
with type 2
diabetes
Prospective | 229 31 months | High BMI did not influence the rate | [98]
of progression of DN
Prospective | 152 11 years BMI was not associated with [99]

new onset of DN in patients with
normo-albuminuria

Retrospective | 195 4 years Baseline BMI did not predict the [100]
decrease in GFR
Retrospective | 621 9.9 years BMI was an independent factor for | [101]

GFR decline in univariate analysis;
the association was lost in multivari-
ate analysis

Prospective | 292 5 years BMI did not predict the progression
of ESRD

—

102]

flammatory mediators [73] and specific proteins such as adiponectin, leptin and
resistin; all playing a pivotal role in the pathogenesis of obesity-associated nephrop-
athy, along with oxidative stress [74]. Additionally, obesity activates the renin-an-
giotensin aldosterone system that further leads to the progression of kidney failure
[75]. Another mechanism includes hypoxemia secondary to obstructive sleep ap-
noea, which accompanies obesity and type 2 diabetes [35, 76, 77].

Obese patients with type 2 diabetes have insulin resistance and hyperinsu-
linemia. The latter induces the synthesis of growth factors such as insulin-like
growth factor 1 and 2, and TGF-1f, which stimulate production of extra-cellular
matrix and accelerate glomerular hypertrophy [78]. Additionally, chronic hypergly-
caemia and hyperinsulinaemia in obese patients result in vasodilatation of afferent
arterioles, which leads to glomerular hyperfiltration [79]. It is already known that
chronic glomerular hyperfiltration is an initial cornerstone in the development and
progression of glomerulosclerosis [70, 80, 81]. Biopsy of obese patients with pro-
teinuria, but otherwise healthy, has revealed changes characteristic of either focal
glomerulosclerosis or occult diabetic nephropathy, while no changes were seen in
normo-albuminuric, non-obese, age and sex controls [82]. Similar histopathological
finding were also reported in fatty Zucker rats in whom food restriction decreased
glomerulomegaly and mesangial matrix expansion, and limited focal and segmental
glomerulosclerosis [83].

The positive correlation between obesity and nephropathy could be generalized
to other type 2 diabetes microvascular complications. Obesity is an independent risk
factor for diabetic neuropathy; additionally, higher BMI ranges are associated with
advanced stages of retinopathy [84]. Finally, weight loss is an efficacious treatment
to delay the progression to ESRF and decrease urinary albumin excretion in patients
with diabetic nephropathy. This has been proven in different approaches including
diet modifications or bariatric surgery [85-87].
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Conclusion

There is no indication that the levels of obesity and type 2 diabetes are declining
despite public health efforts. Indeed, obesity and diabetes are affecting populations
where previously they were rare. Together, these two chronic conditions and their
co-morbidities will continue to challenge healthcare services and societies. The pre-
disposing and accelerating biological factors for obesity and diabetes (Fig. 12.2)
include: traditional (e.g. lifestyle), increasingly recognised (sleep duration [88, 89],
shift-work, chronotype), and novel (epigenetic, gastrointestinal microbiome, endo-
crine disrupting chemicals) factors. Further understanding of these factors and their
underlying molecular mechanisms, and developing strategies to prevent and/or treat
their deleterious effects are required to face the combined challenge of obesity and
diabetes. Intensive lifestyle interventions, pharmaceutical agents and surgery have
all shown their efficacy in treating obese patients with type 2 diabetes, although it
is still unknown weather this will improve long-term cardiovascular morbidity and
mortality.
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