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Within the health sciences, Endocrinology has an unique and pivotal role. This old,
but continuously new science is the study of the various hormones and their actions
and disorders in the body. The matter of Endocrinology are the glands, i.e. the organs
that produce hormones, active on the metabolism, reproduction, food absorption and
utilization, growth and development, behavior control, and several other complex
functions of the organisms. Since hormones interact, affect, regulate and control
virtually all body functions, Endocrinology not only is a very complex science,
multidisciplinary in nature, but is one with the highest scientific turnover. Knowl-
edge in the Endocrinological sciences is continuously changing and growing. In fact,
the field of Endocrinology and Metabolism is one where the highest number of
scientific publications continuously flourishes. The number of scientific journals
dealing with hormones and the regulation of body chemistry is dramatically high.
Furthermore, Endocrinology is directly related to genetics, neurology, immunology,
rheumatology, gastroenterology, nephrology, orthopedics, cardiology, oncology,
gland surgery, psychology, psychiatry, internal medicine, and basic sciences. All
these fields are interested in updates in Endocrinology. The aim of the MRW in
Endocrinology is to update the Endocrinological matter using the knowledge of the
best experts in each section of Endocrinology: basic endocrinology, neuroendocri-
nology, endocrinological oncology, pancreas with diabetes and other metabolic
disorders, thyroid, parathyroid and bone metabolism, adrenals and endocrine hyper-
tension, sexuality, reproduction, and behavior.
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Is there an unmet need for a new MRW series in Endocrinology and Metabolism? It
might not seem so! The vast number of existing textbooks, monographs and
scientific journals suggest that the field of hormones (from genetic, molecular,
biochemical and translational to physiological, behavioral, and clinical aspects) is
one of the largest in biomedicine, producing a simply huge scientific output.
However, we are sure that this new Series will be of interest for scientists, academics,
students, physicians and specialists alike.

The knowledge in Endocrinology and Metabolism almost limited to the two main
(from an epidemiological perspective) diseases, namely hypo/hyperthyroidism and
diabetes mellitus, now seems outdated and closer to the interests of the general
practitioner than to those of the specialist. This has led to endocrinology and
metabolism being increasingly considered as a subsection of internal medicine rather
than an autonomous specialization. But endocrinology is much more than this.

We are proposing this series as the manifesto for “Endocrinology 2.0”, embrac-
ing the fields of medicine in which hormones play a major part but which, for various
historical and cultural reasons, have thus far been “ignored” by endocrinologists.
Hence, this MRW comprises “traditional” (but no less important or investigated)
topics: from the molecular actions of hormones to the pathophysiology and man-
agement of pituitary, thyroid, adrenal, pancreatic and gonadal diseases, as well as
less common arguments. Endocrinology 2.0 is, in fact, the science of hormones, but
it is also the medicine of sexuality and reproduction, the medicine of gender
differences and the medicine of wellbeing. These aspects of Endocrinology have
to date been considered of little interest, as they are young and relatively unexplored
sciences. But this is no longer the case. The large scientific production in these fields
coupled with the impressive social interest of patients in these topics is stimulating a
new and fascinating challenge for Endocrinology.

The aim of the MRW in Endocrinology is thus to update the subject with the
knowledge of the best experts in each field: basic endocrinology, neuroendocrinol-
ogy, endocrinological oncology, pancreatic disorders, diabetes and other metabolic
disorders, thyroid, parathyroid and bone metabolism, adrenal and endocrine hyper-
tension, sexuality, reproduction and behavior. We are sure that this ambitious aim,



Vi Series Preface

covering for the first time the whole spectrum of Endocrinology 2.0, will be fulfilled
in this vast Springer MRW in Endocrinology Series.

Andrea Lenzi M.D.
Series Editor

Emmanuele A. Jannini M.D.
Series Co-Editor



Obesity is now the leading cause of preventable disease worldwide and continues to
increase in prevalence. The ever-increasing list of complications of obesity affects
every organ system in the body, from type 2 diabetes to nonalcoholic steatohepatitis
and dementia. Increasingly it is recognized as a disease in its own right. Yet despite
the importance of obesity as a disease, people with obesity are still underdiagnosed
and undertreated and are subject to bias and stigma not just from society at large but
also health-care professionals. The past decade has seen a major shift in the percep-
tion of obesity from being simply a matter of excess weight with largely mechanical
complications to a chronic disease characterized by chronic low-grade inflammation
driven by the active secretion of cytokines, hormones, and other factors from adipose
tissue. Obesity is a true endocrine disease, and adipose tissue is the largest endocrine
organ.

It is with this background that the editors have drawn together experts in the field
to provide a timely and comprehensive resource to those wanting to expand their
understanding of this twenty-first-century disease. There is much to learn in this
rapidly evolving area of basic science, physiology, and translational medicine, with a
growing number of treatment options for people with obesity. In the USA, Board
Certification is well established as a specialty and the numbers of bariatric physicians
growing in numbers and strength. Elsewhere, it is endocrinologists who are seen
taking on this role, but they are often poorly resourced to provide the multi-
disciplinary and long-term care that patients with obesity need and should expect.
We hope this book will enthuse endocrinologists, in particular but not only, into the
exciting field of obesity medicine and encourage them to develop and strengthen
their research and clinical involvement. The ultimate goal is to benefit every single
patient with obesity and the public health at large.

Paolo Sbraccia, M.D., Ph.D

Professor of Internal Medicine at the Department of Systems Medicine, University
of Rome Tor Vergata; Chief of the Internal Medicine Unit and Obesity, University
Hospital Policlinico Tor Vergata.

Nicholas Finer, M.D., FRCP

Honorary Clinical Professor, National Centre for Cardiovascular Prevention and
Outcomes, UCL Institute of Cardiovascular Science; Senior Principal Clinical
Scientist, Global Medical Affairs Management, Novo Nordisk A/S.
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Abstract

Obesity, although recognised millennia ago as an unusual feature and a societal
handicap, only since the 1980s has it become a major clinical and public health
problem. Originally a disease of affluence it became evident in poorer countries in
the 1990s with children then showing increasing evidence of their excess weight
gain with all its propensities to premature disease and death. Obesity rates are
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rising rapidly in poor countries with clear evidence that many societies are more
prone to obesity’s amplification of diabetes and hypertension rates than in
Western Europe and North American. These differences probably relate to the
impact of poor fetal and early nutrition as well as infections on development and
the epigenetic control of metabolism. The epidemic was precipitated by dramatic
rises in the mechanisation and computerisation of labour, household work and
home entertainment combined with a huge drive to market readily prepared high
energy dense fatty, sugary and salty foods and drinks. Now dietary factors
dominate global health burdens and obesity overwhelms health services with
the global societal cost estimated as $2trillion a year, approximately the same as
the cost of all warfare and conflicts. Only coherent government initiatives can
reverse these burdens with little evidence so far of any appropriate national or
international response.

Keywords
Anthropometric indices - Obesity - Morbidity - Mortality - Prevalence - Burden
of disease - Economic cost - Prevention

Introduction

In this chapter there will be a focus on the overall societal patterns of obesity and how
we are seeing a shift in the spectrum of the human body’s structure linked to both
immediate environmental factors and those long-standing effects which have led to
both genetic selection and involved epigenetic programming as well as generational
structural changes in the composition of the body with associated morbidity and
epidemiological effects. The societal health burdens and their economic implications
will be outlined before finally considering the implications for the key potential
components of prevention stemming from this epidemiological understanding.

History

This has been exceptionally well covered by Bray (1997) who pointed out that there
were images of obesity perhaps as deities in Europe from prehistoric times about
23,000-25,000 years ago with further images in the early agricultural period
5000-6000 years BC in Mesopotamia and later in Egypt by which time obesity
was already seen particularly in the ruling classes and was considered objectionable
rather than representing a wonderful god-like status. Chinese and Indian medicine
also dealt with obesity as a problem condition before the Roman Galen distinguished
between “moderate” and “immoderate” obesity. So for centuries physicians have
sought to engage with the problem of obesity and its causes with attention paid to
genetic factors by assessing the familial propensity to obesity and then twin studies.
But it was Quetelet in 1835 who assessed man’s size on a population basis by
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developing the idea of standardizing people of different sizes by deriving the index
W/H? in metric units, now termed the body mass index, whereas Livi later that
century suggested the cube rather than the square of height should be used since
weight reflected a three-dimensional being. This ponderal index was simply
converted to a corpulence measure (not index) W/H® by Rohrer and is now often
called the ponderal index.

BMI and Mortality Risk

The health implications of being too heavy were first made coherent with analyses of
the mortality risk from the insurance industry in the USA published in 1915. Large
tables were developed with weights and heights given in imperial units where
weights corresponding to the appropriate low mortality range quoted for the indi-
viduals’ height (with the men and women measured lightly dressed and wearing
shoes). Repeated analyses by the Metropolitan Life Insurance Company followed
with the analyses being divided at each height into adults of small, medium, and
large frame sizes. By the 1960s population analyses were being assessed for the
relative benefits of different indices, but by 1972 Ancel Keys, using some of his and
colleagues’ Seven Country data and other small surveys, concluded that the W/H?
measure was suitable for general use. At the same time the BMI measure was being
assigned to the USA insurance mortality data and checked in relation to the very
large Build Study from the USA by a UK Government group (James 1976) which
assigned BMI “normal” weights as between 19.1 and 24.6 for women and 19.7-24.9
for men, these BMIs corresponding to the lowest mortality values with obesity
conventionally taken as 20% above the normal weight. These figures were then
simplified by Garrow using BMI 20-25 as a normal BMI for clinical use as was then
proposed by the US Fogarty Conference in 1973 (Bray 1976).

By 1983 the importance of a distinction being made between smokers and non-
smokers was evident in the analyses of the London Royal College of Physicians
working party (Black 1983; Fig. 1) which showed that smoking men of normal
weight had a mortality rate which was equivalent to that of nonsmoking obese men.
It was also recognized that smokers were usually thinner than nonsmokers because
smoking induces an increase in metabolic rate as well as reducing appetite (Dallosso
and James 1984). Therefore ignoring the different relationship between BMI and
mortality in smokers leads to the common finding that the lowest mortality rate
seems to be when BMIs are about 27-30, because the thinner smokers in the lower
BMI ranges have an increased mortality. Since then large detailed integrated multi-
national studies taking account of smoking and involving almost a million individ-
uals from 54 international studies have confirmed that a BMI of 25 is an appropriate
crude upper limit of normal or what should more accurately be termed “acceptable”
body weights (Prospective Studies Collaboration 2009).

This approach to the health impact of excess weight assessed as BMI has for
many decades been recognized as crude, and clinicians and body composition
experts have always highlighted the crude nature of the correlation between BMI
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Fig. 1 The need to differentiate the effect of smoking and body weight on mortality. The
mortality risk of those smoking >20 cigarettes/d (in red) is compared with those who have never
smoked (blue) in relation to their respective body weights (Data taken from the London Royal
College of Physicians Report on Obesity (see Black 1983))

and body fat. Ancel Keys and his colleagues were highlighting 60 or so years ago
how the presence of blood pressure, smoking, and high blood cholesterol levels were
far better predictors of deaths from coronary artery disease with the contribution of
BMI making little extra difference (Keys et al. 1972). More recently the stronger
association with other risk factors than with the crude measure of BMI together with
assessments of any progressive organ damage has been shown to produce a far better
classification of mortality (Sharma and Kushner 2009; Padwal et al. 2011).

BMI and Morbidity

The relationship between BMI and the health impact of excess weight has often been
confused with the original BMI criteria relating to mortality risk. The “normal” range
of BMIs, e.g., 20-25, does not give a suitable range for the lowest risk, for example,
for hypertension, diabetes, coronary artery disease, or cancer, as these conditions not
only depend on other environmental factors, e.g., salt in relation to hypertension or
excess intakes of specific saturated fatty acids for coronary heart disease and a
multiplicity of environmental factors leading to cancer, but also is roughly linearly
related to BMI levels down to about 20. This implies that there are environmental
factors which often combine to promote both weight increase and the concomitant
disease, and indeed weight loss can often ameliorate the disease but whether this is
the loss of body fat per se with all its hormonal and metabolic consequences or in
part the parallel effects of the dietary changes needed to reduce the severity or impact
of the concomitant disease is often not clear.
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Nevertheless some of the conditions do seem to depend to a substantial extent on
clear factors linked to body weight, e.g., the propensity to develop diabetes seems to
relate to the duration of being overweight/obese as well as the magnitude of excess
weight, (Abdullah et al. 2016) and reducing body weight has been found to be a
critical factor in limiting the development of diabetes in those overweight/obese
individuals at high risk of diabetes (He et al. 2015). Furthermore hypertension can be
ameliorated by weight loss, and this may not just reflect the reduction in food intake
and therefore sodium ingestion but also the change of diet with more potassium-rich
fruit and vegetables. Nevertheless there are clear hormonal factors involving the
angiotensin-renin system that also play a part.

Refining the Anthropometric Indices of Excess Weight and Their
Relationship to Disease: The Value of Waist Measurements

For decades the importance of body shape as well as size as a predictor of disease
risk has been highlighted with an original emphasis on the selective increase in the
dimensions of the waist or hips. Then attempts were made to simplify clinical
approaches by focusing on the waist measurements with the Scottish clinical man-
agement committee stimulating Han and colleagues to develop a set of waist
measurements corresponding epidemiologically with the BMI 25 and 30 measure-
ments in a population of young Dutch adults (Han et al. 1995). These values were
incorporated tentatively into the first comprehensive World Health Organisation
(WHO) report on obesity (WHO 2000) and have been widely used and incorporated,
e.g., by the US National Institutes of Health (NIH) into appropriate body weight and
shape standards relating to risk (National Institutes of Health 1998). Later the
INTERHEART international study revealed that waist and waist/hip (W/H) ratios
were a better index of the risk of coronary heart disease than BMI (Yusuf et al. 2005)
with marginally better statistical if not practical predictability with the use of W/H
values as increased hip values seem to be a protective of heart disease, perhaps
relating to the body’s ability to store fat safely. This has been repeatedly confirmed
with some suggestion that waist for height in metric units with a simple ratio cutoff of
0.5 rather than hip circumference is a better predictor of disease risk factors, e.g.,
dyslipidemia, increased blood glucose levels, or higher blood pressures (Ashwell and
Gibson 2016).

Broadening the Acceptable BMI Limits and the Greater
Sensitivities to the Morbidity Impact of Weight Gain in Non-
Caucasian Communities

By 1995 it had been accepted by WHO that the normal lower limit of adult BMI
should be reduced to 18.5 in the non-Western world, i.e. the majority of the global
population adults were much thinner but seemed healthy and able to sustain bene-
ficial manual work, e.g., in agriculture at BMIs of 17-18.5, but evidence from South
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American, African, and Asian analyses of morbidity showed an increased suscepti-
bility to infections and time off work when BMIs were below 17.0. Mortality rates
were observed to be increased when BMIs were below 16.0 so these became the
BMI cut-off measures for undernutrition in adults (James et al. 1988; Ferro-Luzzi et
al. 1992). The cutoff of 18.5 was chosen because it was shown that this seemed
reasonable because populations with a median BMI of 20 had only about 10% of
adults (but in practice with slightly more women than men) with BMIs of less than
18.5 and about 10% of adults with BMIs more than 25 (this time with more men than
women). Yet concerns relating to obesity were still dominated by assessments in
Western, i.e. European and North American, communities so when the international
technical expert group met in WHO in 1997 to consider the problem of obesity
(WHO 2000) the Japanese and other Asian experts’ proposal to have the upper
acceptable BMI limit reduced from 25 to 23, on the grounds that Asian communities
were much more prone to the comorbidities associated with weight gain at much
lower BMIs, was rejected. So, in the absence of coherent evidence to support the
Asian proposition, the “acceptable” BMI range was maintained at 18.5-25.0. WHO
then did hold an expert discussion in Singapore (WHO 2004) where attempts were
made to see if one could define different societies by their relative body fat content
in the usual BMI range of 18.5-24.9 as it seemed that many Asian communities had
a smaller skeletal but a larger fat mass at the same BMI (Deurenberg et al. 2002;
Deurenberg et al. 2003). However, it was recognized that not only were there few
nationally representative data on the body composition of different ethnic groups but
in addition Chinese children in Beijing and in Singapore had different body fat
contents as did the rural and urban Thailand adults. This suggested that the differing
body composition in similar ethnic groups was not an intrinsic ethnic feature but in
some way reflected the response to some environmental factors. Nevertheless the
WHO group in Singapore suggested that an upper normal BMI limit of 23 rather
than 25 might be adopted by at least some Asian governments as the operational
norm, and the Japanese and Indian governments now use these criteria. However, the
newly formed Chinese obesity collaborative group led by the Prime Minister’s
advisor, Chen Chung Ming, concluded, after their own health analyses, that a BMI
of 24 was most suitable in China (Chen 2008).

The basis for the concern that Asians in general were more sensitive to the
comorbidities of weight gain already had been demonstrated in an earlier small
UK study showing that the selected South East Asians were more prone to diabetes
at lower degrees of obesity than British Caucasian adults (McKeigue et al. 1991).
Then a major analysis of about 263,000 adults across Asia including the Chinese,
Koreans, Japanese, Indonesians, Thais, and Indians showed that Asians, when
considered as a group, were more prone to diabetes and indeed their waist or
waist/hip ratios or waist/height ratios were better predictors of diabetes and hyper-
tension than BMI with the Asians more prone to abdominal obesity at the same BMI
(Huxley et al. 2008). This same phenomenon was then observed in Mexicans when
compared with USA non—Hispanic whites (Sanchez-Castillo et al. 2005; see Fig. 2)
and in the African diaspora. African Americans not only have higher BMIs than
whites or Hispanics but their diabetes rates are even higher than one would expect for
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Fig. 2 The relationship between the BMI of Asians and Mexicans when compared with
Caucasians. The comparison of the Asians with Caucasians (mostly Australasians) was set out
by Huxley et al. (2008) and the representative Mexican data are derived from the 2000 national
survey and compared with representative measured data from the age-matched US non-Hispanic
white population (Sanchez-Castillo et al. 2005). The US data for non-Hispanic whites, used for the
comparison with Mexican analyses, are almost identical to the Caucasian data shown and therefore
have not been included in the graph

their greater size (Shai et al. 2006). Attempts to identify a genetic basis for this have so
far been unsuccessful (Yako et al. 2016) with studies of the African diaspora also
showing marked differences in glucose metabolism in different communities eating
different diets and with objectively measured differences in physical activity (Atiase et
al. 2015). However, studies even of the seemingly genetically obesity prone PIMA
Indians from Mexico and Arizona in the USA show that with similar genetic profiles
their dramatic national differences in BMI and diabetes prevalences were largely
environmentally determined (Schulz and Chaudhari 2015) with very low obesity
and diabetes rates in the hard working, home farming Pima Mexicans consuming a
25% fat, high fiber diet with a negligible sugar content (Chaudhari et al. 2013).

Secular Trends and Sex Differences in Obesity’s Prevalence

Although, as noted earlier, adult obesity had been recognized as a clinical problem
for centuries it did not emerge as a substantial health issue until the second half of the
twentieth century when an appreciable number of middle-aged adults (usually
women) started complaining about their inability to lose weight with doctors noting
that they had a number of disabilities including back ache, arthritis, and breathless-
ness, i.e., comorbidities understandably linked to their excess weight. National or
employee surveys in the UK suggested that the average BMI of men and women
started to rise first in late middle age, i.e., the 5065 year group from about the early
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1960s, but in the USA postwar data from the 1959 Build and Blood Pressure Study
of the Society of Actuaries was already showing evidence of obesity although the
terms for their definition at that time included adults with BMIs over about 27.5 and
therefore would have included some more muscular males involved in the manual
work common at that time. Internationally it was also clear that some societies, e.g.,
the Polynesian women and African women in South Africa and the Caribbean,
already had high obesity rates in the 1960s by the time they were middle aged
(Christakis 1975). By the 1980s, however, obesity as a public health problem was
becoming very evident and since then there have been numerous studies and
analyses across the globe showing the escalation of obesity globally (Finucane et
al. 2011; Fig. 3). Note the sex differences in the responses to the new “obesogenic”
environment and that lower-income regions are now often showing much higher
obesity rates than Western Europe, for example, particularly in women.

Although there was widespread concern about the prevalence of obesity in the
year 2000 recent analyses clearly show that the greatest increases in the prevalence
of obesity are in proportion to the previous prevalences, i.e. countries with the
highest prevalences have been showing the greatest increases (Dobbs et al. 2014;
see Fig. 4). So clearly there is a need to understand the underlying forces for such a
marked relationship. When national data are now considered in detail it also
becomes clear that the populations in lower-income countries and particularly in
Asia are currently seeing explosive increases in obesity with women’s obesity rates
usually exceeding those for men (Stevens et al. 2012). Although these sex



1 Epidemiology of Obesity 9

Obesity prevalence across all countries, 2000 levels vs. 2000-08 growth

® OQOceaniaand Australasia ® Africa South and Central America ® Asia ® NorthAmerica @ Europe

Obesity prevalence growth, 2000-08
Percentage-point change

®
14 F Cook Islands
°
13 F
° °
2 r Palau
® South Africa Py
1 F °
. ® Tonga
10 F MEX£0
o | New Zealand| sayudjArabia  ®
[} / °
8 I ° e 3 .
L 9 (] *
7 Brazil o %% ® United States
Mauriti
6 ® aUFII.US—“ r o United Kingdom
® Q
5r )/ ® Czech Republic
4 -
3 F [y Py
2 F .%South Korea
°
1 F ®——Japan
e o
0 - L Singapore
0 India 5 10 15 20 25 30 35 40 45 50 55 60

Obesity prevalence rate, 2000
% of population

Fig. 4 Obesity prevalence growth has momentum: countries with the highest prevalence in
2000 experienced the most subsequent growth in prevalence. (Taken from the McKinsey
Institute report on obesity (Dobbs et al. 2014)

differences in the propensity to obesity are usually ascribed to environmental factors,
it is also evident that women are more prone biologically to develop obesity when
energy imbalance occurs because their capacity to accrete lean tissue, e.g. muscle
with its increased 24 h resting energy demands, means that sustained excess energy
has to be accumulated as more fat in women (James and Reeds 1997).

Children’s Criteria for Normal Weight Gain and Obesity

Childhood obesity was recognized early on in seemingly genetically distinct and
often unusual cases but children in society as a whole only began to display marked
weight gain from about the early 1980s. When the WHO group met in 1997 to deal
with obesity in general it had to focus on adults as at that time there seemed no clear
readily accepted definitions of obesity in children although an earlier WHO group,
set up originally to deal with anthropometric issues relating to childhood malnutri-
tion, had arbitrarily used the conventional WHO 2 SD cutoff points for designating
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abnormal findings (WHO 1995). Therefore the International Obesity Task Force
(IOTF) established a group which assessed the options and recognized that the use of
the BMI as a measure of appropriate body proportions in children was crude. The
choice of 2 for the power of height in the BMI calculations was shown not to
be really appropriate except at about the age of 6 and ideally should have been
different at younger and older ages (Franklin 1999). Nevertheless the BMI was
agreed as the best simplified option, and the IOTF developed criteria by linking the
percentile curves of BMIs of children from age 2 to 18 years to adult BMI cutoffs at
the age of 18 with BMIs of 25 and 30 and then finding the corresponding percentiles
for boys and girls at each age in an integrated set of nationally representative data for
children from six countries where there were meticulous measurements of children at
a time when obesity was not considered a problem, i.e., in early USA and British
data, plus survey data from the Netherlands, Hong Kong, Brazil, and in addition in
Singapore where there was some concern and where ideally these data should
perhaps not have been included in the reference percentile curves (Cole et al.
2000). This set of age- and sex-specific reference points then made the analyses of
population obesity rates coherent and multiple analysts have used these criteria for
several years.

Assessments of childhood overweight and obesity prevalences, using the IOTF
cut-points on representative or community surveys in Australia going back over a
century[iii](38), clearly show that obesity suddenly emerged in the early 1980s in
Australia and also in lower income countries after a short interval. The childhood
epidemic is now evident in all 5 continents (see Fig. 5; Lobstein et al. 2015) and has
continued to escalate particularly in poorer countries where there is little or no effort
as yet to combat the problem.
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Fig. 5 The childhood obesity epidemic. New analyses of the emergence of obesity in children in
lower-income countries compared with the USA (Taken from Lobstein et al. 2015)
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More recently WHO established their own criteria for childhood overweight and
obesity and used the birth to 5-year-old data from a meticulously organized six-
nation international study of normal weight babes at birth who were then exclusively
breast fed for the WHO specified optimum time of 6 months before being weaned
onto appropriate diets and then followed up. The astonishing finding was the babes
born in Norway, India, Oman, Ghana, Brazil, or the USA had amazingly similar
growth rates with no discernable national differences at all (WHO 2006; WHO and
Multicentre Growth Reference Study Group 2006). So these could now provide not
just arbitrary reference cutoffs but a standard specifying how children anywhere in
the world should grow optimally. Then WHO staff took adjusted old 1977 USA BMI
values with some selection for 5—19-year-old children as the reference values so that
the one standard deviation (ISD) of the USA data reference corresponded to BMIs of
25 at 19 years and the 2SD BMI value was about 30. Unfortunately WHO then
specified as “overweight”: only those children below 5 years with BMIs >2SD
above the median whereas this “overweight” designation from 6—19-year-old was so
designated when the BMI was above >1SD not 2 SD, with the latter limit now being
designated as “obese” and therefore roughly corresponding to a BMI of 30 when
adult. The differences of the new WHO BMI reference points and those of the IOTF
and CDC seemed small, but the WHO approach has been heavily criticized by Cole
and Lobstein who also developed a complete profile of percentiles corresponding to
all the degrees of overweight and obesity as well as underweight designated for
adults by WHO but based on their six nationally representative global data sets (Cole
and Lobstein 2012). On this basis the different degrees of childhood obesity and
underweight can be calculated for all societies.

Intergenerational Amplification of Obesity and Cohort Effects on
Childhood Obesity

The probability that an overweight or obese child remains in the same category when
adult rises markedly the longer they remain too heavy as adolescents. This then
amplifies their future risk of both diabetes and cardiovascular disease (Baker et al.
2007). More recently it has become evident that mothers entering pregnancy when
overweight and then putting on substantial amounts of weight in pregnancy are more
likely to produce larger babies who then more readily become overweight in early
childhood with further tracking of the excess weight into early adult life (Institute of
Medicine 2009). This then means that cohorts of bigger babies and more overweight
children are now emerging and one can now distinguish between the cohort effects and
the impact of an adverse “obesogenic” environment in each age group in a population
study — see Fig. 6 (Allman-Farinelli et al. 2008). However, when these overweight
children/adolescents mature and themselves conceive there is then developing an
intergenerational cycle of increasing childhood obesity within a population and
this problem is going to be very difficult to reverse. These analyses are now being
applied in several countries, e.g. the USA, (Reither et al. 2009) and are emphasizing
the impact of early fetal changes reflecting the epigenetic and perhaps physiological
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Fig. 6 An analysis of repeated surveys of children in Australia analyzed to distinguish
between the age relationship (in months), the cohort dependent, and the secular (period)
effects on the degree of overweight (Taken from Allmann-Farinelli et al.) On the lef? is the age (in
months)-related increase followed by the cohort effect which is set out in terms of the cohorts born
in different years (between 1913 and 1978) and on the right is the period effect showing the change
in impact of the environment between 1990 and the year 2000

programming of generations at the early phases of fetal development, particularly
during the setting of the trajectory of fetal growth. The basis for these epigenetic
changes is now under intense investigation but these changes imply that the physical
as well as the metabolic and nutritional state of young women is also very important at
the time when they conceive. These findings also imply that the future epidemic may
only be prevented long term if we focus on the well-being and BMI status of young
women as a whole. Given the prevalence of unplanned pregnancies the general well-
being of young women within the whole population becomes important.

This intergenerational effect not only relates to a successive amplification of the
maternal overweight problem but studies from lower-income countries show that
maternal malnutrition also has profound effects on the fetus with, in the Indian subcon-
tinent, a reduction in the growth of lean tissues within the fetus with an excess body fat
content even if the baby is born small (D’Angelo et al. 2015). There is also a marked
tendency to abdominal obesity with its amplified risks of glucose intolerance and
hypertension (Yoo 2016). This maternal malnutrition therefore may in part explain the
ethnic differences in the propensity to diabetes on weight gain in different communities.

The Burden of Disease Associated with Obesity

The handicaps associated with obesity are many with several more continuing to be
added as careful studies document the extent of the obesity handicap. So, for
example, it is becoming clear that obese individuals are more susceptible to
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infections sometimes for mechanical reasons, e.g., their greater difficulty with
breathing, increased gastric reflux leading to lung infections, and their greater skin
infection problems. In addition there seem to be changes in immune function with a
greater intrinsic susceptibility to the acquisition of an infection and to the develop-
ment of greater complications when infected with a greater resulting need for more
frequent hospitalization. So there is an increased risk of urinary tract infections, of
gastric helicobacter pylori infection, and pancreatitis as well as a greater risk of
severe infections in obese subjects when suffering from trauma. Objectively the
failure to mount an appropriate immune response is also shown by the far poorer
antibody responses to vaccination with most vaccines although the response to
influenza vaccine is not necessarily poorer in the obese (Tagliabue et al. 2016).

In addition to a greater susceptibility to infections in obesity there is also the well-
documented increased risk of developing diabetes, hypercholesterolemia, and high
blood pressure with therefore an increased propensity to coronary heart disease and
strokes (see » Chap. 11, “Obesity, Hypertension, and Dyslipidemia”). These
increased risks are amplified by the usual finding that overweight/obese individuals
also have a poor diet which also influences their tendency to increased blood uric
acid levels and the risk of gout. There is also an increased likelihood of nonalcoholic
fatty liver (see » Chap. 4, “Roles of Gut Hormones in the Regulation of Food Intake
and Body Weight” Van Gaal) and when sugary diets are consumed of more dental
caries.

Weight Gain, Obesity, and the Risk of Several Cancers

It has also long been recognized that excess weight gain increases the likelihood
of developing several cancers. These have been carefully characterized by the World
Cancer Research Fund (WCRF) in exhaustive and systematically updated epidemi-
ological analyses (World Cancer Research Fund/American Institute of Cancer
Research 2007) backed usually by an understanding of a clear plausible mechanism.
Some cancers are considered “convincingly” linked to excess weight gain and others
are “probably” linked (see Table 1). The degree to which one can be confident that
these relationships apply biologically was in practice based on the consistency of
multiple cohort studies. This approach is, however, fraught with problems of inter-
pretation, because they depend on the accuracy of dietary measures such as food
frequency questionnaires often made many years beforehand and even if repeated
are very subject to systematic as well as random measurement errors as well as
secular changes in eating habits. Few long-term studies are available with bio-
markers of dietary intake. There are the additional problems that when comparing
two groups with different diets there may be several other characteristics that in part
explain their different outcomes, and it is not always possible to identify these
adequately. There is also the issue of how to cope with the intrinsic biological
differences in the way in which individuals respond to the same intake or change
in diet. This has long been recognized as exceptionally important when considering,
for example, the blood low density lipoprotein (LDL) cholesterol responses to a
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Table 1 The World Cancer Research Fund/International Cancer Research Fund analyses of the
relationship between excess weight gain and its effect in inducing cancers
Convincing evidence of weight gain inducing cancers of:
Esophagus (the adenocarcinoma type associated with gastric reflux)
Pancreas
Colorectum
Postmenopausal breast
Endometrium
Kidney
Liver
Advanced prostate cancer
Evidence of a probable induction of cancers of:
Gallbladder
Ovaries
Cardia part of the stomach
Probable decreased risk
Premenopausal breast
Cancer survival:
Increased risk of mortality in premenopausal and postmenopausal women when overweight or
obese once breast cancer is diagnosed

Data taken from the original WCRF/AICR 1997 (Yoo 2016) analyses but updated from their
continuing analyses see: http://www.wecrf.org/int/research-we-fund/continuous-update-project-find
ings-reports

defined intake of saturated fats where some individuals will show a fivefold greater
increase in LDL cholesterol levels than others. Therefore a cohort study with perhaps
at most a two to threefold range in diets within a community usually is unable to
show a relationship between saturated fatty acid intakes and coronary heart disease
even when it is clearly established that an increase in LDL cholesterol is causally
linked to the development of coronary heart disease. This is but one example of the
range of individual metabolic responses to the same intake of many different
nutrients, these responses being determined by both genetic factors and the magni-
tude of enzyme systems which may in part be determined by the mass of that organ
conditioned by physical activity in the case of muscle or by a sustained change in
intake inducing a substrate amplification of the relevant pathway. So the problem
with the analysis of cancer risks is that we do not often have a really good
understanding of the causal mechanisms so we can see which environmental factors
interact with this mechanism and either amplify it or inhibit it.

The magnitude of the potential environmental impact on the development of
cancers can be seen when one compares the 10-fold differences in the age- and sex-
matched differences in the incidence of, for example, breast and colorectal cancer in
Japan versus the USA when first measured 50 years ago by cancer registries.
Furthermore studies within Japan showed a fourfold increase in colon cancer over
a period of 30 years, and migrant studies also clearly show the increasing propensity
to both breast and colon cancer when Japanese migrate to the USA. Subsequent
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Table 2 World Cancer Research Fund updated estimates of preventability (PAF%) of cancers of
which body fatness is a cause in the UK, USA, China, and Brazil

Cancer type USA UK Brazil China
Male |Female |Male |Female |Male |Female |Male |Female
Esophagus 37 30 35 20 26 14 19 7
(adenocarcinoma)
Stomach (cardia) 18 27 18 20 13 14 10 8
Pancreas 17 20 14 16 8 13 5 10
Gallbladder 11 28 8 21 3 15 2 10
Liver 27 28 22 19 11 13 6 7
Colorectum 17 15 15 13 10 11 8 9
Breast - 17 - 16 - 14 - 12
(postmenopausal)
Ovary - 5 - 4 - 3 - 1
Endometrium - 50 - 38 - 5 - 4
Prostate 11 — 9 - 5 — 4 -
(advanced)
Kidney 20 28 17 21 10 16 6 10
Total of these 21 21 16 17 12 14 12 10

cancers

Using numbers of new cases of cancer diagnosed annually from GLOBOCAN 2012 for both men
and women combined this translates to about 117,000 cases of cancer in the USA, about 23,000 for
the UK, about 17,000 for Brazil, and about 99,000 for China being preventable if everyone had a
healthy weight

Based on the WCRF 2009 approach but updated see: http://www.wcrf.org/int/cancer-facts-figures/
preventability-estimates/cancer-preventability-estimates-body-fatness

generations display cancer rates which increasingly converge with those in USA
Caucasians. Yet in cohort studies we only seem to be able to discern a 50% increased
propensity to breast or colorectal cancer with particular diets. This probably means
that not only are the dietary studies flawed but also that we have not begun to take
account of the differences in the propensity of different individuals to have a fivefold
or more differences in those reactive metabolic processing pathways which lead to
cancer for reasons both genetic and epigenetic relating to both paternal and maternal
environmental factors. So we probably have grossly underestimated the dietary and
perhaps the BMI-related effects on cancer propensity. Table 2 illustrates the results
of an approach to distinguishing the contributions of an increase in BMI to the risk of
the cancers in different affluent and middle-income countries based on the approach
set out by WCRF in 2009 (World Cancer Research Fund/American Society for
Cancer Research 2009) but now updated on the basis of new analyses.

Functional Impairments

Although it has long been recognized that diabetes, hypertension, and some cancers
are much commoner in the overweight and obese, it is the constraints on people’s
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mobility that they first notice with their very high prevalence of backache and the
greater extent and degree of arthritis especially of the knees, hips, and ankles induced
at least in part by their excessive weight gain. However, there is also evidence that
arthritis of the hands is more common — perhaps another sign of the impaired
immune response in the obese. The pain on movement and patient’s breathlessness
explains a substantial part of their everyday immobility and distress.

However, there is the additional mental burden often induced by their sense of
failure to reduce weight accompanied by the widely recognized public disapproval in
affluent societies. Candidates for a job appointment or for promotion within almost
any field are likely to fare worse if they are overweight or obese. Obese individuals
have therefore, perhaps not surprisingly, been documented to be less productive
when at work and to have more time off work. They also often feel depressed and
suffer from a greater sense of isolation from society. To add to their personal burden
they are likely to retire early, to remain isolated from society, and to suffer earlier the
first stages of brain aging with earlier signs of cognitive decline with later dementia
in part seemingly related to the brain’s considerable sensitivity to insulin (Kullmann
et al. 2016) and the increasing brain insulin resistance as weight gain occurs. This
brain insulin resistance brings functional handicaps which are also evident in those
overweight/obese individuals who have progressed to type 2 diabetes. Patients with
type 2 diabetes display impaired mental performance in almost all neuropsycholog-
ical tests with the greatest impairments being found in memory, information-pro-
cessing speed, and executive function. These problems are in part reversed rapidly
with bariatric surgery (Handley et al. 2016) implying that the insulin resistance effect
may be important. However, there is also more progressive brain atrophy with aging
with obesity, and the accompanying impact of atherosclerotic changes in the cere-
brovascular circulation contribute substantially to the progressive cognitive decline
in obesity.

Calculating the Burden of Disability and Premature Mortality

The standard approaches used by WHO and others to estimate the overall burden of
disease in a society involves calculating the number of years of life lost (YLL) by
premature deaths. This was originally taken by WHO as the number of years lost
before the age of 75 years, but more recently Murray and colleagues in Seattle (GBD
2015 DALYs and HALE Collaborators 2016) have simply taken the longest life
expectancy of any group of more than 5 million within a particular geography. To
these YLL lost can then be added the years during which individuals were
handicapped by disabilities to give the total number of years of disability and
yours of premature death. This sum is called the Disability Adjusted Life Years
(DALYs) lost. Then the proportion of the total DALY that are accounted for by
different diseases is estimated. In practice, the DALY calculations of the impact of,
for example, diabetes or coronary heart disease usually deal with each risk factor
separately without accounting for how these risk factors might interact in a syner-
gistic or inhibitory manner with amplification or a reduction in each factor’s impact
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on the total burden of disability. So the total of the factions of DALY's accounted for
by diabetes, heart disease, and cancers, etc., usually adds up to over 100% of the
observed total DALY's but allows one to rank the importance of different conditions
in any one society.

This estimation of DALYs attributed to different diseases does not take into
account the risk factors such as weight gain, high blood cholesterol levels, and
high blood pressure which are simply seen as risk factors and so are not displayed in
the DALY calculations which in any case do not include the whole range of
functional disabilities noted above. However, separate analyses can be made for
risk factors where one assigns a proportion of a disease which is attributable to a
particular risk factor with the estimates usually based not on clear clinical trial data
but on inferences from cohort studies.

When these BMI analyses were first included in a risk analysis by WHO for the
Millennium analyses of risk on the basis of a need to estimate the extent to which the
disease burden was preventable, it was necessary to identify the optimum levels of
each risk factor. Thus for blood pressure the optimum systolic blood pressure was
not the clinical cutoff of 140 mmHg but 115 mmHg, for total cholesterol levels it was
3.8 mmol/L (later rounded up to 4.0 mmol/L), and for smoking it was to have never
smoked. Similarly for the BMI the optimum weight status on a global level was a
BMI of about 21 (which was later changed by US investigators to a BMI of 23
perhaps because they could not cope with the implications for the USA of a global
standard set on the basis of mortality, morbidity, and functional criteria). A high
blood glucose and diabetes were not set as risk factors at that time because the global
evidence on its prevalence was inadequate, but with the accumulation of data blood
glucose was added with minimum optimum values for health being set at 5.3 mmol/
L (Afshin et al. 2015) whereas WHO in a more cautious mode has taken a higher
glucose value of 7.0 mm/L (World Health Organisation 2014). Originally WHO
using these optimum values showed that the top risk factors for the DALY burden of
what they then termed “developed” countries in descending order were smoking,
high blood pressure, alcohol consumption, and a high blood cholesterol with over-
weight coming in as the fifth biggest risk factor for the whole disease burden in these
relatively rich countries (World Health Organisation 2002). The point that choles-
terol levels and blood pressure are magnified by obesity and smoking reduces the
obesity rate was not explicitly considered. Nevertheless in the so-called low mortal-
ity developing countries, i.e., representing a variety of countries including, for
example, Mexico, South America, and the Caribbean as well as many other coun-
tries, e.g., China, overweight was still the fifth biggest risk factor. So this was the first
time that WHO and national governments really recognized the magnitude of ill-
health stemming from the problem of overweight and obesity.

Since then the Gates funded Seattle/Boston/London group, often collaborating
with WHO, has assessed both the disease burden and the accompanying risk factors
in different parts of the world with updates being made on a continuing basis.
Analyses of the disease burden usually still consider obesity as a risk factor not a
disease outcome, but more recently the risk factor analyses have been extended to
include dietary factors and physical inactivity based primarily on the authors’
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Fig. 7 The impact of different risk factors on the mortality rates from diabetes and cardio-
vascular disease in the Middle East and North Africa (Taken from Afshin et al. (2015))

interpretation of the proportion of risk factors accounting for particular diseases.
These involve meta-analyses of cohort studies on diet, physical inactivity, and
disease combined with a huge collation of dietary studies and then complex math-
ematical analyses of the proportions of risk attributed to the different risk factors.
The estimates also often involve a crude extrapolation to countries where dietary
measures and disease data are either hopeless or nonexistent. With these major
caveats in mind Fig. 7 shows more recent analyses relating in this example to the
Middle East where excess weight gain is the third most important risk factor after a
suboptimum diet and high blood pressure.

Economic Impact of Obesity

These functional and societal handicaps impose a burden that can now be quantitated
by economists in financial terms and these so-called indirect costs add to the widely
recognized increased direct costs of medical services through the cost of medical
consultations in the community, hospitalization, and the cost of any pharmaceutical
treatments provided at home. Doctors, familiar with the immediate costs of really
heavy patients, usually do not realize that the incremental costs of obesity are evident
even in the overweight group, i.e., in those with BMIs of 25-29.9. So when analyses
of the direct medical service costs are linked to the proportion of adults in a society
with different degrees of overweight/obesity then the total direct medical costs of the
overweight in a country are appreciable (Withrow and Alter 2011) accounting for
about 1-3% of a country’s total healthcare expenditures but with obese individuals
costing about 30% more than their normal weight peers. Figure 8 shows, however,
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Fig. 8 The cost of different degrees of excess weight in the USA. The data on the average annual
medical costs of adults with different BMIs is taken from Arterburn et al. (2005) but then the
prevalence of the distribution of BMIs was found from NHANES statistics corresponding to the
same time. The prevalence multiplied by the individual cost of each BMI group gives the total
national burden in $billions per year for each BMI group

that if we take some crude USA estimates of the direct medical costs of individuals
of different weights then there is a progressive increase in costs from a normal
weight status to extreme obesity (Arterburn et al. 2005). Then if one considers the
prevalence of these different degrees of overweight on a national basis at the time of
the cost analyses then the total costs for a country from adults just being overweight
with BMIs 25—<30 then the small incremental personal cost for the overweight
individual translates on a national basis to a substantial health care cost. These costs
are either paid personally by the large numbers of individuals or by the state if there
is a national health service. This means that if the state is directly or indirectly
responsible for the health costs then clearly a focus only on the most obese cases is
inappropriate and the actual costs of being overweight should not be neglected.
Most analyses of the costs associated with obesity reveal, however, that the
indirect economic costs of disability, absenteeism, and early retirement are even
greater than the direct medical costs and amount to about 60% of all costs in
advanced economies (Dee et al. 2014). Fewer estimates of the economic costs of
obesity have been made in lower-income countries, but in many countries most
individuals cannot afford medical consultations, tests, or drug therapy so their
condition is neglected until they incur serious illness with its major costs. In poor
countries ill health then induces poverty not only because people are unable to work
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and have no welfare benefits but also in addition they usually have to pay for the
costs of their treatment (World Bank 2014). In India and several other Asian
countries these costs have long been known to induce catastrophic debts with
households effectively locked into intergenerational repayments of debt in a manner
akin to slavery. The amplification of risks from diabetes exacerbated by even modest
weight gains therefore becomes important in the economic analyses of different
health systems in Asia, Mexico, and probably in many other countries where the
propensity to weight gain with additional sensitivities to diabetes, hypertension, and
other noncommunicable diseases is rising rapidly.

The burden of disease in more affluent countries is also usually greater in the
lower socioeconomic groups and the healthy life expectancies differ between the
rich and poor by up to 20 years (Marmot 2010). The McKinsey Institute (Dobbs et al.
2014) also estimated using OECD statistics that the societal burden of obesity
usually ranked as one of the top five social burdens in both rich and middle-income
countries. Using the disease burden analyses on a global basis and recent analyses of
obesity’s economic costs based on World Bank data, the McKinsey Institute esti-
mated the total global economic costs of obesity as $2trillion per year — only just
below the $2.1 trillion costs of smoking and all armed conflicts and terrorism in the
world.

The Drivers of Obesity: Epidemiological Implications for
Population Prevention and Economic Benefits

Analyses of the health costs of obesity illustrate the dimensions of the challenge
because although the focus of the public and of policy makers is on how to prevent
obesity in children it becomes clear that a reduction in health costs becomes evident
in a society within months if the number of overweight and obese in the adult, not
children, population could lose weight whereas combatting childhood obesity brings
economic benefits only about 40 years later if one considers the major costs, e.g., of
diabetes as one of the great medical expenses relating to excess weight gain. This
is shown in Fig. 9 taken from the UK Chief Scientists Foresight obesity analysis with
its microsimulation studies involving actual health costs of diabetes in England
(Foresight 2007). To prevent any further increases in total health care costs relating
to obesity would require the average BMI of the adult population in England to fall
by 8 BMI units i.e. bringing it back to an average of BMI 20-21, a fiigure which
matches the original analysis of the optimum BMI for a population. So given this
perspective and the well-recognized continuing escalation on obesity rates globally
in adults, one can consider which major risk factors are or were responsible for the
epidemic from an epidemiological point of view and then use a variety of analytical
methods to quantify the potential impact of different measures.

Clearly a marked reduction in physical activity has occurred over the decades,
and this automatically means that we need far less food to maintain energy balance.
This secular change in demand may have amounted to an average reduction of
500-1000 kcal or more per day, and if we consider the old data from the Baltimore
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Fig. 9 The predicted future health care costs of diabetes in £millions from 2004 to 2050 in
England in relation to the potential changes in the prevalence of obesity induced by different
strategies either in children or by reducing the obesity rate by 50%, i.e., with a cap on the
number of those with BMIs30+ or by having all adults reduce their BMI by 4 units (Taken
from the UK Foresight report on obesity 2007)

aging study where they monitored men at the age of 25 and 70 years and then use
current updated analyses of different ranges of physical activity (see Fig. 10) the fall
in energy expenditure with age is dominated by the reduction in activity in sport and
general activity (James et al. 1989). There were some early secular changes at that
time in the USA as well as the very small intrinsic aging effect, but the overall cause
of the decline in energy needs is the age-related fall in general and sports activities.
So adults needing to maintain their energy balance will have to either subconsciously
or deliberately reduce their food intake by anything from 500 kcal-1800 kcal/day.
Most men are now by the age of 25 years only undertaking moderate activity so the
average man of 70 kg would still need to reduce their intake by about 1200 kcal/d
over their life time with similarly active average women needing to reduce their
intake by perhaps 800 kcal/d.

This implies the need to rethink the whole strategy for maintaining physical
activity throughout life. But the mechanization of work is unlikely to be reversed
as it brings huge economic benefits and the idea of removing all the household aids
that minimize work in the home would mean many more hours of housework and
would be totally unacceptable in most if not all societies. Urban design to amplify
walking, cycling, and minimize the public’s use of cars for everyday activity is now
seen to be valuable as is the provision of parks and other spaces and facilities for
leisure time sports (Sallis et al. 2016). Nevertheless the major focus needs to be on
factors that promote unnecessary food intake.

Detailed analyses of the factors promoting weight gain were set out by WHO in
2003 (WHO 2003) and are set out in Table 3 with additional updates by WHO on the
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Fig. 10 The fall in energy needs with age as shown by repeated measures of body weight,
body composition, and basal metabolic rate in the same men when 25 years and 70 years of
age. (Data adapted from the USA Baltimore Ageing Study but preserving the body weight as
constant to illustrate the aging effects). The different degrees of potential energy needs were taken
from the original FAO/WHO/UNU 1981 analyses of energy requirements at different activities and
the impact of reducing physical activity as observed with aging: so a 1000 kcal-1800 kcal fall in
daily energy expenditure occurs from youth to old age depending on the degree of physical activity
so if the young men were moderately active the fall in energy needs is equivalent to the need to
reduce energy intake by about 30 kcals/day each year on average, but this may vary from about a
25 kcal to 40 kcal/day decline each year from the age of 25 years to 70 years (Adapted and redrawn
from James, Ralph and Ferro-Luzzi (1989))

need to restrict sugar intakes (WHO 2015) and on the basis of their recent updated
systematic analyses to reduce total fat intake (Hooper et al. 2015). These careful
analyses relate to the original WHO proposition that the foods’ energy density was
the key to promoting inadvertent, i.e. “passive overconsumption” of kcalories. This
emphasis on energy density fits with the recent UK government’s scientific advisory
committee on nutrition highlighted the need to substantially increase the intake of
dietary fiber (SACN 2015). WHO highlighted the effects of food marketing on
energy intake and more recently in the UK Public Health England (PHE) has
found that 40% of all foods purchased are in response to special marketing pro-
motions which almost always involve the promotion of high fat, high sugar, and
salty foods as well as sugary drinks (Public Health England 2015). The traditional
approaches of trying to induce behavior change in a population by health education
has been repeatedly tried for over 30 years and has clearly failed even if backed by
subtle techniques such as the “nudge” manipulation of purchasing circumstances
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Table 3 The causes of excess weight gain and obesity as assessed by the World Health Organi-
sation based on its original 2003 analyses but updated by their new expert analyses of the impact of
total fat and free sugars on the propensity to weight gain

No
Strength of relationship
evidence Decreases risk observed Increases risk
Convincing | (a) regular physical exercise (a) High intake of energy dense,
(b) high NSP (dietary fiber) nutrient poor foods. (New
intake confirmatory analyses®: high
total fat and sugar intakes)
(b) Sedentary lifestyles
(c) Heavy marketing of energy
dense foods® and fast food
outlets.
(d) Adverse socioeconomic
conditions in developed
countries (especially for women)
(e) Sugar sweetened soft drinks
and fruit juices
Probable (a) Home and school (a) Large portion sizes®
environments that support (b) high proportion of food
healthy food choices for prepared outside the home
children® (western countries)®
(b) Promoting linear growth
(c) Breastfeeding
Possible (a) Low glycaemic index Protein (a) “Rigid restraint, periodic
foods content of disinhibition” eating patterns
the diet
Insufficient | (a) Increasing eating (a) Alcohol

frequency
Note:
“This table is set out as in the original WHO 916 report (2003) (World Health Organization 2003)
except that new analyses by Hooper et al. (2015) for WHO have now confirmed the importance of a
high fat diet and separate WHO (2015) and (SACN 2015) analyses, with systematic reviews of total
free sugar intakes, have also highlighted their role in promoting weight gain but still probably
through an effect on the energy density of foods.
°This designates what the experts for WHO in 2003 considered was a reasonable set of judgments
based on associated evidence and expert opinion. Since then further analyses usually support these
propositions
“This signifies that portion sizes and the proportion of prepared foods outside the household has
been moved up from a “possible” cause to a “probable” cause on the basis of more recent analyses

(House of Lords 2011). This in part is because no government can match the
sophistication, intensity, pervasive, and endlessly repeated effects of marketing by
food companies and supermarkets (Cohen et al. 2015). These approaches involve a
variety of remarkably subtle and well-researched methods including the develop-
ment of methods that help to evade normal conscious decision-making. Such
techniques also involve the constant siting of food outlets and vending machines
to stimulate impulse buying, the manipulation of subconscious registered eye catch-
ing labels, the length and position of each item’s display in supermarkets, and the
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unrecognized increasingly routine use of synthetic flavors chosen on the basis of
molecular responsive laboratory plates incorporating huge numbers of distinct
olfactory receptors. These distinct flavors have been shown experimentally to appeal
separately to men and to women including those taste preferences in young women
at different physiological phases of their menstrual cycle. This as well as brain
imaging techniques to identify those flavors which trigger the brain’s pleasure
sensors in effect amplify the pleasurable experiences of the foods and therefore
their chances of being repurchased. These often-unrecognized marketing techniques
are very difficult to combat by any policy process.

The other major factors impacting on food choice and the magnitude of food
intake involve marketing by offering lower priced products. Although in the
medical field this has not received much analysis, economists for decades have
understood and estimated mathematically the impact of price changes on purchas-
ing habits. This price elasticity was used to vary the subsidy or tax on specific foods
and therefore the consumers’ choices. This then systematically changed the con-
sumption and reinforced the costs of eating more or less fruit and vegetables as well
as meat and fish. These items have proved to be very price responsive whereas the
intake of fats and oils and sugary products are less readily affected by small price
changes.

The actual ranking of the price of these different foods has changed substantially
over the decades in large part because subsidies induced major changes in the
primary cost of commodities. Thus farm prices have traditionally been dramatically
affected by multibillion-dollar farm subsidies in most parts of the world but partic-
ularly in the USA and Europe where subsidies have differentially favored meat, fats,
oils, and sugar production with horticultural products receiving much less favored
treatment. This has led to major changes in commodity prices with new calculations
demonstrating that to purchase a healthy diet costs a household about three times the
cost of buying cheaper fat and sugar rich foods with few vegetables and fruit
(Wiggins et al. 2015).

As the production of fats, oils, and sugar has risen markedly and with it the total
food energy being produced the farmers then have to do everything possible to sell
their products to food manufacturers who in turn do their utmost to increase their
volume as well as their price turnover in complex negotiations with supermarkets
undertaking the same exercises. So the whole food chain in Western societies and
increasingly in lower-income countries is locked into an intense effort to encourage
people to buy more food when in practice they need to consume less. This relation-
ship between the drive for profits and health relates to the tobacco and alcohol
industries as well as the fast food industry (Moodie et al. 2013). It is little wonder
therefore that there is a relationship between the total food kcalories available in a
country and the development of obesity. So now in practice in the UK 30—40% of all
household food purchased is discarded as food waste compared with about 2% in the
straightened times of the 1950s.

To combat all these factors means that policies need to be developed right across
different branches of government with the need for multiple steps rather than
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assuming crudely that a single “magic bullet” will suffice. This has been emphasized
repeatedly by many government sponsored analyses as well as by independent
analysts such as the OECD (Sassi 2010) and the McKinsey Institute which estimated
the strength of evidence and cost effectiveness of 60 different measures (Dobbs et al.
2014). If the United Kingdom were to deploy all 60 interventions, the analyses
suggest that these multiple but modest measures could reverse the rising obesity rates
and bring about 20% of overweight and obese individuals back into the normal
weight category within 5-10 years with an estimated total economic saving on
health, employment, and social costs of $25billion a year (including a $1.5 billion
saving for the UK NHS). These analyses combined with a variety of systematic
reviews of cost-effective measures and national experience relating to both food
and physical activity allowed the Eastern Mediterranean Region of the WHO to set
out priority actions for combatting obesity in the region (see Table 4) where obesity
and diabetes rates are among the highest in the world (WHO (EMRO) 2017).
Regulatory backed progressive food reformulation will be a higher priority in
Western societies where a greater proportion of food is already sold as food products
or prepared meals.

Table 4 Policy strategies for obesity prevention based on numerous systematic analyses of cost-
effectiveness and national experience

1. Reformulation:
National progressive mandatory reductions in fat sugar and salt every 3 years
Apply to total fat, saturated fat, free sugars, and salt
Audit, publicize
Include street traders and fast food outlets
Include reduced portion sizing
2. Fiscal measures:
That is, taxes and subsidies of food (but also relate to socioeconomic policies to reduce
inequality). Taxes best used as a commodity tax on fat, sugar, sugary drink and not a product-
based VAT measure
3. Public procurement:
Introduce mandatory nutrition standards in all publicly funded institutions (and progressively
involving private providers with nutrition standards for types of food served)
Aim for progressive reductions in dietary fat to 25%, free sugar to 5 g%, and salt to 2.0 g/
1000 kcal
Provide training to catering companies on appropriate catering methods in public
institutions to reduce the use of frying and sweetening of foods and help/training with menu
redesign
4. Physical activity interventions with wide variety of policies throughout life with (a) media, (b)
multiple school actions, worksite, transport, civic recreation opportunities, and urban redesign;
transport changes crucial
5. Food supply and trade
Establish mandatory national food standards thereby overcoming free world trade regulations
by affecting local production as well as imports

(continued)
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Table 4 (continued)
Take Finnish canteen experience of “free” salad bar/vegetables; city planning, e.g. controlling
public adverts, density/location of fast food outlets
Sign up to/implement Milan urban food pact and sustainable food plan
6. Marketing

Children <18 years focus for 1st phase only with application of WHO-agreed ban on
marketing. Then:

Apply restrictions to all marketing of high fat, sugary, salty (HFSS) foods to population by all
means

Abolish food promotions of HFSS foods in its many forms by legal means

Establish a national and then regional legal process with potential global agreement on liability
of food companies for their advertising effects in other countries — thereby setting internet/cable
TV standards

7. Labeling with traffic light labeling shown to be most effective. Need standard display as a
mandatory requirement on all packaged foods/menu displays; consider related supermarket
layouts

8. Breast feeding. Many national practices very poor so implement:
Mandatory baby-friendly hospitals and clinic facilities
Implement WHO bans on breast milk substitutes anywhere associated with pregnancy

Provide and promote facilities for breastfeeding at work/in public/mandatory maternal leave for
6 months

9. Mass media campaigns: Their main purpose is to build support for the other policies and
actions; a few of the more receptive public will change their living patterns as a result
10. Health sector:
Prepregnancy counselling and management crucial
Community-based/GP screening for high-risk groups with early interventions
Integrated focus on dietary improvements, tobacco use cessation, exercise, and their life-long
benefits

Policies adapted for general use in countries with very developed industrialized food system from
the WHO EMRO analyses of policy needs for obesity and diabetes prevention (2017) (WHO
(EMRO) 2017)

Unless there is a coherent approach to government-led regulatory measures then
most experts find it difficult to foresee any reduction in the epidemic of obesity because
of the modest improvements attained in some countries in the children’s prevalences of
obesity. Small changes can be induced by tackling individuals within the community at
risk of diabetes and then instituting substantial changes by specific advice and mon-
itoring over a prolonged time with a 5% reduction in weight and falls in fat intake to
25%, with increases in fruit and vegetable and fiber intake together, of course, with
little or no sugar added to the diet, and with some increase in physical activity. If this is
coordinated on a state or national bases then the distribution of BMIs within a
community can be changed a little as well as helping to prevent diabetes, but the
impact on obesity as such is very modest and few countries are yet able to undertake
the major interventions on a national individual basis that Finland is engaged in
(Salopuro et al. 2011).
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Abstract

In the past decades, the spiraling obesity epidemic has renewed the interest of
basic scientists in the control of hunger and satiety, food intake and energy
expenditure, and body weight regulation by the central nervous system. The
discovery of the adipose-derived satiety hormone, leptin, in 1994 greatly
advanced the neuroscience of obesity by enabling detection and characterization
of the — largely hypothalamic — neurocircuits that underpin feeding behavior and
energy balance regulation. A number of circulating factors that affect the energy
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balance at the central level have subsequently been discovered in the adipose
organ, the gastrointestinal tract, and the endocrine pancreas or their mechanisms
of action have been characterized. Although several major pieces of the picture
are still missing, the available data suggest that energy balance homeostasis
is achieved at the central level by hypothalamic and brainstem neurocircuits
which integrate metabolic stimuli with cognitive, hedonic, and emotional cues,
regulating energy use and storage and body weight homeostasis through behav-
ioral, autonomic, and endocrine responses. These extremely complex and closely
integrated neurocircuits are mainly peptidergic and give rise to a highly redundant
system. They operate continuously in response to stimulatory or inhibitory
hormonal and metabolic inputs coming from the periphery of the body through
the circulation. Such crosstalk between “center” and “periphery” is currently a
major area of energy balance research. Its elucidation is expected to provide in the
near future novel druggable targets for the effective treatment of obesity and
related diseases in humans.

Keywords

Hypothalamus - Arcuate nucleus - Solitary tract nucleus - Circumventricular
organs - Leptin - Insulin - Ghrelin - Cholecystokinin - Peptide YY - Glucagon-
like peptide-1 - Amylin

Introduction

In the whole animal kingdom, the search for nutrients is key to survival. During
evolution, animals have developed complex biological systems to search for food,
maintain a homeostatic internal metabolic environment, and store energy, mainly in
the form of fat, to overcome periods of fasting and to sustain energy-intensive
behaviors such as reproduction. Conceivably, a greater ability to store energy and
withstand prolonged fasting has also played a role in the differentiation of mamma-
lian brain and behavior, partly releasing individuals from the constant quest for food
to pursue increasingly complex tasks, including exploration of the physical environ-
ment and social interaction.

More than 50 years ago, the “thrifty genotype” hypothesis suggested that genes
favoring energy storage and reduced energy expenditure were positively selected
during the evolutionary history of mammals, including humans, and enhanced
survival in an energy-poor environment (Neel 1962). Thus, despite marked
differences among species and individuals, the mammalian genotype is evolu-
tionarily geared to a highly efficient use of food-derived energy (Sellayah et al.
2014). However, in the modern obesogenic environment these genetic advantages
have become a problem, since the virtually limitless availability of calorie-rich
food and the diffusion of sedentary lifestyles have led to a severe epidemic of
obesity, type II diabetes, and metabolic disease. From a therapeutic viewpoint,
overriding this highly efficient evolutionarily selected system has proved
extremely difficult.
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The central nervous system (CNS) plays a crucial role in all energy balance-
related processes, from the hunger sensation and search for food up to energy
expenditure and/or accumulation. This review begins with a historical section
describing the identification of the main brain areas and molecules involved in
mammalian energy balance regulation; it then examines the brain areas most closely
involved in energy balance control; and finally presents a systematic overview of the
most important peripherally produced hormones which, by acting at distinct brain
sites, regulate different aspects of the energy balance. Understanding the mecha-
nisms underpinning energy balance regulation has helped devise some obesity
treatments and is likely to prove even more useful in the future. Yet, there are at
present few and only mildly effective pharmacological treatments for human obesity,
and the sole therapeutic option available to the morbidly obese is bariatric surgery. In
the past few years, a greater understanding of body weight homeostasis and appetite
regulation has provided an impressive list of potential druggable targets. This
knowledge and the intense research effort currently under way are likely to lead to
the development of successful single or combination treatments for obesity.

The Birth of the Neuroendocrinology of the Energy Balance:
A Historical Perspective

In the mid-nineteenth century, pituitary tumors were known to lead to obesity and
hypogonadism; this clinical condition was called Frohlich’s syndrome. At the time,
the excessive fat accumulation in such patients was attributed to endocrine abnor-
malities due to pituitary gland dysfunction. The general belief that obesity was
primarily related to pituitary dysfunction was the prevailing view until the first
decades of the twentieth century, when it was first found that obesity often developed
in patients with tumors at the base of the brain, near but not extending to the pituitary.
In the same years, further challenges came from experimental studies showing that in
dogs and rats, lesion of the basomedial hypothalamus often resulted in obesity,
whereas hypophysectomy without additional hypothalamic damage did not
(Elmquist et al. 1999; King 2006).

It is generally accepted that the modern era of brain research in feeding behavior
began in 1939, with the adaptation of the Horsley-Clarke stereotaxic instrument for
use in rat studies. This apparatus allowed reaching specific sites of the brain of
anesthetized animals to introduce fluids or implant cannulae. Thus, bilateral electro-
lytic lesions of the rat hypothalamus, sparing the adjacent pituitary gland, demon-
strated that bilateral damage to the ventromedial portion of the tuberal hypothalamus
induced hyperphagia and obesity (Hetherington and Ranson 1940). A few years
later, bilateral lesions in the adjacent lateral hypothalamus were shown to result
in severe anorexia, weight loss, and even death by starvation (Anand and Brobeck
1951). These studies firmly established a crucial role of the hypothalamus in body
weight regulation, and the hypothesis that obesity was the result of a pituitary
dysfunction was shelved. Moreover, these investigations suggested the presence in
the hypothalamus of two centers regulating food intake and energy balance and
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exerting opposite actions: the satiety center, corresponding anatomically to the
ventromedial hypothalamus, and the feeding center, corresponding to the dorsal
and lateral hypothalamus. These seminal experiments sketched a massive, complex,
bilateral, and redundant role of the brain in energy balance regulation. In 1954, the
discovery of the hypothalamic satiety and feeding centers suggested to Eliot Stellar
his dual-center hypothesis for motivated behavior, where the vast majority of
motivated behaviors, including hunger, thirst, reproduction, and aggressiveness,
would be produced by the reciprocal and opposing action of excitatory and inhib-
itory brain centers (Stellar 1954).

In the mid-twentieth century, Gordon Kennedy was the first to suggest that
circulating signals generated by peripheral organs in proportion to their energy
stores could influence food intake and energy expenditure in a coordinated manner
to regulate body weight (Kennedy 1950). The hypothesis obtained some experimen-
tal evidence from parabiosis studies, complex experiments where sharing of the
blood supply between two animals was achieved through a surgical connection. In
particular, lesion of the ventromedial hypothalamus (the “satiety center”) of one
animal of the pair resulted in its gaining weight, while the other animal refused food
and eventually died; however, lesion also of the second animal’s ventromedial
hypothalamus resulted in its overeating and ultimately in obesity (Hervey 1959).
Collectively, these experiments were the first to suggest that as yet unidentified
blood-borne satiety factors produced by the obese animal affected food intake
and that an intact hypothalamus was required for their action.

The question remained as to which signal(s) the hypothalamic centers could
sense in the blood in order to regulate food intake and body weight. Jean Mayer
advanced a highly popular theory involving glucose as the signal (Mayer 1955).
According to this hypothesis, glucose metabolism in certain hypothalamic cells
generates a signal to the brain areas controlling appetite and food intake. When,
after prolonged fasting or physical exercise, glucose levels decrease, the impaired
glucose metabolism in these cells induces the hunger sensation and the animal
begins to search for food, and eats if food is available. As eating progresses, blood
glucose progressively augments and is again metabolized by the same hypotha-
lamic neurons, which elicit the satiety sensation and halt the eating. At the
experimental level, important support for Mayer’s glucostatic theory was provided
by the voracious eating of animals administered 2-deoxyglucose, a toxic molecule
that enters cells along with glucose but cannot be oxidized to produce ATP, thus
impairing cellular energy metabolism (Smith and Epstain 1969). We now know
that mammals feed well before blood glucose declines, and it is generally believed
that glucose levels have little to see with the physiological regulation of feeding.
However, it should be noted that glucoprivic eating is an acute emergency response
to a severe energy deficit of the body, and that it also occurs in pathological
conditions such as severe diabetes, where intracellular glucose reduction prompts
an urgent search for sugar-rich food.

In the 1960s, stereotaxic studies involving the ablation of hypothalamic connec-
tions or injection of neurotransmitters into hypothalamic sites showed that extra-
hypothalamic areas also play an important role in the central regulation of the energy
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balance and demonstrated the role of the neurotransmitters acetylcholine and nor-
adrenaline in the neural regulation of feeding.

A pivotal discovery in 1973 showed that the duodenal peptide cholecystokinin
(CCK) acted as a meal-generated circulating satiety factor (Gibbs et al. 1973). CCK
was thus the first gut hormone found to have an effect on appetite. In subsequent
years, the characterization of its mechanism of action highlighted the role in feeding
regulation of brainstem centers, which are now defined as the dorsal vagal complex
(DVC) of the brainstem.

In the late 1960s, Coleman had identified a naturally genetically obese (ob/ob) and
a naturally genetically diabetic (db/db) mouse strain. Their phenotype was character-
ized by massive overeating, obesity, insulin resistance, and impaired sexual maturation
leading to infertility. Parabiosis experiments establishing cross-circulation between the
two strains allowed Coleman and his colleagues to infer that the ob/ob mouse lacked a
circulating compound capable of preventing obesity, while the db/db mouse lacked the
receptor for such factor (Coleman 1978). In the early 1990s, the advent of molecular
genetic techniques allowed identifying the gene of Coleman’s factor, whose product
induced a strong satiety effect by acting on the CNS: the factor was named leptin
(Zhang et al. 1994). This discovery spurred intense experimental work on the neural
mechanisms of energy balance regulation, leading to the identification and character-
ization of mammalian neuronal circuits and neurotransmitter systems regulating
energy intake and expenditure at the hypothalamic and extra-hypothalamic level and
ensuring energy balance and body weight homeostasis. Importantly, the discovery of
leptin also changed the scientists’ view of the adipose organ, from a mere energy depot
to an active endocrine organ (see » Chap. 3, “The Adipose Organ”).

The “Central Anatomy” of Feeding Behavior and Energy Balance
Control

Feeding is a highly complex behavior that massively involves the brain by recruiting
sensory, motor, attentive, cognitive, emotional, and reward neuronal systems. This
also applies to humans, where recent advances in neuroimaging techniques, such as
functional magnetic resonance, allow recording the activity of distinct brain areas
during different phases of feeding. Exposure of fasted healthy humans to food-
related cues involves activation of brain regions commonly associated to reward
and motivation (striatum, pallidum, and midbrain), of areas held to encode visual
processing and attention (visual cortex and anterior cingulate cortex), and of areas
involved in gustatory (insula, frontal operculum) and oral somatosensory (post-
central gyrus) processing (Burger and Berner 2014). Notably, the reduced activation
of reward areas seen in obese subjects exposed to food-related stimuli has generated
the notion of hedonic obesity, where defective reward-related responses to food
intake may in some patients override the body’s energy balance regulation, resulting
in overeating, excess fat deposition, and obesity (Lee and Dixon 2017).

In the orchestrated action of the several interconnected brain areas that
are involved in such diverse feeding-related functions, the hypothalamus plays the
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“conductor,” directing, integrating, and blending visceral, endocrine, and behavioral
inputs to respond to contingent situations and ensuring the homeostatic control of
metabolism.

The hypothalamus, one of the smallest and most ancient parts of the mammalian
brain, is found in all vertebrates. It contains highly conserved neural circuits that
control a number of basic life functions and behaviors, including the energy balance,
fluid and electrolyte balance, thermoregulation, sleep-wake cycles, stress responses,
and reproduction. From an anatomical point of view, it is most easily described from
the ventral surface of the brain, where it is bounded anteriorly by the optic chiasm,
laterally by the optic tracts, and posteriorly by the mammillary bodies. It is divided in
two identical halves by the third ventricle, which is located along the midline.
Functionally, the hypothalamus is usually divided from rostral to caudal into three
portions: (i) the preoptic area, which mainly contains the integrative circuitries for
thermoregulation, fever, electrolyte and fluid balance, the wake-sleep cycle, and
reproductive behaviors; (ii) the tuberal hypothalamus, with a stalk connecting it
to the pituitary gland, which mainly contains the neural circuits for energy balance
regulation and endocrine and vegetative responses; and (iii) the mammillary portion,
which is believed to be involved in wakefulness and stress responses. Most functions
involve a single side of the hypothalamus, whereas some homeostatic functions, such
as feeding behavior and energy balance control, recruit the neural circuits bilaterally.
The tuberal hypothalamus is thus the most important portion of the hypothalamus for
feeding behavior and energy balance homeostasis. It is divided by the fornix into a
medial and a lateral part. The medial part contains well-demarcated neuron groups,
such as the arcuate nucleus (ARC), the paraventricular nucleus (PVN), the ventrome-
dial nucleus (VMH), and the dorsomedial nucleus (DMH), whereas neurons in the
lateral part are more dispersed, do not form distinctive nuclear groups, and are
collectively referred to as perifornical and lateral (LH) areas of the hypothalamus.

Besides the tuberal hypothalamus, some brainstem centers in the hindbrain are also
crucially involved in feeding behavior and energy balance regulation. They are found
on the border between the medulla and the pons and collectively form the DVC. The
DVC comprises: (i) the nucleus of the solitary tract (NST), the main sensory relay for
the viscera, including the gastrointestinal tract; (ii) the dorsal motor nucleus of the vagus
(DMX), which is the source of vagal efferents controlling such visceral responses as gut
motility and secretion; and (iii) the area postrema, a circumventricular organ.

The NTS receives afferent fibers from the facial, glossopharyngeal, and vagus
nerves which convey gustatory, mechanical, hormonal, and metabolic visceral
information. It is reciprocally connected to other brainstem centers, including the
area postrema, the DMX and the lateral parabrachial nuclei, and with the hypothal-
amus, especially ARC and PVN neurons. Thus, the hypothalamic and brainstem
feeding centers are anatomically and functionally interconnected.

The circumventricular organs are called “the windows of the brain.” They are
distinctive areas located in periventricular position, where the absence of the blood-
brain barrier (BBB) involves that circulating factors such as hormones and metab-
olites quickly cross the fenestrated wall of their capillaries and diffuse some way into
the extracellular space, affecting the activity of neurons located in circumventricular
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organs or in the adjacent brain parenchyma. Interestingly, both the tuberal hypothal-
amus and the DVC contain a circumventricular organ, respectively the median
eminence and the area postrema. Recent experimental evidence has highlighted the
role of these two circumventricular organs in regulating the delivery of circulating
hormones and metabolites to the ARC and the NTS, respectively.

The nuclei of the tuberal hypothalamus and the DVC are nodal centers in feeding
behavior and energy balance regulation and have strong integrative functions. They
receive body energy status information from circulating metabolites and hormones —
through the circumventricular organs and/or specific carriers in the BBB — and a
wide range of sensory inputs such as taste and gastrointestinal information through
the vagal afferents to the NTS. Comparison of these inputs to basic references
prompts activation of adequate autonomic, endocrine, and behavioral responses to
ensure metabolic homeostasis and to meet the energy requirements of the body.

The strong involvement of the tuberal hypothalamus and the DVC in energy
balance regulation is clearly demonstrated by c-Fos immunostaining in fasted
animals. Feeding is essential for survival, and prolonged fasting involves strong
activation of brain activity. c-Fos is the product of an immediate early gene, whose
expression in the brain is elicited by a wide range of stimuli (Sheng and Greenberg
1990). Its detection by immunohistochemistry has been extremely useful in identi-
fying the CNS pathways that are activated by several peripheral stimuli. Whereas fed
mice display very low, almost undetectable levels of brain c-Fos in neuronal cell
nuclei, fasted animals exhibit strong c-Fos nuclear staining in numerous neurons of
both the tuberal hypothalamus (Fig. 1) and the DVC (Fig. 2).

Hormonal Signals Involved in the Control of Energy Homeostasis

In the past few years, a large number of circulating hormones, metabolites, and
peptides with a role in the energy balance have been characterized. These factors
exert a short- and/or long-term regulatory activity on feeding behavior through a
concerted action on several distinct areas of the tuberal hypothalamus and/or the
DVC. They also affect other brain areas and are involved in other brain functions, a
fact that often hampers the characterization of their true role in energy balance
regulation. They come from at least three sites: the adipose organ, the gastrointestinal
tract, and the endocrine pancreas. Here, the discussion is confined to those factors that
in the past few years have been seen to play substantial roles in energy balance
homeostasis and whose mechanism of action have proved paradigmatic to understand
how the brain regulates feeding behavior, energy consumption, and body weight.

Leptin
Leptin is a peptide hormone produced and secreted by white adipose cells in

proportion to the body’s fat energy stores (Zhang et al. 1994). Although under
certain conditions, it is also produced by other organs and tissues, including
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Fig. 1 c-Fos immunohistochemical expression in the tuberal hypothalamus during fasting. In a
normally-fed mouse (a—c), only few and spared neurons located in some hypothalamic nuclei
exhibit c-Fos immunoreactivity in their cell nucleus (arrows in ¢). In a mouse fasted for 24 h (d—f),
c-Fos immunoreactive neurons are very numerous and mainly located in medial structures of the
tuberal hypothalamus, such as the medial part of the ARC and the DMH, collectively forming what
was known as “the feeding center” of the hypothalamus. ¢ and f are enlargements of the
corresponding areas framed in b and e, respectively. 3V, third ventricle; ME, median eminence.
Bar: a and d 350 pm; inset of a 600 pm; b and e 150 pm; ¢ and f 30 pm

placenta, mammary gland, stomach, and skeletal muscle, its blood levels closely
depend on the secretory activity of white adipocytes and are proportional to their
lipid content (Considine et al. 1996). Leptin is a potent satiety factor whose genetic
deficiency leads to massive obesity, as seen in ob/ob mice. Indeed, administration of
mouse recombinant leptin to ob/ob mice reduces food intake and body weight and
redresses all the endocrine abnormalities observed in these mice, including hypo-
gonadism, insulin resistance, hypercorticosteronemia, and low levels of thyroid
hormones (Ahima et al. 1996). The discovery of leptin was rapidly followed by
cloning of its receptor (LepR) (Tartaglia et al. 1995), of which six alternatively
spliced isoforms have been identified in mammals. The long isoform (LepRb)
contains a fully signaling-competent intracellular domain and is required for most
of the central and peripheral effects of leptin. Importantly, the diabetic obese
syndrome affecting db/db mice is due to a mutation of the LepRb gene (Chen et al.
1996), which confirms that leptin is the satiety factor hypothesized by Coleman
based on his parabiosis experiments. Binding of leptin to LepRb-bearing cells
modulates a number of cellular signaling pathways, including phosphatidylinositol
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Fig. 2 c-Fos immunohistochemical expression in the DVC of the brainstem during fasting. In a
normally-fed mouse (a—c), c-Fos immunoreactivity is almost undetectable. In a mouse fasted for
24 h (d—f), numerous c-Fos immunoreactive neurons appear in both the area postrema (AP) and the
NTS. ¢ and f are enlargements of the corresponding areas framed in b and e, respectively. cc, central
canal. Bar: a and d 300 pm; inset of a 900 um; b and e: 180 pm; ¢ and f 35 pm

3-kinase, mammalian target of rapamycin, and AMP-dependent protein kinase.
Activation of Janus kinase 2 (Jak2), leading to tyrosine phosphorylation, dimeriza-
tion, and nuclear translocation of the signal transducer and activator of transcription
3 (STAT3), is the main signaling system activated by leptin and is required for
accurate regulation of the energy balance (Villanueva and Mayers 2008). In situ
hybridization and immunohistochemical studies have documented that LepRb is
widely expressed in the hypothalamic and brainstem nuclei involved in energy
balance regulation (Mercer et al. 1996; Schwartz et al. 1996; Fei et al. 1997,
Elmquist et al. 1998). In experimental animals, intraperitoneal leptin injection
induces a rapid increase in its blood levels, strongly activating the Jak2-STAT3
pathways in several neurons of the tuberal hypothalamic nuclei (Fig. 3) and the NTS
of the brainstem (Fig. 4).

Studies aimed at characterizing the satiety action of leptin in the hypothalamus
have stressed the crucial role of two populations of ARC neurons exerting opposite
effects in feeding behavior: the neurons co-expressing neuropeptide Y (NPY) and
agouti-related protein (AgRP) are found in the medial part of the ARC and are
orexigenic, whereas the proopiomelanocortin (POMC) neurons are located in the
lateral portion of the ARC and are anorexigenic (Aponte et al. 2011; Krashes et al.
2011; Zhan et al. 2013). Circulating leptin, reaching these neurons through the
median eminence or the cerebrospinal fluid, or carried through the BBB by specific
transporters, inhibits the orexigenic NPY/AgRP neurons and stimulates the anorex-
igenic POMC neurons (Kim et al. 2014). This well-characterized mechanism is
followed by numerous and still poorly understood interactions involving leptin
and neurotransmitter (dopamine, serotonin, and glutamate) and neuropeptidergic
neuronal systems. “First order” leptin-responsive NPY/AgRP and POMC ARC
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Fig.3 Activation of the Jak2-STAT3 signaling pathway in the tuberal hypothalamus by circulating
leptin. In a control mouse (a), phospo-STAT3 (P-STAT3) immunoreactivity is only slightly detect-
able in a few neurons of the medial part of the ARC. In a mouse intraperitoneally treated with leptin
for 40 min (b and ¢), numerous P-STAT3 immunoreactive neurons appear in the ARC, the DMH
and, to a lesser extent, in the VMH. C is the enlargement of the area framed in b, showing that also
neuronal projections do express P-STAT3 (arrowheads) following leptin treatment. Double
immunostaining experiments and confocal microscopy analyses in leptin-treated mice show that
nuclear P-STAT3 immunoreactivity is located in neuronal cells (d), expressing the neuronal marker
HuC/D, but not in the glial cells (e-h), visualized through the glial marker GFAP. TO-PRO3 is a
fluorescent nuclear counterstaining. 3V, third ventricle; ME, median eminence. Bar: a and b
150 pm; inset of a 400 pm; ¢ 60 pm; d 45 pm; e~h 100 pm

neurons project to “second order” neuronal populations located in medial structures
of the tuberal hypothalamus (PVN, DMH, and VMH), where they stimulate anorex-
igenic peptidergic systems (e.g., brain-derived neurotrophic factor, BDNF), and in
the lateral tuberal hypothalamus (perifornical area and LH), where they inhibit
orexigenic peptidergic systems (e.g., orexin) (Morton et al. 2014). Importantly, the
POMC neurons act on downstream neurons through melanocortin 3 and 4 receptors
(MC4R) (Waterson and Horvath 2015). The medial structures are the “satiety center”
and the lateral structures “the feeding center” of the stereotaxic approach. From the
tuberal hypothalamus, the “satiety message” conveyed by circulating leptin spreads
to other hypothalamic and extra-hypothalamic neurocircuits to induce the satiety
sensation, halt eating, and promote energy-intensive responses and behaviors such as
thermogenesis, immunity, locomotion, growth, and reproduction (Park and
Ahima 2015).
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Fig.4 Activation of the Jak2-STAT3 signaling pathway in the DVC of the brainstem by circulating
leptin. In a control mouse (a), phospo-STAT3 (P-STAT3) immunoreactivity is not detectable in the
DVC (see text for details). In a mouse intraperitoneally treated with leptin for 40 min (b and c),
numerous P-STAT3 immunoreactive neurons appear in the NTS, where also neuronal projections
are positive for P-STAT3 (arrowheads in ¢). Double immunostaining experiments and confocal
microscopy analyses (d—g) show that P-STAT3 immunoreactivity in the NTS is located into
neuronal cells expressing the neuronal marker HuC/D (arrows). TO-PRO3 is a fluorescent nuclear
counterstaining. cc, central canal. Bar: a and b 150 pm; inset of a 400 pm; ¢—g 40 pm

The discovery of leptin, more than a decade ago, was hailed by the scientific
community as the solution to the treatment of human obesity. Unfortunately, it soon
emerged that, except for very rare leptin-deficient individuals (see below), obese
humans are minimally responsive to exogenous leptin: they develop leptin resistance
in the brain and even high levels of circulating leptin are unable to reduce feeding
and body weight. Several mechanisms have been proposed to account for the leptin
resistance seen in the obese, including defective leptin transport across the BBB
(Banks 2003), impaired leptin intracellular signaling (Munzberg and Morrison
2015), and endoplasmic reticulum stress in leptin-sensitive neurons (Ozcan et al.
2009). The neurobiological basis of leptin resistance is a very active area of research
with the potential to lead to the development of molecules that act as leptin
sensitizers to treat obesity.

Insulin

Insulin produced and secreted by pancreatic beta cells regulates blood glucose and
glucose metabolism by acting on peripheral organs. However, insulin also exerts
effects on the brain, where it controls food intake and the energy balance. Glucose-
induced insulin secretion is proportional to body fat stores (Bagdade et al. 1967), and
circulating insulin enters the brain through a specific transport machinery (Baura
et al. 1993). Intracerebroventricular administration of insulin reduces food intake in
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experimental animals (Woods et al. 1979). Insulin receptors are diffusely expressed
in the brain, especially in the hypothalamic and brainstem areas that are crucial for
food intake regulation (Perry and Wang 2012). The anorectic effect of insulin is
mainly due to inhibition of orexigenic NPY/AgRP neurons and stimulation of
anorexigenic POMC neurons (Dodd and Tiganis 2017). Thus, its satiety action
converges to a significant extent on the hypothalamic neurocircuits that are targeted
by leptin, although its satiety action is less effective and involves different intracel-
lular signaling systems. Notably, in the hypothalamus of morbidly obese patients,
leptin resistance is often associated to insulin resistance.

Ghrelin

Ghrelin, first discovered as the endogenous ligand of the growth hormone secreta-
gogue receptor la, is a peptide hormone produced and secreted into the blood by the
stomach (Kojima et al. 1999). Only its acylated form is able to bind to ghrelin
receptor in the brain and in peripheral organs and to cross the BBB (Kojima et al.
1999). Serum ghrelin concentrations are augmented by fasting and reduced by re-
feeding, and central or peripheral ghrelin administration strongly increases food
intake, adiposity, and body weight in experimental animals (Tschop et al. 2000;
Nakazato et al. 2001) as well as humans, where it also enhances appetite (Wren et al.
2001). In the brain, ghrelin receptors are found in several hypothalamic and extra-
hypothalamic areas, such as hippocampus, substantia nigra, ventral tegmental area,
and all three DVC components in the brainstem (Zigman et al. 2006). They are
also highly abundant in NPY/AgRP neurons of the hypothalamic ARC, where
selective re-expression of ghrelin receptor in fully ghrelin receptor-deficient knock-
out mice has been shown to restore the orexigenic response to administered ghrelin
and to normalize the lowered blood glucose induced by caloric restriction (Wang
et al. 2013). Based on these data, the orexigenic action of ghrelin is therefore held to
be closely linked to the depolarization and activation of orexigenic NPY/AgRP
neurons of the hypothalamic ARC. Overall, ghrelin stimulates eating and helps to
maintain normal blood glucose levels upon fasting or calorie restriction. For this
reasons, it is often referred to as the “hunger hormone.” To date, it is the only known
orexigenic hormone produced by the gastrointestinal tract. A role for ghrelin in
feeding behavior has been documented by an action not only on the hypothalamus
but also on the DVC of the brainstem (Suzuki et al. 2010). Furthermore, by
interacting with several neurotransmitter and peptidergic systems of the brain, it
also regulates complex energy-intensive processes and behaviors such as stress
responses, growth, and reproduction (Al Massadi et al. 2017).

Cholecystokinin

CCK is a small peptide secreted from specific enteroendocrine cells of the duode-
num, the first segment of the small intestine, and plays well-established roles in
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digestive processes. The fatty and/or amino acids contained in the chyme entering
the duodenum stimulate the release of CCK, which induces delivery into the small
intestine of digestive enzymes from the pancreas and bile from the gallbladder. As
noted above, in 1973 its circulating levels were found to increase rapidly in
response to meals and it was demonstrated to act as a satiety factor (Gibbs et al.
1973). Subsequent studies confirmed its acute satiety effect also in humans
(Kissileff et al. 1981; Beglinger et al. 2001). CCK receptors are widely distributed
in the brain both in the tuberal hypothalamus and in the DVC of the brainstem
(Ballaz 2017). However, attempts to correlate its blood levels to its anorectic effect
have not been conclusive, CCK does not appear to be able to cross the BBB and,
most importantly, central administration of CCK receptor antagonists does not
blunt the satiety effect of peripherally administered CCK (Corp et al. 1997). The
search for other ways by which CCK could act has led to the discovery that its
satiety effect depends on a local and paracrine action on the gastrointestinal vagal
sensory terminals that innervate the intestinal mucosa and project into the NTS.
The anorectic effect of CCK is abolished by lesion of vagal afferent nerves by
surgery (subdiaphragmatic vagotomy) or chemical treatment (using capsaicin,
which selectively destroys small unmyelinated visceral sensory fibers) (Iwasaki
and Yada 2012). Importantly, POMC neurons are not only found in the lateral part
of the hypothalamic ARC, but also in the NTS of the brainstem, where a further
POMC neuronal population is involved in energy balance regulation (Zhan et al.
2013). The CCK-sensitive vagal afferents activate NTS POMC neurons, which in
turn recruit satiety brainstem neurocircuits through MC4R (Fan et al. 2004), thus
mirroring the action of leptin and insulin in the ARC POMC system of the tuberal
hypothalamus. Collectively, these studies show that the peripheral terminals of
vagal afferents play an important role in energy balance regulation by sensing
meal-evoked gut-derived peptides and acting on the DVC. Notably, a similar gut-
to-brain satiety pathway has been hypothesized also for other gastrointestinal and
pancreatic hormones that regulate feeding and metabolism, such as peptide YY and
glucagon-like peptide-1 (GLP-1).

Peptide YY and Pancreatic Polypeptide

The NPY family of peptides comprises three highly homologous 36-amino acid
peptides: NPY, peptide YY, and pancreatic polypeptide (PP). Whereas NPY is
chiefly expressed by neuronal cells in the brain, peptide YY is primarily produced
by enteroendocrine cells of the ileum and colonic mucosa, and PP by pancreatic islet
PP cells (Ekblad and Sundler 2002). All these peptides act through at least five
widely distributed functional receptors: Y1, Y2, Y4, Y5, and Y6. Nutrient ingestion
stimulates gastrointestinal production and secretion in the blood of PP and peptide
YY. A potential role for PP as a circulating satiety factor was first surmised based on
the observation that meal-induced PP secretion was blunted in children with Prader-
Willi syndrome, a rare childhood genetic disorder characterized by obesity, diabetes,
cognitive impairment, and infertility (Zipf et al. 1981). Subsequent animal and
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human studies confirmed its satiety effect. PP regulates food intake by acting on
hypothalamic Y4 receptors, although its mechanism of action does not seem to
involve primarily the ARC. It inhibits the orexin orexigenic pathway in the LH and
simultaneously stimulates the BDNF anorexigenic pathway in VMH (Sainsbury
et al. 2010).

Peptide YY is found in the blood in two forms, YY ;.36 and YY_3¢, the latter form
being the more effective (Chelikani et al. 2005). The mechanism of action of peptide
YY;.36 is very different from that of PP. As described in Y2 receptor-deficient mice,
where peripheral administration of neuropeptide YY;36 evokes no anorectic
response (Batterham et al. 2002), this satiety factor acts through Y2 receptor, not
Y4 receptor. Y2 receptor is widespread in the body. In the hypothalamus, circulating
neuropeptide YY3_36 may diffuse over the median eminence, reach the NPY/AgRP
neurons of the ARC, and inhibit the electrical activity of the NPY orexigenic system
by acting through Y2 receptors (Batterham et al. 2002). However, Y2 receptors are
also found in peripheral vagal afferents, and bilateral subdiaphragmatic vagotomy
reduces the anorectic effect of intraperitoneal neuropeptide YY;.3¢ (Abbott et al.
2005; Koda et al. 2005). These data indicate that neuropeptide YY3_3¢ acts both on
hypothalamic ARC neurocircuits and on peripheral vagal afferents, where it likely
evokes as yet unknown neural circuits that inhibit feeding behavior.

Glucagon-Like Peptide-1

The gut neuroendocrine cells that produce peptide YY also synthesize pre-
proglucagon, a large precursor protein that is further processed to produce numerous
biologically active peptides, including glucagon, GLP-1, GLP-2, and
oxyntomodulin. All these peptides are secreted in the blood during feeding and
play interconnected and redundant roles on digestive processes and metabolism,
such as gastric emptying, gut motility, nutrient absorption, and insulin sec-
retion (Spreckley and Murphy 2015). For many of them, a true action on the nervous
system to reduce food intake is still debated. GLP-1 is the peptide that has attracted
the most attention in the past few years, also because of its therapeutic potential for
diabetes (see chapter » “Roles of Gut Hormones in the Regulation of Food Intake
and Body Weight”). It is an incretin hormone, whose primary effect is to enhance
glucose-stimulated insulin release by pancreatic beta cells and to reduce blood sugar,
but it also has satiety effects (Vilsbell and Holst 2004). Gut vagal sensory terminals
express GLP-1 receptors, whose stimulation evokes action potentials in vagal
nodose ganglion neurons (Kakei et al. 2002). Importantly, the anorectic effect seen
after peripheral administration of GLP-1 is abolished by abdominal vagotomy in rats
(Abbot et al. 2005) and by capsaicin pretreatment in mice (Talsania et al. 2005).
Altogether, these data suggest that the satiety effect of GLP-1 is to a large extent due
to activation of the vagal-NTS brainstem route. However, GLP-1 receptors are also
found in key brain areas for energy balance regulation, including hypothalamus and
brainstem (Merchenthaler et al. 1999). Recently, circulating GLP-1 has been shown
to exert an inhibitory effect on eating through direct activation of GLP-1 receptors in
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the DVC of male rats (Punjabi et al. 2014), suggesting that the satiety effect of
secreted GLP-1 is likely due to an action on both peripheral vagal terminals and
brainstem feeding centers through as yet unknown mechanisms.

Amylin

Amylin, also known as islet amyloid polypeptide, is a 37-amino acid peptide co-
secreted, together with insulin, by pancreatic beta cells in response to nutrient
ingestion (Cooper et al. 1987). After its discovery, circulating amylin was shown
to be involved in gastric emptying and in glucagon and digestive enzyme secretion
(Hay et al. 2015). However, in rats food intake involves a rapid increase in blood
amylin that correlates with meal size, and intraperitoneal administration of recom-
binant amylin reduces food intake in a dose-dependent manner (Lutz et al. 1995). In
addition, intravenous administration of the amylin receptor antagonist AC187 stim-
ulates eating in rats through increased meal size (Reidelberger et al. 2004). For these
reasons, amylin is regarded as a physiological circulating satiety factor in both
rodents and humans. Interestingly, its mechanism of action primarily involves the
area postrema, the brainstem circumventricular organ. Amylin receptor is highly
expressed in neurons of the area postrema (Becskei et al. 2004), and stereotactic
injection of amylin in the area postrema inhibits eating, whereas injection of the
amylin receptor antagonist AC187 stimulates it (Mollet et al. 2004). Finally, the
satiety effect of amylin is abolished in animals with area postrema lesion, whereas it
is maintained in capsaicin-treated rats and in animals subjected to subdiaphragmatic
vagotomy (Lutz et al. 2001). The brainstem neurocircuits engaged by amylin have
not yet been elucidated. However, in the area postrema, it activates a substantial
population of noradrenergic neurons (Potes et al. 2010) that affect the excitability of
NTS neurons, including POMC neurons, where the satiety message conveyed by
amylin converges with that of other gastrointestinal satiety factors including CCK,
peptide Y'Y, and GLP-1.

Conclusion and Future Directions of Research

Our knowledge of the neuroendocrinology of the energy balance, gained in the past
few decades, comes mainly from animal models. Albeit still largely incomplete, the
evidence collected to date allows to make some general considerations on how
hormones act on the brain to regulate feeding behavior, energy expenditure, and,
ultimately, body weight.

Numerous hormones produced by peripheral organs affect energy balance
regulation through such an action. Their metabolic information reaches the brain
through at least four different routes: interaction with specific BBB transporters
(insulin, leptin); diffusion to adjacent brain areas through the circumventricular
organs (ghrelin); direct action on neurons in the circumventricular organs (amylin);
and, finally, stimulation of peripheral vagal sensory afferents (CCK, peptide Y,
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and GLP-1) and activation of gut-to-brain pathways. Importantly, these routes are
not mutually exclusive and a hormone can often reach its brain targets through
multiple routes. For instance, the area postrema is crucially involved in mediating
the effect of amylin but also contains neurons and glial cells that sense several
other circulating signals related to energy homeostasis, like ghrelin, CCK, and
GLP-1 (Young 2012).

Each hormone involved in energy balance homeostasis likely regulates distinc-
tive, subtly different features of feeding behavior, metabolism, and energy homeo-
stasis. However, knowledge in this area is still very limited.

The vast majority of such hormones are satiety factors. Only one feeding factor,
ghrelin, has been identified to date, possibly indicating that the brain’s default
setting is to search for food and to feed, and that circulating satiety cues keep the
feeding neurocircuits inhibited and the satiety neurocircuits activated between
meals.

Some energy balance hormones, including leptin, insulin, and ghrelin, seem
to have a predominantly longer-term metabolic regulatory action, providing to the
brain information on the body energy stores and playing a permissive or restrictive
role on energy-intensive behaviors, such as growth and reproduction. These hor-
mones primarily act on the neurocircuits of the tuberal hypothalamus. Other energy
balance hormones, including CCK, neuropeptide Y'Y, GLP-1, and amylin, appear to
be more suited to playing a short-term action on satiety and feeding behavior and
primarily act on brainstem feeding neurocircuits.

Emerging evidence indicates that mammalian energy balance hormones can
affect feeding behavior through multiple parallel neurocircuits in different hypotha-
lamic and brainstem areas involving diverse neurotransmitter and neuropeptidergic
systems. At the same time, each neurocircuit is targeted by several energy balance
hormones, giving rise to an extremely complex, overlapping, distributed, and redun-
dant neuronal system. Thus, it is not surprising that, for instance, ghrelin knockout in
adult mice affects neither feeding nor body weight (McFarlane et al. 2014) or that
CCK-knockout mice exhibit a normal feeding behavior (Lo et al. 2008). From a
physiological viewpoint, the redundancy may be explained with the need to ensure
a normal or normal-like feeding behavior even in extreme environmental conditions,
whereas from a pathological viewpoint it explains why it is very difficult to obtain
significant and durable changes in body weight and to find effective drugs to treat
human obesity.

However, basic neuroendocrinology research in this area has the potential to lead,
in the near future, to the discovery of more effective anti-obesity drugs. Importantly,
investigation of mutations homologous to those causing obesity in mouse models
has allowed to identify some human monogenic obesity syndromes related to leptin
deficiency (Farooqi et al. 1999) and dysfunctional mutations of POMC (Krude et al.
1998) or MC4R (Hinney et al. 1999) genes. Although these monogenic forms of
obesity are rare, they indicate that the energy balance neurocircuits are evolutionarily
highly conserved among species. Murine models are therefore suitable to study the
central mechanisms of energy balance regulation and to identify novel molecular
targets for the treatment of human obesity.
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Abstract

White and brown adipocytes form tissues (WAT and BAT, respectively) contained
in a dissectible organ formed by subcutaneous and visceral depots. WAT and BAT
have almost opposite roles in partitioning energy between two fundamental needs
for survivals: metabolism and thermogenesis. All organs in mammals are com-
posed by different tissues acting with different physiology to reach a common
finalistic purpose. The plasticity of adipocytes, i.e., their reversible physiologic
transdifferentiation ability, offer an explanation to their common membership
to adipose organ, but imply a new physiologic ability for mature cells: the
physiologic reversible transdifferentiation property. This conversion ability of
mature adipocytes is supported also by the plasticity of mammary glands during
pregnancy, lactation, and postlactation periods when white adipocytes convert
reversibly to milk-secreting glandular cells (pink adipocytes). During chronic
positive energy balance, the adipose organ undergoes a whitening phenomenon
with hypertrophic adipocytes. Hypertrophic adipocytes show several alter-
ations of their organelles including those able to activate the inflammasome
system. Stressed adipocytes die leaving conspicuous debris that must be
removed by macrophages. This last cell surrounds debris and form crown-like
structures (CLS) responsible for a chronic low-grade inflammation that link
obesity to T2 diabetes. The plasticity of adipocytes could be used to reverse the
phenomenon.

Keywords
Adipocytes - WAT - BAT - Pink adipocytes - Obesity - T2 diabetes - Hypertrophic
adipocytes

Adipocytes of White Adipose Tissue of Obese Animals
and Humans Are Hypertrophic

Adipocytes are large spherical cells allowing to store high levels of energy in
minimum space. A total of 90% of their volume is formed by a single lipid droplet
contained into the cytoplasm (unilocular adipocytes). The nucleus is squeezed
at periphery and the thin cytoplasmic rim contains all normal organelles found in
other cell types. Quite specific for adipocytes are numerous pinocytotic vesicles on
the cell membrane and a distinct external lamina on its outer side. A variable amount
of collagen fibrils is also present on the interstitial side of external lamina. Mito-
chondria are thin and elongated with sparse and randomly oriented cristae (Cinti
2017).Their energy, under the chemical form of triglycerides, is essential for survival
in the intervals between meals that can be prolonged up to several weeks if the
number of adipocytes in the organism is sufficient. In order to guarantee the maximal
energy reserve, adipocytes are able to increase their size (hypertrophy) and number
(hyperplasia) during positive energy balance periods (Faust and Miller 1981).
In genetically obese mice and humans, the size of adipocytes can be seven (subcu-
taneous in mice, 1.6 in humans) or six (visceral in mice, 2.6 in humans) times larger
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than lean controls; thus, the large adipocytes can become gigantic in obese mice and
humans (Camastra et al. 2017; Murano et al. 2008).

Unilocular adipocytes are also called white adipocytes because they form a white
tissue (WAT, yellow in humans) that is supplied by nerves (mainly unmyelinated
noradrenergic fibers) and vessels.

White adipocytes secrete a series of adipokines (leptin, adiponectin, adipsin,
resistin, etc.) with many direct endocrine properties playing important roles also in
the regulation of animal behavior mainly regarding food search and intake and
glucose and lipid metabolism (see Giralt et al. 2015 for recent review of this topic).

Hypertrophic Obese Adipocytes Are Stressed

Electron microscope analyses revealed that hypertrophic adipocytes in genetically as
well as in diet-induced obese mice have several abnormalities in their organelles.
Mitochondria become smaller and reduced in number, with some hypertrophic
irregular mitochondrion. Golgi complex become hypertrophic, rough endoplasmic
reticulum dilates, and often glycogen cumuli are present. Some dense small crystals
resembling calcium aggregates have been found at the lipid droplet surface where the
proteins (e.g., perilipinl) regulating lipolysis are usually located. Some hypertrophic
adipocytes resulted so rich in calcium crystals that were positive for the calcium-
specific von Kossa histochemistry reaction at light microscopy (Giordano et al.
2013). In some obese adipocytes, cholesterol crystals were described in line with
the well-known positive correlation between size of adipocytes and their cholesterol
content. Obese adipocytes with signs of cytoplasmic degeneration and lipid
extrusion were also found with both transmission electron microscopy and high-
resolution scanning microscopy. Macrophages close to these altered obese adipo-
cytes were frequently found. These techniques also revealed an increased amount
of collagen associated to the external surface of the external lamina.

Quantitative analyses revealed that all the above-described alterations (with the
exception of calcium crystals) in obese adipocytes were more represented in visceral
than in subcutaneous fat.

Hypertrophic Obese Adipocytes Die

Specific features denominated crown-like-structures (CLS) are frequently found in
the adipose tissue of obese animals and humans (about 30 times more frequent in
obese than lean fat) (Fig. 1).Each single CLS is formed by active (MAC2 immuno-
reactive) macrophages surrounding debris of death adipocytes (Cinti et al. 2005).
The debris is mainly composed by a gigantic free lipid droplet liberated in the
interstitial space by the dead adipocyte. More than 90% of all MAC2 positive
macrophages formed CLS. Electron microscope revealed that the lipid droplet is
surrounded by active macrophages in direct contact with the surface of the lipid
droplet. In most cases, the side of cytoplasm in contact with the lipid droplet resulted
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Fig. 1 Immunostaining of active macrophages (MAC?2) in visceral WAT of lean (a) and obese (b)
mice. Note the presence of crown-like structures (CLS, arrows) apparently surrounding adipocytes.
CLS density is about 30 times higher in obese fat. Bar = 100 pm in both panels (From Cinti et al.
2005)

filled by reabsorbed lipids. On the opposite side (toward the interstitium), an
irregular basal membrane is often observed; thus, the macrophages layer result in
the space between the basal membrane and the lipid droplets (Fig. 2). Importantly in
most CLS no cytoplasm of adipocytes is visible between the lipid droplet and the
basal membrane, allowing to speculate that this part of adipocytes was completely
lost probably due to a degenerative phenomenon. In line with this hypothesis,
residual cytoplasmic debris were found into phagosomes inside the cytoplasm of
macrophages. Furthermore, electron microscope revealed all morphologic transfor-
mative steps between normal adipocytes and degenerating adipocytes. These last
types of cell were often surrounded by macrophages and lipid droplets extruding or
just extruded from degenerating adipocytes surrounded by cytoplasmic projections
of macrophages or inside their cytoplasm were also observed. Perilipinl (Plinl) is an
adipocyte-specific protein localized at lipid surface of metabolically active adipo-
cytes. Immunohistochemistry with anti-Plinl antibodies revealed absence of signal
from CLS supporting the death of adipocytes (Fig. 3).These observations offered an
explanation to the cause of the well-known chronic low-grade inflammation due to
the macrophage infiltration of obese adipose tissues.

Death of Adipocytes Is due to Hypertrophy and Not Linked
to the Obesity Per Se

In order to verify if hypertrophy per se is sufficient to induce CLS, the adipose tissues
of mice lacking hormone sensitive lipase was studied. This enzyme is important to
allow lipolysis in adipocytes; thus, it absence induce adipocytes hypertrophy. Adult
HSL ™/ mice are lean, but their adipose tissues resulted rich of CLS (same density as
in obesity) with all the morphologic and immunohistochemical characteristics of CLS
found in obese fat (Cinti et al. 2005). Thus, hypertrophy of adipocytes is sufficient to
induce a histopathology very similar to that found in obese adipose tissue. In line with
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Fig. 2 Electron microscopy of a CLS. Note the classic ultrastructure of macrophages surround in the
lipid droplet (upper panel). MAC2 immunohistochemistry of a similar CLS is shown in the small frame
of upper panel. The red framed area of upper panel is shown in lower panel. The normal ultrastructure is
shown of small frame in lower panel. Note that the macrophage is located between the lipid droplet and
the basal membrane (blue arrows). The cytoplasm of adipocyte is not visible in CLS (compare with small
frame), and residual structures of degenerating cytoplasm are visible inside phagosomes into macrophage
(white arrows). Reabsorption lipid vacuoles are visible on the side facing the residual lipid droplet (red
arrows). Bar = 5 pm in upper panel and 1.7 pm in lower panel (From Cinti et al. 2005)
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Fig. 3 Serial sections of a CLS in obese mouse visceral fat. Perilipinl (Plinl) immunostaining is
present only in adipocytes surrounding the CLS. Most macrophages of CLS are MAC2 immuno-
reactive, including giant multinucleated cells. Bar = 28 pm in both panels (From Cinti et al. 2005)

the hypothesis that CLS are important to induce insulin resistance and T2 diabetes is
the old notion that there is a positive correlation between size of adipocytes and
insulin resistance. Furthermore, it is interesting that most obese persons and animal
models with hyperplastic obesity (increased number of small adipocytes) do not
develop a metabolic phenotype. In line with these data, a higher number of CLS
are present in lean and obese patients with larger adipocytes (Cinti et al. 2005).

Induced Death of Adipocytes in FAT-ATTAC Transgenic Mice Give
Rise to CLS

In order to verify if CLS truly represent sites of dead adipocytes, the well-
characterized model of mice in which specific death of adipocytes (apoptosis by
caspase 8 activation) can be induced by dimerization of the transgenic construct
(FAT ATTAC model)has been studied. The time course study of morphologic effects
on two different fat depots of dimerizer injection showed an acute response (first
days) characterized by infiltration of adipose tissues by granulocytes and lympho-
cytes followed immediately by MAC2 not-immunoreactive (negative) macrophages
infiltration. MAC2 is an index of phagocytosis activation. The next step at day 4-5
after injection showed areas of Plinl negative adipocytes (i.e., dead adipocytes)
surrounded by Plinl immunoreactive adipocytes (i.e., metabolically active alive
adipocytes). In the next day macrophages invaded the areas of apoptotic adipocytes
and number of MAC2 immunoreactive adipocytes increased progressively. After
10—15 days after injection the vast majority of macrophages resulted MAC2 positive
and all dead adipocytes formed typical CLS. Of note, the acute inflammatory cells
disappeared after the first postinjection days. Electron microscopy revealed the same
morphologic alterations of adipocytes described above in obese hypertrophic adipo-
cytes including all phases of progressive organelles damage till the evidence for
frank degeneration of adipocytes (Murano et al. 2013).
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Thus, this time-course study demonstrated that CLS are indeed sites of dead
adipocytes surrounded by active reabsorbing macrophages.

Hypertrophic Adipocytes Die by Pyroptosis

Short after the hypothesis of death of adipocytes (Cinti et al. 2005), an elegant study
by Spalding et al. showed that human adipocytes die after a lifespan of about
10 years, thus confirming that adipocytes die in physiologic conditions (Spalding
et al. 2008). In this work, it was also shown that in obese fat the rate of death is
not changed, but due to the higher number of adipocytes the dead adipocytes were
indeed higher than in fat of lean persons. The mechanism inducing death of
adipocytes was unknown, but morphologic data suggested a stressed status of
hypertrophic adipocytes described above. Furthermore, stressed hypertrophic adi-
pocytes contain calcium and cholesterol crystals. These crystals are known inducers
of the NLRP3 inflammasome system activation that produce active caspase
1. Caspase 1 is responsible for IL18 and IL1p activation that induces death of the
cells. This type of cell death is called pyroptosis. Interestingly NPRP3 has been
shown to be activated in obese fat with local production of inflammatory IL18 and
IL1p activation. In order to prove that stressed adipocytes had activated, the NLRP3
system several markers (including NLRP3, ASC, TNPIX, and caspasel) have been
checked both as gene expression in the tissue and as protein expression inside the
cytoplasm of hypertrophic adipocytes (Giordano et al. 2013). Immunohistochemis-
try for caspasel resulted in an unusual staining of cytoplasm of adipocytes, i.e., the
staining was not uniform as resulted for other proteins such as, for example, Plinl
(Murano et al. 2013) or Leptin (Cinti et al. 1997) or S-100b (Barbatelli et al. 1993)
but formed small spherical structures recalling the spherical shape of NLRP3 protein
complex. Furthermore, caspase 1 immunostaining is absent in the tissues of the FAT
ATTAC model of fat-specific apoptosis described above.

Macrophages and Multinucleated Giant Cells Reabsorb Debris
of Dead Adipocytes and Stimulate Adipogenesis

The size of hypertrophic obese adipocytes that die by pyroptosis is gigantic in
proportion to that of normal macrophages infiltrating obese fat. Because residual
debris of dead adipocytes are close to the same gigantic size, it is not surprising that
macrophages form syncytia similar to those formed in foreign body reactions. The
size of CLS in obese fat is variable; the largest approach that of surrounding
hypertrophic adipocytes the smallest are almost exclusively composed by macro-
phages with the central residual lipid droplet barely visible. These data allow to think
that CLS are sites of reabsorption of debris derived from hypertrophic adipocytes
death. In line with this hypothesis, a time course study of fat inflammation in visceral
fat of HFD treated mice showed that CLS number progressively increase in this fat
depot of these animals in parallel with the increase of fat and of the size of adipocytes
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(Strissel et al. 2007). At week 16 of HFD, about 70% of epididymal depot was
occupied by CLS and after 4 further weeks of HFD the % of tissue occupied by CLS
dropped to less than 20% with a parallel decrease in weight of the depot. These data
suggest a renewal of the tissue and recently Lee et al. (2013) identified CLS an
adipogenic niche. In particular they found that clusters of proliferating PDGR-
a-marked preadipocytes where in close connection with CLS. Furthermore, they
showed that CLS-macrophages produce osteopontin and a subpopulation of PDGR-
a-marked preadipocytes express CD44 that is the receptor for osteopontin.

Further data supporting the reabsorbitive-clearing role of CLS macrophages have
been recently produced by Haka et al. (2016) that showed an extracellular digestive
activity of CLS macrophages denominated exocytosis.

In Humans, Cyst-Like Structures Are Gigantic CLS

Hypertrophy of adipocytes seems to be the prerequisite for CLS formation. In a case
series study of 28 obese patients undergoing bariatric surgery, two patients with
extreme hypertrophy of adipocytes have been described (Camastra et al. 2017).
Their adipocytes resulted about 30% larger than any other obese patient studied.
Only in these two cases rare gigantic CLS denominated cyst-like structures (CyLS)
were found (Fig. 4). Their anatomical composition was similar to classic CLS, i.e.,
they were composed by CD68 immunoreactive macrophages surrounding a lipid-
like structure Plinl negative. In some CyLS, macrophages formed syncytial struc-
tures. Their size was approximately ten times that of the largest CLS found in those
as well in all other patients of this case series. This size excludes the possibility that
CyLS represent debris of single death adipocyte and the hypothesis shown in Fig. 5
was proposed: the very thin rim of cytoplasm, pushed by the expanding lipid droplet,
is damaged and imaging a confluence of enormous lipid droplets extruded by
ruptured adipocytes it can be supposed the formation of very large oil-like lipids
free in the interstitium. As a matter of fact, olive oil injections in inguinal fat for
vitamin A administration reproduced very similar structures. Gigantic lipid droplets
represent gigantic debris requiring reabsorption as those smaller deriving from death
of single adipocytes; thus, it is not surprising to see CD68 immunoreactive macro-
phages (also syncytial) surrounding the lipid structure.

Visceral Adipocytes Have a Lower Critical Death Size

Since the original clinical observations, it became evident that accumulation of fat in
humans is different in males and postmenopausal females (abdominal or central body
forming apple shape) and premenopausal females (gluteo-femoral or lower body
forming pear shape). This different distribution has important health consequences
because the metabolic associated disorders affect only the apple shaped obesity
(central or visceral obesity) implying important differences in the fat site distribution
(Bjorntorp 1997). As a matter of fact, fat localize at two compartments of the body:
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Fig. 4 CD68 immunostaining of macrophages forming CLS and cyst-like structures (CyLS: giant
CLS) in subcutaneous fat of obese diabetic patient. Note the difference in size between CLS and
CyLS (same enlargement in the left panel). The blue framed area is enlarged in the right panel
showing the multinucleated giant macrophage. Bars as indicated (From Camastra et al. 2017)

subcutaneous and visceral. The first is contained in the space between skin and
muscle superficial fascia, and the second inside the trunk.

In order to understand why visceral fat accumulation is more dangerous for health
than subcutaneous fat, the two depots in two different models (ob/ob and db/db) of
genetic murine obesity have been studied. The size of adipocytes resulted increased
six to seven times both in subcutaneous and in visceral fat, but subcutaneous
adipocytes were larger than visceral adipocytes. The CLS density in both compart-
ments was higher in visceral fat. This was unexpected result because of the well-
established positive correlation between size of adipocytes and number of infiltrating
macrophages. These data suggested a lower critical death size (CDS, size triggering
death) for visceral adipocytes (Cinti 2009).

Fat Inflammation Causes Insulin Resistance

The prevalence of visceral inflammation is relevant because it has been shown
a temporal association between fat inflammation and insurgence of insulin resis-
tance. The molecular mechanism linking macrophage infiltration of obese fat and
insulin resistance is incompletely known, but several cytokines and factors produced
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Fig. 5 Hypothesis for CyLS formation: Very large adipocytes with breakage of their very thin
cytoplasmic rim coalesce forming very large lipid droplets remnants ready to be reabsorbed by
macrophages attracted by secreted chemoattractant (From Camastra et al. 2017)

by macrophages could play an important role. Since the discovery of a direct link
between TNFa hyper production in obese fat and insulin resistance, a causal link
between obesity and T2 diabetes was carefully searched for (Hotamisligil 2006).
TNFa direct interference with insulin receptor normal signaling was well established,
but subsequent other works suggested that several other molecules could also play
a role. In 2003 two independent laboratories evidenced the great role for a low grade
chronic inflammation mainly due to macrophage infiltration of obese fat (Weisberg
et al. 2003; Xu et al. 2003). In these papers, the coincidence between macrophages
infiltration and appearance of insulin resistance was established. Furthermore, most of
the cytokines with potential role in insulin resistance were found to be present in the
stroma-vascular fraction of the tissue implying that its source would be different from
that of mature adipocytes as previously thought and macrophages were indicated as
the most probable source. Furthermore, stressed hypertrophic adipocytes can cause
insulin resistance before their death and obese adipocytes reduce their production of
adipsin that exert a positive role on pancreatic p-cells (Lo et al. 2014).

In synthesis, the sequence of events in WAT induced by a chronic positive energy
balance possibly linking obesity to type2 diabetes could be (Fig. 6):

1. Hypertrophy of adipocytes
2. Stress of adipocytes with reduced secretion of adipsin, adiponectin, and increased
secretion of chemo attractants (mainly MCP1)
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Fig. 6 Summary of events possibly linking hypertrophy and death of adipocytes to T2 diabetes

. Death of adipocytes by pyroptosis (with lower critical death size in visceral fat)

. Formation of gigantic debris (mainly represented by residual free lipid droplets)

. Formation of CLS or eventually (very hypertrophic cases) CyLS

. Reabsorption of debris by macrophage phagocytic activity in CLS (by exocyto-
sis, eventually with syncytia formation)

7. Macrophage secretion of cytokines with toxic effects on insulin receptor signal-

ing (including TNFa, resistin, I1-6, and iNOS)
8. Insulin resistance
9. T2 diabetes
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Weight Loss Induces CLS Density Reduction with Amelioration
of Metabolic Parameters

Several histopathologic data from fat of patients with obesity treated by bariatric
surgery that lost significant amount of fat, showed a reduction in size of adipocytes
with a reduction of CLS number. In parallel with these inflammatory parameters
reduction, an improvement of metabolic parameters was shown. Interestingly, in
spite of a drastic reduction of fat inflammation a persistence of an obesity signature or
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incomplete restoring of pancreatic f-cells glucose sensitivity was detected in these
patients (Camastra et al. 2017; Cancello et al. 2005, 2013).

Adipose Tissue Is Organized in Subcutaneous and Visceral Depots

Together with WAT, all adult mammals (humans included) have variable amounts
of brown adipose tissue (BAT). BAT is formed by polygonal cells smaller than white
adipocytes (about 1/3) with central roundish nucleus and several cytoplasmic small
lipid droplets (multilocular adipocytes) (Fig. 7). Brown adipocytes have numerous
large mitochondria containing a protein that is uniquely found in this cell type
and that is responsible for its function: thermogenesis (Cannon and Nedergaard
2004; Ricquier 2017). When mammals are exposed to cold (temperature under
thermoneutrality, i.e., under the temperature not requiring thermogenesis), the sym-
pathetic nervous system (SNS) induces noradrenalin (NE) secretion at the terminal
end of sympathetic nerve fibers that directly reach brown adipose tissue (BAT). NE
activates cAMP signaling through the specific f3 adrenoceptor. The signaling ends
with activation of protein kinase A and subsequent activation of lipases and
neo-synthesis of UCP1. This protein is located in the inner mitochondrial membrane
(cristae) and acts as protonophore, thus nullifying the proton gradient derived from
the beta oxidation of fatty acids and transforming all the energy liberated by the
oxidative process into heat. Thus, BAT is composed by cells completely different in
anatomy and functions from those of WAT, but we call both these cells adipocytes
only for historical reasons essentially due to their old descriptions as lipid loaded
cells well before the discoveries of their functions.

Fig. 7 UCP1 HUMAN PERIRENAL FAT FROM A 79 YEARS OLD PATIENT
immunoreactive brown ;

adipose tissue (BAT) mixed to
white adipose tissue (WAT) in
perirenal fat of a 79-year-old
man (From Cinti 2017)

uep1 |
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Adipose Organ of Mice and Humans Is Mixed and Contains
also BAT

In spite of their different morphology and physiology, WAT and BAT are contained
together in a dissectible organ composed by subcutaneous and visceral depots in all
adult mammals (Fig. 8).

In small mammals (mice, rats, ferrets), 60—70% of this organ is located in the
subcutaneous and intermuscular compartment, i.e., between skin and skeletal mus-
cles fasciae, with some projections in deeper intermuscular areas. Two main subcu-
taneous depots are dissectible in these small mammals: anterior and posterior
subcutaneous depots (Cinti 1999, 2000, 2001a, b, 2002, 2005). The anterior subcu-
taneous depot (ASC) is more complex than the posterior (PSC). ASC is mainly
dorsal and located in interscapular area with several symmetrical projections (lateral,
cervical, axillary, and subscapular). Each of these parts is mixed: formed by BAT and
WAT, i.e., within these areas pure BAT lobules are located near pure WAT lobules
with mixed tissue at the boundaries. Thus, ASC is mixed with pure WAT near pure
BAT and near areas composed by the two cell types. PSC is mainly WAT and located
symmetrically in the inguinal area with dorso-lumbar and gluteal extensions. In the
inguinal area is always visible a lymph node. Small mixed depots are present in the

Fig. 8 Gross anatomy of Adipose Organ of adult female Sv129 mice maintained at 28 °C (left) and
6 °C (right) for 10 days. 4 = anterior subcutaneous depot (formed by interscapular, subscapular,
axillo-thoracic, and cervical parts), B = mediastinal-periaortic visceral depot, C = mesenteric
visceral depot, D = retroperitoneal visceral depot, £ = abdomino-pelvic visceral depot (formed
by perirenal, periovarian, parametrial, and perivesical parts), 7 = posterior subcutaneous depot
(formed by dorso-lumbar, inguinal, and gluteal parts) (From Murano et al. 2005)
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limbs. Visceral depots are contained into the trunk: thorax and abdomen. In thorax,
fat occupies the mediastinal area with projections following all main aorta branches.
In abdomen, a unitary structure denominated abdominopelvic depot surrounds
abdominal aorta and its main branches forming perirenal, mesenteric, retroperito-
neal, periovarian, parametrial, and perivesical fat in female mice. In male mice,
abdominal fat mainly forms the perirenal and retroperitoneal fat. Pelvic fat in male
mice forms the perivesical and epididymal depots. Visceral fat is also present in
omentum that is very small in mice. Mediastinal and perirenal fat are the richest in
BAT and a gradient BAT-WAT is present from aorta to its peripheral branches, i.e., all
described depots are close (surrounding) to aorta and its main branches. The fat
closest to aorta is usually BAT and a gradual transition toward WAT is found
following the peripheral part of the branches. Epididymal fat and omentum (both
far away from aorta) are always pure WAT. This anatomy is finalistically easy to
explain: heat produced by BAT is quickly transferred to the close aorta and its main
branches in order to diffuse thermogenesis to all organisms.

In humans, the anatomy of this organ is quite similar to that described above for
small mammals.

Major differences are: (1) subcutaneous compartment is more diffuse and con-
tinuous also in the limbs, (2) the interscapular area is less developed, (3) most tissue
is formed by WAT, (4) BAT is restricted mainly in peri subclavian and perirenal
areas, and (5) BAT is rarely pure (usually lobules of BAT are mixed with WAT). In
a case series of about 45 adult patients biopsied in the peri subclavian-peri carotid
area, UCP1 immunoreactive BAT in about 1/3 of them have been described
(Zingaretti et al. 2009). Furthermore, positron emission tomography with deoxy-
fluoro-glucose (PET) showed active uptake signal in the same area, which increased
in intensity after cold exposure or in patients with pheochromocytoma (a benign
tumor od adrenal gland secreting high levels of catechol amines in the blood) (Saito
et al. 2009).

Thus, the human adipose organ is mixed and its BAT component can be activated
in adult humans (Cypess et al. 2009; van MarkenLichtenbelt et al. 2009; Virtanen
et al. 2009). A recent paper showed that a new 3AR agonist drug (mirabegron)
approved for hyperactive bladder is able to activate BAT as visualized by PET in
young lean voluntary patients (Cypess et al. 2015).

BAT Is an Antimetabolic Syndrome Tissue

The presence of BAT in adult humans is of clinical interest because the energy
dissipated by BAT thermogenesis could help to treat patients with obesity (Cypess
and Kahn 2010). It has been shown that lack of BAT activity favors obesity and T2
diabetes in small mammals (Bachman et al. 2002; Lowell et al. 1993) and treatment
of obese animals with B3AR agonists rescue obesity and related disorders (Ghorbani
and Himms-Hagen 1997, 1998). Furthermore, BAT activity improves insulin sensi-
tivity (Seale et al. 2011), lipid metabolism (Bartelt et al. 2011), atherosclerosis
(Berbee et al. 2015), and increase longevity (Ortega-Molina and Serrano 2013). It
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has also been shown that cold exposure of adult patients improves the insulin
sensitivity (Chondronikola et al. 2014).

WAT Can Be Converted into BAT

A major question deriving from the anatomy of adipose organ is related to the
finalistic common purpose of WAT and BAT. By definition an organ must be
dissectible, containing at least two different tissues, and these tissues should coop-
erate for a unitary finalistic purpose. Thus, the stomach (widely accepted as an
organ) is dissectible and formed by different tissues such as mucosae and smooth
muscles. These tissues cooperate with different functions to the unitary finalistic
purpose of digestion: mucosae by gastric juice production and smooth muscle by
peristalsis. In order to search for the unitary finalistic purpose of WAT and BAT in
adipose organ, the dynamic changes of this organ during several physiologic stimuli
such as cold exposure and pregnancy have been studied. After just 10 days of cold
exposure, the color of the organ changes dramatically (Fig. 8) from mainly white
(mice maintained at 28 °C) to mainly brown (mice maintained at 6 °C) both in B6
and Sv129 adult mice. Detailed quantitative measurements of adipose organs in
these experiments showed that after cold exposure in both strains the total number of
adipocytes was unchanged, of course, as expected, the number of brown adipocytes
increased but surprisingly the number of white adipocytes decreased exactly of
a number of cells equivalent to the increased number of brown adipocytes (Fig. 9)
(Vitali et al. 2012). These data suggested a conversion of WAT to BAT in line with
other experiments performed since 2000 when a direct conversion of white into
brown adipocytes in old rats treated with f3AR agonists was showed (Granneman
et al. 2005; Himms-Hagen et al. 2000) (Figs. 10 and 11).

The ideal technique to demonstrate this conversion is lineage tracing where cell
tagged by the cell specific activation of a gene induces irreversible production of
[-galactosidase (f-Gal or other reporter gene) that persists in the converted cell
independently by the new phenotype and gene expression. -Gal expression can be
visualized at light microscopy level by histochemistry (X-Gal reaction) as a blue
cytoplasm adding to the genetic precision the cell specific morphology precision.
With this powerful technique, Christian Wolfrum group demonstrated the reciprocal
conversion of WAT-BAT in 2013 (Rosenwald et al. 2013).

With the same lineage tracing technique, it was also demonstrated that white and
brown adipocytes derive from the same stem cell reinforcing the concept of possible
interconversion (Tran et al. 2012).

Browning can be obtained mainly by cold exposure, administration of B3ARs
agonist drugs, and physical exercise (Bostrom et al. 2012; De Matteis et al. 2013;
Frontini and Cinti 2010).

Thus, the answer to the major question could simply be: the unitary finalistic
purpose is repartition of food-derived energy into functions for survival (short-term
homeostasis) — thermogenesis (BAT) and metabolism (WAT) — but in special
occasions such as chronic cold exposure WAT converts to BAT to respond to the
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Fig. 10 UCP1 . hra
immunoreactive paucilocular ~ + = s -
adipocytes found in anterior A T\ !
subcutaneous WAT of cold f
exposed C57/BL6J adult
female mouse. Note the
immunoreactivity at periphery
of the cells, roundish small
immunoreactive structures
with size and shape of
mitochondria (arrows) are
visible, suggesting an early
stage of white to brown
transdifferentiation

Morphology of steps in WAT to BAT transdifferentiation

e (Classic white mitochondria
= [ntermediate mitochondria
@ Classic brown mitochondria
© Lipid droplet

PL UCPI1 - adipocyte

inc S 2 PL UCPI + brown adipocyte  Classic UCPI +brown adipocyte

Fig. 11 Proposed morphology of steps during white to brown transdifferentiation. The UCPI
immunoreactive paucilocular step is shown also in the original immunohistochemistry analysis
(arrows) (From Barbatelli et al. 2010)



68 S. Cinti

extra need for thermogenesis. On the other hand, in the case of chronic positive
energy balance, the organ cannot refuse the precious energy of extra food because of
lack of any guarantee for future food availability.

Pink Adipocytes Integrate the Transdifferentiation Triangle
of Adipose Organ

This theory explains the mixed anatomy and the need of cooperation between WAT
and BAT, but implies a new basic property of mature cell: the physiologic ability of
reversible transdifferentiation. In search for new examples of this property, it has
been shown that subcutaneous WAT of female mice is able to reversibly convert to
milk-secreting epithelial glands during pregnancy and lactation. It is well known
that the alveolar component of mammary glands develops during pregnancy and
progressively substitutes for the mammary WAT. Early alveoli (day 17-18 of
pregnancy) are diffusely formed by glandular cells with cytoplasm occupied by
large lipid vacuoles (Masso-Welch et al. 2000; Richert et al. 2000; Smorlesi et al.
2012). Thus, parenchymal cells of adipose organ during pregnancy fulfil the
definition of adipocytes that were denominated pink adipocytes because the color
of the organ during pregnancy is pink (Giordano et al. 2014). Lineage tracing and
explant experiments showed the reversible white to pink transdifferentiation
(De Matteis et al. 2009; Morroni et al. 2004). Recently it has also been showed
that pink adipocytes (milk secreting glandular cells), in the postlactation period, not
only convert to white adipocytes but also to UCP1 immunoreactive brown adipo-
cytes in the dorsal area of ASC (Giordano et al. 2017). Molecular mechanisms
underlying this triangle of transdifferentiation (Fig. 12) are under investigation, but
comparative microarrays analyses between cleared fat pad (mammary fat after
surgical removal of ductal tree) and contralateral normal glands at various period
of pregnancy showed that osteopontin secreted by the ductal cells and the master
transcription factor EIf5 could play key roles in the white to pink trans-
differentiation (Prokesch et al. 2014).

Thus, physiologic reversible transdifferentiation of adipocytes could be the
specific property explaining why cells with different anatomy and physiology are
mixed to form a well-defined organ. White, brown, and pink adipocytes in the
adipose organ respond not only to the need of partitioning energy between thermo-
genesis (browning) or metabolism (whitening) for short-term homeostasis (survival
of the animal), but also for the needs of offspring survival (pinking) for long-term
homeostasis.

Browning Can Curb Obesity and Related Disorders

A growing body of evidences suggest that browning of adipose organ can be used to
treat the metabolic syndrome (Nedergaard et al. 2011). Since several decades it was
evident that obese animals treated by B3AR agonists undergo browning of adipose
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Fig. 12 The transdifferentiation triangle. All published data supporting the physiologic reversible
conversions of adipocytes are indicated (From Cinti 2017)

organ and weight loss (Guerra et al. 1998; Tseng et al. 2010). Several data also
support positive effects on glucose and lipid metabolism and recently most data have
been confirmed in humans (Yoneshiro et al. 2013).

BAT Is Mainly Visceral in Humans

It must be outlined that most BAT in humans is located in visceral fat. PET
analyses (Kuji et al. 2008) and biopsy studies (Cinti 2006; Zingaretti et al.
2009) showed that in humans BAT is mainly located in the neck visceral areas
(in contact with the visceral and with the neurovascular units) and in the perirenal
fat (Cinti 2017).

Visceral BAT Converts into WAT in Obese Mice and Humans

Brown visceral fat convert to WAT with age and weight gain, and this BAT-derived
WAT is responsible of most of the adverse effects in obese patients mainly for its low
critical death size (Giordano et al. 2016) (see above).
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Specific Drugs Able to Convert White Visceral Adipocytes into
Brown Adipocytes Are Needed

Thus, specific drugs able to convert visceral WAT to BAT would be very useful not
only for their intrinsic potentiality to increase energy expenditure so favoring
weight loss, but also because the specific reduction of visceral fat would prevent
the adverse effects of visceral fat expansion (Giordano et al. 2016). The general
belief that visceral fat is resistant to WAT to BAT transdifferentiation is probably
wrong. This idea likely derives from experimental data on visceral fat using
epididymal depot as paradigm of visceral tissue. Epididymal fat is indeed resistant
to browning, but several other, less studied, visceral depots are much more prone to
browning: mediastinal, periaortic, perirenal, periovaric, parametrial, and mesenteric
depots showed a high proneness to browning (Vitali et al. 2012).

The Partial WAT-BAT Conversion Could Be Sufficient to Improve
the Metabolic State

All data reported above seem to suggest that size of white adipocytes is very
important to trigger the adverse metabolic effect of a chronic positive energy
balance. The increase in size of adipocytes is particularly dangerous in visceral fat.
Pointing to browning of visceral fat could be a strategy to combat the adverse
metabolic effects of obesity (Giordano et al. 2016). The most efficient way to obtain
browning in small mammals is through the activation of B3ARs. The last generation
of P3AR agonists mirabegron activate BAT in humans (Cypess et al. 2015), but its
approval only for bladder hyperactivity allows to suspect that clinical trials for the
treatment of obesity failed or showed adverse collateral effects. Considering that the
first steps of WAT to BAT conversion is the reduction in size of white adipocytes
(Fig. 11) and considering the importance of cell size for adipocytes, it could be
concluded that a mild activator of B3ARs could realize healthy cell size reduction
avoiding collateral adverse effects. The pharmacologic research should point to this
direction or to all other emerging alternative mechanisms of browning (also mild
browning) not involving this receptor such as natriuretic peptides, BAIBA, irisin,
FGF21 (for a recent review see Giordano et al. 2016).

Conclusions

A deep knowledge of anatomy and physiology of adipose organ is very important to
understand the physiopathology of obesity and its related disorders. Furthermore, the
extraordinary plasticity capacities of this organ offer possible innovative therapeutic
strategies that may overcome these pathologies and include unexpected fields of
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applications such as those involving the developmental properties of mammary
gland.
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The gastrointestinal tract is extremely rich in endocrine cells and secretes a
myriad of hormones, including ghrelin, glucagon-like peptide 1(GLP1), gastric
inhibitory peptide (GIP), cholecystokinin (CCK), amylin, peptide YY (PYY),
oxyntomodulin, and leptin. Mechanical distention of the stomach elicits mecha-
noreceptors within the gastric wall sensing tension, stretch, and volume, which
then send brain signals through vagal and spinal sensory nerves.
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Both stomach and gut are tightly connected with the central nervous system
where the fullness sensation is elaborated. Peripheral signaling hormones regulate
appetite in the hypothalamic arcuate nucleus through anorexigenic and orexigenic
signals. The gut-hindbrain axis is sufficient to drive the satiation sensation,
although hindbrain also communicates with the forebrain where sensory and
cognitive processes linked to meal anticipation and learned associations play a
relevant role in the anticipation of food reward and pleasure.

We report an overview of the intestinal mechanisms regulating satiety and
body weight with particular emphasis to the effects of drugs and bariatric/
metabolic surgery on gut hormonal secretion.

Keywords
Gastrointestinal hormones - Nervous system - Satiety - Appetite

Introduction

Food ingestion promotes satiation trough two mechanisms: stomach distension and
hormone release. The gastrointestinal tract is tightly connected with the central
nervous system (CNS) where the fullness sensation is elaborated. Peripheral signaling
hormones regulate appetite in the hypothalamic arcuate nucleus (ARC) through
anorexigenic and orexigenic signals. The former are mediated by neurons expressing
the neuropeptides pro-opiomelanocortin (POMC) and cocaine- and amphetamine-
regulated transcript (CART), while the latter are mediated by neurons expressing the
neuropeptides agouti-related peptide (AgRP) and neuropeptide Y (NPY). Projections
of these neurons transmit the signals to secondary neurons located in the dorsomedial
and paraventricular nuclei, in the lateral hypothalamus, and in the prefornical area.

The gut-hindbrain axis is sufficient to give the satiation sensation, although
hindbrain also communicates with the forebrain where sensory and cognitive pro-
cesses linked to meal anticipation and learned associations play a relevant role in the
anticipation of food reward and pleasure.

Mechanical distention of the stomach elicits mechanoreceptors within the gastric
wall sensing tension, stretch, and volume which then send brain signals through
vagal and spinal sensory nerves (Ritter 2004).

When vagotomy was used, years ago, as a therapeutic approach to cure peptic
ulcers, it was associated with a decline of appetite and consequently with weight loss
(Irving et al. 1985). Therefore, the vagus nerve was regarded as a possible target for
the treatment of obesity. The Maestro System (Enteromedics) has been recently
approved by the Food and Drug Administration and consists of a subcutaneously
implanted rechargeable battery connected with two electrodes that are
laparoscopically implanted in the trunks of the vagus nerves just above the junction
between the esophagus and the stomach. The leads are placed on the anterior and
posterior intra-abdominal nerve trunks. Clinical studies have shown that Maestro
System implantation determines a significant weight reduction of around 3 kg in 1
year (Shikora et al. 2013).
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Fig. 1 Major hormones produced by the gastrointestinal tract

Nutrient delivery in the small intestine is able to reduce food intake (Powley and
Phillips 2004) through the secretion of satiation hormones by entero-endocrine cells.

Entero-Endocrine Cells

Entero-endocrine cells (EECs), derived from pluripotent stem cells and located
within the epithelial cells of the intestinal mucosa, sense the intraluminal nutrients
and produce a series of hormones that regulate many functions including appetite,
digestion, gut motility, and metabolism. Importantly, these cells are connected with
nervous terminations and, thus, they can dialogue with the central nervous system.

At least 12 types of entero-endocrine cells have been identified until now and
their location and type of hormone produced are summarized in Fig. 1. Single types
of EECs are able, however, to produce more than one hormone as shown in
transgenic CCK-eGFP mice, where six functionally different peptides (CCK,
GLP1, GIP, PYY, secretin and neurotensin) can be coexpressed (Egerod et al. 2012).

In the following sections, the action of the major entero-hormones will be
underlined.

CCK

Cholecystokinin (CCK) is produced by I endocrine cells of the duodenum and
jejunum, but it is also produced in the enteric nervous system and in the brain.
When injected before meals, CCK promotes satiety, but it has a short life (Lieverse
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et al. 1995). Injection of CCK in the hypothalamus induces satiation. Long-term
administration of CCK in both animals and humans is associated with ending of
anorectic effects within 24 h.

CCK-1 receptors are expressed in the pancreas as well as in some sites of
the brain (Hill and Woodruff 1990), while CCK-2 receptors are present in the
gastrointestinal tract and are widely distributed throughout the brain (Hill and
Woodruff 1990).

Otsuka Long-Evans Tokushima fatty (OLETF) rats, a model of congenital CCK1
receptor deficiency, develop hyperphagia and obesity (Takiguchi et al. 1997). In
contrast, CCK1 receptor knockout (KO) mice are not hyperphagic or obese (Bi et al.
2004). These findings probably depend on the fact that in mice CCK2 receptors are
predominant. In fact, CCK2R™"™) mice develop obesity associated with hyperpha-
gia (Clerc et al. 2007).

Few years ago, after the negative results, in terms of weight loss and
cardiometabolic risk markers, of a 6-month phase II trial in 701 obese subjects
using the selective CCK-A agonist GI181771X, GlaxoSmithKline terminated the
development of this drug (West et al. 2008). However, interestingly, CCK shows a
synergic satiation action with leptin enhancing weight reduction at least in experi-
mental animals. Therefore, a combination of leptin and CCK might represent a
promising pharmaceutical approach to obesity.

Studies investigating the changes in CCK levels after bariatric surgery are few
and controversial. Rubino et al. (2004) did not find significant changes of CCK
levels in the bloodstream after Roux-en-Y gastric bypass (RYGB). In another
study, in contrast, RYGB patients had four time higher plasma CCK concentrations
after a test meal than weight-matched control subjects (De Giorgi et al. 2015). In
rats which underwent RYGB or sham operation, no difference in CCK circulating
levels was found (Suzuki et al. 2005).

GLP1

Glucagon-like peptide-1 (GLP-1) is secreted by the enteroendocrine L cells distrib-
uted throughout the entire intestine but with a higher density in the ileum and colon
(Gibbs et al. 1973; Jordan et al. 2008). It derives from proglucagon that is cleaved by
the prohormone convertase 1/3 (PC1/3) (Fig. 2). In L cells, GLP1colocalizes with
oxyntomodulin and peptide YY (PYY).

For the first time in 1987, Kreyman et al. (1987) found gut GLP-1 7-36-like
immunoreactivity in humans and showed that GLPI1 infusion enhanced insulin
secretion. Similarly to glucose-dependent insulinotropic polypeptide (GIP), GLP1
is rapidly inactivated in the circulation by dipeptidyl peptidase-4 (DPP4).

GLP1 enhances insulin secretion and inhibits glucagon secretion; in addition, it
stimulates p-cell proliferation and neogenesis, and inhibits p-cell apoptosis. Its
inhibitory action on insulin secretion seems to be mediated by somatostatin (de
Heer et al. 2008).
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Fig. 2 Incretin synthesis pathway

Several reports show that GLP-1 reduces food intake in animals and humans,
while blocking the GLP-1 receptor with exendin 9-39 determines hyperphagia in
rodents (Williams et al. 2009).

The presence of GLP-1 receptors on neurons in the human hypothalamus,
medulla, and parietal cortex has been recently demonstrated (Farr et al. 2016).
Exenatide, an injectable GLP1 agonist, infusion increases activation in appetite-
and reward-related brain areas in normoglycemic obese and in type 2 diabetic, obese
subjects as compared with lean volunteers. Very recently, it has been shown
that exenatide increases electrical activity of the dorsal raphe serotonin neurons
(Anderberg et al. 2017).

Similarly to exenatide, liraglutide, another GLP1 agonist, decreases the activation
of the parietal cortex in response to highly desirable visual food cues (Farr et al.
2016).

In a 56-week, double-blind trial involving 3731 patients with a BMI 38.3 + 6.4
(Pi-Sunyer et al. 2015), 63.2% of the patients in the 3 mg once daily Liraglutide
(commercial name, Saxenda) arm lost at least 5% of their baseline body weight as
compared with 27.1% in the placebo arm (P < 0.001), while 33.1% and 10.6%, in
the two groups respectively, lost more than 10% of their basal body weight
(P < 0.001). The mid-term (3 years) results of this RCT in terms of transition
from prediabetes to diabetes, published in February 2017 (le Roux et al. 2017),
showed that 2% of the patients in the 3 mg daily liraglutide group progressed to
diabetes versus 6% in the placebo group; the weight loss difference between
liraglutide and placebo was —4.6 kg (95% confidence interval — 5.3 to 3.9 kg,
P < 0.0001) with 49.6% of patients who lost >5 kg, 24.8% who lost >10 kg, and
11% who lost >15 kg in the liraglutide arm.
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Oxyntomodulin

Preproglucagon is a polypeptide containing 179 amino acids; its fraction near the
N-terminal contains glicentin while its fraction close to the C-terminal is the major
proglucagon fragment (MPGF) (see Fig. 2). The latter contains GLP1 and GLP2.
While in the pancreatic a-cells it is processed to the 29 amino acid glucagon and
MPGTF, in the intestinal L cells it forms glicentin, GLP1, GLP2, and oxyntomodulin
(Fig. 2).

In experimental animals, oxyntomodulin injection reduces food intake and
increases energy expenditure while its chronic administration reduces body weight
gain (Wynne et al. 2005). Oxyntomodulin infusion for 4 weeks in humans reduces
meal size by at least one-fourth, while its chronic administration determines a 0.5 kg/
week average weight loss higher than with placebo (Brown and Pederson 1970).

It has been shown that oxyntomodulin binds the GLP1 receptor, although with an
affinity 100 times lower than that of GLP1 itself (Wynne et al. 2005). Its action is at
least partially mediated by GLP1 receptors; in fact, it does not modify appetite in
GLP1 receptor knockout mice (Brown et al. 1970), and exendin 9—39, an antagonist
of GLP1 receptor, blocks the effects of oxyntomodulin (Wynne et al. 2005). How-
ever, oxyntomodulin elicits anorexia in equimolar dose as GLP1 suggesting that it
has a direct effect other than that mediated by its GLP1-R agonist action (Wynne
et al. 2005). A possible direct action is that on the ventromedial hypothalamic satiety
center (Wynne et al. 2005).

Oxyntomodulin linked at its N-terminus to a linear polyethylene glycol (PEG)
chain is under study with the name of MOD-6031. Contrary to oxyntomodulin
which has a very short half-life, MOD-6031 is a long-acting GLP-1/glucagon dual
receptor agonist under development by OPKO Health Inc.

Gastric Inhibitory Peptide

Scientists noted that some nutrients, in particular fat, inhibit gastric acid secretion in
a mechanism of negative feedback. In 1969, John Brown and Raymond Pederson
(1970) published a paper in which two preparation of CCK, purified at 10% or 40%
on the basis of gallbladder-stimulating potency, were studied on in vivo denervated
stomach preparations of dogs. 40% purified CCK was more effective than 10% in
stimulating gastric acid secretion suggesting that a gastric stimulant hormone was
removed. In 1970, at the Karolinska Institute in Stockholm, Sweden, Brown et al.
(1970) isolated the gastric inhibitory peptide (GIP) whose sequence was identified
the following year. Later on, it was shown that the infusion of GIP during an oral
glucose tolerance test potentiated insulin secretion. Indeed, the action of GIP on f-
cells was found to be glucose dependent, a characteristic of the incretin action
(Pederson and Brown 1976). Both GIP and GLPI concur to the incretin effect,
which is the much larger insulin secretion driven by an oral as compared with an
intravenous glucose administration.
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Similarly to GLP1, GIP is degraded by the enzyme DPP4. GIP, however, covers
also a relevant action on modulating insulin sensitivity. In fact, genetic knockout of
the GIP receptor protects from obesity-related diabetes (Miyawaki et al. 2002).
Furthermore, chronic administration of (Pro’GIP), a specific and stable GIP receptor
antagonist, can prevent or reverse many of the established metabolic alterations,
including insulin resistance associated to type 2 diabetes (Gault et al. 2002).

Peptides from the Pancreatic Polypeptide Family

The pancreatic polypeptide family includes the pancreatic peptide (PP), the peptide
YY (PYY), and the neuropeptide Y (NPY).

PYY is cosecreted with GLP1 by endocrine L-cells. Circulating levels of PYY
peak within 2 h of eating and are proportional to meal size and composition,
with proteins having a stronger stimulating action than fat and carbohydrates, and
fat larger that carbohydrates (Hill et al. 2011). PYY is an antilipolytic hormone as
shown by Labelle et al. (1997).

The PYY response to meal ingestion is attenuated in obese subjects (Brownley
et al. 2010).

PYY binds and activates at least three different G-protein-coupled receptor sub-
types (Y1, Ys, Y3, Y4, and Y5) dislocated in the brain, the subtype Y is particularly
expressed in the hypothalamus.

NPY is a 36 amino acid peptide with an anorexic action. It binds to Y receptor
that mediates its antilipolytic effect in the adipose tissue (Reichmann and Holzer
2016) and it is cleaved by dipeptidyl peptidase IV forming NPY; 3¢ that can bind to
the receptor Y5 (Reichmann and Holzer 2016).

PYY; 3¢ infusion reduces food intake in lean and obese individuals and decreases
ghrelin levels in the bloodstream (Batterham et al. 2003).

PP acts by reducing food intake and delaying gastric empting; it is possible that
PP transmits satiety signals to the satiety center via the vagus nerve (Wang et al.
2008). In fact, vagotomy reduces PP’s satiation effects (Wang et al. 2008). Stomach
distention during eating stimulates stretch receptors connected with vagal fibers.
Therefore, PP can act by reducing gastric emptying and thus stimulating stretch
receptors and vagal fibers, and also directly through PP receptors on the vagal
afferents signaling to hypothalamus satiety center (Wang et al. 2008).

Amylin

In 1900, Opie described a hyaline degeneration of the Langerhans islets (Opie 1900)
which later was recognized as a typical feature of type 2 diabetes and identified to be
an accumulation of aggregates of fibrillar islet amyloid polypeptide (IAPP) or
amylin.

Amylin, a member of the peptide calcitonin family, is mainly expressed by the
pancreatic B-cells where it is stored together with insulin in 1:100 molar proportions,
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but its expression has been also evidenced in the gut as well as in the hypothalamus
and basal ganglia (Westermark et al. 2011).

Amylin is excreted in the urine but it is also degraded by the insulin degrading
enzyme (IDE) (Gebre-Medhin et al. 1998); in fact, the in vitro addition of the IDE
inhibitor bacitracin impairs amylin degradation. Another enzyme able to catabolize
amylin is a type II zinc-containing metallo-protease known as neprilysin, which is
mainly located in the p-cells (Gebre-Medhin et al. 1998).

Amylin has an action opposite to insulin; in fact, it inhibits insulin-mediated
glucose uptake and glycogen synthesis in rat skeletal muscle. However, this effect is
obtained with supraphysiological concentrations; thus, amylin cannot be considered
as the hormone responsible of insulin resistance.

Amylin knock-out mice have an enhanced insulin response and a rapider plasma
glucose clearance than wild-type controls (Gebre-Medhin et al. 1998). Amylin
inhibits gastric emptying acting centrally in the brain (Gebre-Medhin et al. 1998).

Gastric bypass was not associated with amylin changes in nondiabetic patients
(Jacobsen et al. 2012).

Leptin

Leptin is a 167 kDa polypeptide secreted by the adipocytes; it was discovered in
1994 by the Friedman’s team (Zhang et al. 1994). Until now six different leptin
receptors (ObR) have been identified, although ObRy, is considered to be the main
functional receptor of leptin (Thon et al. 2016) and it is highly expressed in the
hypothalamus.

In the central nervous system, leptin inhibits NPY/AgRP neurons and activates
pro-opiomelanocortin and cocaine- and amphetamine-regulated transcript (POMC/
CART) neurons located in the arcuate nucleus (Thon et al. 2016), thus inducing
satiety.

Through its receptor ObRy, which belongs to the class I cytokine receptor family,
leptin activates Janus kinase signal transducer and activator of transcription (JAK-
STAT), the mitogen-activated protein kinase/extracellular signal-regulated kinase
(MAPK/ERK), and phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) path-
ways (Thon et al. 2016).

Leptin regulates the autonomic nervous system circadian command mechanism.
In fact, it is also secreted by the stomach (Liu et al. 2015) being stimulated by gastric
wall distension and intragastric nutrients as well as by the CCK level raise. It
potentiates the satiating effects of CCK and GLP1. Gastric overstretching, which
is promoted by large and repeated meal ingestion, decreases leptin secretion, and this
mechanism of action has been advocated in the reduced satiation of obese subjects
(Mingrone et al. 2005). Adipose tissue leptin secretion contributes to signal to the
satiety brain regions; in fact, feeding enhances leptin secretion from adipocytes
(Thon et al. 2016).

Leptin counteracts the lipogenic and anabolic action of insulin and reduces fat
ectopic deposition in the liver, skeletal muscle, and pancreas. Through the
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sympathetic nerve system, it stimulates diet-induced thermogenesis by enhancing
uncoupling protein (UCP1) gene expression in the brown adipose tissue (Thon et al.
2016).

As far as body weight increases during overeating, subjects become leptin
resistant. In the leptin-resistant state, there is an excess of the suppressor of cytokine
signaling 3 (SOCS3), which downregulates STAT3 (Mori et al. 2004) and thus
reduces the effect of leptin on satiety. In fact, SOCS3-deficient mice show increased
leptin-induced STAT3 phosphorylation in the hypothalamus. Protein tyrosine phos-
phatase 1B (PTP1B) inhibits leptin signaling by dephosphorylating JAK2. Adipose
tissue PTP1B knockout mice increase body weight, while neuronal Ptpn1<~) mice
are hypersensitive to leptin (Bence et al. 2006).

Leptin ultradian rhythm was studied before and after a malabsorptive type
of bariatric surgery, biliopancreatic diversion (BPD), showing that the maximum
leptin diurnal variation, i.e., the acrophase, decreased (10.27 =+ 1.70 wvs.
22.60 4+ 279 ng - ml™'; P = 0.001), while its pulsatility index increased
(1.084 + 0.005 vs. 1.050 £ 0.004 ng - mlI~' - min~'; P = 0.02) (Mingrone et al.
2005). Leptin changes negatively correlated with the changes of insulin sensitivity. It
was suggested that insulin resistance reversion that follows BPD might allow
reversal of leptin resistance and restoration of leptin pulsatility, thus increasing
satiety (Mingrone et al. 2005).

Drugs improving leptin resistance have been proven to reduce body weight at
least in rodents under a high fat diet and to lower hepatic fat deposition. Among these
molecules, there are celastrol, a pentacyclic triterpene extracted from the roots of
Tripterygium Wilfordii (thunder god vine) plant (Liu et al. 2015), and withaferin A
that were shown to reverse leptin resistance in mice and to ameliorate the metabolic
features linked with obesity.

Ghrelin

Ghrelin is a 28 amino acids acylated peptide mainly produced in the stomach and
named after its ability to stimulate the secretion of growth hormone (GH). It is the
only known orexigenic hormone; in other words, it stimulates food intake and is,
therefore, associated with weight gain.

The binding of octanoic acid to the gherlin’s serine 3 residue in its N-terminal
confers to this hormone the capacity to bind its receptor, the GH secre-
tagogue receptor 1 (GHSR1). This active form of ghrelin is promptly degraded to
desacyl-ghrelin; in fact, the half-life of the acyl-ghrelin is only 10 min. Ghrelin
circulates also bound to the immunoglobulins (IgG); in fact, ghrelin-reactive IgG are
natural autoantibodies (Takagi et al. 2013) and protect ghrelin from acyl degradation.

In humans, ghrelin levels rise before a meal and fall after food intake. In addition,
food proteins have a larger inhibitory effect than carbohydrates and fat on ghrelin
secretion.

Ghrelin stimulates the dopaminergic regions of the limbic system, but it acts also
on the amygdale and the orbitofrontal cortex, two brain regions that control eating



84 L. Castagneto Gissey et al.

behavior addressing food choice toward high density energy, fat-rich food. Con-
versely, visual stimuli of hedonic foods stimulate ghrelin secretion.

Ghrelin, directly or through the vagus nerve, stimulates the neurons of the arcuate
nucleus, which secrete NPY and AgRP, and inhibits the anorexigenic neurons
secreting pro-opiomelanocortin and a-melanocyte-stimulating hormone.

The effect of ghrelin on appetite is larger in obese than in normal weight subjects.
Nevertheless, total ghrelin plasma concentrations were found to be low and acyl-
ghrelin to be normal in obese individuals, thus excluding a causative role of ghrelin
in the pathogenesis of obesity. However, IgG seem to protect more ghrelin from
degradation in ob/ob mice and in Zucker rats than in normal rodents, thus permitting
the circulation of its active form in higher amounts.

Acylated ghrelin has also a strong gastric effect in increasing gastric secretion and
motility.

Weight loss induced by dieting is associated with an increased ghrelin secretion,
while gastric bypass dampens ghrelin secretion possibly contributing to the large
weight reduction and marked appetite suppression observed after this kind of
bariatric operation (Cummings et al. 2002). In contrast, after biliopancreatic diver-
sion, a malabsorptive type of bariatric surgery that leads to massive lipid malabsorp-
tion and weight reduction without appetite changes, 24 h circulating ghrelin levels
were unmodified from before surgery but its ultradian rhythm was disrupted
(Mingrone et al. 2006). It is likely, therefore, that ghrelin secretion reduction after
gastric bypass can contribute to the appetite reduction and weight loss observed after
this type of bariatric surgery, while the weight loss observed after biliopancreatic
diversion might be mainly driven by its associated massive lipid malabsorption.

Mechanisms Stimulating Gut Hormone Secretion

After food ingestion, its gastric presence is detected by vagal afferent fibers in the
mucosa sensitive to mechanical touch, while the stretching of the gastric muscle
layer due to stomach distention is sensed by vagal afferents in the external gastric
musculature. The vagus nerve mediates the effects of many gut-satiating hormones
which can however act also directly on the brain by stimulating the satiety center. In
addition, enteroendocrine cells possess chemosensors, which belong to the family of
G-protein-coupled receptor, that determine sweet (T1R) and bitter (T2R) taste in the
mouth, as well as their common G-protein, a-gustducin (Mace et al. 2007).

In the rat jejunum, T1Rs regulate glucose uptake mediated by the sodium glucose
cotransporter SGLT1. TIR2 and TIR3 have been found in entero-endocrine cells
producing GLP1 and those producing GIP; while a-gustducin colocalize with PYY
(Jang et al. 2007).

Food fats exert a potent satiating effect by stimulating the release of satiating
hormones, including PYY, CCK, GLP1, and oxyntomodulin. However, fatty acids
need to have a chain length longer than 12 carbon atoms and they act trough the
binding to the GPR120 receptor (Hirasawa et al. 2005).
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Interestingly, GLP1 producer L cells express receptors for leptin and insulin, the
two long-acting adiposity hormones that control body weight, that stimulate GLP1
secretion. However, also L cells are subject to the phenomenon of leptin and insulin
resistance.

Conclusion

The gastrointestinal tract communicates with the brain via the rich wvagal
mechanosensory innervation and by releasing entero-hormones to modulate appetite
and satiety.

Efforts have been and are currently made by scientists to better characterize the
molecular basis of the transduction cascades leading to gut hormone secretion, at
both transcriptional and posttranscriptional level.

In addition, a better characterization of the nutrients stimulating satiety hormone
synthesis and release is needed to choose those dietary nutrients with highest
satiating effects and to design new drugs that reduce appetite and, thus, induce a
long-lasting weight loss.
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Abstract

Obesity represents a complex chronic disease; likewise, its pathogenesis is
characterized by a multifactorial, intricate interplay between environmental,
genetic, and epigenetic factors. A sedentary lifestyle together with an excess
calories intake set on a genetic predisposing background, which can be further
modulated through epigenetic modifications. Among genetic mutations, the most
important F70 region was found to correlate with obesity and its complications
development, together with several other genes involved in food intake and body
weight regulation. Moreover, the concept of a circadian clock disruption, induced
by the gradual change in lifestyle habits, seems to strongly contribute to those
metabolic and endocrine alterations which favor obesity development.
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The mechanisms regulating hunger and satiety in our body are extremely
complex, involving several organs and systems which in turn interact with the
external environment integrating different kind of inputs. The central nervous
system (CNS) communicates to the peripheral organs, sending and receiving a
whole range of signals including mechanic, hormonal, and nervous stimuli,
which mediate a cross-talk not just with the central brain but also between
lower systems. In the CNS, the main regions involved in food intake regula-
tion are located in the hypothalamus; the mesolimbic hedonic pathway carries
out a different kind of food intake control which involves the more instinct
drivings. Several hormones secreted by gastrointestinal tract, adipose tissue,
and pancreatic-liver axis, such as glucagon-like peptide (GLP-1), leptin, and
insulin, are well-known factors acting on this fine regulation system. Other
central regulators, identified more recently, are represented by the big family
of the skeletal muscle produced hormones, the myokines, and the gut micro-
biota, whose alteration seems to be crucial in obesity development.

Adiposity does not represent a pathologic condition per se; indeed, the
concept of “sick fat” refers to all those local modifications occurring in
adipose tissue and gradually involving the body systemically, which set at
the cell site, and finally lead to disease. Adiposopathy is typically character-
ized at the cell level by adipose cell hypertrophy, visceral fat accumulation,
tissue fibrosis, and low-grade inflammation. These alterations could lead to
the preferential challenging of fatty free acids (FFA) towards other organs
outside adipose tissue with an ectopic lipid and fat accumulation, a phenom-
enon called lipotoxicity which is strongly related to the appearance or wors-
ening of insulin resistance. At this final step, the obesity-associated
complications develop. Indeed, pathological obesity typically correlates
with metabolic syndrome, i.e., type 2 diabetes mellitus, hypertension,
dyslipidemia, nonalcoholic fatty liver disease (NAFLD), and cardiovascular
complications.

Keywords
Obesity pathogenesis - Multiorgan cross-talk - Adiposopathy

Introduction

Obesity is a deadly epidemic disease and a major public health concern since it
associates with many comorbidities such as type 2 diabetes, hypertension, cardio-
vascular disease, psychiatric and psychological disorders, osteoarthritis, and several
types of cancer. It is a multifactorial disease determined both by environmental and
genetic factors. Among the environmental factors, an excessive energy intake, a
sedentary lifestyle, and circadian rhythm sleep alterations are probably the most
important determinants.
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The Gene-Environment Disequilibrium as a Trigger for Obesity
Development

One of the most intriguing hypothesis in the pathogenesis of obesity is related to the
existence of a “thrifty genotype” favoring the accumulation of calories excess as fat,
but none of the genes discovered so far fully support this theory as a major
determinant factor. Moreover, the environment can directly influence the genome
through epigenetic modulation of gene expression without altering the underlying
base pair sequence. The early life “maternal” interactions and the “paternal” influ-
ence are now widely accepted as potential epigenetic mechanisms influencing
offspring development. Nutrition and in particular the high-fat diet (HFD) play a
crucial role in inducing epigenetic changes not only in the directly exposed organ-
isms but also in subsequent generations through the transgenerational inheritance of
epigenetic traits. The exposure to HFD during fetal life, particularly if combined
with the same insult during the suckling period, was reported to correlate with the
type 2 diabetes phenotype, which can be directly transmitted to the progeny even in
the absence of additional dietary insults (Gniuli et al. 2008). Recent studies suggest
that a parental HFD challenge can additively render female offspring more obese,
with approximately equal effect strengths from maternal and paternal gametes. All
these observations are consistent with epidemiological studies showing that an
offspring’s body mass index is significantly associated with the degree of parental
obesity, whereas reduced glucose tolerance appears to be more prominently associ-
ated with maternal than with paternal impaired glycemic control (Fox et al. 2014).
Many epigenetic variations occurring in the genomic methylome, the histone code,
the proteome, and the metabolome, are potential carriers of epigenetic information at
the germline level. Moreover, several recent studies have shown that the microin-
jection of specific sperm-derived small RNAs into zygotes can elicit persistent gene
transcriptional effects and contribute to the observed metabolic phenotype in the first
generation (Huypens et al. 2016). The epigenetic phenomena are dynamic and
reversible processes and a prolonged exposure to a safe environment and lifestyle
changes could potentially result in a complete recovery of a normal gene function.

Despite the impact of these epigenetic alterations due to environmental changes,
obesity appears to manifest preferentially in genetically predisposed individuals and
a high level of interindividual variation has been observed among exposed
populations (Wardle et al. 2008). Genetic and epigenetic changes may be silent or
alter the quantity, structure, and function of RNA and proteins, which ultimately can
influence fat mass and distribution. Both genetic and epigenetic variations across
individuals can thus alter adiposity phenotypes and lead to variation in traits across
individuals. Moreover, heritability of obesity-related traits can be modulated by
lifestyle factors such as diet, physical activity, and other environmental factors.

If the discovery of leptin in adipose tissue has revolutionized the way we interpret
the function of this organ, likewise the finding in humans of the same single-gene
alterations that justified the obese phenotype in mice gave a tremendous boost to



92 R. Vettor and S. Conci

research on obesity genetics. Several loss-of-function mutations causing monogenic
obesity were identified to be determined by genes responsible for appetite regulation
in central nervous system (CNS); of particular relevance are the genes coding for
leptin, POMC-derived peptide melanocortin, leptin receptor, and melanocortin 4
receptor (MC4R). These phenotypes are characterized by hyperphagia, which can be
reversed after leptin supplementation. The huge advancements given by the genome-
wide association studies (GWAS), along with the availability of larger biobanks,
have further fueled the research in this field. This lead to the identification of several
genes mostly expressed in specific areas and in integrated neuro-peptidergic and
functional networks in the CNS, playing a prominent role in synaptic function and in
neurotransmitter signaling (ELAVL4, GRIDI, CADM2, NRXN3, NEGRI, and
SCG3), in energy homeostasis control (HNF4G, TLR4, BDNF, POMC, MC4R, and
ETV5) with an important influence in food intake and body weight regulation.

Among them, the most important identified 770 locus was found to be associated
with both BMI and diabetes and their cardiovascular complications. The strongest
effect of the FTO locus was observed in individuals younger than 50 years and it is
noteworthy that its effect on adiposity can be modified by physical activity (Frayling
et al. 2007).

The obesity-associated noncoding sequences within FTO are functionally
connected with the homeobox gene IRX3. The obesity-associated FTO region
directly interacts with the promoters of IRX3 as well as FTO in the human genomes.
Furthermore, long-range enhancers within this region recapitulate aspects of IRX3
expression, suggesting that the obesity-associated interval belongs to the regulatory
landscape of IRX3. Consistent with this, obesity-associated single-nucleotide poly-
morphisms are associated with expression of IRX3, but not FTO, in human brains
(Smemo et al. 2014). IRX3-deficient mice showed a significant reduction in body
weight and fat mass and an increased basal energy expenditure due to, at least in part,
the activation of browning of white adipose tissue. IRX3 is also overexpressed in
adipocytes after weight loss, suggesting its importance in weight regulation. It has
been shown that FTO SNP rs1421085 disrupts the binding site of the ARID5B
repressor leading to the increased expression of IRX3 and IRXS during adipocyte
differentiation, thus inducing the whitening of beige adipocytes (Claussnitzer et al.
2015). Similarly as for the FTO gene, most part of the genes involved in the
regulation of energy expenditure, in the control of food intake, and body weight
are expressed in the CNS. On the contrary, there are a few genes which have been
studied at the peripheral level with a substantial influence on the genesis of obesity.
Among them, of relevance, the genes involved in adiponectin signaling, insulin
sensitivity and glucose levels regulation, skeletal growth, angiogenesis (STABI,
WARS2, MEISI, FGF2, SMADG6, VEGFA, VEGFB, RSPO3, PLXNDI, and
CALCRL), transcriptional regulation (CEBPA, PPARG, HOXC, ZBTB7B, JUND,
KLF13, MSC, SMADG, NKX2-6, HOXA, MEIS1, RFX7, and HMGAI), and adipose
tissue development (CEBPA, PPARG, BMP2, HOXC-mirl96, SPRYI1, TBX15, and
PEMT, WNT10B). However, the obesity pathogenetic processes could be under-
stood only by putting together the relative weight of genes with their tissue expres-
sion along with the environmental influences (Fall et al. 2017).
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In recent years, genetic research on syndromes associated with obesity has
increased considerably and in a recent wide meta-analysis, 79 obesity syndromes
have been reported in literature. Of the 79 syndromes, 19 have been fully
genetically elucidated, 11 have been partially elucidated, 27 have been mapped
to a chromosomal region, and for the remaining 22, neither the gene(s) nor the
chromosomal location(s) have been identified yet. Interestingly, 54.4% of these
syndromes have not been assigned a name, whereas 13.9% have more than one
name (Kaur et al. 2017).

Obesity Development as a Disruption of the Nature Harmony: A
Question of Rhythm

Although obesity is considered to result from an imbalance between energy intake
and energy expenditure, the therapeutic strategy based on dietary changes and
physical exercise has failed to tackle the global obesity epidemic. In search of
alternative and more adequate treatment options, research has aimed at further
unraveling the mechanisms underlying this excessive weight gain. These simple
considerations raise a crucial question on what could be considered the series of
event leading to the development and exacerbation of obesity.

In the era of system biology and medicine, the concept of obesity as a simple
result of a disruption in the thermodynamic laws appears to be an oversimplification.

Moreover, the use of the classical research approach, studying separately the
single cell, tissue, organ, or organism, could lead to misrepresentative conclusions.
Indeed, they could lead to completely different results if we take into account their
fundamental interrelationships investigating them as a whole.

Any organism is a system capable of regulating both the internal relationships
between organs and the influence of environmental factors, not only through an
exchange of fuel substrates and energy but also through an exchange of information.
The unifying theory of the organization of the living beings has been interpreted
within a hierarchical system of control, which integrates the separate subsystems
possessing autonomous mechanisms of self-regulation.

The most important control system is related to the harmonic interaction among
the biological systems with the environment and is characterized and determined by
periodic processes. Our body is part of the universe and everything that happens in
the universe ultimately affects the physiology of our body. Biological rhythms are an
expression of the rhythms of the earth in relationship to the entire cosmos, and just
four rthythms — daily rhythms, tidal rhythms, monthly or lunar rhythms, and annual
or seasonal rhythms — are the basis of all the other rhythms in our body.

An increasing amount of chronobiological studies have started to raise conscious-
ness concerning the crucial role of the circadian system in the development of
obesity and its complications. Biological clock is expressed in periodic changes in
respiration, body temperature, and other vital processes. The nature of biological
rhythms is still essentially unclear, but it is reasonably acceptable considering
periodicity as an essential characteristic of the biological system occurring at each
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of the levels of the living system; disruption of these biorhythms results in a
disruption of all or part of the system.

There is evidence for a cross-talk between the circadian rhythm and metabolic
changes during the day and the disruption of body clocks due to frequent time zone
traveling, shift work, or continuous consumption of high calories and high-fat foods,
can induce metabolic impairment predisposing to obesity and its complications
development. The day-night rhythm and the light-dark cycle act as the most potent
synchronizing signals for the control master present in the hypothalamus.
The central clock can further synchronize the clocks in the periphery by means of
neural and humoral signaling. Likewise, the rhythm of food and the pace at which
you take your meals during the day conditions, such as in a perfect orchestra, induce
synchronous changes of all the clock genes at the periphery which must be ready to
cope with the arrival of nutrients and their use in energy purposes. The circadian
oscillations that are displayed by numerous metabolically relevant hormones could
be altered by the disruption of several clock genes and hormones which regulate
metabolism and are able to induce or reset circadian rhythms. The integrity of the
clock machinery and the relative genes Perl and Per2 is not only important for the
proper circadian adaptation of gut hormones secretion but also for the rhythmicity in
the gut microbiome which is influenced by feeding rhythms (Thaiss et al. 2014;
Zarrinpar et al. 2014).

Obesity could be seen as the result of a circadian system disruption. The term
“chronodisruption” has been coined to indicate the desynchronization between
external environmental cues and internal physiological processes with a loss of
rhythmicity among the environment, the CNS, and the peripheral clocks. Flying
across time zones, shift work, disturbed eating patterns, and consumption of a high-
fat diet have been recognized as the most threatening conditions able to induce
disruption of the internal rhythm leading to metabolic and endocrine abnormalities
which are the basis for obesity development (Laermans and Depoortere 2016).

The Complex Dialogue Between Systems: Brain and Peripheral
Organs

In a hierarchical control system, the CNS has assumed the most important role
because it is the perfect integration between environmental changes and the body
internal needs. CNS control of metabolism includes energy balance regulation
coordinating the individual contribution of white adipose tissue (WAT) and
brown adipose tissue (BAT), the gastrointestinal tract, liver, pancreas, and mus-
cle. Any alteration of these organs or an incorrect communication among these
organs could be the early step triggering the cascade of events leading to obesity
and its complications.

The concept of a complex “brain-peripheral organs dialogue,” central for energy
homeostasis maintenance between food intake and energy expenditure, has devel-
oped over the past decades. Indeed, the past concept of a hierarchical from top to
bottom control of the brain on several, separate systems has been gradually
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reconsidered, leading to the present view of a complex and multidirectional dialogue
between deeply related entities. The central nervous system (CNS) receives several
afferent signals through neural circuits and humoral stimuli sent from the periphery,
such as gut, adipose tissue, liver-pancreatic axis, and muscle. The dialogue takes
place through a central homeostatic pathway, which integrates these signals with
another complementary drive for food intake balance: the hedonic or reward-based
pathway mediated by the mesolimbic dopamine system (Batterham et al. 2007). The
main “homeostatic” centers locate in hypothalamus including the arcuate nucleus
(ARC) and the periventricular nucleus (PVN), dorso- and ventromedial nuclei,
and lateral hypothalamic area peptidergic neurones. They dialogue in response to
different peripheral stimuli through the secretion of several neuropeptides, such as
neuropeptide Y (NPY) and the Agouti-gene related peptide (AgRP), the pro-
opiomelanocortin (POMC), precursor of the a-melanocyte stimulating hormone
(-MSH), the melanin-concentrating hormone, and orexin, which differently pro-
mote or inhibit energy expenditure responses via the efferent autonomic nervous
system. The melanocortin POMC neurons in the ARC are part of the “first-order”
catabolic system; they strongly inhibit food intake through the direct action of the a-
MSH on the melanocortin-4 receptor (MC4r) located in the “second order” peri-
ventricular hypothalamic neurons. Counterparts in the ARC are the “first order”
anabolic neurons, containing NPY and the coexpressed AgRP, antagonist of the
MCA4r, which stimulate food intake. These two neurons systems are potent sensors of
the metabolic status: The NPY/AgRP one is activated by fasting, whereas POMC
neurons are activated after the meal (Morton et al. 2006).

The Brain-Gut Axis

The hormonal signals from the gut to the brain have been well characterized during
the past century by recognizing that they seem to deeply communicate to each other
mediating both acute and long-term responses. Indeed, gut hormones were identified
in the brain, as well as their receptors, widely expressed in different brain regions
(Dockray 2014). Moreover, the “gastrointestinal microbiota” has been recently
identified as a key mediator of immune responses and energy metabolism control.
In the satiety/hunger balance, mechanical and humoral signals are involved as well:
gastric distention or contraction and nutrient absorption or fasting status could
directly or indirectly act on the brain centers mediating behavioral reactions. Gulatory
landscape of IRX3. Consistent with this, obesity-associated single nucleotide poly-
morphisms are associated with expression of IRX3, but not FTO, in human brains.
In the cephalic phase of appetite control, the information about food availability
and palatability is conveyed into the brain by visual, olfactory, and acoustic signals
through complex sensory pathways, increasing hunger levels. During food con-
sumption, taste and olfactory signals influence eating behavior by short positive
feedback. After entering the stomach and gastrointestinal tract, food components
stimulate secretion of several hormones from enteroendocrine cells. These hormones
function as a negative short-term satiety signals to elicit satiation and satiety. In the
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postabsorptive state, food-derived fuel substrates further promote satiation and
satiety both directly through brain nutrient-sensing systems and indirectly by pro-
moting secretion of long-term adiposity signals from adipose tissue and the pan-
creas. The description of multiple taste receptors in gastrointestinal cells suggests
that there are nutrient-sensing mechanisms in the gut. Oral sensing seems to mainly
influence food discrimination and nutrient appetite, while post-oral chemosensors
may relate to nutrient utilization and inhibition of appetite. The most common
accepted view is that taste receptors and other taste-related genes present in
enteroendocrine cells sense the arrival of the different nutrients and generate appro-
priate response signals that evoke gut hormones and vagal nerve responses (Psichas
et al. 2015).

Several gut hormones are involved in food intake regulation; among them, the
most recently described glucagon-like peptide (GLP-1), cholecystokinin (CCK),
enterostatin, and polypeptide Y 3-36 reduce food intake, whereas ghrelin and
orexin-A increase it. GLP-1 is a small peptide hormone secreted by L-cells in the
ileum and colon especially in response to nutrient ingestion. It enhances glucose-
induced insulin secretion and inhibits both gastric emptying and glucagon secretion.
In CNS, GLP-1 acts as a neurotransmitter involved in satiety circuits (Turton et al.
1996). Studies in mice recently demonstrated that GLP-1 analogues, such as
liraglutide, directly bind on GLP-1 receptors located on the POMC-CART (cocaine-
and amphetamine-regulated transcript) neurons in the ARC, inhibiting indirectly the
NPY/AgRP neurons and thereby explaining the weight loss effect described for
these molecules. GLP-1 analogues probably reach the hypothalamic ARC and PVN
through fenestrated capillaries; the PVN presents the highest capillaries density in
the hypothalamus and the ARC works through the tanycytes, specialized glial cells
which seem to mediate a peculiar neurons-capillaries interaction (Secher et al. 2014).
CCK is a peptide synthesized by enteroendocrine cells, I cells, mostly localized in
the duodenum; its demonstration in CNS neurons as well corroborated the hypoth-
esis of a brain-gut cross-talk. CCK inhibits gastric emptying and stimulates the
secretion of pancreatic enzymes and bile salts, thereby balancing the quote of
hepato-pancreatic secrete and of ingested substrates. The CCK-mediated food intake
inhibition arranged by the brain was demonstrated to work through vagal afferent
fibers. The selective destruction of the vagal afferent branch with capsaicin signif-
icantly decreased the gastric motility attenuation induced by CCK. Ghrelin is
released by gastrointestinal cells of the stomach and duodenum during fasting,
while it is inhibited by food intake with gastric stretching. It represents the ligand
of the growth hormone secretagogue receptor (GHSR), which was found in the same
CNS neurons as the leptin receptor, with opposite functions (see below). Ghrelin acts
on hypothalamic cells both directly and via vagal afferents, mediating hunger and
increasing gastric motility and acid secretion; it is involved in the reward dopamine-
mediated pathway as well. Its increase after diet-induced weight loss seems partly to
explain those compensatory energy expenditure modifications which impair long-
term weight loss maintenance (Schwartz et al. 2000) (Cummings et al. 2002).

Vagal afferent neurons are key players in the brain-gut dialogue; interestingly,
they behave not just as mere signal transducers, being able to switch their
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neurochemical phenotype in response to fasting or satiety status. CCK was shown to
mediate this receptor switch, moreover, inducing a neuropeptide transmitters mod-
ulation in the vagal neurons through the differential increase/decrease of CART and
MSH which respectively inhibit and increase food intake. Ghrelin was shown to
inhibit CCK actions, whereas leptin, a potent food intake regulator protein from
adipose tissue, potentiates it, demonstrating the mutual influence of different periph-
eral systems, i.e., gut and adipose tissue, in brain signaling mediation. Finally,
a recent interesting observation suggested a decreased vagal afferent phenotype
switch in obese subjects, being the response to CCK and leptin reduced, whereas
that to ghrelin increased, partly explaining the energy intake increase observed in
obesity (De Lartigue et al. 2010).

The microbial population resident in gastrointestinal tract, also known as “gut
microbiota,” consists of trillions of bacterial cells which colonize the gut from birth,
being peculiar for each individual and whose composition depending on the sub-
ject’s lifestyle, nutrition, and further diseases. Indeed, microbiota changes could
occur after food intake variations or with the onset of several diseases. Equally, a
microbiota dysfunction leads to the onset of several disorders as well, such as
inflammatory bowel diseases, autoimmune and allergic diseases, and the metabolic
syndrome. Physiologically, gut microflora mediates important functions: it is
involved in dietary carbohydrate digestion, transforming nondigestible polysaccha-
rides in volatile substances and short-chain fatty acids (SCFA); thereby, they not
only mediate energy balance but also provide defense systems through the intestinal
pH acidification, mediated by fatty acids synthesis, and functioning as a physical
barrier. Microbiota is made up by two major bacterial families: Bacteroides and
Firmicutes (Tremaroli and Béckhed 2012). A prevalence of the latter one was
observed in human obesity and obese animal models with an increased energy
production through SCFA extraction from fibers. Interestingly, after weight loss in
ex-obese subjects the proportion of the Bacteroides was shown to increase posi-
tively. The microbiota influences the vagal activity especially in conditions of
infections or inflammation: the low-grade inflammation observed in obese subjects
leads, through different mechanisms, to the inhibition of leptin or CCK action,
contributing to the vagal phenotype switch mentioned above (Ley et al. 2006).

The Brain-Adipose Tissue Axis

The concept of adipose tissue (AT) as a static organ for fatty acids storage has been
reconsidered; indeed, it is involved in important dynamical processes as endocrine
organ and hormonal source and moreover as thermogenic regulator which make it
one of the key players involved in brain cross-talk. The evolution of the concept of
AT as an active organ originated also from the description of three different adipose
subtypes with selective functions and variable involvement in pathology: white and
brown adipocytes and the more recently described beige AT. White adipocytes
consists of large cells with unilocular lipid droplets and low mitochondrial levels,
while brown cells are smaller with multilocular lipid droplets and a high number of
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mitochondria and vascularization. Their functions differ from each other, being the
white cell a main energy storage (triglycerides) and hormone producer and thereby a
hunger/satiety balance regulator, where the brown one works as heat producer
through the uncoupling protein-1 (UCP-1) expression. They originate from different
precursors: the Myf-5 positive cell which gives rise to the myogenic lineage, and
thereby brown AT, and the Myf-5 negative cell which is committed to an adipogenic
lineage, leading to white adipocytes. Interestingly, they also communicate to brain
differently: white tissue works principally through adipokines, while brown through
the adrenergic system. Beige adipocytes represent a third intermediate population
with variable morphologic and function’s features; indeed, they are able to switch
their phenotype from a white to brown one depending on environment conditions,
precisely on heat/cold exposure and beta-adrenergic stimulation. In vivo they present
as multiloculate cells able to express high UCP-1 levels in response to specific
stimuli. If the beige cell originates from a transdifferentation process from white
adipocytes or from a de novo differentiation from a different population, this was a
main issue of debate. The observation that under specific conditions, i.e., PPAR-y
agonists (thiazolidiediones) treatment, just some white cells underwent a white-to-
brown transformation, supported the hypothesis of a separate precursor subpopula-
tion. The mean of an AdipoChaser transgenic mouse model further suggested a
plausible origin from different precursors (Rosen and Spiegelman 2014).

One important molecule involved in brain-adipose tissue signaling is represented
by leptin, the first adipokine described in mice in 1994 as the ob gene product; the
gene encodes for a peptide hormone mainly expressed in adipose tissue. It works as a
peripheral fat stocks sensor for CNS, acting as an “adipostatic” signal to reduce
energy intake in overnutrition conditions. Leptin receptor was widely identified
throughout the body; in the brain, it is well represented in hypothalamic regions,
contributing to the energy balance regulation system. In the ARC, it binds to the
POMC cells stimulating a-MSH secretion and thereby working as a satiety stimu-
lator; at the same time, it inhibits the NPY/AgRP neurons action, thereby promoting
hunger inhibition. The observation that leptin-deficient mice (ob mice) correlated
with a severe obesity phenotype with insulin resistance and that leptin administration
completely reversed it didn’t reflect the real majority obese subjects’ status. Indeed,
just some rare obesity cases are due to a real leptin deficit, whereas obese individuals
normally show higher levels of circulating leptin compared to lean, due to their more
represented fat mass; exogenous leptin administration results just in minimal weight
loss. Obese phenotype correlates with a central and peripheral leptin resistance.
Plausible explanations seem to be a leptin receptor signaling change especially in the
ARC with an increasing leptin resistance and a consequent fail in hunger control;
moreover, a decrease in leptin cerebrospinal fluid levels was demonstrated in obese
subjects, suggesting an alteration in leptin central brain barrier crossing rather than a
receptorial dysfunction (Considine et al. 1996).

Brown adipocytes, and more recently beige adipose cells, were shown to repre-
sent key contributors to body thermogenesis in response to external stimuli. For
both, the direct inductor of the cellular thermogenic cascade is the sympathetic
nervous system which operates on beta-3 receptors through noradrenalin released
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by amyelinic fibers. Beta-adrenergic agonists induce thermogenesis as well, whereas
cold exposure activates it indirectly. Brown adipose tissue (BAT) is well represented
in rodents and infants, whereas its more recent description in human adults occurred
through 18-FDG PET studies; it was identified as intercepting areas located in
interscapular, perirenal, cervical, periaortic, and carotid regions. If these “brown
areas” described in humans represent real constitutive brown tissue or beige cells,
this is still matter of debate. Indeed, in postmortem studies conducted in young
adults, cells collected from BAT regions showed a gene expression profile compa-
rable to murine beige tissue, whereas other in vivo studies showed the coexistence of
both classical brown and beige cells (Cypess et al. 2009). Beside catecholamines and
PPAR-y agonists, beige islands in WAT were shown to appear in response to other
stimuli as well: biliary acids, fibroblast growth factor-21, atrial and ventricular
natriuretic peptides (ANP, BNP). Bone morphogenetic protein (BMP-4 and 7) are
able to induce beige differentiation through several mechanisms. The “browning” of
white adipose tissue (WAT) represents a new therapeutical target in obesity treat-
ment, leading to UCP-1 iperexpression and thereby to heat production and energy
dissipation. The identification of all those factors involved in this process could
represent a revolutionary step in obesity management.

The Liver-Pancreatic Brain Axis

The pancreatic gland, through insulin and glucagon secretion, represents not just the
main glucometabolic profile regulator, but also a central player for food intake
control. More precisely, it carries out such functions together with liver, communi-
cating with brain through hormonal signals secreted proportionally to glucose levels
and glycogen storages which in turn depend from the nutritional status.

Insulin is an anabolic peptide hormo