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Preface

Why is humanity in general becoming obese but some parts of the world are
suffering from starvation? Ironically, this problem of socioeconomic disparity is
becoming increasingly prevalent in almost every continent. Unfortunately, it is
not an intended situation, such as health problems caused by being underweight.
Obesity could be defined as a multifactorial and heterogeneous disease.

Higher morbidity and mortality rates are associated with obesity. Excessive fat
accumulation is seen as the etiological reason for almost all chronic diseases.
Obesity threatens human health and reduces life expectancy. Genetic, biological,
environmental, and behavioral factors (binge eating/drinking, laziness, lack of
willpower, insufficient sleep, sedentary lifestyle, and self-indulgence) are blamed
for the pathogenesis of obesity. Environmental factors (low socioeconomic status,
lack of education, cultural reasons, and environmental pollution), family lifestyle,
eating habits, and inactivity also play important roles in obesity. When biological
factors (disability, gut microbiota, comorbidities, and prenatal, neural, and
endocrine conditions) and genetics interact with behavioral and/or environmental
factors, the result is obesity. Oxidative damage is the main underlying mechanism
of obesity-related diseases. As the prevalence of obesity increases, morbidity

and mortality from obesity-related diseases also increase. In addition, obesity-
related health problems increase treatment costs and lead to financial and labor
losses in society. Population-based, preventive, and sustainable public health
approaches are necessary to combat obesity. Obesity is preventable, and healthcare
professionals have an important role to play in preventing this problem. Healthcare
policy objectives must be centered on improving life expectancy and quality of

life for humanity all over the world. Healthy and supportive environments are
indispensable factors for preventing obesity, in addition to education. However, the
fundamental issue is the processed food industry.

Hiilya Cakmur
Kafkas University,
Turkey






Chapter1

Introductory Chapter: Unbearable
Burden of the Diseases - Obesity

Hiilya Cakmur

1. Obesity definition measurement and classification

Obesity and overweight are commonly accepted as immoderate fat accumulation
in human body that increases the risk of almost every disease [1, 2]. Excessive fat
accumulation is usually measured by body mass index (BMI), which is calculated
with the weight and height proportions (weight relative to square of the height-w/h?)
[3]. A reliable measurement of the fat accumulation requires elaborated tool such
as magnetic resonance imaging (bio-electrical impedance). Because of the Bio-
electrical Impedance Analysis is not widely available, BMI is accepted population-
based definition and classification tool of obesity and overweight. Twenty percent
and above fat accumulation in human body is accepted as normal [3]. If the level
exceeds this limit (according to standard age, height, and weight tables), it is defined
as overweight and obesity [3, 4]. BMI is a commonly used indicator of obesity and
it classifies as follows (kg/ m?): <18.5 for underweight, 18.5-24.9 for normal weight,
25-29.9 for overweight, and >30 for obese [4]. Sometimes, BMI shows normal limits
even in the presence of abdominal (central) obesity. So the central obesity, which is
a kind of more risky obesity, could be hidden [4, 5]. It has been reported that almost
half of the children and adults with excess body fat are defined as nonobese accord-
ing to BMI [6, 7]. Underestimates of obesity prevalence could lead to less attention
to problems and inadequate prevention and combat. Bioelectrical impedance uses
tetra-polar measurements by touch electrodes and the measurements include broad
spectrum from visceral fat mass to subcutaneous fat mass and body fat over [8].
Thus, misinterpretation of obesity and overweight can be prevented. Maximum
attention is required to correct the evaluation of adipose tissue dissemination and
measurements. Health care professionals must be aware of hidden obesity.

2. Obesity pathogenesis

The most widely accepted opinion about obesity pathogenesis is that it is the
result of balance mechanism between energy intake and expenditure. Recent
investigation indicates that obesity pathogenesis is more complex than just an energy
imbalance. The mechanism of energy intake and expenditure is a homeostatic pro-
cess [9, 10-12]. This balance mechanism regulates body weight in “normal” limits.
Earlier, obesity was thought just as an extreme calorie consumption than what the
body needs. But researches and inventions in medicine show that the mechanism and
etiology of obesity are not so simple. Reported studies showed that obesity patho-
genesis is not only based on excess energy expenditure but also on the body’s urge to
fix and maintain the weight at an augmented value [9, 11, 13-15]. This process would
explain why obesity does not respond to long-lasting diet and exercise program or
why there is no permanent reduction in weight even if there is a response [12].
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The main issue is to understand that why human body keep adipose tissue. Extreme
fat accumulation actually is a biological defense mechanism of the adipose tissue
[13]. Adipose tissue is a storage and endocrine organ needed for energy homeostasis.
It is well known that the regulation of energy homeostasis depends on the adipose
tissue. Recently, studies revealed that especially the visceral compartment of the
adipose tissue not only simply deposits energy but also plays an active role in endo-
crine metabolism and immune system [12, 14, 16]. To comprehend pathogenesis of
obesity needs to understand how adipose tissue works. Adipose tissue (composed of
adipocytes-fat cells) has important roles in glucose homeostasis, immune responses,
hormonal regulation, and reproductive functions. Fat cells (adipocytes) are derived
from mesenchymal stem cells. Preadipocytes become adipocytes through the cell
differentiation process called adipogenesis. [11, 13, 16]. It has been shown that
adipocytes secrete biologically active molecules called adipocytokines. Some of these
are tumor necrosis factor-a (TNF-a), adiponectin, visfatin, omentin, cytokines,
resistin, retinol-binding protein 4, and leptin. In case of excessive fat accumula-
tion, pro-inflammatory cytokines such as tumor necrosis factor-alpha, interleukin
(IL)-1p, and IL-6 are released. TNF-a is a main cytokine in the inflammatory
response. It is well known that the serum TNF-a levels are increased in obesity and
decreased in case of weight loss. Because of an active interaction of adipocytokines,
obesity is regarded as a chronic inflammation in the human body. It is clearly known
that the adipose tissue expands so that the circulating inflammation-related adipo-
cytokines increase. Excessive fat accumulation continually increased oxidative stress
(OS) [16-18]. OS leads to inflammatory reaction by triggering acute-phase response.
Adipose tissue contains white and brown adipocytes. The white adipose tissue
(WAT) is chiefly responsible for fat accumulation. WAT stores energy as triglyc-
erides [11]. The brown adipose tissue (BAT) is an important energy source for the
human body. It is responsible for the thermogenic activity. There is plenty of brown
adipose tissue during infancy to adolescent surrounding the heart and large vessels.
It has been shown that BAT decreases as humans mature. A mature human body

has few brown adipose tissues as scattered cells within white fat pads. The brown
adipocytes are multilocular and contain less lipid. [19]. Recently, it has been shown
that the brown adipose tissue could be increased with the catecholamine discharge.
To living in cold area increase brown adipose tissue. This specificity could be used
effectively for combating obesity. Biologically, humans are prone to conserve body
fat as a defense mechanism in case of starvation and famine. The theory of “thrifty
gene” claimed that human genes were predisposed to accumulate adipose tissue for
use in case of energy requirement [1, 11, 19]. This mechanism was a key factor for
survival once. Over time, the problem of finding food disappeared. However, human
biology and physiology failed to adapt to this quick change. Humans’ evolutionary
biology remained slow in the face of fast transformation of environmental condi-
tions (easily reachable abundant foods). Human genes which is predisposed to
excessive weight gain pursued their tasks in present of the today’s world. Genes are
not the only factors that lead to obesity. Excessive fat accumulation is a multifacto-
rial disorder. First of all, it is a disorder of the energy homeostasis system [10-13].
Still, the fundamental reason that leads to obesity is energy imbalance between
energy intake and expenditure. Examining all these factors comprehensively could
provide an understanding of the pathogenesis of obesity. The main factors in the
pathogenesis of obesity were claimed to be behavioral, biological, environmental,
and molecular [1, 12]. All these factors contribute to fat accumulation on a different
level. Generally, personal traits (binge eating-drinking, laziness, lack of will power,
insufficient sleep, sedentary life style, and self-indulgence) were accused as behav-
ioral factors that lead to excess weight gain [9, 10]. Biological factors include dis-
ability, gut microbiota, comorbidity, and prenatal, neural, and endocrine conditions
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besides genetics. Environmental factors that lead to obesity are socioeconomic
status, cultural reasons, and environmental pollutions. On a molecular level, the
pathogenesis of obesity is based on the impairment of electron transport chain. Low
education and socioeconomic level, family lifestyle, eating habits, and inactivity play
important roles in obesity [1-3, 9, 10]. When the interaction of biological factors
with behavioral and/or environmental factors is abundant, excessive fat accumula-
tion is inevitable. Until now, the pathogenesis of obesity is not clarified entirely,

but it is believed to be a disorder with multiple causes. The current opinion is that
obesity is a multifactorial and heterogeneous disease that leads to adverse cellular
and metabolic effects.

3. How obesity causes diseases

It is well known that obesity and overweight are major risk factors for many acute
and chronic diseases from metabolic and mental to cancer [20-23]. There is no doubt
that obesity is a disease of its own, but it is also the main cause of various diseases
in human body. The underlying mechanisms of obesity-related diseases are not well
understood, but many evidences have pointed to cellular oxidative stress, following
oxidative damage [16-18]. The expansion of the adipose tissue especially increases
the visceral fat accumulation. Excessive energy mainly deposit in adipose tissue as
triglyceride. It has been shown that visceral fat accumulation leads to many chronic
diseases. Blood glucose and lipids are continually high in obesity. Increased levels of
glucose and lipids in circulation lead to excessive energy substrates in adipose tissue,
which increase the production of reactive oxygen species (ROS) [1, 12, 16-18]. It is
well known that ROS is related to chronic inflammation in the human body. Excessive
production of ROS can lead to cellular damage and cellular dysfunction by disrupt-
ing the structures of proteins, lipids, and nucleic acids. Obesity is a chronic systemic
inflammation of the adipose tissue. Long-lasting obesity eventually activates the
innate immune system in adipose tissue. Excessive fat accumulation continually
increases oxidative stress (OS), which leads to inflammatory reaction by triggering
acute-phase response. OS-activated immune cells generate free radicals. Adipokines
also induce the production of reactive oxygen species in the same way. The inflam-
mation of adipose tissue plays a critical role in obesity-related diseases. Intensive
and permanent oxidative stress damages cellular structures. Additionally, in case
of insufficient antioxidant capacity, obesity-related complications easily emerge
[1, 12, 16-18]. Thus obesity led to the cardiovascular, gastrointestinal, genitouri-
nary, metabolic/endocrine, musculoskeletal/orthopedic, neurological and central
nervous, obstetric and perinatal, skin, psychological, respiratory/pulmonary, and
reproductive systems [1-3]. Studies to understand the pathogenesis of obesity and
obesity-related diseases are continuing rapidly. Fully comprehending the molecular
mechanisms of obesity and obesity-related diseases would lead to the discovery of
new therapies and preventive methods.

4. Obesity prevalence

Obesity was not common until the twentieth century. The World Health
Organization (WHO) formally accepted obesity as a global epidemic in 1997 [2].
Obesity prevalence steadily increased in the following years. The prevalence of obe-
sity doubled in the last 40 years. Almost 50% of the adults are overweight and obese
in many countries. WHO has reported obesity prevalence (2015) in some countries
such as: Cook Island: 89%, Qatar: 42%, UAE: 37%, Saudi Arabia: 34%, Turkey: 29%,



Obesity

Egypt: 28%, Australia: 28%, UK: 28%, France: 23%, Italy: 21%, Sweden: 20%,
Germany: 20%, Brazil: 20%, and Japan: 3%. [2, 3, 24]. The worst is that obesity
affects children all around the world. It has been reported that a quarter of children
around the world are obese. The prevalence of obesity is especially high in indus-
trialized countries, but it is also dramatically increasing in developing countries.
Obesity prevalence is higher in low-income and low-educated people and the rate
of obesity increases with age. Female gender is a risk factor for obesity especially in
developing countries. [2, 3, 7, 24].

5. Combating obesity

As the prevalence of obesity increases, the morbidity and mortality from
obesity-related diseases (mainly cardiovascular diseases, diabetes, and various
cancers) also increase [9, 24-26]. Obesity and obesity-related morbidities require
careful clinical assessment. Obesity-related health problems also increase the treat-
ment cost and lead to financial and labor loss in society [27]. As an effective strategy
to combating obesity, population-based, preventive, and sustainable public health
approaches are necessary. Specialized public health strategies for the risk groups
such as children, adolescent, low-educated, and disabled people are also important
to reduce and prevent obesity. Obesity is preventable and health care professionals
have an important role in preventing it. Aim of the health care policies is to increase
the life expectancy and more qualified life span for human beings all over the world.
Healthy and supportive environments are indispensable to combat obesity [28, 29].
Education is the most important step for challenging obesity. The training program
should be implemented at every opportunity to effect people’s choices, by making
basic healthy life-style choices (i.e., regular physical activity, healthier foods, etc.).
Lifestyle factors and personal responsibility are efficient to some degree to decrease
the prevalence of obesity. However, more effective measures are required to cope
with an epidemic of obesity at the societal level. Parents must be enlightened about
obesity to prevent childhood obesity. Obese children mostly become obese adults.
Healthier food choices are provided in school. Obesity awareness must be increased
by educative programs (such as school-based education about nutrition and dietary
guidelines) [30, 31]. The fundamental issue is to produce healthier and unprocessed
foods for the growing world population. Food marketing and pricing policies
should be changed in favor of the people, not the industry.

6. Key points
* Obesity could be defined as a multifactorial and heterogeneous disease.
* Obesity is a chronic systemic inflammation of the adipose tissue.

* Adipose tissue is a storage and endocrine organ needed for energy homeostasis.

* Fataccumulation actually is a biological defense mechanism of the adipose
tissue.

* Excessive fat accumulation continually increases oxidative stress.

* The underlying mechanisms of obesity-related diseases are associated with the
oxidative damage.
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¢ The main factors in the pathogenesis of obesity are claimed to be genetic,
biological, behavioral, environmental, and molecular.

* Obesity is a major risk factor for several diseases from metabolic and mental to
cancer.

* Obesity reduces life expectancy and increases the risk of mortality.
* Almost 50% of adults are overweight and obese in many countries.

* A quarter of children around the world are obese and obese children mostly
become obese adults.

* BMI is a commonly used indicator for obesity, but central obesity could be

hidden.

* Obesity-related health problems also increase the treatment cost and lead to
financial and labor loss in society.

* The prevalence of obesity is higher in low-income and low-educated people
and the rate of obesity increases with age. Female gender is a risk factor for

obesity especially in developing countries.

* Obesity is preventable. Population-based, preventive, and sustainable public
health approaches are necessary to combat an epidemic of obesity.
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Chapter2

Adipose Tissue in Health and
Disease

Fernanda-Isadora Corvona-Meraz,

Jesus-Aureliano Robles-De Anda,

Perla-Monserrat Madrigal-Ruiz, Gustavo-Ignacio Diaz-Rubio,
Jovge Castro-Albarvin and Rosa-Elena Navarro-Herndndez

Abstract

Obesity, being an epidemy these days, is the trigger of metabolic disturbances
such as cardiovascular disease, type 2 diabetes, and insulin resistance. Defined as an
increase in fat storage, adipose tissue has been put under the spotlight as the culprit
of these conditions, as it is composed not only by adipocytes but of any immune
system cell and a singular extracellular matrix. Its behavior under acute and chronic
hypercaloric states is quite different; persistent hypertrophy in the latter creates
hypoxia, resulting in the release of reactive oxygen species and proinflammatory
cytokines that impact on the immune response type of the resident leucocytes,
mainly macrophages. Hypertrophy over hyperplasia, adipose tissue macrophages-
M1 phenotype polarization, and the adipokines/myokines profile are thought to
be regulated by foreign microRNAs, delivered from surrounding or distant cells
by exosomes through the bloodstream. In this chapter, we focus on adipose tissue
immunometabolism and how obesity causes the chronic inflammatory state, and,
subsequently, this stablishes a pathologic adiposity, characterized by dyslipidemia
and insulin resistance (IR).

Keywords: obesity, adipose tissue, adipose tissue macrophages-M1 phenotype,
exosomes, microRNAs, insulin resistance, pathologic adiposity

1. Introduction

Novel findings on the immune-regulatory processes and metabolic mechanisms
may open new avenues in the complex diseases as well as obesity; research on
basic and clinical advances in immunometabolism has evolved rapidly during the
past years, and the emergence of new tools for the detection and characterization
of regulation of inflammation in systemic inflammatory diseases with metabolic
comorbidity may play an imperative role.

Interplay in regulation of inflammation and metabolic risk factors are a complex
cluster. The inflammatory condition associated with adipose tissue represents a
triggering factor in the etiology of the obesity pathological-mechanism and mainly
contributes to the related disease outcomes.

The purpose of this chapter is to address recent findings in metabolic, molecular
biology, function, and pathology of the immune response to inflammation on the
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role of the immunometabolism in obesity. That containing significant new findings
in the field, presenting the state of the art findings, will offer the new insights into
interplay in the regulation of inflammation, especially in the tools of the comorbid-
ity, in order to know their mechanisms by metabolic and immune response that
cause disease.

2. Healthy adipose tissue
2.1 Morphology and cellular biology

Adipose tissue (AT) is a type of specialized connective tissue, and as such, it
consists of two main components: a cellular population and a specialized extracel-
lular matrix (ECM) [1].

The cellular population is integrated not only by adipocytes (the main cell type,
by which receives its name) but also by preadipocytes, mesenchymal stem cells
(MSCs), fibroblasts, endothelial and smooth muscle cells of blood vessels and any
immune system cell, and adipose tissue macrophages (ATMs) with relevance [2, 3].

Its ECM, as any other, is composed of a wide type of collagens (fibrillar (I and
III) and nonfibrillar (IV, VI, and VIII)), laminins, fibronectin, and proteoglycans;
especially the external membrane contains a large complex of collagen IV and
VIII as well as heparan sulfate proteoglycans and laminins [4]. AT ECM possesses
the highest collagen VI concentration compared to any other body tissue [5, 6].
Altogether, the ECM and the non-adipocyte cellular population receive the name of
stromal-vascular fraction (SVF) [7].

2.1.1 Classification

Histologically, AT is classified according to adipocyte microscopic characteristics
as white (WAT), brown (BAT), and beige. White adipocytes are big oval cells with
a single lipid droplet that fills the whole cytoplasm, displacing the nucleus and
other organelles through periphery; its main function is the storage of energy in
the form of triglycerides (TG) and lipolysis. Brown adipocytes are oval cells with
multilocular lipid droplets uniformly distributed over the cytoplasm and have a
high number of mitochondria, each one with several cristae expressing uncoupling
protein 1 (UCP-1), characteristics that reflect an important thermogenic property.
Beige adipocytes are cells with brown phenotype within WAT, that is why they are
also called brite (brown-in-white) adipocytes; under basal conditions they express
low quantity of UCP-1 but can overexpress it upon f-adrenergic simulation and
thus acquire thermogenic function [8-10].

Moreover, adipose tissue has an important endocrine function, as it is capable to
secrete own specific hormones called adipokines [11].

2.1.2 Fat depots

In humans WAT constitutes close to 5-10% of total human body weight and is
located in two main compartments: intra-abdominal, named visceral AT (VAT),
and subcutaneous AT (SCAT), also called hypodermis. VAT coats internal organs
and protects them from mechanical friction and damage and can be divided into
omental, mesenteric, retroperitoneal, gonadal and pericardial; SCAT is designated
according to its superficial or deep situation regarding to the fascia superficialis as
lamellar or areolar [12]. Moreover, abdominal and gluteofemoral regions are more
relevant regarding of functional properties [13, 14].
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It is remarkable to note that gender-related differences in distribution and
quantity exist. While women have more SCAT (especially in gluteofemoral and
peripheral regions), men have more VAT because SCAT has higher levels of estrogen
and progesterone receptors, while VAT has more androgen receptors [15, 16].

In rodents, the main SCAT pads are anterior, from the neck to the axillae running
through the interscapular area, and posterior, from the dorsolumbar to the gluteal
region running through the inguinal region. Also, the striated muscle called pan-
niculus carnosus clearly separates two layers of WAT depots: one directly underlying
the reticular dermis and SCAT as such [17]; the former compartment is designated
as dermal WAT (DWAT), composed primarily by intradermal adipocytes. These
two terms were proposed as a redefinition of the nomenclature of skin-associated
adipocytes, as it more accurately reflects their immediate developmental origin and
anatomical location; humans, although not having a panniculus carnosus, possess
functional and morphological distinctions between DWAT and SCAT [18, 19].

Differentiation, lipolytic and endocrine activity, and leucocyte population differ
between VAT and SCAT, conferring them distinct metabolic properties and, in case
of VAT, attribution of metabolic disturbances like dyslipidemia, glucose intolerance,
and insulin resistance (IR) [20].

2.2 Immunometabolism

As an interdisciplinary field, immunometabolism emerged from discoveries
of interdependent functions and mechanisms between the immune system and
parenchymal cells of metabolic organs, which confer adaptive processes in homeo-

stasis or disease at cellular, tissue, and systemic level [21, 22]. AT is the most studied
in this field.

2.2.1 Immune response

Immune system has an important role on the control of AT homeostatic state,
where its main functions are keeping an anti-inflammatory environment and
remodeling of the extracellular matrix [8].

Under physiologic state, AT leucocyte population is integrated by eosinophils,
mast cells, group 2 innate lymphoid cells (ILC2), invariant natural killer T cells
(iNKT), regulatory T lymphocytes (Treg), and, of particular interest, adipose
tissue macrophages (ATMs). It is proposed that these immune cells contribute to
the maintenance of AT integrity through secretion of cytokines such as IL-4, IL-5,
IL-13, and IL-10 (a Th2-type immune response) and that under hypercaloric state,
macrophage accumulation may be a protective mechanism of the body to cope
metabolic disturbances [23].

IL-33 produced by endothelial stromal cells has a key role in homeostatic main-
tenance and function of ECM. It is ligand of ST2 receptor, which is expressed in
mast cells, Treg, eosinophils, ILC2s, and iNKT cells, practically the whole resident
leucocyte population [24, 25].

In vitro and in vivo studies have demonstrated important effects of IL-33: pro-
duction of IL-5 and IL-13 by Th2 lymphocytes and macrophages, eosinophil IL-4
production and survival, as well as ILC2s survival and expansion, the latter similar
for Tregs [26]. iINKT cells express the transcriptional factor E4BP4; in adipose tissue
produce anti-inflammatory cytokines, such as IL-2, IL-4, and IL-10; and participate
in control of the homeostasis of Treg cells and macrophages in this tissue [27].

IL-25 promotes lipid metabolism and energy production, improves mitochon-
drial respiratory capacity, and alleviates lipid accumulation in the liver and AT via
M2 macrophages and its interaction with adipocytes.
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As we can observe, AT leucocytes produce the Th2-type cytokines, profile that
favors the maintenance of ATMs in an anti-inflammatory M2 phenotype, known
for the expression of arginase-1 (Arg-1, which inhibits iNOS activity) and produc-
tion of IL-10 and IL-1Ra. ATMs also play an important lipid “buffering” activity,
as they engulf free fatty acids (FFA) coming from adipocytes that have surpassed
their lipid storage capacity and unchain lipolysis. Moreover, ATMs engulf death
adipocytes that have reached a critical death size (CDS) [28] by a process named
efferocytosis [29].

Thus, ATM is the fundamental leucocyte for correct AT functionality, as it
engulfs apoptotic cell debris, and, FFA released whether by lipolysis or adipocyte
death, promotes ECM reconstruction [30] and provides ECM components as
scaffolds for its remodeling in the same way as under wound healing process; all
these mechanisms promote adipogenesis and hyperplastic AT expansion. It is worth
noting that these beneficial functions take place only under an anti-inflammatory
M2 phenotype (Figure1).

2.2.2 ECM remodeling

The ECM of any specialized connective tissue is essential not only for mechanic
and structural sustain but also for providing a network that permits inter- and
extracellular communication that enables proper growth and differentiation [1].
AT ECM is no exception, and its remodeling is regulated by resident leucocytes and
own adipocytes.

WAT can undergo remodeling in response to changes in energy balance, like
ECM degradation by members of the matrix metalloproteinase (MMP) family dur-
ing adipocyte enlargement (hypertrophy) and allowing expansion by adipogenesis,
under a positive energy balance [31, 32]; on the other hand, MMP activity counter-
regulation is mediated by their tissue inhibitors (TIMPs). The balance between
MMPs and TIMPs is critical for ECM integrity and function, and alterations in this
proteolysis balance may contribute to many pathological states [33].

Secreted protein, acidic, and rich in cysteine complex (SPARC)/osteonectin
and its C and N isoforms contribute to AT ECM remodeling; they modulate
cell-ECM contact, cell-cell interaction, ECM deposition, and adipose stem cells
(ASCs) migration and posterior incorporation into expanding neovasculature

[
Dead adipocyte

..

Figure 1.
Adipose tissue homeostatic immunometabolism.
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accompanying WAT growth [34]. A study showed that serum concentrations
of SPARC and MMP-2 after bariatric surgery decreased, SMAC correlated with
HOMA-IR, and MMP-9 inversely correlated with serum adiponectin levels [35].

Regarding vasculature, AT ECM remodeling is influenced by a variety of
angiogenic molecules, and it is triggered by transient hypoxia as a result of enlarged
adipocytes under a positive energy balance. Hypoxia stimulates the production of
angiogenic factors to compensate low perfusion rate; vascular endothelial growth
factor (VEGF) is known as a master regulator of angiogenesis and plays crucial
roles in the neovascular development of AT with obesity [36]. Hypoxia-inducible
factor-1o (HIF-1a) binds to the proximal hypoxia response element in the VEGF
gene promoter [37]; nevertheless, it also has a role in regulation of ECM remodel-
ing, as overexpression of a constitutively active form of HIF-1a in adipose tissue
forced the expression of pro-fibrotic genes, including Col I and II, elastin, lysyl
oxidase, and Timpl [38].

This shows that detrimental ECM component deposition occurs under
chronic hypoxic conditions. Transforming growth factor beta (TGFp) and
tumor necrosis factor-o (TNF-a) are released under acute hypoxia state and act
as proangiogenic factors [39, 40], and the latter activates expression of preadi-
pocyte genes in 3T3-L1 adipocytes [41]. This is in contrast to the belief that AT
inflammation exerts a fundamentally negative impact on metabolism, postulat-
ing the concept “healthy inflammation” under overnutrition, requiring an acute
local inflammation in order to prevent lipotoxicity and ectopic lipid accumula-
tion; in this regard, a report showed the analysis of three animal models with
constitutive or inducible expression of anti-inflammatory factors and revealed
their inability to expand AT, leading to ectopic lipid deposition and deteriorated
metabolic profile [42].

Platelet-derived growing factor B (PDGF-B), usually produced by endothelial
cells, activates an intracellular signaling cascade binding to its receptor (PDGFRp)
and promotes pericyte detachment and migration around new-forming vessels for
maturation, playing key roles in vascular development and wound healing in adults
via angiogenic actions [43]. Surprisingly, Onogi Y. and colleagues found that M1
macrophages were a major type of cells expressing PDGF-B in obese adipose tissue
and correlated with elevated pericyte detachment in a dose-dependent manner; in
contrast, inducible knockout pdgfrb mice presented reduced M1 macrophages and
CLS formation but increased M2 macrophages. Additionally, they were protected
from body weight gain, accumulation of SCAT, VAT, and ectopic fat in muscle and
liver and showed improved whole-body glucose metabolism under high-fat diet
(HFD) condition. The expression of hypoxic and proinflammatory factors (Hif1a,
Emr1, Itgax, Mrcl, Tnfa, and Ccl2) was significantly increased by HFD feeding mice,
whereas the increasing effects were attenuated in HFD-fed PDGFRB-KO mice [44].
Also, increased adipogenic capacity of PDGFRp+ precursors through PPARG overex-
pression in pericytes resulted in healthy VAT expansion in obesity and adiponectin-
dependent improvements in glucose homeostasis, in contrast with knockout PPARG
counterparts; moreover, the ability of the thiazolidinedione (TZD) class of antidia-
betic drugs to promote healthy visceral WAT remodeling is dependent on mural cell
PPARG [45].

An experimental in vivo study consisting of brown adipogenesis by
p3-adrenergic receptor (ADRB3) activation caused crown-like structures (CLSs)
formation: white adipocyte death recruited M2-polarized macrophages with high
expression of osteopontin (OPN), which in turn attracted a subpopulation of
PDGFRa+ CD44+ (OPN receptor) progenitors that underwent adipogenesis, in
contrast with knockout OPN [46]. It is important to highlight that recruited M2
macrophages also showed upregulation of Arg1 and Il10 without significant changes
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in proinflammatory markers, indicating that ADRB3-mediated adipogenesis
involves recruitment of macrophages that mediate non-inflammatory tissue repair
[47]. Another study combining experiments in mouse models and human condi-
tions reported that PDGFRa + CD9"" cells originate pro-fibrotic cells, while their
CDY"" counterparts harbored pro-adipogenic potential; frequency of PDGFRa +
CD9"&" in omental WAT (oWAT) correlated not only to oWAT fibrosis level but also
to the severity of insulin resistance and T2D [48].

Adipokines can also help regulate angiogenesis, a sustained and progressive
increase in leptin resulting from hypoxic conditions could induce VEGF and
receptor (VEGFR2) expression, activate sirtuin 1 (SIRT1), and subsequent HIF-2a
stabilization promoting its activity [49].

2.2.3 Glucose and lipid metabolism

A steady and continuous energy supply is necessary for all cells’ survival; the
production of the principal high-energy molecule, the adenosine triphosphate
(ATP), is primarily obtained by the metabolism of such molecules as glucose and
fatty acids. In the case of carbohydrates, these are the main source of energy in
almost every living organism, from archaea to humans. It is not only the supply of
these molecules, but also the intricate mechanism of regulation of pathways that
control the consumption and storage of these biomolecules.

For example, after a meal, or what is called a post absorptive state, there is an
increment of plasmatic glucose concentration which results in the secretion of
hormones such as insulin by the pancreas; this contributes to the regulation of
glucose metabolism as well, and the physiological response varies on every tissue, as
can been seen in muscle and liver, where insulin favors glycolysis and glycogenesis.
Nevertheless, this hormone not only alters the carbohydrates metabolism, but also
promotes cholesterol synthesis and lipogenesis (or TG synthesis) in hepatic and
adipose tissues [50].

In the case of glycolysis, it represents the central path for glucose metabolism
and provides multiple intermediate products. On aerobic conditions, it starts in the
cytoplasm of the cell, with glucose as a substrate, which is partially oxidized by 10
enzymatic reactions, obtaining two pyruvate molecules, reducing equivalents such
as NADH (nicotinamide adenine dinucleotide in reduced form) and a net produc-
tion of 2 ATPs for each glucose [51].

Afterward, the pyruvate molecules will be transformed into acetyl-CoA and
transported into the mitochondria to continue their oxidation in the tricarboxylate
cycle to produce two CO, molecules, three NADH and one FADH (flavin adenine
dinucleotide in reduced form). The latter will transfer their electrons to the mito-
chondrial complexes of the electron respiratory chain; a series of redox transforma-
tion and the aid of molecular oxygen will finally converge in the synthesis of ATP by
the ATP synthase complex.

Both ATP, NADH, and acetyl-CoA are metabolites that are shown to be ther-
modynamically favorable and are indicated as the protagonists in cellular energy
metabolism [52].

After glycogen, the body stores energy in the form of TG in adipose tissue;
nevertheless, diverse types of lipids are required for the maintenance of cellular
functions, not only for energetic ones, but also structural (such as phospholipids) or
for the formation of specialized products like steroid hormones. These are obtained
from diet, absorbed and subsequently transported by lipoproteins such as the very
high-density lipoprotein (VLDL), low-density lipoprotein (LDL) and high-density
lipoprotein (HDL), all of these ensembled by the liver. FFAs are a major source of
acetyl-CoA molecules by p-oxidation, these molecules continue their oxidation in
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the tricarboxylate cycle and the electron respiratory chain, providing a significant
amount of energy at the cellular level.

Due to the importance of these biomolecules, there is a narrow regulation that
includes transcription factors such as sterol regulatory element-binding proteins
(SREBPs) and hormonal control for an adequate function [53].

Although these regulatory mechanisms are recognized, the possible regulatory
activity that miRNAs may have in lipid and cholesterol homeostasis has recently
been suggested, particularly for miR-122 and miR-33 [54].

3. Adipose tissue and disease
3.1Insulin resistance
3.1.1 Obesity as a trigger

Obesity is a disease of multifactorial origin with a worldwide increasing
prevalence; it entails an injurious health status for individuals, which represents a
serious public health issue. This condition is associated to diverse diseases and has a
complex treatment, being the reason why it must be assessed in a multidisciplinary
context by healthcare professionals.

It is defined as an abnormal or excessive fat accumulation that can be detrimental
for health [55]. It originates from the interrelation of inadequate food intake and/or
overfeeding, sedentary lifestyle, and psychological, genetic, and ambiental factors.
The excessive adiposity status hinders the disease reversion because of the difficulty
to perform physical activity and the metabolic and satiety dysregulation [56].

Obesity develops a diversity of somatic complications such as respiratory,
mechanic, cardiovascular, and metabolic, as well as psychological and social, which
make its assessment, prognosis, and intervention even more complicated. Diagnosis
is preceded by an anthropometric evaluation, which correlates adiposity with a total
body weight of individuals [57].

Progressive AT expansion in the organism, given by a positive energy balance
from excessive macronutrients and calorie intake, entails an elevated number
of circulating FFA that triggers a deregulation in the organism, from changes
in body structure to changes at local and systemic levels [58]. This excessive AT
induces a chronic inflammatory state, also named lipoinflammation, causing
hypoxia of adipocytes [59]. AT hypoxia and inflammation correlate with the risk
of developing insulin resistance (IR), type 2 diabetes (T2D), and cardiovascular
disease (CVD).

When the organism is under positive energy balance, energy excess accumulates
in AT, giving place to SCAT hyperplasia until a physiologic allowed limit as energy
reservoir is reached. When energy excess prevails, it is now stored at VAT; unfortu-
nately this depot does not possess a great capacity as SCAT, resulting in adipocyte
hypertrophy and subsequent android, central, or visceral adiposity [60, 61].

Central obesity is highly associated with T2D and CVD. AT is the pathogenic
site where obesity-induced local IR originates before being systemic; its secretory
genetic expression profile of endocrine and paracrine bioactive substances reflects a
generalized inflammatory local state, the reason why adipocyte is referred to as key
to the onset and development of obesity-induced inflammation and to macrophages
as amplifiers of this process [62].

As aforementioned, AT initially plays a role in energy reservoir but also has a
significant function in metabolism and immune system. Resident ATMs are key in
IR onset, as they produce proinflammatory molecules which can explain more than
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50% of secretion of TNF-a, by the action of insulin on adipocytes and on peripheric
organs of the body [63].

Other implicated adipokines are resistin and IL-6, which stimulate hormone-
sensitive lipase (HSL) activity resulting in triglycerides cleavage and subsequent
glycerol and FFA release; these high circulating FFA levels are the cause and conse-
quence of IR and T2D [64].

We can broadly elucidate that adipocytes and ATMs synthesize proinflammatory
molecules and that weight increase at the expense of AT will contribute in turn to
the perpetuation of chronic inflammation by increasing the levels of circulating
cytokines. Required actions to help reverse the IR process should be focused on
establishing a healthy diet accompanied by exercise; these will help to reduce the
proinflammatory state, while downregulation of TNF-a and IL-6 expression of
adipocytes occur. Meanwhile, exercise by its own will enhance mitochondrial FFA
metabolism, avoiding their storage [65].

Other factors involved in IR and inflammation are implicated by diet and related
to gut microbiota, which in turn demonstrates how an excessive saturated fat con-
sumption can drive an important bacterial lipopolysaccharide (LPS) production,
which impacts on systemic inflammation [58].

Initial steps that launch the inflammatory response are less well elucidated. On
experimental studies with HFD-induced obesity murine models, HIF-1a levels are
observed before the onset of a significant adiposity status; under this situation,
adipocyte hypoxia and HIF-1a act as early triggers of inflammation and IR [59].

3.1.2 Inflammatory pathway

Adipose tissue complex and diverse functions have implications in the whole
body, and cytokines are involved in his physiologic response. In obesity condition
the major cytokines expressed by AT are leptin, resistin, TNFa, chemerin, MCP-1
and IL-6 [66, 67]. On the other hand, the adipose cells are both hyperplastic and
hypertrophic, and in this state induce the inflammatory process. Dysregulation
of adipose tissue promotes incorrect remodeling and subsequent inflammation,
according to recruitment of macrophages and expression of chemotactic cyto-
kines like MCP-1, TNFo and chemerin, to mention some of them. The phenotype
involved is the M1 pro-inflammatory and evidence shows that this situation is not
only local, but also systemic and this promotes further inflammation explaining
how obesity can be the etiologic cause of other diseases [68, 69].

In addition, it is well known that this mechanism promotes insulin resistance,
which is the previous phase before the development of T2D. However, the adipocyte
is in a very close communication with the macrophage making the inflammatory
process redundant and more complex. Nevertheless, in lean adipose tissue, it is
typically the opposite, meaning that macrophages differentiate into a M2 anti-
inflammatory phenotype, releasing IL-10, TGFp, IL-4, and other regulatory cyto-
kines [70]. Otherwise other mechanisms that can promote the anti-inflammatory
pathway, like the consumption of Omega 3 fatty acids, exist [71].

Taking it all together, obesity results from genetic, epigenetic, physiological,
behavioral, molecular and environmental factors that lead the proinflammatory
phenotype [72, 73].

3.1.3 Molecular mechanism
It is described that adipose cells derive from a stem cell that can differentiate into

adipocytes, chondrocytes, osteoblasts, and myocytes [74].
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In a first phase, adipoblasts can be addressed to the adipogenic lineage and
become preadipocytes. If the stimuli in the tissue continue, these cells maturate to
become mature adipose cells with lipid storage capacity [75].

There are two main transcription factors that are involved in the differentiation
of the adipocyte, CCAAT/enhancer-binding protein « (C/EBP-a), and peroxisome
proliferator-activated receptor y (PPAR-y). PPAR-y is the most described tran-
scriptional factor, and its expression is regulated by the co-factor PGCla and the
production of adiponectin [76, 77].

Transcription factors that belong to the C/EBP family also have a crucial play
in the differentiation, and there are reports that this factor can be activating more
early than PPAR-y (Figure 2) [78].

The dysfunction in the capacity of generating healthy adipose tissue has several
metabolic consequences, like dyslipidemia, hypertension, and insulin resistance
among others [79].

Many molecular mechanisms are involved since the adipocytes have different
gene expression patterns, leading to the expression of different types of adipokines
depending the phenotype induced in the tissue. Healthy expansion of adipocytes
depends on the plasticity of the extracellular matrix, but in obesity there is a limit-
ing in the oxygen diffusion, and it becomes hypoxic [80].

3.1.4 Role of adipokines and myokines

Skeletal muscle compounds 40% of total body weight in healthy individuals.
The muscle is the major site for the insulin-stimulated glucose uptake and lipid
metabolism, so it is an important part of metabolism maintenance [81].

Adipose tissue possesses more than 600 potentially secretory proteins, which
means that more adipokines and myokines are still in line for discovery and
characterization [82].

Additionally in adipokines there is a cross talk between these and myokines,
which are synthetized by the muscle. Nevertheless, both tissues can express the
same cytokines creating a regulation process with a strong communication. The
most characterized cytokines are chemerin, TNFa, MCP-1 and IL-6. It is demon-
strated that WAT deposits exist in skeletal muscle and facilitate communication,
also, these tissues usually are in close anatomical proximity.
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Figure 2.
Adipose tissue differentiation and hyperplasia and hypertrophy consequences.
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The knowledge of the most important characterized myokines is as follows:

IL-6: this increases in favor of the exercises, but it is recognized that it has a
controversial role in the inflammatory or anti-inflammatory pathway.

11-15: it mediates a beneficial effect on physical activity.

Irisin: it stimulates the development of brown adipose tissue activating MPK and
ERK molecular ways, and it is regulated by the age and gender. This molecule has
also a controversial role, because it has been reported to increase obesity.

Myonectin: it has a homology worth the sequence of adiponectin and promotes
fatty acid uptaking in mice [82, 84-86].

Principally, the major role of the adipomyokines is contributing to metabolism,
angiogenesis, blood vessel regulation, adipogenesis, myogenesis, and immune
response [82]. On the other hand, it is important to remark the impact that mac-
rophages have in metabolism, since they induce a response in both tissues. For
example, when circulating monocytes respond to chemoattractant molecules, they
migrate into adipose and muscle tissue, and then develop a phenotype depending
on environmental necessities (Table 1) [94].

Finally, there is another terminology newly adopted by the scientist called orga-
nokines, because it has been suggested that all proteins secreted in various tissues or
organs (liver, adipose tissue, muscle, and bone) have an intimate relationship in the
context of the communication and regulation for the maintaining of homeostasis
and that they are involved in a network of paracrine and endocrine cross talk [84].

3.1.5 Emerging vole of microRNAs in obesity

In the context of complex diseases, obesity is the prototype of immuno-
metabolic disease; it is considered a major factor that triggers metabolic risk and the
development of secondary chronic illness?, insulin resistance (IR), and metabolic
syndrome (MS). The susceptibility of a subject to develop obesity will depend on
different factors such as the repertoire of individual variations in an ensemble of
relevant genes, their history of exposure to environmental risk factors, and the
interaction between the lifestyle and metabolism, which is also modulated by the
gene regulators [95-97].

Meanwhile, obesity presents many subclinical manifestations, characterized by
alterations in lipids and carbohydrate metabolism at different levels; most of these
changes is due to a low-grade systemic chronic inflammation [98, 99] that favors the
development of IR. Adipose tissue is the primary anatomical site where IR disease
takes place; in early stage this tissue became inflamed.

IL-6 [87]
IL-8 [88]
MCP-1 [89]
Irisin (82]
PAI-1 [90]
PEDF [91]
FGF21 [92]
Fstl1 [93]
Table 1.

Best characterized adipomyokines.
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Novel findings on the immune-regulatory processes and metabolic mechanisms
may open new avenues in the treatment of the common complex diseases as well as
inflammatory component; research on basic and clinical advances in immunome-
tabolism has evolved rapidly during the past years, and the beginning of new tools
for the detection and characterization of regulation of inflammation in metabolic
diseases with comorbidity may play an imperative role; nevertheless, the precise
mechanisms mediating this relationship remains poorly understood.

Interplay in the regulation of inflammation and metabolic risk factors are a com-
plex cluster. The inflammatory condition associated with adipose tissue represents a
triggering factor in the etiology of the obesity pathological mechanisms and mainly
contributes to the related disease outcomes.

In the early stages of obesity, in white adipose tissue, primed immune cells
are recruited as adiposity increases, and these cells became resident cells (mainly
macrophages) and secrete proinflammatory adipokines that promote further
recruitment of circulating monocytes [100-103]. Later, they polarize toward M1
macrophages, favoring a subclinical chronic inflammatory state [102, 104-106]
secondary to irregular increase and distribution of fat depots [107]. In IR, the
expression of genes implicated in glucose and lipid absorption and metabolism in
liver and adipose tissue is dysregulated, at the same time, insulin signaling pathway
in peripheral tissues is also disturbed [108]; this IR scenario precedes the develop-
ment of T2D and other related diseases.

The identification of diverse molecular mechanisms related to energy metabo-
lism has allowed the definition of strategies for searching genes implied in obesity
and IR.

In the decade that precedes us, experimental reports show the existence of small
noncoding RNAs, which are identified as microRNAs, (miRs) with the function of
regulating cellular processes through modulating the expression of genes that code
for functional proteins.

The insulin signaling pathways may be regulated by microRNAs (miRNA) that
modulate the stability and translation of messenger RNAs (mRNA) by a particular
mechanism of binding seeding sequences located in target genes, resulting in
protein decay [109, 110].

Once synthesized, some miRNA can be released into circulation via exo-
somes, vesicular bodies, lipoproteins, simple extrusion, or apoptotic bodies. Most
researches in the field have assessed the presence of circulating miRNA in many
body fluids, being related to their impaired expression in tissues under physiological
and pathological conditions. Several studies have shown a correlation of particular
circulating miRNA with the development of different pathologies, positioning them
as valuable biomarkers in silent diseases such as obesity, IR, and MS [111, 112].

Although rapid progress is being made in research on miRs, there is little avail-
ability of experimental tools with scientific value and mechanisms that lead from
the discoveries of miRs to the therapeutic application in diseases. Therefore, the
current demand is to explore the expression and biological function of miRs in the
development of diseases in vivo.

The main considerations that are known are that the process of its biogenesis
is governed by regulatory checkpoints, based on the fact that the sequence of the
primary transcript does not correspond linearly to mature miR. The abundance or
scarcity of a miR indicates its level of regulation.

Under physiological conditions, it has been shown that miRs modulate gene
expression; however pathological stress increases or decreases its function.
Therefore, its function will be defined by the effect on the expression of the genes
to which it is directed. Predictions indicate that 60% of target mRNA genes have
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similar binding sequences in the 3'UTR region for single or multiple miRs. These
miRs exert their silencing function through two different mechanisms: transla-
tion inhibition (initiation or elongation) and target mRNA degradation. In the
target genes for miRs, it is observed that 3'UTR regions have binding sites for
multiple miRs; this suggests cooperation and redundancy of the effect on gene
expression between the different miRs.

Currently, there are 1917 human miRNAs listed in the miRNA database miRBase
(http://www.mirbase.org), representing 1% of all genes in the human genome.
These miRNAs are predicted to target aprox. 30% of the human gene pool.

From the extraction of plasma and blood serum miRs from human and mam-
malian animal samples, they have been proposed as diagnostic biomarkers in the
diseases. The attributes that stand out are that the miRs extracted from the serum
have stability, and the results in the quantification are reproducible and consistent
among individuals of the same species.

The logical sequence in the integral investigation of miRs is firstly to identify the
presence in a given sample. The experimental tools used to measure the expression
profile of miRs have been by microarray analysis or deep sequencing, while the
determination of the level of expression of individual miRs has been performed by
RT-PCR, in situ hybridization or northern blot.

However, the investigations carried out can be categorized from two conceptual
points, the determination of the level of expression in which the most used meth-
odological tool is real-time PCR analysis and global expression assays. The former
stand out for their specificity while confirming the latter, while the latter provide a
broad view of the presence and regulation of miRs.

Properly identifying the functionality and level of expression of a specific miR
is limited due to the high degree of sequence homology between some miRs and the
size of the molecule; the parallel application of different molecular tools strength-
ens the identification or quantification process of the level of expression. However,
an unfavorable factor is the combined regulation of multiple genes or small changes
in gene regulation that are lost in biological noise.

Enhancing the work of performing research surrounding these novel gene
regulators will advance our understanding of miRNAs and their specific func-
tions and will augment the opportunities to safely follow them as therapeutic
targets [113].

3.2 IR in muscle and liver

Conventionally, insulin acts directly on the WAT under the cascade of the IRS1
axis, PI3K, and AKT, for glucose absorption, with a possible positive feedback of the
phosphorylation of Ser’® from IRS2, by cyclin-dependent kinase 4 (CDK4) [114],
culminating with lipolysis regulation. However, as described in previous sections
of the chapter, inflammatory processes and alternative activation of macrophages
favor the pathogenic adiposity in which the action of insulin is not carried out cor-
rectly and therefore does not slow the lipolysis process.

Although the mechanism of signaling pathways that links pathogenic adiposity
to insulin resistance in skeletal muscle and liver has not been well defined due to the
difficulty of modeling in vitro systems that allow cell coordination as in a complex
organism, the process of understanding molecular bases has lagged behind the
direct action of insulin in an organ or cell. The best way to associate it is the chronic
surplus of energy that favors the accumulation of ectopic lipids in the liver and
skeletal muscle that trigger the activation of pathways that impair insulin signaling,
causing the decrease in glucose absorption in muscle cells and of glycogenesis in
liver [115].
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3.2.1 Liver

In a physiological stage with food withdrawal, the main source of glucose in the
bloodstream is the liver. On the other hand, after absorption of nutrients by the
intestine, the production of hepatic glucose should be interrupted in coordination
with hyperinsulinemia.

The most assertive explanations of how insulin acts to promote glucose homeo-
stasis by inhibiting both glycogenolysis and hepatic gluconeogenesis have focused
on the canonical pathway of insulin interacting directly in the liver by activating
the insulin receptor (InsR) and the substrate of insulin receptor (IRS) and the
phosphoinositol 3-kinase signaling cascade (PI3K/Akt/mTOR pathway) by inhibit-
ing transcription of the forkhead box class O-1FOXO1 factor and thus gene tran-
scription and activation of gluconeogenic enzymes such as phosphoenolpyruvate
carboxykinase (PCK1) and glucose 6 phosphatase (G6PC) [116, 117].

However, it has been observed that suppression of hepatic glucose production
is not totally dependent on the Akt activation pathway, for which remote insulin
actions that interact indirectly with the physiological process of hepatic glucose
have been studied. On one hand, the reduction of PCK1 and glucose 6-phosphatase
(G6Pase) through cerebral insulin action activates the ATP-sensitive potassium
channels (Kurp) of hypothalamus and stimulate the vagal transmission and STAT3
activation [118, 119], blocking the de novo glucose formation by the liver and there-
fore regulating serum hyperglycemia.

On the other hand, insulin action in WAT suppresses lipolysis and reduces the
fatty acids flow into the liver, therefore, reduction of both acetyl-CoA concentra-
tion and pyruvate-to-glucose conversion occur, corresponding with the cessation
of glycerol supply, observing a decrease in pyruvate carboxylase (PC) enzyme
activity [120].

However, when WAT is in an inflammatory process and insulin resistance, it
constantly increases the supply of gluconeogenic substrates, such as non-esterified
fatty acids (NEFAS), and glycerol favors hepatic glucose production [121]. In stages
with normal insulin levels, fatty acids in the bloodstream compete with glucose to
internalize cells independent of hyperglycemia; however when insulin concentra-
tion or activity is deficient, fatty acids contribute directly to the production of
glucose [122]. The ectopic accumulation of fatty acids in liver increases the content
of acetyl-CoA allosterically activating PC and increasing gluconeogenesis; this
increase in glucose and the presence of pro-inflammatory cytokines lead to inad-
equate insulin signaling in liver and subsequently, IR [123].

According to current knowledge of the importance of indirect insulin pathways
in the liver to maintain the homeostatic glucose process, research groups will follow
some therapeutic targets associated with the signaling pathways of G-protein-
coupled receptors (GPCRs) [124] as well as inhibitors of the enzyme acetyl-CoA
carboxylase [125, 126] for the treatment of metabolic diseases. Similarly there
is evidence that proves that the diet with low calorie concentrations can reverse

hyperglycemia [127].
3.2.2 Muscle

The skeletal muscle is responsible for 70% of the elimination of total body glucose,
associated with its capacity and energy need. Therefore, insulin sensitivity of skeletal
muscle is critically important in maintaining homeostasis of blood glucose [128].

Many studies propose molecules related to the deterioration in insulin sig-
naling; however, they agree that these molecules accumulate when the energy
supply exceeds the demand in the body. Therefore, it suggests that the IR in the
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muscle not only has intrinsic problems as a reference. One of the main mecha-
nisms proposed to elucidate the pathogenic process of IR in skeletal muscle is
mitochondrial compromise due to the bioenergetic imbalance present mainly in
pathological adiposity. However, the molecular pathways to describe this event
are not entirely elucidated.

In the physiological process of insulin/IR interaction in skeletal muscle, you can
activate two signaling pathways with the phosphorylation of IRS1 and, on the one
hand, the PI3K/AKT pathway that induces glycogen synthesis and glucose uptake
by recruiting the transporter protein of glucose (GLUT-4) to the plasma membrane,
while the activation of the MAPK pathway favors the growth and differentiation of
skeletal muscle [129].

The presence of pathological adiposity provides high concentrations of fatty
acids and cytokines that activate signaling pathways linked to obesity that con-
verge with insulin signaling. As plasma FFA increase, they accumulate in muscle.
Intramuscular diacylglycerol (DAG) and ceramides levels rise, compounds that
might act as second messengers in alternative signaling pathways that interfere with
IRS-1 adequate phosphorylation [108, 130].

The presence of TAG and DG in muscle activates Ser’”” phosphorylation in IRS-
1, resulting in the activation of PKC-8. These changes in turn result in a decrease in
the tyrosine phosphorylation of IRS-1 and a lower activation of the PI3K associated
with IRS-1, resulting in a decrease in insulin-stimulated glucose transport activity.
Intramolecular lipids (IMCL) have been observed to be elevated when lipid oxida-
tion is poor and lipid supply to the muscle is exceeded [120, 131, 132].

The bioenergetic imbalance favors mitochondrial beta oxidation, although
incompletely which can increase the concentration of reactive oxygen species (ROS)
mainly H,0,, this reactive species is responsible for the inhibition of PP2A causing
the activation of JNK and ERK, and these inhibit serine phosphorylation in IRS1.
When the energy demand is exceeded, skeletal muscle mitochondria stimulate lipid
biosynthesis that redundantly increases the concentration of ROS and myocellular
lipids [133-135].

Although the process by which ROS and fatty acids trigger insulin resistance is
not yet elucidated, it can be deduced that energy imbalance is the fundamental key.

4. A new terminology: pathologic adiposity

Total adipose mass, fat depot location, and particular AT type function are the
predominant factors that explain high metabolic risk in individuals with obesity,
since number, distribution, and leucocyte population differ between SCAT and
VAT from lean and obese individuals; VAT has higher a macrophage number, and
adipocyte size is smaller and has less lipid storage capacity. These differences
suggest VAT can undergo subclinical inflammation and metabolic disease [136];
actually, central obesity associates with higher CVD, metabolic disorders, and early
death, in contrast with gynecoid obesity at the expense of SCAT accumulation in
the gluteofemoral region [13].

With the aforementioned, we can state that not every obese individual
is affected by the common metabolic abnormalities associated with obesity.
Approximately 10-25% of obese and a smaller fraction of morbidly obese persons
are “metabolically healthy” (metabolically healthy obese, MHO), as they are insulin
sensitive and normotensive and possess a favorable lipid profile; furthermore, they
present less VAT and hepatic lipids and possess normal glucose metabolism. On the
other hand, a subgroup of normal weight individuals suffers obesity characteristic
metabolic abnormalities, whereby they are denominated as “metabolically healthy
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Figure 3.
A series of unfortunate events that leads to a pathologic adiposity status.

but with normal weight” (MONW). It is suggested that MHO individuals own a
less detrimental metabolic profile and better prognosis compared to normal weight
individuals with metabolic syndrome [137-139].

As stated before in this chapter, under acute caloric excess, enlarged adipocytes
suffer hypoperfusion and mechanic stress owing to its surrounding ECM, which
causes transient hypoxia and triggers angiogenesis and release of stress signals so
that AT could undergo healthy remodeling and maintenance [140].

Nonetheless, obesity is a chronic caloric excess state, which means adipocyte
enlargement surpasses angiogenesis, whereby hypoxia and stress signals perpetuate
and cause fibrosis and cell death with eventual necrosis; this scenario causes local
lipotoxicity, as ATM lipid buffering function is surpassed by the increased FFAs lev-
els caused by overfeeding or adipocyte lipolysis and death [141, 142]. Thus, ATMs
undergo metabolic activation, as lipids like palmitate are TLR-2/4 ligands, therefore
initiating a proinflammatory response and polarization towards a M1 phenotype,
losing all pro-homeostatic functions that we have previously discussed [143-145].
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Furthermore, the other resident leucocytes will change in number and function as
ATMs did, towards a Thl-type immune response.

The activation of NF-kB pathway with cytokine/chemokine release and the con-
tribution of harmful metabolites (i.e., ceramide and sphingosine 1-phosphate, S1P)
interfere with proper insulin signaling, therefore establishing a local AT IR [146-148].

After the AT IR is established, non-suppressive lipolysis now perpetuates and
triggers high circulating FFA levels giving place to peripheral/systemic lipotoxicity:
ectopic fat accumulation in liver and muscle; additionally, the proinflammatory
cytokine, adipokine, and chemokine profile will circulate through the bloodstream,
establishing metainflammation. Eventually, the high ectopic lipid concentration in
this tissues will unleash similar detrimental effects that took place at AT, establish-
ing now peripheral/systemic IR and dyslipidemia [132, 149].

The ensemble of this AT dysfunction and its harmful metabolic clinical reper-
cussions is what we call pathologic adiposity: the adiposity status that determinates
metabolic systemic dysfunction (IR and dyslipidemia), whether in an obese or
normal weight individual, “metabolically unhealthy obese” (MUO), or “metaboli-
cally obese normal weight” (MONW) person, respectively (Figure 3).

5. Conclusions

Metainflammation can be defined as the systemic metabolic inflammation
derived from obese adipose tissue in which innate and adaptive immune system
cells have changed in number and function, from a lean and homeostatic to a pro-
inflammatory state, and whose cytokine and adipokine proinflammatory profiles
cause metabolic syndrome. Some authors consider metainflammation as the result
of dysfunctional adipose tissue that consists of unhealthy expansion (hypertrophy)
and angiogenesis, hypoxia, and detrimental ECM remodeling, which in turn limit
adipocyte lipid storage capacity; altogether, these deleterious scenarios cause
lipolysis and ectopic fat accumulation in the liver and muscle.

The knowledge developed in recent years in relation to the homeostatic interac-
tion between immune system and the energetic metabolism along with the role of
miRs allows that in a state in imbalance such as obesity, new biomarkers that show
clinical information about the state are sought health of individuals and the early
detection of the risk of developing metabolic complications is derived from the state
of pathological adiposity.
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Acronyms and abbreviations

ADRB3 p3-adrenergic receptor

AKT protein kinase B

ASCs adipose stem cells

AT adipose tissue

ATMs adipose tissue macrophages

ATP adenosine triphosphate

BAT brown adipose tissue

C/EBP-a CCAAT/enhancer-binding protein o
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CDK4 cyclin-dependent kinase 4

CDS critical death size

CVD cardiovascular disease

DWAT dermal WAT

ECM extracellular matrix

ERK extracellular signal-regulated kinase-1
FADH flavin adenine dinucleotide in reduced form
FFA free fatty acids

FGF21 fibroblast growth factor 21

FOX01 forkhead box class O-1

Fstl1 follistatin-related protein 1

G6PaseC glucose 6 phosphatase

GLUT transporter protein of glucose

HDL high-density lipoproteins

HFD high-fat diet

HIF-1a hypoxia-inducible factor-1la

HSL hormone sensitive lipase

IL interleukin

ILC2 group 2 innate lymphoid cells

IMCL intramolecular lipids

iNKT invariant natural killer T cells

IR insulin resistance

IRS1 substrate of insulin receptor 1

IRS2 substrate of insulin receptor 2

Karp ATP-sensitive potassium channels

LDL low-density lipoprotein

LPS lipopolysaccharide

MCP-1 monocyte chemoattractant protein-1

miRs microRNAs

MPK mitogen-activated protein kinase

mRNA messenger RNAs

MS metabolic syndrome

MSCs mesenchymal stem cells

NADH nicotinamide adenine dinucleotide in reduced form
NEFAS non-esterified fatty acids

OPN osteopontin

PAI-1 plasminogen activator inhibitor-1

PCK1 phosphoenolpyruvate carboxy kinase

PC pyruvate carboxylase

PDGF platelet-derived growth factor

PDGFR platelet-derived growth factor receptor
PEDF pigment epithelium-derived factor

PI3K phosphoinositide 3-kinases

PPAR-y peroxisome proliferator-activated receptor y
RT-PCR real-time polymerase chain reaction

SCAT subcutaneous adipose tissue

SIRT 1 sirtuin 1

SPARC secreted protein, acidic, and rich in cysteine complex
SREBPs sterol regulatory element-binding proteins
STAT3 signal transducer and activator of transcription 3
SVF stromal-vascular fraction

S1P sphingosine-1-phosphate

TZD thiazolidinediones
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TIMP tissue inhibitor of matrix metalloproteinases
T2D type 2 diabetes

TG triglycerides

TGFp transforming growth factor beta
TNFa tumor necrosis factor alpha
Treg regulatory T lymphocytes
UCP-1 uncoupling protein 1

VAT visceral adipose tissue

VLDL very-low-density lipoprotein
WAT white adipose tissue
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Chapter 3

Obesity as a Promoter of Cancer
Development and Progression

Nicole Bonan and Katie DeCicco-Skinner

Abstract

The incidence of obesity is growing worldwide. In the United States, it is now
estimated that one in three adults is categorized as obese. Obesity is a risk factor for
multiple forms of cancer, and obese individuals have a higher risk of death. This
chapter will share insight into how obesity is associated with cancer development,
progression, and drug resistance by looking at the interplay between adipocytes
(fat cells) and cancer cells. In particular, we will focus on alterations that occur in
an obese state and biological mechanisms such as inflammation, oxidative stress,
and hormonal imbalances that contribute to increased cancer risk.

Keywords: adipocyte, adipokine, adiponectin, adipose, cancer, estrogen, HIF,
hormone, hyperinsulinemia, hypoxia, IFNy, inflammation, insulin, leptin, MAPK,
obesity, resistance, T cell

1. Introduction

Obesity has reached epidemic levels in the United States, and it is a growing health
concern worldwide. It is estimated that one in three adults in the US is obese, while
another one in three is overweight [1]. Worldwide, obesity has close to tripled since
1975. In 2016, 13% of adults were categorized as obese and 39% as overweight [2].
Obesity is a risk factor for multiple diseases, including heart disease, stroke, type 2
diabetes, and cancer, and obese individuals have a higher risk of death [1-3]. In the US,
quality-adjusted life years lost to obesity are now higher than those lost to smoking [4].

“Obesity” is most often defined by body mass index (BMI), a calculation based
on a ratio of one’s height and weight (kg/m?). “Obese” refers to a BMI of 30 or more,
while “overweight” is categorized as a BMI between 25-30 and “normal weight” is
defined as a BMI of 18.5-25.

Cancer describes the uncontrolled growth of cells which can metastasize, or spread,
to other parts of the body. It can occur in any tissue and can be caused by a variety of
environmental and genetic factors. About 15-20% of all cancers are estimated to be
caused by being obese or overweight [5, 6]. Obese patients diagnosed with many types
of cancers tend to have a worse prognosis, increased risk of metastatic cancers, and a
shorter remission period than normal weight individuals [4, 7]. However, some can-
cers are more strongly associated with obesity than others [4, 7], and the correlation is
dependent mainly on tissue type and patient cohort [5]. Cancers that are most closely
correlated with obesity include: kidney [8], endometrial [9], ovarian [8], liver [10],
pancreatic [11], gastrointestinal [8], colorectal [12], prostate [13], and postmenopausal
breast cancer [14]; and multiple myeloma [7, 8, 15, 16]. Postmenopausal women are an
especially susceptible patient cohort, as half of all cancers in this group are caused by
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Figure 1.

Obesity can increase the visk of many cancers, including: cervical, endometrial, uterine, breast, ovarian,
thyroid, colorectal, renal, liver, pancreatic, gallbladder, gastric, and esophageal cancer; non-Hodgkin’s
lymphoma; and multiple myeloma.

obesity [5]. The most common cancers caused by obesity in post-menopausal women
are breast, endometrial, and ovarian cancers (Figure 1).

Besides storing lipids, adipose tissue is increasingly being recognized as the larg-
est endocrine organ in the body. The adipose tissue itself is comprised of multiple
cell types, including adipocytes, immune cells, and endothelial cells, among others
[17]. Adipocytes themselves can secrete a variety of adipokines, hormones, and
inflammatory factors [17]. As such, adipocytes are involved in signaling pathways
with neighboring cells. Signaling mechanisms in the adipose tissue are altered by
obesity and can contribute to cancer development, progression, and drug resis-
tance. Cancers that are in direct contact with adipocytes, such as breast cancer,
and even cancers that are in close proximity to adipocytes, such as colon cancer
and endometrial cancer, are most susceptible to increased aggression stimulated
by adipocyte signaling [17]. This chapter will focus on a few of the mechanisms
through which adipocytes affect the tumor microenvironment (TME), including
insulin resistance and hyperinsulinemia, sex steroid hormone signaling, changes in
the adipokine profile, and chronic inflammation and hypoxia.

2. Adipose tissue

Generally, adipose tissue is divided into two main groups: visceral adipose tissue
(VAT), which surrounds internal organs, and subcutaneous adipose tissue (SAT),
which is located just under the skin. These two types of adipose tissue show large
differences in metabolic activity and influence on disease risk [18]. Generally, both
SAT and VAT increase in volume in obesity. However, too much VAT is associated
with more negative health effects than SAT.

Visceral obesity, rather than subcutaneous obesity, increases the risk of multiple
diseases including cancer [18]. This phenomenon is manly a result of the differing
physiological roles of VAT and SAT. VAT acts as an endocrine organ and can signal
other parts of the body via adipokine and cytokine secretion [18]. It also contains
more immune cells and is more highly vascularized than SAT [19]. VAT adipocytes
are generally more metabolically active than SAT adipocytes [19], and as such, most
of the changes that occur to adipose tissue during obesity occur in VAT rather than
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in SAT [19]. Overall, VAT is a stronger predictor of mortality due to obesity than
SAT [19], especially when the VAT surrounding abdominal organs is high [18].

SAT acts as more of a storage tissue than VAT, as SAT adipocytes absorb free fatty
acids and store them as triglycerides [19]. Increased SAT is generally not strongly
associated with obesity-related cancers [18], with the exception of abdominal
SAT. Multiple studies have shown that increased abdominal SAT can promote
cancer growth progression, sometimes independently of overall adiposity [15, 20].
SAT (excluding abdominal SAT) has actually shown a somewhat protective role in
cancer. Patients with more SAT generally have increased survival rates after treat-
ment than those with less SAT [21].

This paper will focus on VAT, as this tissue type is most strongly correlated with
cancer risk. Thus, references made to obesity and adipocytes throughout the rest of
this paper refer to VAT.

3. Insulin resistance and hyperinsulinemia

Insulin is a hormone that is primarily responsible for stimulating glucose uptake
and storage, but it is involved in multiple evolutionarily conserved pathways
involving cell growth and proliferation [22, 23]. This pluripotency is not unusual.
Signaling pathways related to nutrient availability and growth are closely related,
as uptake of nutrients is essential for supporting growth on both a systemic and
intracellular level in the body [24].

Obesity, which is characterized by an excess of nutrient availability, stimulates
the body to increase insulin secretion and continually activate growth pathways.

In this way, obesity can change the balance of inter- and intracellular signaling

that controls cycle progression, growth, proliferation, and angiogenesis. Any of
these effects in excess can contribute to neoplastic transformation, and since these
pathways are highly conserved and interconnected, any alterations to one pathway
risk overcompensation through another [24]. Thus, the increase in insulin secretion
and growth activation caused by obesity can directly contribute to tumor develop-
ment and progression.

3.1Insulin and insulin-like growth factors

Insulin is secreted by pancreatic beta cells when serum glucose levels are
elevated. The insulin then enters the bloodstream and binds insulin receptors (IR)
on the plasma membrane of target cells. IRs are a type of receptor tyrosine kinase
(RTK). Thus, binding of the ligand causes autophosphorylation of the tyrosine
residues on the cytoplasmic tails of IRs, activating signaling pathways related to cell
growth, proliferation, and glucose metabolism [5, 24, 25] (Figure 2).

There are two isoforms of IRs that are created by alternative splicing of the
insulin receptor (INSR) gene: IR-B and IR-A. IR-B is expressed at high levels in
adipocytes, hepatocytes, and muscle cells, as it is the isoform that regulates glucose
metabolism [26]. IR-A is usually expressed at low levels in most normal cells com-
pared to IR-B, but it is the isoform that is often over-expressed in cancer cells [26].

Insulin-like growth factors (IGFs) are endocrine hormones that are homologous
to and have a similar mechanism of action as insulin [24, 27]. While insulin is
primarily involved in glucose metabolism via IR/PI3K signaling, IGFs are directly
responsible for stimulating cell growth and proliferation via IGF-1 receptor
(IGF-1R)/mitogen activated protein kinase (MAPK) signaling (Figure 2). However,
IR and IGF-1R signaling overlap to a large extent, and the exact conditions that
determine their specificity are not well understood [23].
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Figure 2.

IR and IGF-1R can activate the same signaling pathways. In normal cells, stimulation of either receptor
activates pathways related to cell growth and proliferation. IR is also vesponsible for regulating glucose
metabolism, while IGF-1R activates signaling pathways velated to evasion of apoptosis, metastasis, and
angiogenesis. In obesity, this specificity is lost. Treatment with metformin activates AMPK signaling, which
blocks many of the pathways activated by AKT and can decrease tumor growth and progression.

There are two main types of IGFs, IGF-I and IGF-II, both of which are secreted
by the liver in response to other growth hormones [5, 24]. Once in the tissue and
bloodstream, IGFs are generally bound by IGF binding proteins (IGFBP), which
both increase the half-life of IGFs [27] and prevent them from binding receptors
[24, 27]. When serum glucose levels are elevated, IGFs dissociate from their bind-
ing proteins. IGF-1 can then bind IGF-1 receptor (IGF-1R), an RTK that is similar
to IR [24], or, with lower affinity, IR-A [23]. Binding of IGF-1 to its receptor can
activate MAPK signaling, inhibit p53, or stimulate hypoxia-inducible factor 1 alpha
(HIF-1a) expression. The result of these pathways are cell growth and proliferation,
evasion of apoptosis and metastasis, and angiogenesis, respectively [5]. IGF-II can
bind both IGF-1R and IR-A with high affinity [5] and IR-B with low affinity [23].

Insulin and IGF signaling pathways are highly conserved, as they are essential
for normal development [24, 27]. As such, disruptions in the balance of signaling
through these pathways, such as changes in metabolism associated with obesity, can
lead to cancer development and progression.

3.2 Insulin resistance, hyperinsulinemia, and cancer

In obese individuals, glucose is constantly produced in the liver in response to
nutrient excess, and adipose tissue over-secretes insulin in response. However,
chronic over-secretion of insulin can lead to insulin resistance. This condition
occurs when the body only minimally responds to insulin and thus cannot metabo-
lize glucose. To compensate, beta cells secrete even more insulin, causing hyper-
insulinemia [5]. The high serum insulin levels caused by hyperinsulinemia have
multiple physiological effects that can contribute to cancer progression.

High serum insulin levels can increase production of IGF-1, which, as discussed
earlier, activates signaling pathways related to growth, proliferation, evasion of
apoptosis and metastasis, and angiogenesis [5]. Cancer cells can then use these
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pathways to meet their high metabolic demands [24]. Insulin can stimulate produc-
tion of growth hormone receptor (GHR), which, when bound to its ligand, stimu-
lates hepatic synthesis of IGF-1 [5]. Insulin can also decrease production of IGFBP-1
and 2. This decrease leads to an increase in free IGF-1 in the serum [5].

Increased insulin and IGF-1 serum levels can cause overproduction and
overstimulation of IR-A and IGF-1R, which is a phenomenon that is commonly
observed in cancer cells [23]. The signaling pathways activated by IR and IGF-1R
overlap, so overstimulation of both receptors leads to amplification of shared path-
ways such as mTOR and MAPK. As a result, excessive cell growth and proliferation
can be stimulated [23]. The specific functions of insulin, IGFs, IR, and IGF-1R also
often become convoluted in the context of cancer. In normal cells, IR is mainly
responsible for controlling metabolism, while IGF-1R is more involved in regulating
cell growth [23]. However, because IR and IGF-1R are highly homologous, a hybrid
of the two receptors can form when they are both overexpressed. The hybrid has a
higher affinity for IGF-1 than for insulin, which amplifies IGF signaling and thus
contributes to cell growth, proliferation, and evasion of apoptosis. This hybrid can
be expressed in normal cells, but it tends to be expressed more highly in cancer
cells, especially of the breast and thyroid [5].

Some cancer treatments target IGF-1R, as this receptor is more historically
known for its role in regulating cell growth. However, while preclinical studies tar-
geting this receptor were promising, clinical studies were widely unsuccessful, and
many were terminated [23, 28]. Moreover, sensitivity to IGF-1R inhibition varies
widely among tumors even though most have an overexpression of IGF-1R [23, 28,
29]. Current studies are focusing on finding biomarkers that can predict sensitivity
to IGF-1R inhibition [28]. Other studies aim to determine whether combination
therapy might make IGF-1R inhibition more viable, such as IGF-1R inhibitors given
with mTOR or IR inhibitors [28]. Since the functions of IGF-1R and IR overlap in
the context of cancer, signaling through IR may be a mechanism of resistance to
IGF-1R inhibitors. Some studies are researching whether targeting both IGF-1R and
IR can prevent resistance from developing to IGF-1R inhibitors [23].

Other studies aim to determine whether common drugs used to treat diabetes,
such as metformin, can have anti-cancer effects. So far, these studies have shown
promising results. Metformin is used to decrease serum levels of insulin and hepatic
glucose production in diabetic patients. However, metformin has been found to
also increase AMPK production via inhibition of mitochondrial complex I. AMPK
can then increase in insulin sensitivity and inhibit the mTOR/AKT pathway, which
decreases glycolysis and lipid synthesis [30] (Figure 2). Both animal and clinical
studies thus far have shown that metformin can decrease the risk of tumor develop-
ment and progression, though the exact mechanisms of action of the drug have yet
to be elucidated [23]. The main side effect of the drug is gastrointestinal distur-
bance, which occurs in about 30% of patients [30].

In summary, hyperinsulinemia is a common condition in obesity that is charac-
terized by over-secretion of insulin and IGF-1. Both of these factors can contribute
to overexpression of IR, IGF-1R, and the IR-A/IGF-1R hybrid, which can dysregu-
late growth and metabolism and have tumor-promoting effects.

4. Sex steroid hormones

It is already well-established that obesity can directly increase the concentration of
circulating sex steroid hormones (SSH), especially estrogen. As such, obesity is a known
risk factor for cancers that can be caused in part by increased levels of these hormones,

such as breast, endometrial, uterine, ovarian, and prostate cancers [5, 6, 24].
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Estrogen is formed from the aromatization of androgens such as testosterone
and androstenedione [24]. In premenopausal women, this aromatization takes
place mainly in the ovaries [24], but it shifts to the adipose tissue and epidermis in
postmenopausal women [17]. Estrogen production occurs primarily in the testes of
men [31]. Once in circulation, estrogen can have multiple physiological effects.

Estrogen can bind ERs on cells to stimulate cell division [4], cell cycle progres-
sion [32], and increase proliferation and angiogenesis [24]. ER activation is a
major contributor to cancer progression in ER+ breast cancers. ER+ breast cancers
account for approximately 70% of human breast cancers overall [33], and obesity is
known to increase the risk of these cancers in postmenopausal women [34]. In these
cancers, overactive ER signaling can cause DNA damage by dysregulating genes that
control cell cycle, such as Cyclin D1. Overactive ER signaling can also increase the
formation of R-loops in genes that are activated by estrogen. R-loops are formed
when newly-synthesized RNA binds its DNA template, and they can regulate
certain aspects of transcription. However, in the context of ER overstimulation, an
excess of R-loops can lead to double-stranded breaks in genes activated by estrogen,
contributing to genome instability and dysregulation of cell growth and prolifera-
tion [32, 35]. Hormone therapy is often given post-surgery in ER+ breast cancers,
which has been shown to improve survival and decrease the risk of relapse [33],
illustrating the large extent to which ER signaling contributes to cancer progression.

The increased levels of estrogen caused by obesity can also increase IR-A expres-
sion and amplify IGF signaling in breast cancer. These factors can contribute to
IGF-1R inhibitor resistance and inhibition of apoptosis, respectively, as discussed
in the previous section [4, 5]. In addition, estrogen can act as a mitogen, activating
MAPK pathways and RTKs that, like ER, lead to cell cycle progression, prolifera-
tion, and survival [5].

There are a few mechanisms that control the increase in circulating SSH caused
by obesity. Adipose tissue can produce aromatase, and increased adiposity is
correlated with an increased production of the enzyme. Aromatase stimulates the
conversion of androgens to estrogens in both men and postmenopausal women. In
excess, the enzyme can increase circulating concentrations of the estrogen estra-
diol, which can cause DNA damage as discussed [4]. This signaling mechanism is a
likely explanation for why breast cancer risk increases with BMI in postmenopausal
women that do not receive hormone replacement therapy [24]. Adipose tissue can
also decrease production of globulins, which would otherwise bind and inhibit the
activity of hormones such as estradiol [24], contributing to DNA damage.

Severe obesity can also modulate other molecules that can contribute to cancer risk
and progression. The concentration of circulating glucocorticoids, hormones that act
to negatively regulate cell cycle and decrease inflammation, can be downregulated
[24]. Severe obesity can also stimulate an increase in serum concentrations of IGF-1
and the pro-inflammatory cytokine IL-6. Both of these molecules can activate the
androgen receptor and contribute to survival and proliferation in prostate cancer [24].

5. Adipokines

Adipokines are cytokines that are secreted by adipose tissue. These adipokines
can play important roles in metabolism, endocrine activities, satiety, and inflam-
mation [5, 17, 24]. However, adipokines can also both contribute to and suppress
tumorigenesis. Obesity is generally correlated with a decrease in tumor-suppressing
and an increase in tumor-promoting adipokines. There are multiple types of adipo-
kines, but the most well-researched and abundant adipokines in the human body
are leptin and adiponectin [5].
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5.1 Leptin

Leptin is the most well-known adipokine, and its main function is to suppress
appetite [24]. It is secreted by adipose tissue in response to nutrient availability, and
it binds leptin receptors on cells such as neurons, skeletal muscle cells, adipocytes,
and epithelial cells [26]. This binding signals a decrease in appetite and creates a
negative feedback loop between adipose tissue and the central nervous system [24].

Leptin production increases proportionally with body fat. However, leptin
resistance often develops in the context of obesity. This resistance occurs because
the adipose tissue in obese patients produces excessive amounts of leptin, which
overstimulates leptin receptors. The receptors then become less sensitive to the
adipokine, and in response, the adipose tissue secretes even more leptin [26, 36]. As
aresult, obese patients often experience a dysregulation in appetite where they do
not feel satiated even when their body has taken in all necessary nutrients because
their bodies do not respond to leptin.

Leptin has other important physiological functions besides appetite suppression.
When bound to their ligand, leptin receptors can activate the PI3K, MAPK, and
JAK/STAT signaling pathways. All of these pathways lead to either inflammation,
cell growth and proliferation, angiogenesis, or prevention of apoptosis [5, 24]. Since
leptin is often over-secreted in obesity, this adipokine is known to contribute to the
systemic inflammation observed in many obese patients [17, 24, 26], which will be
discussed in later sections of this chapter.

Leptin is also a likely link between obesity and cancer. Most studies researching
leptin and cancer have been done in a breast cancer model. These studies have found
that leptin increases aromatase expression, which upregulates estrogen production
and ER signaling [5]. As discussed previously, ER signaling stimulates cell division,
proliferation, and angiogenesis, and it prevents apoptosis [4, 24], all of which can
contribute to tumorigenesis and cancer progression. Other studies have found that
leptin may activate proliferation and survival of cancer cells in iz vitro models of
prostate, endometrium, and colon cancer [24].

5.2 Adiponectin

Adiponectin is the most abundant cytokine in the body, and it is the main hor-
mone produced by adipose tissue [7]. The major roles of adiponectin are to increase
sensitivity to insulin [7] and increase energy expenditure [26]. By increasing insulin
sensitivity, adiponectin can help prevent the development of insulin resistance and
thus can help control glucose metabolism and growth [37]. Adiponectin can also
inhibit angiogenesis and migration [37], stimulate apoptosis [24], and downregu-
late vascular endothelial adhesion molecules and decrease inflammation [37].

Adiponectin has a protective role in carcinogenesis [37], but serum levels of adipo-
nectin tend to decrease with increased BMI and visceral adiposity [26]. Adiponectin
activates the AMPK pathway, which can inhibit mTOR and cause cell cycle arrest
[37]. It also inactivates MAPK1/3 and ERK1/2 and can stimulate apoptosis by induc-
ing expression of p53 and Bax and decreasing expression of Bcl-2 [5]. However,
estrogen and insulin both can suppress adiponectin secretion [5]. Thus, there is a
complex balance of sex hormones, insulin, and adipokines that contribute to both
obesity and cancer.

Current studies have shown the beneficial effects of adiponectin in cancer.
Breast cancer risk is lower when serum levels of adiponectin are elevated in both
pre and postmenopausal women [5]. Similarly, increased levels of adiponectin are
associated with decreased risk of endometrial, colon, and prostate cancers [4].
Adiponectin has also been shown to inhibit growth in iz vivo models of all of these
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cancers [24]. Lower levels of adiponectin in men are correlated with a higher risk

of colon cancer [5], and adiponectin has been shown to suppress the formation

of colon polyps in mouse models of colon cancer [26]. In general, increased levels of
adiponectin are correlated with a decrease in both the occurrence and severity of
multiple cancers [5].

Other adipokines besides leptin and adiponectin exist. Resistin may be involved
in promoting inflammation and angiogenesis, which can contribute to tumori-
genesis [4]. Plasminogen activator inhibitor type 1 (PAI-1) is generally used as
an indicator of poor prognosis in breast cancer, especially in obese women [5].
High levels of PAI-1 often indicate low peroxisome proliferator-activated receptor
gamma (PPARy) function, which is a receptor that induces apoptosis and decreases
proliferation. However, PPARy expression is often downregulated in obesity. PAI-1
can also inhibit apoptosis and induce inflammation, neutrophil recruitment,
proliferation of smooth muscle cells, cell adhesion, and migration, all of which can
contribute to tumorigenesis [5]. Growth-regulated oncogene alpha (GRO-), tissue
inhibitor of metalloproteinases 1 (TIMP-1), and thrombopoietin (TPO) are adipo-
kines that tend to be over-secreted in obesity and are believed to promote carcino-
genesis. GRO-a can promote inflammation and tumorigenesis; GRO-o and TIMP-1
can promote cell proliferation, angiogenesis, and prevent apoptosis; and TPO can
stimulate cell proliferation and differentiation of megakaryocytes [5].

6. Inflammation and hypoxia

The chronic nutrient overload that is characteristic of obesity contributes to
inflammation and hypoxia both in adipose tissue and systemically. These effects can
impact the tumor microenvironment (TME) to promote tumorigenesis and cancer
progression through a variety of mechanisms.

In general, chronic nutrient overload leads to chronic inflammation of the
adipose tissue, which is characterized by a sustained increase in inflammatory
cytokines and infiltration of macrophages. Levels of adiponectin decrease, while
leptin levels increase [26]. The inflammation can also induce hypoxia in the tissue,
which can in turn induce more inflammation. Hypoxia is a state of low oxygen. One
of the hallmarks of hypoxia is an increase in production of reactive oxygen species
(ROS), which can mutate the DNA of nearby cells. These mutations can give cells a
potentially cancerous phenotype. In these ways, chronic inflammation and hypoxia
can contribute to tumorigenesis and cancer progression [17].

The TME describes the cellular environment that surrounds and feeds a tumor.
Once a tumor is established, cells in the TME begin to behave in ways that promote
the growth of the cancer. Normal mechanisms for blocking inflammation and
encouraging immune surveillance are lost, and metabolic signaling is altered in
order to promote the increased energy demand of rapidly-dividing cancer cells. This
section will briefly outline the role of obesity-induced inflammation and hypoxia in
carcinogenesis and in the TME overall.

6.1 The role of leptin in inflammation and hypoxia

The most notable effect of chronic inflammation in adipose tissue is an over-
secretion of leptin, an adipokine that was discussed previously in this chapter.
Leptin can in turn induce more inflammation and hypoxia.

Leptin can stimulate cells in the TME to increase transcription of signaling
molecules such as nitric oxide (NO) and cyclooxygenase-2 (COX-2) [17]. NO is
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synthesized by nitric oxide synthases (NOS). The main role of NO is to respond to
infection by causing inflammation and tissue damage. In excess, NO destroys enough
tissue to induce a state of hypoxia, which is most often the case in the TME and in
obesity. This tissue destruction stimulates more inflammation as a result of innate
immune cell activation, further exacerbating the cycle. COX-2 upregulates produc-
tion of prostaglandins, which are precursors for inflammation, proliferation, and
survival. It is downstream of NF-kB, which can be activated by the proinflammatory
cytokine IL-1P. Overexpression of COX-2 has been observed in cancers including
those of the prostate, colon, breast, lung, cervix, pancreas, skin, intestine, and
stomach [38], and increased IL-1f expression in tumor cells is correlated with poor
prognosis [17].

Leptin can also stimulate innate immune cells in the TME to secrete proinflam-
matory cytokines including IL-1, IL-6, TNFa, and IFNy. IL-1 and IL-6 are used
as markers for poor prognosis in many obesity-related cancers. IL-1 can activate
NF-kB signaling to stimulate cytokine production and cell survival. IL-1 signaling
through NF-kB also upregulates expression of hypoxia inducible factor 1 (HIF-1) in
the context of obesity-induced inflammation, which induces hypoxia in the adipose
tissue and supports angiogenesis, inflammation, and increased energy metabolism
[26]. HIF-1 is correlated with increased metastatic spread and poor prognosis of
cancer [5].

IL-6 expression is known to be elevated in obese patients [26]. It induces
hypoxia in the adipose tissue, and it also stimulates angiogenesis, proliferation,
and survival via the JAK/STAT signaling pathway [17]. Like IL-6, TNF« is com-
monly over-expressed in obese patients. However, TNFu is involved in all stages
of tumorigenesis including cell proliferation, transformation, angiogenesis,
invasion, and metastasis of cancer cells. TNFa may also stimulate an increase
in ROS, which, as discussed, can cause potentially carcinogenic mutations in
nearby cells [26].

The role of IFNy is closely intertwined with T cell signaling in the adipose tissue.
IFNy stimulates naive CD4+ T cells to differentiate into the type 1 subset (Th1), and
it blocks differentiation into other subsets such as type 2 and type 17 helper T cells
(Th2 and Th17, respectively). Th1l cells are effector T cells that stimulate macro-
phages to phagocytose foreign microbes in the body, and they both secrete and are
stimulated by IFNy [39]. Thus, a positive feedback loop occurs in obesity where
over-secretion of leptin promotes IFNy secretion, which stimulates Th1 differentia-
tion, which increases IFNy secretion. IFNy can then induce polarization of adipose
tissue macrophages (ATMs) to the classical, or M1, phenotype. ATMs are innate
immune cells that reside in the adipose tissue, and they are mainly responsible for
clearing dead cells and debris [40]. Under normal conditions, the M1 phenotype
generally induces an anti-microbial response [41]. It predominates in obese patients,
and when activated, M1 ATMs secrete proinflammatory cytokines such as TNFa
and IL-6. These cytokines can increase NO concentration in the adipose tissue and
contribute to adipose tissue hypoxia. The overall result of M1 ATMs in obese
patients is insulin resistance, inflammation, and hypoxia-induced tissue damage [26]
(Figure 3).

The alternative, or M2, phenotype of ATMs generally induces immune toler-
ance and tissue remodeling under normal conditions [41]. It predominates in lean
patients. These ATMs repair damaged tissue, prevent inflammation from starting,
and inhibit insulin resistance. M2 ATMs are activated by anti-inflammatory cyto-
kines secreted by CD4+ type 2 helper T cells (Th2), which include IL-4, IL-10, and
IL-13 [26] (Figure 3). Since M2 polarization is blocked by IFNy, levels of M2 ATMs
tend to be reduced in obese patients [17].
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Figure 3.

Chronic nutrient overload, which is characteristic of obesity, can lead to chronic inflammation in the adipose
tissue. This inflammation upregulates leptin secretion by adipocytes, which stimulates insulin resistance and
IFNy secretion by innate immune cells. IFNy blocks differentiation of CD4+ T cells into the Th2 subtype,
which would otherwise secrete anti-inflammatory cytokines, induce M2 polarization of ATMs, and block
chronic inflammation. Instead, IFNy stimulates differentiation of CD4+ T cells into the Tha subtype, which
secretes more IFNy and induces M1 polarization of ATMs. These ATMs secrete more TNFa and IL-6, which
contributes to adipose tissue hypoxia, chronic inflammation, and insulin resistance.

6.2 The role of adipocytes in the tumor microenvironment (TME)

Cells and signaling pathways in the TME are altered by the tumor itself in order
to promote cancer growth. Generally, the TME is characterized by an increase in
inflammation and a decrease in immune surveillance. Adipocytes play a central
role in these processes as they are on the interface of cell metabolism and the body’s
immune response to the tumor. However, the role of adipocytes in the TME is still
poorly understood as adipocytes were only recently recognized to have functions
besides energy storage.

In direct contrast to the macrophage profile seen in obese patients, M2 macro-
phages in the TME exist in much higher numbers than their M1 counterparts. Tumor
associated adipocytes (TAA), which are adipocytes that are in close proximity to
and signal tumor cells, can induce M2 polarization [41]. The macrophages can also
be repolarized, or the tumor can recruit M2 macrophages. In the TME, M2 macro-
phages promote tumor progression via angiogenesis, tissue repair, and secretion of
anti-inflammatory cytokines. These cytokines can induce differentiation of T cells
into regulatory T cells (Tregs), which prevent the host from mounting an immune
response to the tumor. M1 macrophages inhibit tumorigenesis as they can recognize
tumor cells as they would a foreign microbe. The M1 macrophages can then phago-
cytose the tumor cells or release toxins to destroy them. Thus, while M1 macrophages
predominate in the adipose tissue of obese patients, the TME induces an increase
in M2 polarization. In this way, the ATM profile in obesity may contribute to the
inflammation needed to promote the early stages of tumor formation. In later stages,
the TME flips the M1:M2 ratio in order to suppress the host’s immune response [41].

One of the characteristics of obesity is increased adipocyte death. If this increase
in adipocyte cell death occurs in close proximity to a tumor, it can help fuel the
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growing cancer. The presence of dying adipocytes recruits M1 macrophages, which
form crown-like structures (CLSs) around the cells to eliminate them [41]. The
CLSs cause a release of DNA from the dying adipocytes into the tissue, which is
recognized by toll-like receptor 9 (TLR-9) on macrophages. The macrophages
mount a response, recruiting more monocytes to the site of the CLS and inducing
more inflammation. The action of CLSs on adipocytes also causes a release of free
fatty acids (FFA) into the tissue, which the tumor cells can use for fuel [41].

The “Warburg Effect” describes the change in metabolism from oxidative
phosphorylation (OXPHOS) to glycolysis that cancer cells exhibit, and this change
may explain some of the immunosuppressive effects of the TME. It is known that
the TME has only a small number of effector T cells, which would otherwise detect
and eliminate cancer cells. Most cells in the body use OXPHOS for ATP production,
but activated CD8+ T cells tend to use glycolysis. Cancer cells also use glycolysis to
produce ATP. As a result, cancer cells and effector T cells in the TME compete for
the same nutrients. The cancer cells ultimately win, preventing the T cells from
meeting their metabolic demands and halting their proliferation near the tumor
[42]. Many oncogenes involve activation of glycolytic pathways, while many
tumor suppressor genes induce OXPHOS. CD4+ T cells tend to be less affected by
the Warburg Effect, however, as they can utilize both glycolysis and OXPHOS to
produce ATP. Unstimulated T cells, which do not rapidly divide, use OXPHOS [42].

There are also other mechanisms that contribute to immune suppression in the
TME. Tumor cells can stimulate macrophages to produce arginase 1 and the anti-
inflammatory cytokines IL-4 and TGFp. All three factors recruit monocytes to the
tumor microenvironment, which in turn recruit tumor-associated macrophages
(TAMs). TAMs have multiple effects. They secrete vascular endothelial growth
factor (VEGF) and fibroblast growth factor (FGF), which induce angiogenesis and
metastasis, respectively. TAMs also block activation of most CD8+ T cells and some
CD4+ T cells, which decreases immune surveillance similarly to the Warburg Effect.
At the same time, TAMs recruit Tregs to the TME and secrete TGFp and IL-10,
which induce Treg differentiation. The TGFp can also recruit more monocytes,
beginning the cycle again [17].

The presence of Tregs and the decrease in activated T cells play an important
role in the ability of the cancer to develop. Tregs are immunosuppressive, and in
the context of the tumor microenvironment, they prevent the host from mounting
an immune response against the tumor. Interestingly, leptin can both induce and
prevent differentiation of T cells into Tregs. IFNy secretion, stimulated by leptin,
can directly block Treg differentiation. However, the proinflammatory cytokines
secreted by Th1 T cells, whose differentiation can be induced by leptin, can stimu-
late tumor cells to secrete C-C motif chemokine 22 (CCL22). This chemokine
recruits Tregs to the TME [17, 42, 43]. It is important to note that while Tregs act to
suppress the immune system in most cancers, there are some exceptions. Tregs can
help slow tumor growth in colorectal cancers, as the Tregs can act to decrease the
inflammation needed by the cancer to grow. However, this effect is likely caused by
the gut microbiota [44].

The TME can also control adipose-derived stem cell (ASC) activity and fate
in order to support cancer growth. ASCs are multipotent stem cells in the adipose
tissue. In the context of the TME, ASCs can be induced to secrete matrix metal-
loproteinases (MMPs). MMPs degrade the extracellular matrix and allow cancer
cells access to blood vessels to metastasize to other parts of the body. ASCs can also
induce Treg differentiation in a similar manner as TAMs: via TGFp and IL-10 secre-
tion. Alternatively, the TME can induce ASC differentiation into cancer-associated
fibroblast (CAFs) [17], which can then secrete chemokines and growth factors that
activate pathways related to cell growth and survival [45].
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The TME can also induce hypoxia via anaerobic respiration, even in the presence
of oxygen [46]. Under hypoxic conditions, ASCs are recruited to the tissue and are
stimulated to secrete VEGF. This allows formation of blood vessels and angiogen-
esis [17]. Adipocytes can also contribute to angiogenesis in the TME. Adipocytes
in obese patients have a higher expression of HIF-1a, which is largely because the
adipocytes are rapidly expanding and proliferating in response to nutrient excess.
This HIF-1a simulates VEGF secretion. Hypoxia in the adipose tissue also induces
IL-6 secretion, which can promote insulin secretion [46].

HIF-1a is a transcription factor that activates hypoxia response elements. In
normal conditions, it is hydrolyzed by prolyl hydroxylase domain proteins (PHDs)
and ubiquitinated by Von Hippel-Lindau (VHL), which prevents the transcription
factor from activating its targets. In hypoxia, however, PHDs and VHL are inhib-
ited. HIF-1a can then bind and activate genes that induce macrophage infiltration
and inflammation [46].

HIF-1a can also regulate expression of glycolytic enzymes. This effect is espe-
cially important during the metabolic reprogramming that occurs as a result of the
Warburg Effect. Most notably, lactate dehydrogenase alpha (LDHa) is transacti-
vated exclusively by HIF-1a. LDHa is responsible for converting pyruvate to lactate
during glycolysis in cancer cells [46].

In addition to activating glycolytic pathways, HIF-1a can also block
OXPHOS. One of the genes that HIF-1a activates is miR-210, a type of miRNA that
is overexpressed in hypoxia in many cancer cells. miRNAs are small stretches of
RNA that can bind an inhibit expression of target genes. As such, miR-210 is used as
a biomarker for tumor hypoxia and is generally correlated with a worse prognosis.
miRNAs bind mRNA to block their transcription, and miR-201 binds mRNAs that
are needed for mitochondrial activity. miR-210 can also stabilize HIF-1a, which
allows the transcription factor to bind and activate hypoxia-inducing genes. In this
way, miR-210 can also contribute to increase hypoxia [46].

7. Conclusion

Obesity can contribute to cancer progression through a variety of mechanisms.
However, the main effects of obesity in the context of cancer are activation of path-
ways that lead to drug resistance, inflammation, and dysregulation of sex hormones
and adipokines. The adipokine leptin plays a central role in the contribution of
obesity to cancer progression, as it is over-expressed in obesity and contributes to
insulin secretion and inflammation. Estrogen, IGF-1, and inflammatory factors also
play pivotal roles cancer progression in the context obesity. However, the mecha-
nisms discussed in this chapter are by no means an exhaustive list of what is known,
and more research must still be done to completely understand the interplay
between adipose tissue and the tumor microenvironment.
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Chapter 4

Reproductive Consequences of
Obesity

Tamara Hunter and Roger Hart

Abstract

With increasing global obesity, there is a growing body of research looking at
the impact of this on reproduction. Both male and female fertility are impacted on
by being overweight or obese. Although the pathophysiology is not clear, it appears
that obesity impacts endocrine function in men and women, oocyte and sperm
quality, embryo quality, endocrine receptivity, and implantation. Miscarriage,
pregnancy, and live birth rates and the risk of congenital malformations are all
influenced by obesity. Transgenerational health is also affected, with metabolic,
endocrine, and reproductive outcomes in the offspring being negatively affected by
both paternal and maternal obesity. It appears that weight loss results in improve-
ments in these outcomes and various strategies have been employed including
lifestyle and behavior modification, pharmacological agents, and also bariatric
surgery. This chapter aims to explore the reproductive outcomes of obesity and how
this can be best managed to improve outcomes.

Keywords: obesity, IVF, embryos, bariatric, fertility, offspring, reproduction,
lifestyle, oocyte, sperm

1. Introduction

Overweight or obesity is defined as an accumulation of excess body fat that
poses a risk for health [1]. A measure often used in assessment of this is the body
mass index (BMI), which is a person’s weight in kilograms divided by height in
meters squared (kg/m?). Obesity is a BMI greater than 30 and overweight is a BMI
greater than 25, although in South East Asian populations, it is generally accepted
that the upper limit of normal is a BMI of 23.

Globally, 39% of adults over 18 years are overweight and 13% are obese,
and worldwide, obesity has tripled since the 1970s [2]. Being overweight or
obese is directly linked to a greater risk of mortality and disease than being
underweight.

Infertility is defined as failure to achieve a clinical pregnancy after 12 months
or more of regular unprotected sexual intercourse [3]. Globally, at least 50 million
couples worldwide experience infertility, with the burden affecting up to one in
four couples in developing nations. The overall prevalence of infertility does not
appear to have changed since the 1990s.

Overweight or obesity is understood to impact on both female and male repro-
ductive health, and mounting research demonstrates that this impact will extend to
the health and reproductive outcomes of future generations.
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2. Effects of obesity on female reproduction
2.1 Hormonal effects of obesity

Menstrual irregularities occur more frequently in women who are overweight.
This is due to a functional alteration to the hypothalamic-pituitary-ovarian (HPO)
axis from various factors. Firstly, obesity induces a hyperinsulinemic state, separate
to polycystic ovarian syndrome (PCOS). Hyperinsulinemia leads to a suppression
in serum hormone binding globulin (SHBG), which results in an increase in bioac-
tive androgens. These androgens are subsequently aromatized within body fat to
estrogen, which suppresses gonadotrophins produced by the pituitary [4].

Elevated androgens in PCOS also lead to an increased deposition of visceral fat,
exacerbating insulin resistance and hyperinsulinemia, further stimulating androgen
production and perpetuating the cycle of pituitary suppression [5].

Additionally, adipokines, cytokines produced from adipose tissue, are known
to impact on ovulation. Obese women have higher levels of circulating leptin, a
cell-signaling protein from adipose tissue, than normal weight women, and this can
therefore mean a chronic downregulation of the receptor in the hypothalamus, [6]
resulting in suppression of the HPO axis activity. A study of eumenorrheic obese
women demonstrated that the amplitude of luteinizing hormone (LH) pulses was
significantly reduced compared with normal weight women, again pointing to a
central defect [7].

Obese women remain subfertile even if they are ovulatory. Two studies in large
cohorts of Danish women showed a decline in fecundability ratios with increasing
BMI [8, 9]. Another large American cohort [10] along with a Dutch cohort of over
3000 women [11] also demonstrated a linear decline in spontaneous conception
rates with rising BMI.

Consequently, there are other factors at play that affect fertility in overweight
and obese women.

2.2 Effects of obesity on oocyte quality

Data show that being overweight or obese can have profound impact on oocyte
quality. A study of over 45,000 assisted reproduction transfers demonstrated that a
higher BMI resulted in a lower likelihood of successful pregnancy when autologous
oocytes were used but not when oocytes from lean donors were used [12]. This has
been demonstrated in other research as well [13].

Studies also suggest that obese women in in vitro fertilization (IVF) cycles require
higher levels of gonadotrophin stimulation and longer treatment to achieve an oocyte
retrieval [14]. This is also the case in superovulation for intrauterine insemination
cycles [15]. Obese women also have a greater risk of cycle cancelation, lesser oocytes
collected, and lesser oocyte maturity than normal weight women [16-18].

Several mechanisms are believed to impact on the oocyte quality in obese
women.

Obesity is an inflammatory state where women have higher circulating levels of
C-reactive protein (CRP), which is an inflammatory biomarker. Adipose tissue pro-
duces many proinflammatory adipokines including leptin, tumor necrosis factor alpha
(TNFa), and interleukin (IL) 6. The reproductive tissues, like all tissues, are negatively
affected by inflammation. The follicular environment is altered in an obese woman.
Follicular fluid contains higher levels of insulin, triglycerides, leptin, and markers
of inflammation such as lactate and CRP [6]. Leptin affects steroidogenic pathways
in granulosa cells, thus affecting estrogen and progesterone production. This could
therefore have impact downstream on endometrial receptivity and implantation [6].
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In obese mouse models, the ovaries demonstrate more apoptotic follicles and
the oocytes themselves are smaller and less likely to be mature. These oocytes
reveal high rates of meiotic aneuploidy due to fragmented and disorganized meiotic
spindles and chromosomes that are not properly aligned on the metaphase plate [6].

Independent from this, obesity alters mitochondrial function in the oocyte.

In an obese mouse model, the mitochondria have a disordered architecture with
fewer cristae, more vacuoles, and evidence of swelling [19]. These abnormal
mitochondria show evidence of metabolic stress, which leads to a compensatory
increase in mitochondrial DNA copy number in obese mice [6, 20]. Obese mice
also demonstrate evidence of endoplasmic reticulum (ER) stress where their
cumulous-oocyte complexes have increased ER stress markers and increased
granulosa cell apoptosis [21].

A possible cause for this cellular and organelle damage in obesity is lipotoxicity.
Lipotoxicity is a condition where fatty acids from the diet that exceed the storage
ability of the adipocytes can accumulate in other tissues and cause toxic effects.

Obese women have higher circulating free fatty acids (FFAs), which increase
reactive oxygen species (ROS) that induce mitochondrial and ER stress and leads to
apoptosis. Studies have shown that the oocytes of mice have significant increased
production of ROS along with depleted glutathione levels, which is an important
intracellular antioxidant defense against ROS [22]. Oocytes exposed to maternal
obesity or to high levels of FFA in vitro have demonstrated perturbed mitochondria
with reduced mitochondrial function, which then fail to support normal cleavage
and embryo development [21].

2.3 Effects of obesity on embryo quality

The preimplantation embryo is also affected by an obese environment. Given
that the early embryonic development is largely driven by the oocyte, it is not
unexpected that if the oocyte is negatively affected, then the embryo development
would be too.

In a mouse model, embryos of obese females have demonstrated slower pre-
implantation development and disordered differentiation to inner cell mass and
trophectoderm lineage [20].

In an IVF model with autologous oocytes, obese women are more likely to create
poor quality embryos [23, 24]. One study noted that embryos from women with
a BMI > 25 kg/m” were less likely to develop after fertilization and those that did
reached the morula stage more rapidly. Those that reached the blastocyst stage
had fewer cells in the trophectoderm and demonstrated poor glucose uptake and
increased levels of triglycerides along with altered amino acid metabolism com-
pared with embryos from normal weight women (BMI < 25 kg/m?) [25].

Much like oocytes, embryos may also be susceptible to lipotoxicity. Murine
embryos that are cultured in palmitic acid, the most common FFA present in human
serum, have fewer nuclei and altered IGF-1 receptor expression [26]. This nega-
tively affects insulin sensitivity and glucose transport at a critical stage in develop-
ment. This study also demonstrated that the trophoblastic cells that are exposed
to the palmitic acid proliferate less and undergo apoptosis in a dose-dependent
fashion.

Elevated leptin levels also have a direct negative effect on the developing
embryo. In vitro studies have demonstrated that leptin has a stimulating effect on
human trophoblastic cell growth and inhibition of leptin decreases that prolifera-
tion and induces apoptosis [27]. Much like its effect in the brain, tonically elevated
leptin levels in an obese state may decrease the sensitivity of trophoblastic cells to its
effect, altering their development.
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However, there are studies in human models that have not demonstrated a nega-
tive effect of obesity on embryo quality, showing no significant difference in the
quality of transferred embryos between the different BMI groups [28-31]. Although
it is worth noting that despite the quality of transferred embryos being similar,
other studies have suggested a reduction in the overall quality of all embryos cre-
ated in an IVF cycle [14, 24], with fewer surplus embryos cryopreserved in an obese
population compared to women with a normal BMI [14]. A retrospective analysis of
IVF/ICSI cycles observed that in young women, obesity led to a significant reduc-
tion in average embryo quality, cryopreservation, and also embryo utilization [24].
A large retrospective analysis of over 6500 IVF cycles demonstrated no difference
in embryo quality but did comment that there were poorer outcomes in the obese
women [31]. Certainly, large prospective trials are required to further elucidate the
effect of obesity on the embryo.

2.4 Effects of obesity on endometrial receptivity and implantation

There are conflicting data as to whether or not obesity affects endometrial
receptivity and implantation of embryos, and there are several suggested
mechanisms.

Leukemia inhibitory factor (LIF) has been implicated in the regulation of
implantation, and a significant negative correlation between endometrial glan-
dular LIF and BMI has been observed [32]. It has also been suggested that a state
of relative hyperestrogenemia that is seen in obese women (due to aromatization
of androgens to estrogen in adipose tissue) may also have a detrimental effect on
receptivity [32].

Obesity is associated with insulin resistance and hyperinsulinemia. Elevated
insulin levels have been associated with a reduction on glycodelin and insulin-like
growth factor binding protein 1 (IGFBP1). Low levels of glycodelin have been
associated with recurrent pregnancy loss, and IGFBP1 is an integral molecule
involved in adhesion during implantation [32]. Derangement in these molecules
may contribute to reduced receptivity in obese women.

As noted previously, obesity is an inflammatory state and obese women have been
observed to have elevations in proinflammatory cytokines (IL6, TNFa), and these
inflammatory markers are thought to exert negative effects on implantation [14].

Obese women also have a different pattern of endometrial gene expression dur-
ing implantation than lean women [33], which is more pronounced when examined
in the context of infertility. It is postulated that this is due to all or some of the
abovementioned factors and the change in the intrauterine milieu of the obese
women.

Although there are several plausible mechanisms as to how obesity impacts nega-
tively on endometrial receptivity and implantation, the data for impact on infertility
are inconsistent and contradictory. The best model for discriminating between the
obesity effects on oocyte/embryo and endometrium is the oocyte donation model
[34]. A retrospective review of over 2500 oocyte donation cycles demonstrated a
negative trend in pregnancy rates with a rising BMI and a statistically significantly
lower pregnancy rate in overweight and obese women compared to normal weight
women [35]. However, the implantation rates were considered similar, suggesting
the difference between groups was due to an increased pregnancy loss rate in the
obese women. Another study also demonstrated lower live birth rates among obese
surrogates compared to normal weight women [36]. Other smaller studies have sug-
gested no difference in outcomes in obese oocyte recipients [37].

A case-controlled trial looking at IVF with autologous oocytes observed that
women with a BMI > 25 kg/m” had reduced implantation and pregnancy rates along
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with increased miscarriage rates [38]. Once again, large well-designed prospective
studies using this model are required to further examine the effect of obesity on
endometrial receptivity and implantation.

2.5 Effects of obesity on miscarriage

The role of obesity and miscarriage is also debated. Given the recognized impact
of obesity on both the embryo and the endometrium, it is a reasonable assumption
that miscarriage rates would be higher in an overweight and obese population.

Several studies have demonstrated ever-increasing odds of miscarriage with
increasing BMI, in ovulation induction for anovulatory infertility, as well as in IVF
cycles in both fresh and frozen cycles [28, 17, 39, 40]. A large meta-analysis of over
47,000 cycles confirmed that overweight or obese women have a higher rate of
miscarriage compared with normal weight women [41]. This has also been dem-
onstrated in donor oocyte cycles, with higher miscarriage rates in obese recipients
than in normal weight women [42].

Interestingly, however, a larger follow-up study of over 2600 donor oocyte
cycles by the same group [43] did not demonstrate a difference in miscarriage rates.
There was a trend toward a negative impact; however, it was only when a composite
measure of ongoing pregnancy rate per cycle was calculated that this was shown to
be significantly lower in the obese population.

A meta-analysis looking at both spontaneous and assisted reproduction pregnan-
cies showed that women with a BMI > 25 kg/m” had a significantly higher rate of
miscarriage <20 weeks gestation. Subgroup analysis confirmed this to be in the donor
oocyte cycles but not across all patients in the studies [44]. Another study demon-
strated that in a group of women with a history of recurrent pregnancy loss (RPL),
obesity is a well-recognized risk factor for miscarriage in a subsequent pregnancy [45].

A striking study looking at the chromosomal make-up of miscarried specimens from
patients with RPL demonstrated that obese women had a much higher rate of euploid
pregnancy loss compared to normal weight women. This supports the theory of the
impact of obesity on embryo quality and endometrial receptivity.

3. Effects of obesity on male reproduction

Historically, the impact of obesity on reproduction has largely been researched
in female populations with very little examination of the impact of male obesity.
There is, however, a growing body of research to indicate that obesity in the male
is a cause for concern. A systematic review of 30 studies with over 115,000 par-
ticipants found that obese men were more likely to experience infertility and that
clinical pregnancy and live birth rates per assisted reproduction cycle were reduced.

3.1 Hormonal effects of male obesity

Much like in the female, the hypothalamic-pituitary-gonadal (HPG) axis is dys-
regulated in the setting of male obesity. There is strong evidence of a negative effect
of obesity on total testosterone, SHBG, and free testosterone [46] as well as reduced
inhibin B concentrations and diminished luteinizing hormone (LH) pulse ampli-
tude [4]. It is well understood that suppression of SHBG by hyperinsulinemia in
obese men increases androgen availability for aromatization to estrogen in adipose
tissue, which may then lead to negative feedback and reduction in gonadotrophin
secretion [4]. Consequent to this is a decreased Leydig cell testosterone secretion,
which ultimately affects spermatogenesis.
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The function of the Sertoli cell, which provides both physical and nutritional
support to the developing germ cell, is also impacted. Adhesion of the Sertoli cell is
dependent on testosterone, and a reduction in these levels can lead to retention and
phagocytosis of mature spermatids and ultimately reduced sperm counts. Other
hormones that influence Sertoli cell function, FSH, LH, inhibin B, and SHBG are all
lower in obese men [47].

3.2 Effects of obesity on spermatogenesis

The best markers to assess the impact of obesity on spermatogenesis are the
sperm parameters from the semen analysis (count, motility, and morphology).
Rodent models clearly demonstrate that diet-induced male obesity leads to reduced
sperm motility, decreased sperm count, and decreased percentage of sperm with
normal morphology [47], though some argue that this is indirectly due to altered
hormonal stimulation.

The impact of male obesity on sperm parameters in humans is more controver-
sial, with many contradicting studies. A review of studies [47] demonstrated vary-
ing results for the impact of male obesity on sperm concentration, morphology, and
motility. The reviewers commented that there were several significant confounders
including lifestyle factors such as smoking and alcohol consumption as well as
cofactors such as the metabolic syndrome, which have all been shown to impact on
sperm parameters. Most of the cohorts studied come from fertility centers and so
are biased toward subfertile men, who may differ from the background population.
Additionally, many studies rely on self-reporting, which can lead to inaccuracies.

A recent systematic review that evaluated 21 studies demonstrated a J-shaped
correlation between male obesity and sperm count, whereby overweight and
obesity is associated with higher rates of oligozoospermia and azoospermia [48].

3.3 Effects of obesity on sperm DNA integrity

In addition to sperm parameters, sperm DNA integrity has been found to be
an important factor for the ability of a sperm to generate a healthy pregnancy
[49]. Reactive oxygen species (ROS), commonly elevated in subfertile men,
have been found to impair sperm DNA integrity. This is likely due to the fact
that sperm are highly susceptible to ROS in the later stages of spermiogenesis as
they lose the majority of their antioxidant defenses when they shed cytoplasm
(Figure1).

Studies have demonstrated that there is a positive correlation between increasing
adiposity and higher sperm and seminal plasma ROS levels [50-52]. Oxidative stress
is highly correlated with cumulative damage in the body induced by free radicals
that are inadequately neutralized by antioxidant mechanisms. Antioxidant enzymes
include superoxide dismutase (SOD), catalase (CAT), and glutathione S-transferase
(GST). A recent study in an obese mouse model showed decreased SOD in the
testicular tissues of obese rats [53].

Studies have also confirmed that male obesity is associated with higher levels of
sperm DNA damage [47], due to the oxygen-free radical damage, and a direct ther-
mal effect on the testicles due to obesity. It is therefore a reasonable assumption that
male obesity negatively impacts on sperm DNA integrity via high ROS levels within
the testis. DNA fragmentation has been proven to reduce male fertility, possibly
reduce success with assisted reproduction, and increase pregnancy loss.

Although not directly impacting on testicular function, obesity leading to
reduced testosterone results in a reduction in libido and negatively impacts on
erectile and ejaculatory function, which all lead to a reduction in fecundity [54].
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Figure 1.
Hypothesis on how epigenetic changes and impact of ROS due to an obese proinflammatory environment can
occur at multiple diffevent points along the development of the sperm, resulting in altered fertility [47].

4. Transgenerational effects of parental obesity

There is good evidence to show that maternal obesity during pregnancy is a risk
factor for obesity in the offspring [55]. There is also an increasing body of evidence
that obesity in males and females periconceptionally can impact on the metabolic
health and even fertility of future generations. By using animal models, the impact
of maternal and paternal obesity on offspring and future generations has been
examined. Studies have demonstrated that obesity and other health conditions can
be transmitted across multiple generations via epigenetic mechanisms down either
the maternal or the paternal line.

An elegant murine study by Huypens and others [56] induced obesity in both
male and female parents for 6 weeks with a high-fat diet (HFD) and then performed
IVE. Embryos created from all combinations of parents were transferred into a lean
dam, to negate the impact of obesity during pregnancy (Figure 2).

Female offspring born from both maternal and paternal obese parents gained
more weight than the male offspring. The risk of female offspring obesity was
reduced if only the female parent was obese, suggesting an additive effect.

Females from obese parents also had significant metabolic derangements. They
demonstrated a delay in blood glucose clearance leading to hyperinsulinemia and
increased fat mass. Male offspring demonstrated severe insulin resistance before
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Figure 2.
Embryos created from different combinations of obese and lean parents were transferred into a lean surrogate
dam, to determine the impact of overweight and obesity in male and female pavents on the next generation [55].

any change in body weight. This insulin resistance was acquired in the offspring via
the maternal line.

Another study by Fullston and others [57] demonstrated that paternal obesity
initiated changes to metabolic health and obesity in multiple subsequent genera-
tions. Insulin resistance and obesity were transmitted to both the female and male
first-generation offspring and then through both parental lineages to the second
generation with amplified obesity in the female offspring in the first generation and
in their sons in the second generation.

Epigenetics is the hypothesized mechanism for transgenerational disease
patterns. It was thought that this was in utero exposure to epigenetic modification
of offspring DNA or histone modification during developmental stages without
alteration to the DNA itself. However, this has been broadened to include transgen-
erational (meiotic) alterations and occurs through several possible processes includ-
ing DNA methylation, histone modification, DNA-binding proteins, and noncoding
RNA [6] (Figurel).

In the study by Fullston and others [57], they demonstrated that diet-induced
paternal obesity leads to an alteration in mRNAs and microRNAs within the rodent
testes, with alteration in the sperm microRNA content as well. They also detected
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25% reduction in global methylation of germ cell DNA. These modifications are
potential signals to program obesity and impaired metabolic health in offspring.
These effects have also been demonstrated in humans with hypomethylation of
sperm being associated with subfertility [58]. Another study [59] demonstrated, in
a mouse model of diet-induced obesity, sperm tRNA-derived small RNAs impaired
offspring glucose tolerance and induced insulin resistance. Other studies have also
demonstrated that both maternal and paternal obesity can cause epigenetic changes
that predispose offspring to obesity or metabolic disease later in life [60].

5. Effectiveness of weight loss strategies

There is no doubt that obesity contributes to significant periconceptional and
perinatal morbidity and has been clearly associated with prolonged time to concep-
tion, increased pregnancy loss, and higher rates of adverse pregnancy outcomes
such as preeclampsia and gestational diabetes along with preterm birth and in turn
increased fetal morbidity and mortality. As mentioned previously, there is increas-
ing information that it affects fertility and miscarriage rates so it is not unexpected
that national and international guidelines focus on weight loss prior to either
spontaneous conception or assisted reproduction [4, 32, 61] and that first-line
management is ideally with lifestyle intervention and behavior modification.

5.1 Lifestyle intervention and behavior modification

It is controversial as to whether weight loss through dietary intervention, exer-
cise programs, or behavior modification will impact significantly on spontaneous
conception rates or success with assisted reproduction. There are a group of studies
that suggest improved ovulatory frequency, pregnancy rates, and cost per preg-
nancy achieved in assisted reproduction [32, 62]. One randomized controlled trial
demonstrated that a 12-week diet and exercise program resulted in a mean weight
loss of 5.4 kg in the intervention group, a trend toward a higher clinical pregnancy
rate and a significant difference in live birth rates [63]. A secondary analysis of two
parallel randomized controlled trials in obese PCOS women also demonstrated that
deferred ovulation induction treatment preceded by lifestyle modification resulted
in significantly improved ovulation rates and live birth rates when compared with
immediate treatment [62]. Weight reduction in an obese anovulatory population
has been shown to improve pregnancy rates. A 6-month lifestyle intervention
induced an average weight loss of 10 kg, which resulted in return of ovulation in
90% of participants and 78% conceiving. The miscarriage rate was 18% [64].

However, other studies suggest surprisingly little impact on conception and
fertility outcomes. One large multicenter randomized controlled trial involving a
12-week intensive dietary intervention followed by IVF demonstrated a significant
weight reduction in the intervention group, but this was not reflected in reproduc-
tive outcomes [65]. Live birth rates through IVF and miscarriage rates were not
significantly different. The authors did note that the spontaneous pregnancy rates
in the intervention group compared to the immediate treatment group were signifi-
cantly higher. This may, however, have been due to having a longer time to achieve a
spontaneous pregnancy, albeit they were then older at the time of IVF [65].

Firstly, lifestyle modification often results in only a modest weight loss. In a
general population large-scale disease prevention programs including intensive
counseling, support, and changes in diet and exercise, a 4-6 kg weight loss could
be achieved but was sufficient to reduce the incidence of diabetes and metabolic
syndrome [66]. Unfortunately, achieved weight loss is often regained relatively
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quickly [61]. It is reported that weight loss through behavior modification and
lifestyle change of greater than 10% and sustained for longer than 12 months occurs
in only 20% of individuals who start a program [67].

Additionally, lifestyle modification has been attributed to positive effects on the
endocrine and metabolic profile of an individual and that this, and not the weight
loss, is the cause of the reported improved reproductive outcomes [68]. As such,
there is a call for caution on delaying fertility treatment to allow lifestyle modifica-
tion and weight loss to occur [69].

5.2 Pharmacological agents

Due to the modest weight loss from lifestyle intervention, pharmacotherapy is
required as an adjunct to deliver better outcomes. There is good evidence to show that
it can be used to help manage hypertension, diabetes, and cardiovascular disease in
the obese population when used in addition to not replacing lifestyle intervention.

National and international bodies concur that these pharmacological agents can
be used to help with weight loss prior to conceiving in those who are obese or those
who are overweight with associated weight-related coexisting conditions [4, 32, 61].
It is important to note, however, that none of these drugs have been studied in men
or women before conception and their effects on menstrual cycles, ovulation, or
even pregnancy rates are unknown.

Phentermine is a sympathomimetic agent that suppresses appetite. Studies
have indicated significant weight loss at 6 months compared to placebo [70]. There
are side effects of dry mouth, agitation, insomnia, and tachycardia, and it is not
recommended in patients with a history of cardiovascular disease. It is the most
commonly used weight loss drug in Australia and the USA.

Orlistat inhibits pancreatic and gastric lipases and so reduces the absorption of
dietary fats. It is found to be effective for weight loss [71] but has the side effects of
fat malabsorption including steatorrhea, fecal incontinence, and fat-soluble vitamin
deficiency [72].

Liraglutide is a glucagon-like peptide-1 agonist and controls hyperglycemia
without causing hypoglycemia or weight gain. This drug was initially used to
treat type 2 diabetes mellitus but its side effect profile of decreased appetite and
subsequent weight loss led to its use as a weight loss agent. Studies demonstrate
significant weight loss over placebo and improvement on cardiometabolic param-
eters [73]. Common side effects are nausea, vomiting, and diarrhea, which are dose
related and diminish over time.

Topiramate, an anticonvulsant, has also been used to treat obesity due to the side
effect of weight loss and is used as either monotherapy or in combination with phenter-
mine. A naltrexone/bupropion combination has also been demonstrated to provide aver-
age weight loss over 12 months [74], and Lorcaserin, a selective 5-hydroxytryptamine 2c
receptor agonist, also suppresses appetite with a 3.6% weight loss over a year [75].

All of these agents are contraindicated in pregnancy.

One agent not contraindicated in pregnancy is metformin. Metformin is a bigua-
nide that inhibits hepatic glucose production and increases peripheral tissue sensitivity
to insulin, resulting in a reduced circulating insulin and accompanying decreased body
weight. Although not intended as a weight loss agent, it is known to reduce weight by
1-2 kg alongside a low-calorie diet and its safety in pregnancy is well studied [61].

Many obese men and women also self-medicate with herbal supplements
although their safety and effectiveness have not been demonstrated.

Unfortunately, much like with lifestyle intervention and behavior modification
strategies, weight loss is modest at best, and dropout rates with these medications
due to time and also side effects typically exceed 30% [76].

64



Reproductive Consequences of Obesity
DOI: http://dx.doi.org/10.5772/intechopen.80897

5.3 Bariatric surgery

There is an increasing number of bariatric surgical procedures being performed
worldwide with nearly 200,000 cases being reported recently [77]. The surgeries
vary between restrictive, such as the sleeve gastrectomy or the laparoscopic adjustable
gastric banding and the malabsorptive procedures such as biliopancreatic diversion
or a mixed restrictive/malabsorptive procedure such as the Roux en Y gastric bypass.
Bariatric surgery is considered with morbid obesity (BMI > 40 kg/m”) or with
BMI > 35 kg/m” with concomitant medical conditions exacerbated by obesity [61].

The benefits of bariatric surgery include significant and long-term weight loss.
The latest IFSO report demonstrated mean weight loss of 30% at 1 year postsurgery
[77], and the Swedish Obese Study [61] showed significant weight reduction was
maintained even after 10 years of follow-up [78]. Additionally, bariatric surgery has
been shown to improve endocrine and metabolic profiles [61].

In women, bariatric surgery has been shown to improve menstrual regularity
[79], correct ovulation [80], improve clinical and biochemical hyperandrogenism
along with hyperinsulinemia and glycemic control, and improve both sexual func-
tion along with pregnancy rates [81-83].

In men, bariatric surgery improves hormone profiles by increasing testoster-
one and decreasing SHBG and estradiol [84]. Studies have not demonstrated an
improvement in sperm quality, and in fact there have been case reports that have
shown a deterioration on sperm parameters following surgery, likely due to nutri-
tional deficiencies [48, 85]. This is in opposition to findings of longer-term stable
sperm parameters following significant weight loss postbariatric surgery [86].
There is no doubt that more research needs to be done in this area to clarify this
impact on male fertility.

The obstetric impact of bariatric surgery is profound with the risks of complica-
tions such as gestational diabetes, preeclampsia, and fetal macrosomia significantly
reduced following surgery when compared to morbidly obese women [61]. Rare
surgical complications (bowel obstruction, herniation, band events, and surgical
line strictures) have been reported in pregnancy due to intra-abdominal pressure,
displacement from the gravid uterus, and even hyperemesis [87, 88]. However,
nutritional deficiencies due to malabsorptive-type surgery or noncompliance with
long-term supplementation can have a significant effect on fertility and pregnancy
outcomes. Deficiencies in iron, vitamin A, vitamin D, vitamin B12, vitamin K,
and calcium can lead to maternal complications (e.g., anemia, osteopenia) and
fetal complications (e.g., congenital abnormalities) [87]. Although there are no
randomized prospective trials addressing time to conception after bariatric surgery,
it is suggested to delay pregnancy 1-2 years postsurgery to avoid fetal exposure to
nutritional deficiencies from rapid maternal weight loss [87, 89-91]. A large age and
BMI-matched cohort study has demonstrated that the chance of preterm birth and
small-for-gestational age (SGA) singletons were greater in women with a history of
bariatric surgery than in women without such surgery and that the risk of still birth
or neonatal death was slightly higher in the bariatric surgery group as well [92]. The
median time from surgery to conception was 1.1 years. There does not appear to be
any significant differences in obstetric or perinatal outcomes when comparing the
different bariatric surgery procedures [93].

There are, however, studies comparing pregnancies conceived less than 1 year
after bariatric surgery to those conceived greater than 1 year after surgery and
found no difference in bariatric complications, pregnancy related, or perinatal
outcomes [93, 94]. Therefore, when considering advanced age of the woman, the
benefits of postponing pregnancy must be balanced against the risk of declining
fertility due to age [4, 61].

65



Obesity

6. Conclusion

Obesity is increasing globally in men and women, and the negative impact of
overweight and obesity on reproductive health, fertility, pregnancy outcomes,
and also transgenerational health is significant. Obesity impairs both natural and
assisted conception and has been found to affect endocrine function, oocyte and
sperm quality, embryo quality, and also endometrial receptivity and implantation.
Pregnancy and live birth rates are lower, and miscarriage rates are higher in the
setting of obesity. The metabolic and reproductive health of the offspring is also
negatively affected by both maternal and paternal obesity.

Preconceptional weight loss is recommended for all women seeking fertility
treatment, firstly through counseling, lifestyle intervention, and behavior modifi-
cation and then with adjunctive pharmacological agents or bariatric surgery, with
a delay to conception of at least 1 year following this. Careful consideration of the
benefits of delaying conception for weight loss must be balanced against the pos-
sibility of declining fertility due to advancing age of the couple.
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Chapter 5

Treatment Options in Morbid
Obesity

Tiilay Diken Allahverdi

Abstract

Obesity has become the most common fatal and the second most common
preventable epidemic disease after smoking in the world. Although it causes many
morbidities, the psychosocial challenges it creates in the patients and the huge
financial burden for its treatment are the main problems. Medical treatment for
weight loss is usually inadequate, and surgery has become a major part of morbid
obesity treatment. Roux-en-Y gastric bypass (RYGB), sleeve gastrectomy (SG),
adjustable gastric band (AGB), and biliopancreatic diversion (BPD) are the most
common current surgical procedures, and all can be performed laparoscopically.
Eating less and early satiety due to the reduction of gastric volume with surgery and
the disruption of absorption as a result of the bypass lead to significant weight loss.

Keywords: morbid obesity, surgical treatment, laparoscopy

1. Introduction

Obesity is a chronic disease and is the result of the energy obtained from food
being higher than the energy consumed and is characterized by an increase in the
body’s fat mass compared to the lean mass. Obesity is an important health problem
that can cause various problems and even death by affecting all organs and systems
of the body and especially the cardiovascular and endocrine systems. Obesity is
accepted as one of the ten most risky diseases by the World Health Organization
(WHO), which has also found it to be closely associated with cancer in recent
studies. The prevalence of obesity and being overweight has been increasing in
many industrial countries and is now creating a difficult problem for many popula-
tions [1]. There has been no other problem affecting humanity that is as common
as obesity. Obesity develops by a mechanism that depends on many factors such as
eating habits, toxic chemicals, and lifestyle unlike diseases caused by an infectious
agent such as the plague, tuberculosis, or AIDS. What this mechanism is or whether
obesity is really a disease is not yet clear.

The surgical treatment of obesity is named bariatric surgery. Long-term perma-
nent weight loss is provided, many comorbid diseases are prevented, and survival
is increased by decreasing the metabolic effects of obesity as a result of bariatric
surgery. Sustainable weight loss can only be achieved by bariatric surgery, and it
decreases the excess weight by 50% [2]. Patients scheduled to undergo surgery
should be clearly informed on the expected benefit, risk and long-term outcomes
of surgery, and the requirement for lifelong nutritional counseling and biochemical
follow-up.
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1.1 Bariatric surgery indications

BMI >40 kg/m” or the presence of additional disease (type 2 diabetes, hyperten-
sion, sleep apnea, hyperlipidemia) together with BMI >35 kg/m”

Acceptable surgical risk
Unsuccessful nonsurgical treatments
Being psychologically stable and lack of alcohol or drug addiction

The patient being well motivated and being informed about the surgery and its
sequelae

Lack of medical problems that will prevent the increased life expectation as a
result of the surgery

Lack of uncontrolled psychotic and depressive disorders

Presence of full family and social support

1.2 The most commonly performed bariatric surgical procedures

Restrictive procedures

Laparoscopic adjustable gastric band (LAGB)

Sleeve gastrectomy (SG)

Vertical banded gastroplasty (VBG)

Absorption-disrupting procedures

Biliopancreatic diversion (BPD)

Jejunoileal bypass (JIB)

Combined restrictive and absorption-disruptive procedures
Roux-en-Y gastric bypass (RYGB)

Duodenal switch (DS) along with BPD

The mechanism of action of bariatric surgical procedures is related to the
complex interactions between gastric resection and malabsorption as well as the
hormonal and neural signals affecting hunger and satiety. Buchwald et al. 3]
reported the rate of improvement in diabetes with bariatric surgery as 56.7, 79.7,
80.3, and 95.1% following adjustable gastric band (AGB), Roux-en-Y gastric bypass,
and biliopancreatic diversion with duodenal switch (BPD-DS), respectively, ina
meta-analysis. Complete diabetes remission was observed in 78% of the patients.
The lipid profile is also improved in 70% of the patients after bariatric surgery.

The total cholesterol, LDL, and triglyceride levels are decreased, but no significant
change has been reported for HDL levels.
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Mortality rates in bariatric surgical procedures are equal to those observed
with small intra-abdominal operations such as laparoscopic cholecystectomy
(0.3-0.6%) [4].

2. Laparoscopic Roux-en-Y gastric bypass (LRYGB)

LRYGB is the most commonly used restrictive method. It is reported to be the
gold standard in the surgical treatment of morbid obesity as it provides long-term
weight loss and has acceptable morbidity and mortality [5]. The gastric bypass
method in bariatric surgery was first suggested by Edward E. Mason [6]. While
90% of the stomach volume is reduced, malabsorption is ensured by bypassing
the duodenum in this method. The main aim is to create a proximal small-volume
(<20 ml) gastric pouch that is completely detached from the stomach (Figure1).
The Roux limb can be pulled up from the front of the colon and stomach, from the
front of the colon and the back of the stomach, or from the back of the colon and
stomach for gastrojejunostomy. Transoral circular stapling, linear stapling, manual
suturing, or transgastric circular stapling can be used for gastrojejunostomy. The
biliopancreatic limb is prepared at a length of 50 cm and the Roux limb at a length
of 100-150 cm distal to the Treitz ligament. Once the stomach is cut perpendicu-
larly to the small curvature and 3-5 cm distal to the esophagogastric junction with
alinear stapler (60 mm long and 3.8 mm thick), the pouch is formed by completing
the cutting action toward the angle of His. Postoperative fluid support and ensur-
ing adequate urine output are very important. The results and any nutritional
deficiency should be checked at the postoperative third week, the third and sixth
months, and the first year [7]. These patients lose 60-80% of their extra weight
within 1 year after the surgery. Consequently, a significant improvement is seen in

Figure 1.
Roux-en-Y gastric bypass.

77



Obesity

the comorbid diseases. Mortality is <1% and morbidity is 15%. Complications such
as postoperative leakage (1-2%), stenosis (1-19%), small bowel obstruction-internal
hernia (7%), and marginal ulcer (3-15%) can be seen. Urgent surgical intervention
is required when intestinal obstruction is suspected as it may cause long segment
necrosis. Roux-en-Y gastric bypass is more effective than a laparoscopic adjustable
gastric band especially in the treatment of type 2 DM and gastroesophageal reflux
disease (GERD) symptoms.

3. Sleeve gastrectomy (vertical gastrectomy)

Sleeve gastrectomy was first introduced as a restrictive component of duodenal
switch surgery. Adequate weight loss at an early period is seen with sleeve gastrec-
tomy alone in patients who are very obese and at risk with duodenal switch (DS)
surgery [8, 9]. This method has been put into practice as a risk-reducing method in
patients who cannot tolerate high-risk and long-term procedures [9]. Laparoscopic
sleeve gastrectomy (LSG) has become a safe and efficient primary bariatric surgical
method with increasing frequency of use and high popularity for both surgeons
and patients [2]. Laparoscopic sleeve gastrectomy constitutes 5% of all bariatric
surgical procedures, and the number of patients is increasing rapidly [10]. A nar-
row tubular stomach is created with this method (Figure 2). Stomach resection is
performed after releasing the large curvatura pylori 2-3 cm proximal to His angle.
A tissue stapler 4.5 mm in size (thick) is used in the antrum and 3.8 mm in size
(medium) for the other parts of the stomach. To avoid leaving a large fundus pouch,
meticulous posterior dissection should be performed so that the His angle is visible.
If the lateral traction of the stomach is not good, a spiral-shaped resection line may
develop. To decrease the risk of leakage, 1 cm of gastric serosa should be seen on
the left side of the stapler cartridge before firing the final stapler. After resection,
leakage and hemorrhage in the stapler line is checked with the endoscope. In the
case of possible leakage, the omentum is sutured to the suture line in order to create
a potential barrier. The sleeve tube is fixed and bending of the stomach from the
incisura angularis is prevented by suturing the omentum or gastrocolic fat [11-13].

Figure 2.
Sleeve gastrectomy.
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Laparoscopic sleeve gastrectomy is preferred in the super obese and in patients who
have a BMI of <50 kg/m” and want to undergo surgery with this method. Mean loss
in excess weight was reported as 55% with a complication rate of 8% and mortality
rate of 0.19% in the review of 2500 patients (mean BMI: 51.2 kg/m”) where this
method had been preferred [9]. While the diabetes remission rate following lapa-
roscopic sleeve gastrectomy is reported to be 66.2%, a new bariatric procedure may
be required later on in 15% of the patients [9]. Laparoscopic sleeve gastrectomy has
become a commonly preferred method by itself or combined with other methods in
the treatment of morbid obesity [14]. The most important complication is leakage
(2%) and is often seen near the angle of His. Placing the end of the stapler line

close to the esophagus, stenosis of the incisura angularis and bending of the tubular
stomach are among the causes of leakage. Gastroesophageal reflux occurs in 26% of
the patients after laparoscopic sleeve gastrectomy [7]. Revision surgery should be
performed in the case of treatment-resistant gastroesophageal reflux.

4. Laparoscopic adjustable gastric band

The laparoscopic adjustable gastric band method has been available in the USA
since 2001 [15]. This method decreases the food intake with its complete restrictive
effect and results in loss of weight. An inflatable silicone band is wrapped around
the stomach 3 cm below the esophagogastric junction, and a reservoir of 25-30 cm
long is formed at the proximal section. At the other end of the band, there is a sub-
cutaneously placed port (Figure 3). The calibration of the gastric opening can be
changed by fluoroscopy-guided filling and emptying of the silicone band. The band
is initially inserted in completely deflated form. The pars flaccida technique has
become the standard since band prolapse and erosion are less common in this way.
The laparoscopic adjustable gastric band method requires frequent follow-up and
should therefore only be performed in patients who live in close proximity to the
hospital. Only multivitamins are recommended after the surgery. Adjustment of the
band is as important as the surgery itself, and weight loss of 0.5 kg per week is ideal
with this method [16]. Patients lose 58-60% of their extra weight in 7-8 years after

Figure 3.
Laparoscopic adjustable gastric band.
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the surgery. The complication and mortality rate are less than the absorption-dis-
rupting techniques [7]. Prolapse (3%), displacement (<3%), band erosion (1-2%),
and port and tube complications (5%) can be seen. Although a high reoperation
ratio is the major disadvantage, the technique is still popular in the USA [17].

5. Biliopancreatic diversion with duodenal switch

The biliopancreatic diversion with duodenal switch (BPDDS) procedure is
often referred to as DS surgery. This technique is a modification of the original
biliopancreatic diversion defined by Scapinaro et al. [18, 19] in 1979. The three main
components of this technique are pylor-protected gastric tube formation, distal
ileoileal anastomosis, and proximal duodenoileal anastomosis (Figure 4). Three
intestinal limbs are formed in this method. Food passes through one limb (Roux
limb), the fluid of the digestive organs (bile) from one limb (biliopancreatic limb),
and food and digestive fluids from the common limb. While the small curvature
of the stomach is removed and the pylor is preserved in biliopancreatic diversion
with duodenal switch surgery, the pylor was also removed by distal gastric resec-
tion in the original surgery of Scapinaro. The gastric pouch is 250 ml in size, and
malabsorption is created by Roux-en-Y reconstruction of the distal intestines
in both techniques. The main limb length is 50-100 cm and the alimentary limb
250 cm, and the biliopancreatic limb is connected to a location 100 cm proximal to
the ileocecal valve. Since the pylor is preserved in the biliopancreatic diversion with
duodenal switch technique, complications such as loop formation, dumping, and
marginal ulcers are less common. The method can also be performed in stages to
reduce complications. If adequate weight loss cannot be provided with laparoscopic
sleeve gastrectomy, the biliopancreatic diversion with duodenal switch procedure is
performed 6-12 months later. Glucose control in severely obese patients with type
2 diabetes is better with biliopancreatic diversion with duodenal switch surgery
than medical treatment. Although the technique is well described and provides
effective weight loss, biliopancreatic diversion with duodenal switch procedure is
not commonly used. While early weight loss is provided by the sleeve gastrectomy,
impaired fat absorption is responsible for the long-term weight loss. The decrease in
ghrelin and increase in peptide YY after the biliopancreatic diversion with duodenal

L

BPD

Figure 4.
Biliopancreatic diversion and duodenal switch.
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switch procedure also increase weight loss. Mechanical changes as well as hormonal
changes may therefore be responsible for the weight loss in this technique [20]. The
surgical mortality rate is around 1%. The patients require high doses of vitamin and
mineral supplementation after the surgery. There is significant improvement in the
comorbid conditions after biliopancreatic diversion with duodenal switch. While
92% of diabetics and 90% of those with sleep apnea show full resolution, 80% of
asthmatics decrease the dose of their medication [21, 22]. Close follow-up and vita-
min supplements are necessary to prevent postoperative malnutrition. This method
can be recommended as a revision method for severely obese patients, those who
cannot exercise and stick to a diet after restrictive methods, and after any previous
unsuccessful surgeries. This method should not be performed in those who cannot
be monitored closely, who do not have adequate income for vitamin support, and
previously suffered from calcium, iron, vitamin, and mineral deficiencies.

Vertical banded gastroplasty, laparoscopic mini-gastric bypass (LMGB), and
laparoscopic large curvature plication (LLCP) are methods that are rarely used in
morbid obesity surgery.
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Edited by Hiilya Cakmur

The World Health Organization has accepted obesity as a global epidemic. The
prevalence of obesity is increasing rapidly in industrialized and developing countries.
In many countries, obese and overweight adults make up nearly 50% of the population;
furthermore, a quarter of children around the world are overweight and obese. Obesity
is a chronic systemic inflammation of the adipose tissue. The mechanism of energy
intake and expenditure is a homeostatic process. When the balance is upset in favor
of energy intake, the result is excessive fat accumulation, which causes a number of
diseases. Therefore, obesity can be defined as a multifactorial and heterogeneous disease
that leads to adverse cellular and metabolic effects. The underlying mechanisms of
obesity are not well understood, but evidence points to oxidative damage. To combat
obesity effectively, its pathogenesis must be clearly understood. An understanding of the
molecular mechanisms of obesity and obesity-related diseases could lead to the discovery
of new therapies and preventive methods. Improvements in environmental conditions,
education, preventative measures for at-risk groups, and promotion of healthy diets and
physical activity are effective methods for fighting obesity.
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