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Preface

The World Health Organization’s long-standing definition of obesity is abnormal
or excessive fat accumulation that may impair health. The United Nations goals on
diet-related disease will fail to be met because of the mounting numbers of people
becoming obese or overweight, with almost 1 billion of the world’s adults projected
to be obese by 2025. Thus, with the prominence of the obesity epidemic, different
strategies to reduce obesity have become public health priorities. In this regard,
according to the 2019UnitedNations SustainableDevelopmentGoals (SDG)Report,
the 2030 agenda has provided a blueprint for shared prosperity in a sustainable
world—a world where all people can live productive, vibrant and peaceful lives on a
healthy planet; obesity is one of the factors identified as a concern for achieving the
SDG.

It is evident that obesity is a serious health problem with an increased risk of
several common diseases including diabetes, cardiovascular disease, renal disease
liver disease, infertility, cancer andneurological complications.Although the primary
basis of obesity and overweight is an imbalance between calorie intake and calorie
expenditure, the underlying biochemical and metabolic processes that cause obesity
are not fully understood. Women, compared to men, have higher percent body fat
and deposit it in a different pattern, with relatively more adipose tissue in the hips
and thighs in women and central obesity typical of men. In fact, more women are
obese than men. These differences may be due to different mechanisms.

Our earlier two volumes on this topic, published in this series “Advances
in Biochemistry in Health and Disease”, have focused on the pathophysiology
of obesity-induced health complications and the biochemistry of cardiovascular
dysfunction in obesity. This book examines the origins, etiology and complexities
of obesity and is intended to bring together a comprehensive overview of the current
status of the knowledge on the pertinent mechanisms that are associated with the
development of obesity including inflammation/cytokines, hormonal deregulation,
activation of the sympathetic nervous system, oxidative stress, metabolic derange-
ments and impairment of signal transduction pathways. While such mechanisms are
responsible for the development of obesity, they also contribute to the occurrence of
co-morbidities, and thus this book also provides important mechanistic information
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vi Preface

on obesity-related diseases. The intent of this volume is to emphasize that obesity
itself is a major health hazard and that it should be considered as a multifactorial
metabolic disease in its own right other than as a risk factor for different diseases.

There are 21 chapters in two different parts in this book, comprising of Part
I: Pathophysiologic Mechanisms of Obesity (11 chapters) and Part II: Therapeutic
Mechanisms ofObesity (10 chapters). Each chapter in the bookwill hopefully further
advance the understanding of the cellular and biochemical mechanisms of obesity
as well as stimulate and motivate biomedical researchers and scientists to develop
innovative approaches to prevent obesity as well as obesity-induced adverse compli-
cations. Furthermore, this book will serve as a highly useful resource for health
professionals, medical students, fellows, residents and graduate students, particu-
larly in the field of nutritional sciences. The contributors to this book are interna-
tional leading experts on the etiology and pathophysiology of obesity. The book
will underscore the multifactorial nature of the mechanisms of obesity from basic to
advanced aspects of our biochemical understanding. Although the genetics of obesity
is an extensive topic in itself, introduction into the topic is provided by two specific
chapters that describe the genetics and epigenetics and obesity.

This monograph covers a broad range of mechanisms involved in the pathophys-
iology of obesity as well as examines current and advanced concepts in the devel-
opment of obesity and their relationship to the development of other concomitant
problems that impact on overallwell-being of an individual. Despite pharmacological
interventions, exercise, calorie intake restriction, surgery and behavioural approaches
currently undertaken to treat obesity, we hope that the reader will understand that
the cause of obesity is multifactorial and that understanding the complexity and
comprehensive nature of the mechanisms involved in the etiology of obesity may
contribute to the development of novel and effective strategies for the prevention
and treatment of obesity. Furthermore, understanding the cellular and biochemical
mechanisms associated with the pathophysiology of obesity will also help in further
understanding the development of obesity-related health complications.

We are grateful to the St. Boniface Hospital Albrechtsen Research Centre, for
their infrastructural support in this endeavour. We are thankful for the efficient and
professional assistance provided by Mr. Muruga Prashanth Rajendran in the produc-
tion of the high quality chapters in this book. We also express our gratitude to Mr.
RajanMuthu for his excellent assistance in developing not only this monograph, but,
overall, in the production of the trilogy of books in the very important topic of obesity
that is now being considered by some experts in the field, as a major disease. We
also thank Dr. Gonzalo Cordova for his understanding and efforts in improving the
quality of the chapters presented in these books and post-production assistance from
Mr. Madanagopal Deenadayalan. Finally, we thank Springer Nature Switzerland AG
in their willingness to undertake this project and for the extraordinary support for
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the preparation of the series on “Advances in Biochemistry in Health and Disease”
and the volumes therein.

Winnipeg, Canada Paramjit S. Tappia
Bram Ramjiawan

Naranjan S. Dhalla
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Chapter 1
Obesity as a Major Health Hazard

Paramjit S. Tappia and Naranjan S. Dhalla

Abstract The well-being of the global population has been challenged with the
epidemic of obesity. Obesity is a complex and multifactorial health hazard. While
obesity itself can be considered as a metabolic disease that reduces quality of life
and life expectancy, the occurrence of a variety of obesity-related complications
including cardiovascular diseases, cancer, type 2 diabetes, renal dysfunction, liver
defect, mobility limitations and neurological/psychological disorders also contribute
to the human and economic burden of obesity. Therefore, advancement of the under-
standing of the mechanisms as well as causes of obesity can further our knowledge
such that appropriate and concerted efforts for prevention of obesity and associ-
ated health problems can be undertaken. Since successful therapeutic strategies for
obesity are not a one size treatment fits all approach, they involve multifaceted and
long-term efforts that can be designed to the individual. Accordingly, this chapter
is intended to introduce some of the major causes of obesity as well as the nature
and prevalence of obesity-related co-morbidities. In view of the influence of sex and
ethnicity in the incidence of obesity and related disorders, some discussion is also
provided to identify specific populations at risk for obesity as well as to obesity-
induced health complications. Furthermore, some of the therapeutic approaches to
prevent or treat obesity that can be tailored to the individual are outlined. From the
information provided it is evident that obesity is a major health hazard and appro-
priate public health measures should be implemented to prevent or reduce or even
reverse the impact of this global chronic disease.

Keywords Obesity · Metabolic disease · Obesity-related health complications ·
Prevention of obesity · Human health and disease
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4 P. S. Tappia and N. S. Dhalla

Introduction

Although the Canadian and American Medical Associations have stated that obesity
is a chronicmedical disease [1, 2], this has not been generally accepted [3].According
to the World Health Organization (WHO), the global incidence of obesity has
increased almost three-fold since 1975. In 2016, global statistics revealed more than
1.9 billion adults as overweight and 650 million of these as obese. The WHO estab-
lished the definition of obesity an abnormal or excessive fat accumulation that may
impair health [4]; however, a minor change to this definition has been proposed by
Sharma and Campbell-Scherer [3] that the word “may” be removed in order to fit the
definition of an actual disease. Undoubtedly, obesity is complex and is a multifacto-
rial and challenging chronic disease that is much beyond just excessive ingestion of
fat [5].

It is well established that an abnormal or excessive fat accumulation is detrimental
and presents an adverse health risk to adults (both men and women) as well as to
children. In addition, it is well known that there are differences between men and
women in not only their fat mass, but also in the bodily distribution of fat, whereby
women have relatively more adipose tissue in the hips and thighs whereas central
obesity is typical inmen [4]. Severe obesity ismore prevalent inwomen thanmen, and
obesity-related disease risks differ in women and men, which have been attributed
to sex hormones [6].

Some of the major influences that can increase an individual’s predisposition/risk
to developing obesity are summarized in Fig. 1.1. The consequences of obesity is
that it can increase the risk of occurrence of a variety of different co-morbid condi-
tions. It is then obvious that if obesity can be prevented or treated (reversed) then
the risk of developing obesity-related health complications is diminished. As part
of the series on “Advanced in Biochemistry in Health Disease”, we embarked on
producing 3 books on the topic of obesity. Our 1st book is on the “Pathophysiology
of Obesity-Induced Health Complications” [7] outlined the link between obesity
and the onset of many adverse health conditions including diabetes, cardiovascular
disease,mental health disorders, cancers, sleepdisorders, liver andkidneydisease and
musculoskeletal disorders. The development of these diseases may be attributable
to changes in cell function, endocrine disorder, metabolic dysfunction, activation
of neurohormonal systems, oxidative stress and modification of different signaling
pathways. It should bementioned that this bookwas ranked among the top used publi-
cations on SpringerLink that concern one or more of the United Nations Sustainable
Development Goals.

The 2nd book entitled “Biochemistry of Cardiovascular Dysfunction in Obesity
[8] is specific to cardiovascular health and described the impact of obesity on the
cardiovascular system and increased predisposition to cardiovascular complications.
It described some of the major biochemical mechanisms that lead to the occur-
rence of myocardial abnormalities and vascular alterations in obesity. The focus
of the present book, which is the 3rd part of the trilogy on obesity, examines the
origins and etiology of obesity and brings together a comprehensive overview of
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Fig. 1.1 Major causes of obesity

the current status of the knowledge on the pertinent mechanisms that are associ-
ated with the development of obesity. Some of the major causes of obesity such as
hormonal imbalance, metabolic derangements, excessive diet, physical inactivity,
aging, psychological/neurological disturbances and genetic/epigenetic factors are
briefly described in this chapter. In addition, this chapter will also discuss some of
the major health complications that occur in overweight/obese individuals as well as
current approaches in the treatment/prevention of obesity.

Causes of Obesity

Excessive Nutrition and Physical Inactivity

There has been an increase in the intake of high fat content energy dense foods
across the world, and with the concomitant sedentary lifestyle due to decreased
physical activity, has led to increasing incidence of obesity as well as associated
health complications. Interestingly, some current occupations are less physically
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demanding, as compared to earlier times, with job-related energy expenditure now
reported to be lower than in the last 50 years [9].

Processed convenience and fast foods are known to be more energy dense and
lack micronutrients [10]. In addition, ultra-processed foods are not only more energy
dense, but also have higher content of added sugars, salt, and artificial flavor-
ings, colors, and preservatives [11]. The consumption of ultra-processed foods has
markedly increased over the years and has been reported to constitute 60% of the
total energy intake in the U.S. adult population [12–14]. Indeed, the higher ingestion
of ultra-processed foods has led to a global exponential amplification in the rates of
excess weight and abdominal obesity [15–19]. Interestingly, a recent study found that
participants consumedmore calories when given ad libitum access to ultra-processed
diet compared to ad libitum access to an unprocessed food diet [20]. Furthermore,
it was revealed that individuals on the ultra-processed diet gained weight, whereas
those on the unprocessed diet lost weight, providing additional evidence that high
consumption of ultra-processed foods may result in weight gain.

The individual’s risk forweight gain is dependent energy intake and energy expen-
diture [21]. A prolonged period of positive energy balance as a consequence of energy
intake being consistently higher than expenditure, increases an individual’s the risk
for becoming overweight or developing obesity, largely through the expansion of
white adipose tissue [22]. An important contributor to the obesogenic environment
that has resulted in an increase in the incidence of obesity is the change in the intake in
the amount and type of food. Food servings and portion sizes have gradually increased
to the extent that such portion-distortion is now perceived as normal [23–25] and has
resulted in higher amount of food consumption [25, 26].

Metabolic Derangements

Two metabolic phenotypes of obesity have been proposed, namely metabolically
healthy obese (MHO) and metabolically unhealthy obese (MUO) [27]. Individuals
that are categorized asMHO have preserved insulin sensitivity, normal adipose func-
tion, lower visceral fat mass and lower fat content in the liver [28]. These aspects
of MHO is suggestive that a subgroup of obese individuals may not have cardio-
metabolic risk factors that occur in obese subjects, emphasizing that adipose tissue
function has an important role to play in metabolic health [29]. It has been suggested
that central accumulation of body fat is associated with insulin resistance whereas
distribution of body fat in a peripheral pattern is metabolically less important [30].
Metabolic obesity occurs when there is a shift in the body weight set point s to an
abnormally high level [31]. Although genetic makeup has a role to play in the devel-
opment of metabolic diseases including metabolic syndrome, type 2 diabetes and
obesity, changes in diet, exercise and aging also have a contributory influence [32].

The white adipose tissue has a key role in whole-body energy status and
metabolism. It not only stores excess energy, but also secretes various hormones
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and metabolites to regulate body energy balance [33]. On the other hand, mitochon-
dria are central to ATP production, energy expenditure and the removal of harmful
oxyradicals [34]. However, excessive energy substrates can result in mitochondrial
dysfunction that negatively impacts lipid and glucose metabolism [34]. It should be
mentioned that normal mitochondrial function is essential in the ability of adipocytes
to maintain balance between energy storage and expenditure [34]; nutrient overload
leads to mitochondrial dysfunction, which in turn leads to obesity.

Hormonal Imbalance and Aging

A adipose tissue is involved in the regulation of hormones and inflammation [35]
and adipose tissue dysfunction can lead to low-grade inflammation due to adipocyte
production of inflammatory cytokines and extracellular proteins that induce the infil-
tration and activation of immune cells and promote inflammatory processes [36]. It
is pointed out that adipokine and cytokines regulate appetite and energy balance,
glucose and lipid metabolism as well as neuroendocrine function [35]. The periph-
eral energy state is signaled to the central nervous system by several neuropeptides
hormones, including leptin [37]. Indeed, leptin acts on the neurons in the hypotha-
lamus andhippocampus aswell as onneurons in the brain stem to regulate food intake,
glucose and lipid metabolism and energy expenditure [37, 38]. In contrast, glucagon
is considered to act as a counter-regulatory hormone that negatively influences energy
balance, increases energy expenditure and activates satiety [39].

While the incidence of obesity is higher in adults over the age of 60 years [40],
the mortality effect of extreme obesity is greater among younger than older adults
[30]. There are several factors that contribute to the occurrence of overweight and
obesity in older people and include age-related alterations in life style, depression,
modification of endocrine systems, sympathetic tone, oxidative stress as well as other
comorbidities [41]. Of note, changes in the body composition due to aging, results in
a redistribution of fat from peripheral and subcutaneous sources to a central location
and thereby increasing the waist circumference and waist-to-hip ratio. The use of
BMI as a classification for weight status in adults has been questioned as it may
not be the appropriate tool for assessing the degree of body fat as it underestimates
the degree of adiposity [42, 43]. The risk for obesity during the aging process is
amplified by the natural loss in muscle mass and strength (sarcopenia) [44]; muscle
is metabolically more active than fat, and thus reduces the physical performance
[40], which itself exacerbates the risk for becoming overweight or development of
obesity. Such age-related changes may be as a consequence of a shift in the hormonal
balance due to aging.
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Genetic Predisposition and Epigenetic Factors

It has been estimated that genetic factors account for 40–75% of variation in BMI
[45]; in fact, more than 300 genes have been determined to be linked to BMI, waist-
to-hip ratio, and adiposity [46]. Although genetically predisposed individuals are at
greater risk for higher BMI, there is an increase in the risk for obesity when genetic
factors are combined with environmental factors, suggesting that environmental
factors may have a greater influence on the development of obesity than genetic
factors [47]. It should be mentioned that genetic factors have also been suggested
to determine the ability to undertake physical activity and thus dictates sedentary
behavior [48], creating a vicious cycle of events that may exacerbate obesity.

Several theoretical models have been proposed to explain the genetics of obesity
[49–53]. The set point theory proposes that body weight is genetically determined,
and that internal genetically determined mechanisms exist, which are designed to
protect against alterations in bodyweight [49]. On the other hand, the thrifty gene
theory suggests that genetic variants cause some individuals to store energy from
food more efficiently and expend less energy at rest and during physical activity
[45]. While this proposition may be considered as economical especially when there
is a deficiency of energy intake, it may be deemed as a disadvantage particularly
as energy is readily available under the current obesogenic environment. Although
other theories have also been proposed [50–53], there is an opportunity and scope
for advancing investigation in this field in order to fully understanding the genetic-
environment interaction with respect to the development of obesity.

Psychological Disturbances

Emotional issues and psychological disturbances are a common feature in overweight
individuals and is considered to play a significant role in the development of obesity
[54]. On the other hand, in view of the negative perception of obesity, it has been
suggested that psychological disturbances may arise due to obesity rather than the
cause of obesity itself [54]. Several issues can be seen to regulate appetite and influ-
ence weight gain/loss or its maintenance. For example, appetite may be influenced
by psychosocial factors [55] and by several other aspects that include modulation of
brain neurotransmitters, altered liver metabolism, dysfunction in the nutrient/sensory
constituents of the diet, environmental stressors, behavioral changes with respect to
dieting as well as use of centrally acting psychotropic substances [55].

It should be mentioned that psychological and emotional distresses linked to
weight gain/obesity are not limited to adults. In this regard, children growing up in a
dysfunctional family environment or experiencing psycho-emotional imbalance, are
prone to weight gain, which can increase the predisposition to further weight gain
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and eventual obesity [56, 57]. The weight gain/obesity have been suggested to be
attributed to prolonged stress, increased appetite and higher energy intake, low-grade
inflammation as well as depressed basal metabolism [56, 57].

Obesity-Induced Health Complications

Although the global focus still remains to avert childhood malnutrition and to ensure
adequate food supply for the world’s population, there is now the additional chal-
lenge of managing obesity and obesity-related health complications [58] including
diabetes, cardiovascular disease (CVD) and cancer (Fig. 1.2). Some of the major
health complications are described below.

Cardiovascular Disease

It is universally accepted that obesity is an independent risk factor for cardiovascular
disease (CVD). Indeed, there is awealth of epidemiological and clinical evidence that
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Fig. 1.2 Obesity-induced health complications
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have demonstrated a link between obesity and several forms of CVD including coro-
nary heart disease, heart failure, hypertension, stroke, atrial fibrillation and sudden
cardiac death [59]. Having obesity can accelerate the progression of atherosclerosis
aswell as induce adverse ventricular remodeling [60]. Being overweight, with central
accumulation of adipose tissues also increases the predisposition to CVD [61, 62].
Structural and functional adaptations of the cardiovascular system occur in response
to excess body weight and to adipokine mediated inflammation and vascular abnor-
malities [59]. Furthermore, the activation of neurohormonal systems i.e. the sympa-
thetic nervous systemand the renin angiotensin system results in endothelial dysfunc-
tion, coronary calcification and activation of coagulation and play a significant role
in the progression of cardiovascular complications [36]; in fact, obesity-induced
CVD complications can also occur indirectly as a consequence of hyperglycemia
and abnormal blood lipid profile.

It should be noted that obesity-related CVD has also emerged as a major health
concern in children mainly due to the increasing incidence of childhood obesity;
indeed, obese childrenhave an elevated risk of cardiovascularmorbidity andmortality
[63]. CVD is also disproportionately higher in racial and ethnic minority populations
[64]; in fact, obese African-American women are twice as likely to present with
CVD [65]. While the aforementioned has described the relationship between obesity
and increased risk for CVD, a better CVD prognosis for some overweight or obese
individuals has been reported [66]. This has been referred to as a phenomenon known
as the obesity paradox. This paradoxical observation is more evident in overweight
individuals and those being classified as class I obese, but less apparent inmore severe
obesity. However, more exploration is required to fully comprehend the nature and
the mechanisms involved in the obesity paradox.

Renal Disease

Obesity is a direct risk factor for chronic kidney disease (CKD) aswell as acute kidney
injury [67]. Obesity can also increase the risk of CKD indirectly as it increases the
risk of diabetes and hypertension, which are considered as the most prominent risk
factors for CKD. Obesity increases metabolic demand and thus causes an increase in
the workload of the kidneys and subsequent hyperfiltration, which ultimately results
in functional decline of the kidneys and CKD [68, 69]. It is interesting that obese
patients with end-stage renal disease (ESRD), the obesity itself is associated with
better survival in ESRD that has been linked also to race/ethnicity. In this regard, in a
study involvingAfricanAmerican hemodialysis patients it was found that overweight
(BMI >27.5 kg/m2) hemodialysis patients had higher survival rates than patients with
normal BMI [70]. This observation has led some researchers to suggest that this may
be related to the obesity paradox [71].
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Liver Disease

Obesity increases the risk of nonalcoholic fatty liver disease (NAFLD), which is
rapidly emerging as the most common cause of chronic liver disease due to the
increase in the incidence of obesity. In fact, the risk of NAFLD increases with
increasing BMI [72]. The major characteristic of NAFLD is steatosis (fatty liver)
and occurs as a result of an imbalance between higher rates of hepatic fatty acid
uptake and de novo fatty acid synthesis relative to the rate of fatty acid oxidation and
export [73, 74]. This shift toward a net gain in the level of intrahepatic triglyceride
initiates several other metabolic complications including defective glucose, fatty
acid and lipoprotein metabolism that ultimately results in insulin resistance, dyslipi-
demia, and other cardiometabolic complications [75]. It is interesting to note that
racial/ethnic background has been suggested to influence the association between
BMI and NAFLD [76–78].

Cancer

An increase in the risk of certain types of cancers has been linked to being over-
weight and obese [79, 80]. For example, obesity is reported to be associated with
increased cancers of the colon, breast (post-menopausal women), endometrium (the
lining of the uterus), kidney, esophagus, gallbladder, ovaries, and pancreas [81,
82]. In the U.S. about 630,000 people in 2014 were diagnosed with overweight
and obesity-related cancer. Several mechanisms have been proposed for the occur-
rence of obesity-induced cancers. In this regard, low-grade inflammation [83] can
cause abnormalities in the chemical structure in DNA causing a dysregulation of
cell growth; similarly, excessive amounts of estrogen produced by adipose tissue
increase the risk for breast, endometrial and ovarian cancer through the growth of
cancer cells, while the increased levels of insulin-like growth factor-1 can cause the
development of colon, kidney, prostate and endometrial cancers by promoting a shift
toward cell proliferation, suppression of cellular apoptosis and inducing angiogen-
esis that supports abnormal cell growth and tumor development [84–87]. Leptin,
which is increased in obesity, can also induce abnormal cell proliferation [88], while
on the other hand, adiponectin has been reported to exert an antiproliferative effect
[89]. Both these hormones are altered in obesity such that the balance between them
may induce abhorrent cell growth.

Male and Female Infertility

Infertility can occur in both obese men and women. A three-fold increase in the risk
of infertility has been reported in obese women that has been suggested to be due to
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obesity-related disruption of normal ovulation, endometrial and embryo development
[90, 91]. Leptin has also been implicated in reducing fertility in obese women [92],
where high levels of leptin cause disruption of endometrial maturation and embryo
implantation into the endometrium.A contributory factor is also that leptin can inhibit
the production of progesterone [92], which is required for endometrial development.
Polycystic ovary syndrome (PCOS) is associated with obesity and has also been
linked to infertility [90, 91, 93]. Obesity and infertility is not restricted to women
because some studies have shown risk of infertility is higher in obese men [94] due
to a decrease in circulating free testosterone levels that results in a low sperm count
[95]. Furthermore, obesity-associated alterations in male hormones can also lead to
erectile dysfunction, which is considered as the major cause of infertility in obese
men [96].

Mobility and Skeletal Muscle Dysfunction

Obesity causes a chronic overload stress on the muscles of the legs that leads to
functional difficulties including loss of muscle strength, postural and dynamic imbal-
ance and mobility problems [97]. Low-grade inflammation in obesity is considered
to cause musculoskeletal complications [98]. Depressed skeletal muscle contrac-
tile activity and reduced mobility in obesity have been linked to defective myocyte
Ca2+-signaling that impairs the excitation–contraction coupling as well as excitation-
transcription coupling [99]. Age-related muscle loss (sarcopenia) is associated with
obesity has been termed as sarcopenic obesity [100] and is related to mobility
limitations. Overall, although obese, elderly (≥60 years of age) are at higher risk
for mobility disability, obese women are at greater risk for mobility limitations as
compared to men [101].

Osteoarthritis is a prevalent joint condition that mostly affects the joints of the
knee, hip and back and is associated with pain and disability [102]. It is the fore-
most reason for disability and its incidence is rising due to increasing obesity and
the aging population [103]. Being overweight or obese the pressure to the joints is
increased which causes a degeneration of the cartilage at a greater rate than what
would otherwise occur [104]. The pathogenesis of osteoarthritis is thought to involve
the production of pro-inflammatory cytokines (interleukin-1, interleukin-6 and tumor
necrosis factor-α) [105]. Interestingly, this debilitating condition is more likely to
develop in African-American women and has been linked to lifestyle and increased
BMI in this population cohort [106]. Overall, osteoarthritis and consequent mobility
issues have emerged as a global health concern as this disease is reported to affect
more than half of the 65 years and older aged population [106].
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Strategies for Prevention and Treatment of Obesity

Nutrition and Lifestyle

Themanagement of obesity as a chronic disease has to put the emphasis on improving
overall well-being that includes both physical and mental health [107]. A number of
different approaches that can be tailored to the individual for the prevention/treatment
(reversal) of obesity can be undertaken and are summarized in Fig. 1.3.Weight reduc-
tion, or at least the prevention of additional weight gain should be considered as the
first line approach of obesity management. Such a regimen is aimed to reduce energy
intake and increasing physical activity to increase energy expenditure to facilitate fat
loss [108]. For this approach to be effective, a concerted effort is required; however,
there are several factors that can delay or restrict benefits such as having available
time, low motivation, other commitments and physical incapacity [109]. It is inter-
esting to note that older aged males tend to be more compliant with lifestyle inter-
ventions in order to achieve weight reduction [110]. There are several components
to the regimen of lifestyle/behavioral change in order to achieve a sustained loss in
weight. This includes one hour of physical activity/day, consistently consuming a
low calorie, low fat diet and monitoring of body weight [111, 112]. In this regard,
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if weight loss can be maintained for two to five years, the likelihood of longer-term
success is increased [111]. Caloric restriction (450–800 kcal/day) has been used in
obesity management for weight loss; however, the effectiveness and challenges of
this approach for long-term sustained weight loss have been questioned [113–115].

Pharmacological Interventions

If behavioral and lifestyle changes alone do not result in weight loss, alternative
and/or complementary therapies should be instituted. Pharmacological interventions
for obesity management are generally only recommended for individuals with a
BMI of ≥30 kg/m2, or ≥27 kg/m2 with one or more co-existing diseases such as
hypertension, dyslipidemia, or type 2 diabetes. The Food and Drugs Administration
of the US currently approves five anti-obesity medications, each exhibiting different
mechanisms of action [36]. All of these medications induce weight loss and are
associated with improved cardiometabolic risk factors [116]. Orlistat, is the earliest
approved obesity drug and inhibits pancreatic lipase and the digestion of dietary
triglycerides (TG). Glucagon like peptide-1 (GLP-1) is an incretin secreted by the
intestinal tract, which reduces feeding and improves metabolic parameters linked to
obesity. Thus, GLP-1 receptors have emerged as a promising target in the treatment of
metabolic disorders [39]. In fact. Liraglutide, a long-acting GLP-1 analogue receptor
agonist is used in obese individuals with a BMI >27.0 K/m2 and with weight related
comorbid conditions for the management of their chronic weight [36].

The 5-HT 2C receptor agonist, Lorcaserin, is used in overweight or obesity as an
adjunct to a reduced calorie intake and increased physical activity and if the individual
has at least one weight-related comorbid disease such as hypertension, diabetes and
dyslipidemia. It acts on the 5-HT receptors in the hypothalamus to stimulate the
satiety centres as well as by activating anorexigenic pathways to reduce appetite
[36]. The combination therapy of naltrexone-bupropion also acts centrally (in the
hypothalamus) and is used for long-term weight management in obese individuals
that also have obesity-related comorbidities as it is a sustained release formulation
[36]. The combination of immediate-release phenterminewith extended-release topi-
ramate is an amphetamine analog stimulant for the short-term treatment of obesity
in overweight or obese adults with at least one concomitant adverse condition and is
used in combination with a low-calorie diet and increased physical activity. Phenter-
mine antagonizes the α-adrenoceptors in the hypothalamus, resulting in an increase
in leptin levels, which, in turn, suppresses appetite; while topiramate increases the
activity of γ-aminobutyric acid to suppress appetite [36].

Several other potential candidate targets for treatment of obesity have been
proposed. Despite the development of resistance to leptin, it can still be explored
as a potential target for the management of obesity [117]. Hypothalamic AMP-
activated protein kinase (AMPK) directly influences feeding behaviour and thus has
been suggested as a target for the treatment of obesity as it regulates energy intake
as well as energy expenditure [118]. The sympathetic nervous system activity is also



1 Obesity as a Major Health Hazard 15

associated with energy balance. In this regard, sympathomimetic agents can decrease
food intake and increase resting metabolic rate [119]. Beneficial shits in the compo-
sition of the gut microflora through the use of prebiotics and probiotics could provide
a strategy for the management of obesity [120]. However, this notion is controversial
as studies involving the gut microbiota composition of obese individuals suggest that
a simple modification of the gut microflora may not be effective in the treatment of
obesity [121].

Surgical Approaches

Generally, obese individualswith aBMI>40 kg/m2 or >35 kg/m2 with co-morbidities
such as type 2 diabetes, dyslipidemia, hypertension and renal disease are eligible
candidates for bariatric surgery for sustained weight loss [122]. The most common
bariatric procedures are gastric banding, sleeve gastrectomy, and gastric bypass and
are performed to reduce the size of the stomach such that less food and therefore
calories are consumed; However, changes in the circulating levels of gastrointestinal
hormones as well as the gut microbiome may also contribute to energy homeostasis
and weight loss [123, 124].

In severe cases of obesity, bariatric surgeries maybe performed; however, they
are not without risk of several complications [125]. In this regard, malabsorption
issues following such type of surgeries, nutrient deficiencies may occur and thus
supplementation would be necessary [126, 127]. In addition, the bioavailability of
oral drugs can also be impacted, which would require dosage monitoring following
surgery [128]. It is interesting to note that while surgical procedures exert an initial
loss in weight, a subsequent plateau or even weight gain can occur after surgery
[129–131]. In these cases, lifestyle interventions would need to be implemented as
an adjunct to surgery if weight loss is to be sustained.

Conclusion

Obesity as a chronic metabolic disease and major health hazard is much more than
being a condition that arises as consequence of increased nutrient intake [132]. Both
adults and children can be afflicted with being overweight or obese; indeed, obesity
is a global public health problem of great magnitude [133] as it can also lead to
the development of several complications, as described in this chapter, that in turn
exacerbates the threat to global health. For an effective strategy for the prevention,
treatment and reversal of obesity and associated co-morbidities, sex, ethnicity and
education/socioeconomic status must be included in the discussion. From the afore-
mentioned while weight loss through a combination of different lifestyle factors
including reduction in food intake, regular physical activity and stress management
can be seen to be appropriate initial approaches, which if necessary can evolve to
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include pharmacological agents, and in the worst-case scenario surgical procedures
can be undertaken in extreme cases and if the individual is a suitable candidate.
Understanding the pathogenesis of obesity as well as the pathophysiological mech-
anisms that cause obesity-related health complications will assist in the advance-
ment specific treatment/prevention modalities. It is evident that obesity is largely a
preventable condition; however, with the stigma of obesity and its impact on society,
economyand the individual, a concerted andmeaningful effort needs to be undertaken
to reduce the global burden of obesity.
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Chapter 2
Endocrine Role of Adipose Tissue
in Obesity and Related Disorders

Shravanthi S. Kumar, Alok Kumar Mishra, and Asit Ranjan Ghosh

Abstract Adipose tissue is a complex network of connective tissue constituting
many cells types. It is a tissue whose role was assumed to be limited to storage and
metabolism of energy and insulation. However the discovery of leptin followed by
further elucidation of numerous hormones and factors secreted by adipose tissue and
roles in metabolism and cell regulation it is regarded as an endocrine organ. Adipose
tissue regulates the energy balance being influenced by either ligand-mediated tran-
scription factors (C/EBP, PPARγ, RXR) or with other types of transcription factors
with the secretion of several different signalling molecules (adiponectin, leptin etc.).
The receptors are expressed onto different organs. Thus, these signalling molecules
are involved in multiple function of the body. While there is a break of the regula-
tory discipline of adipogenesis, the subject becomes obese. Due to these phenom-
enal changes, fat cross the site of adipose tissue to get accumulated in non-adipose
multiple tissues of different organs which finally results fat-associated toxic envi-
ronment consequently leading to lipotoxicity; erratic glucose and fat metabolism in
different organs. Energy regulation by the endocrine adipose tissue therefore has so
far been identified as the key factor to combat obesity and associated diseases.
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AMPK AMP activated protein kinase

Introduction

Adipose tissue is a complex network of connective tissue composing of different
types of cells which include adipocytes, endothelial cells, fibroblasts, macrophages.
It is also commonly known as fat. Anatomically fat or adipose tissue is distributed
throughout our body and bears different naming like pericardial (heart), subcuta-
neous (skin), perirenal (kidney), gonadal (gonad), visceral (viscera), intramuscular
(muscles), structural (joints, breast) etc. Before the discovery of its secretory function
the role of adipose tissue was thought to be limited to storage of excess energy as
fat and insulation to the body [1]. However it does not only contain adipocytes but
other cells types which release many hormones, growth factors, proteins, enzymes,
cytokines, complement factors into circulation and these are collectively called
adipokines. The adipokines help in cellular regulation and metabolic functions in
different target tissues (Fig. 2.1). Their roles are well-reported in regulating energy
homeostasis and adipocyte differentiation, regulating vascularization and blood flow,

Fig. 2.1 Adipokine secretion helps maintain homeostasis and help in the regulation of biolog-
ical processes in target organs like brain, liver, gut, muscle, vascular system, immune system,
and pancreas. Hence adipose secretion help in maintenance of overall health. Impaired adipose
tissue function leading to adverse secretion causes metabolic diseases like diabetes, cardiovascular
diseases, inflammatory diseases and cancer
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metabolismof lipid and cholesterol and regulation of immune system. Such an impor-
tant biologics,Adipokines have a good grip in regulation ofmanymetabolic functions
in the body and thus its irregular secretions imparts in development and progres-
sion of diseases such as obesity, diabetes mellitus, cardiovascular diseases and other
metabolic conditions. Hence it is considered as a dynamic organ which helps in
regulation of diverse body functions [2].

Adipose tissue is a storehouseof energywhich showsdifferenceswithmorphology
and physiology and tissue type and thus classified differently. Two major classes of
Adipose tissue are brown adipose tissue (BAT) and white adipose tissue (WAT).
BAT have multiple mitochondria and are multilocular cells and its function is energy
dissipation to maintain thermal homeostasis whereas unilocular WAT have a central
lipid droplet and it function is the storage of triglycerides in the body. The central
role of adipose tissue was thought to be limited to energy storage and regulation
as well as maintaining thermal homeostasis. However adipose tissue secretes many
hormones and growth factors which help in cell regulations in different tissues and
organs [3]. With the support of increasing reported insight into metabolic role of
adipocytes points to the fact that it functions like an endocrine organ comprising
different cell types, and regulate functions in many target tissue and organ through
its secretions of paracrine factors and plays a central role in energy storage and
cellular differentiation along with regulated immune response throughout the body
[4]. The location of adipose tissue in the body determines the factors it secrets and
the composition of cell types, number of adipocytes in the tissue and blood vessels
and immune cells [5].

In this chapter, with the published evidence we demonstrate the multivariate func-
tions of adipose tissue with particular discussion of its endocrinal potentials in health
and diseases.

Adipogenesis

Mesenchymal precursor cells (MSCs) have the ability to commit to formdifferent cell
types. Bothwhite and brown adipocyte are formed byMSCs present in themesoderm
but from different lineages. Adipogenic lineage which is composed ofMyf5 negative
cells produce white adipocytes while brown adipocytes are originated from Myf5
positive cells from myogenic lineage. Myf5 is the key myogenic regulatory factor.
The WAT and BAT may have originate from different lineages but have common
transcriptional cascades mainly PPARγ and C/EBPs leading to its differentiation
[6].

Mature adipocytes are formed by the differentiation of pre adipocyte precursor
cells by the sequential activation of cascade of transcription factors. The activation of
transcription factors of the activation protein-1 (AP-1) family kick starts the matura-
tion of adipocytes in WAT and induces PPARγ which is a critical transcription factor
in promoting adipocyte differentiation. Themammalian target of rapamycin (mTOR)
is also involved in adipocyte differentiation via nutrient signalling. Differentiation
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of pre-adipocytes is also influenced by STATs (signal transducer and activator of
transcription), KLF (kruppel like factor) group of proteins, sterol response element–
binding protein-1 (SREBP-1), and factors of the C/EBP (CCAAT-enhancer binding
proteins) family. Peroxisome proliferator activated receptor γ (PPAR γ) is the key
regulator of adipogenesis and is also necessary for maintenance of differentiation
[7].

The mature white adipocytes are produced from Myf5 negative precursor cells
with the influence of bone morphogenetic protein 2 (BMP2), bones morpho-
genetic protein 4 (BMP4), PPAR and CCAAT/enhancer-binding proteins. In case of
BAT bone morphogenetic protein 7 (BMP7), PPAR and CCAAT/enhancer-binding
proteins and also transcriptional co regulators PRDM116 (PR domain containing
16) and PGC-1α help in the differentiation from precursor cells to active brown
adipocytes [8] (Fig. 2.2).

Differentiation of adipocytes is influenced by extracellular signals which can
be signalling molecules or physiological factors. Insulin, glucocorticoids and bone

Fig. 2.2 Differentiation of Mesenchymal stem cells into mature adipocytes occurs in 2 steps.
Firstly, commitment of MSCs into pre-adipocytes and secondly maturation into active adipocytes
by terminal differentiation. The process involves numerous signalling pathways, transcription
factors and genes. WAT and BAT originate from different lineage of MSCs namely adipogenic
lineage (Myf5 negative) and myogenic lineage (Myf5 positive) respectively but are influenced by
same transcriptional cascades of which, Peroxisome proliferator-activated receptor (PPARγ) and
CCAAT/enhancer-binding proteins (C/EBPs) play the most important role. Bone morphogenetic
protein 2 and bonemorphogenetic protein help in commitment ofMyf5 negative precursor cells into
white pre adipocytes. Bone morphogenetic factor 7 with transcriptional co regulators PRDM1 (PR
domain-containing 16) and PGC-1α (peroxisome proliferator activate receptor gamma coactivator
1 alpha) influence the conversion of Myf5 negative precursor cells into mature brown adipocytes.
WAT also can be converted into beige adipocytes by cold exposure, β adrenergic agonist, or a PPARγ

agonist, FGF21 (Fibroblast growth factor 21)
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morphogenetic proteins directly influencePPARγ andC/EBP to induce adipogenesis.
Some signalling molecules like the ones from WNT and hedgehog family supress
adipogenesis by directly supressing PPARγ and C/EBP pathways or by supressing
other adipogenesis inducing signalling pathways such as insulin signalling. Physi-
ological states like oxidative stress, ROS (reactive oxygen species), inflammation,
and cold temperature also influence adipogenesis and metabolism in a more complex
manner (Fig. 2.1).

Adipogenesis requires numerous transcription factors for the differentiation of
precursor cells into mature adipocytes among which CCAAT/enhancer-binding
protein β (C/EBPβ) is one such factor from the leucine zipper family. Knockdown of
the C/EBPβ in 3T3-L1 has been shown to stop adipogenesis hence it is determined
that C/EBPβ imparts an important role in adipocyte differentiation. In the presence
of adipogenic stimuli C/EBPβ by bind to promoter which in turn induces C/EPBα

and PPARγ [9].
Regulation of energy balance is very critical in a subject that leads to a person

obese and simultaneously may lead to be affected with many obesity associated
diseases. Therefore energy regulation is so important. PPARs are ligand-activated
group of transcription factors that control the storage and dissipation of energy and
maintain energy homeostasis. There are several different types of PPAR, like PPARα,
PPARβ/δ and PPARγ. PPARγ is important in adipogenesis. Adipocytes are differen-
tiated with the influence of PPARγ essentially. PPARγ heterodimerizes with multi-
functional vitamin A receptor, RXR (retinoid X receptor) followed by binding to the
specific DNA sequence of the gene at the promoter region, called PPRE (peroxisome
proliferator response element) and activate the promoters of the downstream genes
(Fig. 2.3).

Types of Adipose Tissue

Fat cells or adipose cells are called adipocytes and they consist of three types white,
brown and beige (brite/beige)with differentmorphology aswell as expression.White
adipose tissue help in storage of triglycerides of dietary fat and release them as
free fatty acids during energy consumption [10]. Brown adipocytes converts energy
released into heat to help in thermogenesis whereas beige adipocytes are immature
cells with thermogenic potential. The difference between adipocytes are describes
in Table 2.1.

Key Hormones Secreted by Adipose Tissue

The adipose tissue, composed of different types of adipocytes which secret hormones
may be peptides like adipokines, lipids like lipokine or in other forms which are
not fully understood. Some of them function being receptor—specific, like leptin,
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Fig. 2.3 PPARγ is nuclear transcriptional factor which upon binding with RXR forming a
heterodimer translocates to the nucleus and binds to particular DNA segment and regulates gene
expression. The genes expressed have been linked to adipocyte differentiation and lipid storage

Table 2.1 Differences between White adipose tissue and brown adipose tissue

White adipose tissue Brown adipose tissue

Location Subcutaneous, intra-abdominal,
epicardial, gonadal, inguinal, omental

Intrascapular, paravertebral,
perirenal, cervical, supraclavicular

Morphology Spherical (20–200 μm) Elliptical

Cell composition • Single lipid droplet
• Fewer mitochondria
• Flattened peripheral nucleus
• Little Endoplasmic reticulum
• Low iron content

• Multiple small lipid droplets
• Many number of mitochondria
• Central oval nucleus
• Abundant iron content

Function Energy storage in the form of
triglycerides and endocrine function.
Large amount correlates to increased
risk of obesity disorders

Dissipate energy for thermogenesis.
Large amount correlates to decreased
risk of obesity disorder

Origin Myf5-negative progenitor cells From Myf5-positive progenitor cells
(but there are also Myf5-negative
brown fat cells which are derived
from other lineages)
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adiponectin while others are either non-specific or unknown. Again, receptors are
expressed onto different organs. Thus, these signalling molecules are involved in
multiple function of the body [11].

Adipocytokines are hormones and these are secreted by adipose tissue and found
to be very important in inflammation regulation. Therefore the irregular secretions
of these hormones have been known to contribute to inflammation and the develop-
ment of metabolic syndrome. Adipocytokines secreted by adipose tissue regulates
many cell functions eliciting response from tissues like skeletal muscle, endothe-
lium, hypothalamus, pancreas, immune system and many more using different types
of signal transductions (autocrine, paracrine, or/and endocrine type). Such important
and vital regulatory mechanisms fostered by the WAT secretagogues concluded it as
an active endocrine organ [12].

Leptin was the first adipocytokine discovered in 1994 and it garnered interest in
adipose secreted factors, its functions, the role it plays in metabolic activities and
its influence on other tissues of the body. The factors secreted by adipose tissue
identified since leptin has been increasing rapidly forming a new field of research
and study.

Adiponectin

Adiponectin is mainly produced by white adipose tissue (WAT. It is a 30 kDa multi-
meric protein. Many other tissues also express low levels of adiponectin but in
different amount depending upon the site and requirement. The peptide adiponectin
show diverse nature when compared to human (244 amino acid residues) and other
mammals such as mouse (247 amino acid residues). In case of full length human
adiponectin, an NH2-terminal hyper-variable region is present. This region generally
stretches amino acids from 1 to 18, followed by a collagenous domain comprising 22
Gly-XY repeats. Besides, presence of a COOH-terminal C1q-like globular domain
with amino acids from 108 to 244 is also distinct feature. Now it is a well-established
fact that adipocytes secreted adiponectin is released directly into the bloodstream. It
comprises tri-oligomeric complexes, including trimer (67 kDa), hexamer (140 kDa),
and a high molecular weight (300 kDa) multimer. Several molecular chaperones like
ERp44 (Endoplasmic Reticulum resident protein 44), Ero1-La (ER oxidoreductase
1-La), and DsbA-L (disulfide-bond A oxidoreductase-like protein) are involved in
regulation of biosynthesis and secretion of adiponectin in adipocytes [13].

There are mainly twomain adiponectin receptors of 7-pass transmembrane recep-
tors family, AdipoR1 and AdipoR2. Though they fall in the same receptor family,
adiponectin receptors (AdipoR1 and AdipoR2) are different from classical G-protein
coupled receptors (GPCR) in structure and function with an inverted membrane
topology representing a cytoplasmic NH2 terminus and a short, extracellular COOH
terminal domain (25 amino acids). Both the receptors AdipoR1 and AdipoR2 are
encoded by genes situated on the 1p36.13-q41 and 12p13.31 chromosomal regions,
respectively. These receptors have various affinity indices towards adiponectin such



30 S. S. Kumar et al.

as AdipoR1 has a high affinity for globular adiponectin whereas it behaves as a low
affinity receptor for full length adiponectin. In terms of distribution it is expressed
ubiquitously, with more abundance in skeletal muscles. Similarly, AdipoR2 mainly
recognizes full length adiponectin with predominant expression in the liver [14].

Many downstream signalling events are initiated by adiponectin. It involves
various adaptor proteins such as APPL1 (Adaptor protein with multiple functional
domains) which mediates signal transduction between adiponectin and insulin,
interacting directly with insulin receptors. On activation, insulin receptor substrate
proteins helps in production of phosphatidylinositol 3,4,5-triphosphate at the plasma
membrane by acting as docking platforms for the p85 regulatory subunit of the phos-
phatidylinositol 3-kinase (PI3K). Furthermore the activation of the PI3K pathway
displays a variety of biological response via activation of Akt and its downstream
targets. Apart from Akt pathway previous studies also suggest role of APPL1 in
the activation of AMP activated protein kinase (AMPK) [15]. This activation is
performed by binding and activating protein phosphatase 2A, which result in dephos-
phorylation and inactivation of protein kinase Cz (PKCz). Furthermore it leads to
dephosphorylation of liver kinase B1 (LKB1) at its Ser307, conceding LKB1 to
translocate from nucleus to cytoplasm, further activating AMPK for various cellular
functions. Thus at cellular level activation of AMPK is a prominent step in mediating
the most of the effects of adiponectin. AMPK, has some major functions associ-
ated with it and is an important fuel-sensing enzyme. AMPK is found responsible
in decreasing cellular energy state by stimulating various pathways. It may corre-
spond via oxidation of fats or inhibition of energy consuming pathways. However,
AMPK is not keenly required for survival and its role in fatty acid, triglyceride, and
protein synthesis is nominal. Again, released adiponectin significantly increases the
expression and activity of PPAR-α, a key transcription factor that regulates various
metabolic processes. This is further carried out by up regulation of acetyl CoA
oxidase (ACO) and uncoupling proteins (UCPs) which promotes fatty acid oxida-
tion and enhancement of energy expenditure. It has also been suggested that APPL1
and adiponectin improve glucose metabolism in various metabolic tissues via activa-
tion of p38 MAPK (Mitogen-activated Protein Kinase) and Rab5, a GTPase effector
of APPL1. Activated AMPK further activate eNOS and helps in production of nitric
oxide in response to adiponectin which results in vasodilation. In addition, activated
AMPK may also trigger apoptosis by inhibiting IKK/NFκB/PTEN [16].

Many previous report suggest that 3T3L1 adipocytes show high expression of
adiponectin, which helps in the adipocytes cell differentiation through its autocrine
activity being regulated by factors including C/EBPα, PPARγ, and SREBP-1c,
respectively which further enhance lipid content and insulin mediated glucose trans-
port. In an animal experiment, it has been found that transgene-mediated over-
expression of adiponectin lead to decreased energy expenditure thus promoting
morbid obesity. However, down-regulation of TNFα in fat pads, improved glucose
metabolism, with reduced macrophage numbers is also visible in ob/ob mice. In
addition, augmented vascularisation and expansion of the subcutaneous fat pad were
also prominent in over expressed condition. However, continuous over expression
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of adiponectin for a long time results increase in subcutaneous fat with safeguard
against diet induced insulin resistance [17].

Leptin

Leptin and its gene was discovered in Jackson laboratories by cloning of ob/ob
mice which comprises of 161 amino acids. The mutation of the leptin gene and
its deficiency are involved in various forms of etilogies such as obesity, hyper-
phagia, diabetes along with infertility and neuroendocrine disorders. In general
White adipose tissues (WAT) are involved in secretion of Leptin and its physiological
concentration is generally dependent on amount of energy stored in adipocytes and
calorific intake along with proportion of fat accumulated. Interestingly, secretion of
leptin is also influenced by day duration with higher concentration during evening
and early morning [18].

The effect of Leptin can be seen in brain as well as peripheral tissues when it binds
to its specific receptors (ObRs). There are different isoforms of Leptin receptors due
to alternative splicing which are generally named as ObRa (short leptin receptor
isoform) and ObRb (long leptin receptor). Both the isoforms have varied functions;
generally ObRa helps in leptin transport across the blood brain barrier whereas the
ObRb regulates homeostasis and neuroendocrine function via signal transduction
due to higher presence in hypothalamus. Leptin has a major role in suppression as
well as stimulation of appetite through its receptors present in the hypothalamus. This
action is performed by counteracting the effects of neuropeptide Ywhich is a feeding
stimulant released in the gut as well as regulating a cannabinoid neurotransmitter,
adandamide which stimulates appetite. Similar action is performed by promoting
the synthesis of an appetite suppressant called α-melanocyte-stimulating hormone
which inhibits appetite [19].

The role of leptin and its receptors are also involved in activation of signalling path-
ways like Janus Kinase-Signal Transducer and Activator of Transcription-3 (JAK-
STAT3) which plays an important role in maintaining energy homeostasis. This may
further lead to activation of Phosphatidylinositol 3-Kinase (PI3K) which regulates
food intake and glucose homeostasis. Apart from PI3K, there are multiple investi-
gations where involvement of many other pathways such as MAPK, AMPK, and
mTOR, showed influence on biological role of leptin.

In case of obesity the tolerance to the effects of leptin in circulation may prove
vital for disease progression however its complete deficiency due to is extremely
rare homozygous mutation is very rare. Among various causes for leptin resistance
the downstream leptin receptors are crucial. This may lead to inhibition of leptin
signalling or inhibition of transport of leptin across blood brain barriers. Considering
both leptin signalling and resistance its advance studies and further research may
lead to a breakthrough in development of therapeutic options to manage obesity and
metabolic disorders [20].
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Resistin

Resistin is an another endocrine product from adipose tissue with 12.5 kDa peptide
identified first in mice and contains 108 amino acids with an abundance of cysteine.
It was first reported in 2001 and is reported to be involved in resistance to insulin
which is a characteristic symptom of type 2 diabetes and hence associates obesity
to the development of type 2 diabetes. The antidiabetic class of drugs named thiazo-
lidinediones which lowers insulin resistance is mediated by PPARγ which is present
abundantly in adipose tissue hence validating the relationship between obesity and
risk for type 2 diabetes [21].

Retinol Binding Protein 4

Retinol binding protein is a factor secreted by adipose tissue which helps in the
transport of retinol to surrounding tissue from the liver and is known to influence
development of insulin resistance. Obesity causes inflammation causing irregular
adipose secretions leading to excessive RBP4 secretion into blood stream. Increased
serum RBP4 levels has been found associated with increasing severity of atheroscle-
rosis, risk of cardiovascular conditions as well as development of type 2 diabetes.
Insulin stimulates signalling pathways in the skeletal muscles which is inhibited
by RBP4 in circulation leading to insulin resistance. Thiazolidineiones which are a
class of drugs used to reduce insulin resistance by stimulating PPARγ help in inhi-
bition of excessive RPB4 secretion and hence enhance tissue sensitivity to insulin.
Excessive RPB4 in circulation has also been reported to be the cause of the develop-
ment of atherosclerosis and arterial hypertension by increasing adhesion molecules
in endothelial cells. Functional polymorphism in RPB4 gene has been reported to
increase risk of developing vascular injury a complication from obesity [22].

Vistafin

Vistafin was first reported in 2005 and is secreted by visceral adipose tissue and func-
tions like insulin. Vistafin is a 52 kDa protein having 491 amino acids (human) and
functions as phosphoribosyltransferase and cytokine. Vistafin was reported earlier
as Pre-B colony enhancing factor (PBEF) which is a growth factor responsible for B
lymphocyte development and secreted in liver tissue, bone marrow, skeletal muscle,
neutrophils and foetal membrane. During the differentiation of adipocytes from pre
adipocytes vistafin transcription is significantly increased.

Vistafin influences the innate immune system by acting as a pro inflammatory
adipocytokine and enhances production of TNF-α and IL-6 to induce leukocyte
activation. Vistafin functions as nicotinamide phosphoribosyltransferase involved in
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NAD+ synthesis pathway and hence plays a role in energy metabolism by regulating
level of NAD+ in the cell [23].

Vistafin is involved with many signalling pathways. The phosphatidylinositol 3
kinase (PI3-kinase) signalling involves vistafin which in turn activates MAPK and
p70 ribosomal S6 kinase which are recruited in protein synthesis. Protein kinase B
(Akt) pathways block the release of visfatin and hence inhibition of PI3kinase. In
addition, PI3 kinase is found to be important for insulin-stimulated glucose transport.
Besides, Visfatin plays a role in activation of extracellular signal-regulated kinases
(ERK)-dependent pathway thereby stimulates angiogenesis [24].

TNF-α

TNF-α is a 23 kDa transmembrane protein which is found as a 17 kDa soluble
molecule in circulation after undergoing cleavage. It is an important regulatory and
immunomodulatory biomolecule. Thus it regulates immune function, cell differenti-
ation, proliferation, apoptosis and energy metabolism. Macrophages are the primary
source of inflammatory cytokines and these macrophages infiltrate into adipocytes
and hence lead to increased levels of TNF-α in obese condition. The expression
level of mRNA of TNF-α in adipose tissue has shown correlation with insulin
resistance and some studies demonstrate that TNF-α can impair insulin signalling.
Tumour necrosis factor-alpha receptor 1 (TNFR1) and tumour necrosis factor-alpha
receptor 2 (TNFR2) are the cell surface receptors of TNF-α. In adipose tissue TNF-α
also stimulates the activation of NFκB pathway (nuclear factor kappa B), MAPK
(mitogen-activated protein kinase) pathway, ERK (extracellular signal-regulated
protein kinase) pathway, p38 and JNK (c-Jun N-terminal kinase) pathways [12].

Interleukin-6

Adipose tissue is known to secrete 30% of the IL-6 in the body. Increase in obesity
leads to increase in IL6 which is known to lead to cardiac issues such as coronary
artery disease and atherosclerosis. Many physiological processes are influenced by
IL6 and plays a role inmetabolism in the body. Increase in IL-6 secretion up regulates
SOCS3 which hinders the insulin induced insulin receptors and IRS-1 phosphory-
lation leading to inhibition of insulin signalling pathway. IL6 receptor α (IL6-Rα)
stimulates IL6 signalling through signalling protein IL6ST.

The IL6 signalling is mediated by IL6 receptor α (IL6-Rα) through the signalling
protein IL6ST (also known as gp130). The signalling can bemediated by IL6 binding
to IL6-Rα/IL6ST in the plasma membrane or by interaction of IL6ST with IL6Rα

bound to IL6. IL6 signalling activation in turn activates the JAK1-STAT3 pathway
which targets Il4ra promoter leading to increased IL4-Rα expression in macrophages
and supresses insulin resistance caused by obesity. Leptin secretion by adipocytes
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increases in presence of IL6 in circulation and suppresses satiety. Again, IL6 causes
to increase adipose tissue lipolysis resulting enhanced hepatic gluconeogenesis and
hepatic insulin resistance. It increases the damageof adipose tissue following exercise
and in response to cancer cachexia. Furthermore, IL6 signalling induces paraven-
tricular nucleus of the hypothalamus and thus improves energy and glucose home-
ostasis in response to obesity. Again the role of IL6 to increase insulin secretion by
an incretin-based mechanism has been elucidated. IL6 thus displays its potentials
acting at key sites of metabolic regulation in several tissues [25].

Angiotensin

Angiotensin is an important part of the renin-angiotensin system (RAS) which
supports in the regulation of blood pressure as well as the sodium ion regulation
for maintenance of extracellular fluid balance. Presence of RAS system in white and
brown adipose tissue has been reported. Adipose tissue is the second major source
of angiotensin after liver. Angiotensin is the precursor molecule for angiotensin II
which in the main hormone in RAS system is known to play a role organogenesis.
Angiotensin II in turn is known to influence the adipocyte growth, lipid metabolism
and adipokine regulation. Long chain fatty acids (LCFA) and non-metabolized fatty
acids which are present in pre adipocytes behave as activators of the angiotensin gene
[26].

Adipokines in Health and Diseases

Obesity is known to be the main cause of many metabolic disorders which includes
type 2 diabetes, cardiovascular diseases (like hypertension, coronary heart disease,
stroke), fatty liver disease, diseases of central nervous system (dementia), as well as
cancer. Interestingly, Adipose tissue is a depot of secretagogue, known to secrete over
600known secretory proteinswhich help inmaintenance of bodymechanisms such as
appetite regulation, insulin secretion, fat distribution, inflammation and homeostasis
[27]. The adipokine influence of some of the organs like brain, liver, pancreas, gut,
immune system, vascular system and adipose tissue in itself has been illustrated in
Fig. 2.2.

Obesity leads to alteration in adipokine secretion which results in diseases as it
influences many biological processes in the body. Genetic and environmental factors
in obese individual can lead to change in chronic positive energy balance leading to a
state of obesity. As it has been discussed, overweight leads to irregular distribution of
adipose tissue. This brings change in size, distribution, composition and its function.
As a consequence, adipocyte hypertrophy, ectopic fat deposition, hypoxia and stress
are reported which are the results of adverse changes in adipokine secretions. It is
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reported that in adipocyte hypertrophy insulin sensitivity is impaired while large
adipocytes secrete higher amount of proinflammatory factors [28].

Adipocytes influences immune systemby the secretion of factors like adipsin,ASP
(acylation stimulating protein). Adipokines like IL1β, IL6, Crp, MCP-1(monocyte
chemotactic protein-1), progranulin and chemerin play a role inmodulation of inflam-
mation. Leptin, FG21, adiponectin, resistin, vaspin help in the glucose metabolism.
Insulin sensitivity is influenced by adipokines like leptin, adiponectin, chemerin;
hypertension by angiotensinogen; cell adhesion by PAI-1; vascular function by
VEGF; adipogenesis by BMP7; lipid metabolism by CD36; and other functions.
Adipokines like leptin, vaspin influence eating disorder like anorexia nervosa and
cathepsin, apelin influence atherosclerosis development (Table 2.2) [29]. Adipokines
can also function as a biomarker for status of adipose tissue and underlying disorders.
Change in adipokine in circulation may point to adipocyte hypertrophy, apoptosis
and stress on the tissue. For context an obese individual with insulin sensitivity can
be differentiated from an obese individual with insulin resistance who is otherwise
metabolically healthy by the adipokine pattern in the serum. The obese insulin sensi-
tive individual will have higher adiponectin concentration and a lower concentration
of RBP4, chemerin, progranulin and fetuin-A [30].

Therapeutic Aspect of Adipokines

Over the recent years many novel adipokines have been discovered which influence
many biological processes in the body. Elucidating the function and targets can help
facilitate use of these adipokines in therapies in obesity and its related disorders.

Leptin Based Therapies

As discussed in the present review leptin plays a major role in energy metabolism
and also has a major endocrine function. Hence for the treatment of hypoleptinaemic
condition which causes irregular endocrine secretions, recombinant leptin can be
used. Hypoleptinaemic conditions are usually seen in extremely lean women having
amenorrhoea and also in lipodystrophy patients. Recombinant leptin can also be used
to regulate glucose levels of plasma in rodent Type 1 diabetes mellitus models having
low leptin levels. Leptin efficiency is however not reported much in human T1DM
and hence recombinant leptin administration may not be effective in human patients
with T1DM [31].

Leptin increases insulin sensitivity as well as lowers weight and these character-
istics of leptin makes it a useful therapeutic option to treat many metabolic diseases.
The therapeutic approach of leptin in reducing obesity has been in case of obesity
caused by loss of function due to leptinmutation in humans. However this therapeutic
approach of using leptin as antidiabetic drug has amajor drawbackwhich is that obese
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Table 2.2 Factors secrete by adipocytes and its role in health

Function References

Leptin • Energy homeostasis
• Regulation of immune function
• Regulate food intake
• Glucose and fat metabolism

[41]

Adiponectin • Glucose and lipid metabolism
• Anti-inflammatory effect
• Angiogenic and vasodilatory properties
• Role in insulin resistance/type 2 diabetes
and CVD

[7]

Resistin • Role in insulin resistance and diabetes
• Linked to development of atherosclerosis
and cardiovascular disease (CVD)

• Linked to non-alcoholic fatty liver
disease, autoimmune disease,
malignancy, asthma, inflammatory bowel
disease and chronic kidney disease

[42]

Vistafin Regulate energy metabolism during stress
responses and immune activation

[43]

TNF-α Pathogenesis of obesity and insulin
resistance

[27]

IL-6 Correlated with obesity, impaired glucose
tolerance, and insulin resistance

[27]

Retinol binding protein 4 RBP4 is a contributing factor for insulin
resistance in obesity

[44]

Angiotensin It helps in formation of Angiotensin II
which is known to regulate blood pressure
and electrolyte balance

[45]

Plasminogen activator inhibitor 1
(PAI-1)

Inhibits plasminogen activation which in
turn inhibits fibrinolytic system

[46]

Acyclation stimulating protein Regulation of lipogenesis [7]

FGF21 • FGF21 is induced by cold exposure and
stimulates conversion of WAT into beige
adipocytes

• Promotes thermogenic gene
expression in adipose tissue

[47]

Neuregulin Counteract chronic inflammation and
obesity associated metabolic changes in
the liver

[48]

MCP-1 • Contribute to the metabolic
abnormalities associated with obesity
and insulin resistance

• MCP-1 inhibits adipocyte growth and
differentiation

• Plays a role in development of
atherosclerosis

[49]

(continued)
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Table 2.2 (continued)

Function References

Adipsin (complement factor D) • It is a component of the alternative
complement pathway which is associated
with CVD

• Potential to modulate inflammatory
events

[31]

Apelin Apelin promotes insulin sensitivity and
glucose utilization in adipose and muscle
tissues and hence confers anti-obesity and
anti-diabetic effect

[50]

Chemerin It is an inflammatory chemokine and plays
a role in immunomodulation

[51]

Omentin-1 Anti-inflammatory effect [52]

Angiopoietin-like protein 8 Role in pancreatic β cell proliferation [27]

Cathepsins S, L, K Regulate glucose and lipid metabolism [53]

Clusterin Stimulates tumour progression as well as
angiogenesis

[53]

Fetuin-A Involved in lipid induced inflammation and
cancer progression

[54]

Lipocalin 2 Insulin resistance and inflammation [55]

Nestafin-1 Glucose dependent insulinotropic effect on
β cells

[55]

Proragranulin Chemoattractant protein, inflammation of
adipose tissue

[43]

RBP4 Visceral fat distribution, dislipidemia [56]

TGFβ Regulates cell proliferation, differentiation
and apoptosis

[56]

patients develop resistance to leptin. Furthermore obese rodents in preclinical studies
have been reported to have increased level of leptin in their plasma limiting its usage
as antiobesity drug.

In the case of leptin resistance there is a hindrance in the leptin uptake in the
cerebrospinal fluid and hence there is an impedance in leptin signalling in central
nervous system. The therapeutic solution for leptin resistance in obese patients is
managed by the use of islet hormone amylin which has been reported to sensitise
leptin signalling in central neurons by reducing intracellular stress. However before
the use of leptin as a therapeutic drug to treat metabolic diseases its adverse effects
must be analysed such as liver fibrosis [32].
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Adiponectin Based Therapies

Adiponectin signalling can be regulated and used as a therapeutic approach to help
in cardiometabolic diseases. Circulating adiponectin in plasma can be increased
by using PPARγ agonists present in abundance in adipose tissue. This therapeutic
approach has been reported to lower insulin resistance as well as fatty liver condition
in mice in comparison to wild type mice as well as adiponectin deficient mice.
Adiponectin receptors can be targeted to be stimulated to secrete more circulating
adiponectin by use of agonist AdipoRon which consists of two agonists ADIPOR1
andADIPOR2. This therapeutic approach was reported to lower insulin resistance an
also helped in reducing progression of inflammatory diseases like fibrosis validating
its use.

Even though increased concentration of circulating adiponectin in the blood is
involved in lowering of insulin resistance and reducing risk of developing type 2
diabetes mellitus, however the lacuna is that these benefits have not been confirmed
in large population studies. The therapeutic advantages reported in rodent models
have not been confirmed in human clinical studies an require much more exploration
to bring its use in the market [33].

Other Adipokine-Based Therapies

Leptin has made large leaps in its use as therapeutic molecule to treat metabolic
diseases, however other adipokines and factors secreted by adipose tissue have not
been validated and require far more promising reports and research. Adipokines
as therapeutic approach to treat metabolic diseases is not ideal as cardiometabolic
diseases require long term treatment for its efficacy but long term sustained dosing
with adipokines has higher risk of adverse events and maybe life threatening. One
such adipokine is neuregulin which is proven effective to help in management of
metabolic diseases however due to stimulation of epidermal growth factor receptors
(ERBB3 and ERBB4) poses a risk of developing breast cancer. Another factor which
limits the usage of adipokines as therapeutics is the fact that developing oral drugs
of adipokines poses a challenge [31]. Despite these challenges many adipokines are
candidates for use for treatment of metabolic diseases such as FGF21 (fibroblast
growth factor 21) which regularises serum glucose levels in rodent animal studies,
and diabetes mellitus patients. Furthermore a long acting analogue of FGF21 has
been reported to decrease liver steatosis in patients suffering from non-alcoholic
steatohepatitis. Growth differentiation factor 15 (GDF15) has also been proven to
be beneficial adipokine in reducing obesity in mice and monkey animal models.
Omentin is beneficial on reducing cardiac hypertrophy and atherosclerosis and has
been validated in various animal models as therapeutic solution for cardiovascular
diseases. The beneficial effects of recombinant vaspin against myocardial ischemia
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and pulmonary hypertension has been reported in rats. Some adipokines cause nega-
tive effects on metabolism and cause diseases such as fatty acid binding protein 4
(FABP4) which can be counteracted with antibodies against them. Treatment with
antibodies against extracellular FABP4 inmicemodels has reduced insulin resistance
and decreased obesity.

In conclusion adipokines as well as antibodies against adipokines have been
proven beneficial as therapeutics in the treatment of metabolic and cardiovascular
diseases in rodent and other animal models however their use in human patients is
still ambiguous and needs validation [34].

Discussion

Obesity is a definite outcome of significant energy imbalance and is found to be
root cause of several diseases. Adipose tissue do the solemn function to regulate
the energy balance being influenced by either ligand-mediated transcription factors
or with other types of transcription factors with the secretion of several different
signallingmoleculeswith endocrinal nature.Adipogenesis is the journey of the devel-
opments of adipocytes of different category where differentiation is again monitored
by several factors. Hormonal secretions are important in discussion of adipocytes
associated physiological functions. Where we observe adiponectin and leptin are
well studied.

While there is a breach of the regulatory discipline of adipogenesis, the subject
gains body mass and volume and becomes obese. Due to these phenomenal changes,
fat cross the site of adipose tissue to get accumulated in non-adipose tissues like brain,
heart, gut, liver, muscle and pancreas (Fig. 2.1). This results fat-associated toxic envi-
ronment and consequently leads to lipotoxicity. Lipotoxic condition influence erratic
glucose and fat metabolism in different organs resulting diabetes, insulin resistance,
fatty liver, complications associated with cardiovascular diseases, cancers and many
more. Energy regulation therefore has so far been identified as the key factor to
combat obesity and associated diseases. Several natural ligands to some transcription
factors are investigated to be used to control obesity. In our study, probiotic Pedio-
coccus pentosaceus GS4 (MTCC 12683) has the ability to biohydrogenate linoleic
acid to conjugated linoleic acid (CLA) which is a natural ligand for PPARγ [35].
In another study, we could demonstrate that this CLA producing property can miti-
gate the azoxymethane-induced toxicity and carcinogenesis in mice [36]. Structural
deformities in the intestine was reduced by GS4 by increasing disaccharides associ-
ated with brush border membrane, increasing intestinal alkaline phosphatase activity
as well as enhancing kidney and liver functions. In another study, we also demon-
strated and reported that CLA biohydrogenated by GS4 (MTCC 12683) reduced
the proliferation of HCT-116 in vitro by apoptosis and abrogated NF-kB and p-
Akt with demonstrable mitigation of colon cancer in mice with triggered apoptosis
in colonocytes, PARP [poly(ADP-ribose) polymerase] cleavage, caspase 3 activity,
DNA fragmentation and iHDAC (histone deacetylase inhibitors) activity [37]. In
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separate study, it was demonstrated by another efficient probiotic strain, Entero-
coccus faecalis AG5 assimilates cholesterol and produces free fatty acids including
propionate [38] with the ability of controlling obesity among high-fat diet induced
mice [39]. This study is an evidence of the role of propionic acid produced by AG5
diminishes the inflammatory response by reduced level of TNF-α; induces apop-
tosis in 3T3-L1 pre-adipocytes monitoring expression of PPARγ, 5-LOX, NF-kB,
p-AKT, caspase-10 and caspase 3/7 [39]. Besides, many hypolipidemic compounds
have been formulated along with thiozolidinediones, popularly known as glitazones
to treat type 2 diabetes as well as fat regulation.

Development of adipose tissue occurs and response to nutritional changes occur
in the foetus. Other than regulating lipid storage and release adipose tissue secretes
hormones and factors which control metabolism by regulating cellular function in
diverse target cells an organs. After the discovery of leptin in 1994 and its role in
metabolism adipose tissue has been considered as an endocrine organ and further
research began on other hormones and factors secreted by adipose tissue and its role.
As numerous adipokines were discovered its effect on several systems in the body
as well as its link to obesity and metabolic disorders were elucidated and a new field
of study was established [40].

Subsequently in the years to come, many new adipokines will be discovered and
their role in different body systems will be elucidated. The role of these adipokines
on metabolism can help develop therapeutic solutions to many metabolic diseases
with initial studies validated in animal models which further can be translated into
clinical studies in humans. The recent insight pointing to the possibility of stem
cell derivation from adipose tissue and also the discovery of many cell types and
adipokines, which will help recognise the complex role adipose tissue play in the
human body which was once regarded as a simple storage tissue regulating energy
metabolism
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Interaction Between Genetics
and Epigenetics in Obesity and Their
Clinical Significance
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Abstract Complex interplay of genetics and environmental factors in developing
obesity has attracted a lot of attention in recent years. Different approaches in genetic
analysis has illustrated numerous genetic loci that contribute in adiposity traits as
monogenic obesity, syndromic obesity, and polygenic obesity. However, current
studies are mostly on coding genes. Studies propose that epigenetic modifications
such as DNAmethylation plays a substantial role in the regulation of genes, involved
in obesity-related processes. Also, miRNAs determine the adipocyte fate. Mechanis-
tically they have impact on adipogenesis, adipocyte differentiation, lipidmetabolism,
glucose homeostasis, and insulin resistance. On the other hand, long non-coding
RNAs play a protective role in metabolic dysfunction during obesity. Even though
there are huge amount of evidence regarding genetic and epigenetic factors involved
in development of obesity, there are lots of questions yet to be answered.
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α-MSH Alpha-melanocyte stimulating hormone
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ADINR Adipogenic differentiation-induced noncoding RNA
ASMER-1 Adipocyte-specific metabolic related-1
BMI Body mass index
BAT Brown adipose
BMP Bone morphogenetic protein
BMSCs Bone marrow–derived stromal cells
CpGs Cytosine guanine site
CEBPs CCAAT/enhancer binding proteins
DNA Deoxyribonucleic acid
DMRs Differentially methylated regions
DZ Dizygotic
EBF2 Early B-cell factor 2
EBPs Enhancer-binding proteins
FABP4 Fatty acid-binding protein 4
GWAS Genome-wide association study
GRS Genetic risk score
GSK3β Glycogen synthase kinase 3 beta
HIF Hypoxia inducible transcription factor
HbA1c Hemoglobin A1c
HDL High-density lipoprotein
HOTAIR HOX Transcript Antisense RNA
HOXD Homeobox D Cluster
IL Interleukin
IGF1 Insulin-like growth factor 1
Kb Kilobase pair
Kg Kilogram
LncRNA Long noncoding RNA
LPL Lipoprotein lipase
MSH Melanocyte stimulating hormone
MZ Monozygotic
miRNAs MicroRNAs
MSC Mesenchymal stem cell
MAPK1 Mitogen-activated protein kinase 1
miR-30 MicroRNA-30
ncRNA Non-coding RNA
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PC1 Prohormone convertase 1
POMC Pro-opiomelanocortin
PPARγ Peroxisome proliferator-activated receptor gamma
PGC1α Peroxisome proliferator-activated receptor gamma coactivator 1 alpha
PRDM16 PR-domain containing protein 16
PRC2 Polycomb repressive complex 2
RNA Ribonucleic acid
Runx2 Runtrelated transcription factor 2
SNPs Single nucleotide polymorphisms
SREBPs Sterol regulatory element-binding protein
SAT Subcutaneous adipose tissue
SRA Steroid receptor RNA activator
TNF Tumor necrosis factor
TRIM3 Tripartite motif-containing 3
T1D Type 1 diabetes
T2D Type 2 diabetes
UBASH3A Ubiquitin-associated and SH3 domain-containing A
UTR Untranslated region
UCP1 Uncoupling protein 1
VMRs Variably methylated regions
WHR Waist to hip ratio
WAT White adipose
Wnt Wingless-related integration site

Introduction

Overweight and obesity are defined as the presence of excessive and abnormal
body fat accumulation that is a health risk. Obesity rates are rising rapidly world-
wide, becoming a public health problem [1]. Understanding molecular mechanisms
underlie changes in bodyweight and obesity has received a lot of attention in biomed-
ical and clinical research. This potentially provides new insight towards in depth
pathophysiology of the issue and designing the new strategies for preventing and
curing the condition. Obesity is measured by two anthropometric measures called
waist to hip ratio (WHR) and body mass index (BMI) [2].

At this point, it is clear that obesity arises from a complex interplay of genetics and
environmental factors. At a molecular level, epigenetics offers a tool that mediates
the interactions of these factors. This chapter aims to give an overview of the current
knowledgeonhowgenetics and epigenetic regulation are involved in the development
of obesity [3].
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Genetic Contributions to Obesity

Over the years, different approaches in genetic analysis including linkage analysis,
candidate gene association screening, and genome-wide association studies (GWAS)
have detected numerous genetic loci that are likely to influence adiposity traits [4].
However, themost common genetic variants are thought to account for less than 1.5%
of the overall inter-individual variation in BMI [5, 6]. Thus, undoubtedly genetics
plays an important role in obesity-related biochemical processes, yet it alone cannot
explain the recent increase in worldwide obesity rates [7]. A single gene presenta-
tion will not make a significant change in bodyweight. More than 100 various genes
that are discovered in obesity make less than 100 g change in the bodyweight [8].
However, some single genes have a huge influence on bodyweight which are catego-
rized as pleiotropic syndromic obesity [9]. Polygenic traits affect bodyweight much
more and are more associated with obesity [10, 11]. It is known now that genetic
mutations unbalance numerous metabolic hormones such as leptin, ghrelin, anorex-
igenic and orexigenic neuropeptides [12]. Moreover, other obesity genes interact in
the central nervous system [13].

Monogenic Obesity

A monogene is a gene with a direct effect on the phenotype. The GWAS cleared
more than 40 monogenes in obesity [14]. These monogenes mostly interfere with the
leptin/melanocortin pathway along with the whole body homeostasis by influencing
the central nervous system. Leptin deficiency is still the only genetic disorder that
can be modified by pharmacological treatment [15].

The autosomal recessive variant with a mutation in single genes for leptin, leptin
receptor, prohormone convertase 1 (PC1), or pro-opiomelanocortin (POMC) has a
direct correlation with early onset obesity. People with these mutations are distin-
guished from some typical phenotypes including red hair, impaired fertility, reduced
immunity, and adrenal insufficiency [16].

Most monogenes cause obesity by contributing to the neural system. Different
neurologic pathways and mediators are discovered which regulate central nervous
system cell receptors. Dopamine, proopiomelanocortin, proopiomelanocortin,
melanocortin, natriuretic peptide, and proopiomelanocortin are the most signifi-
cant mediators in neural obesity. Transcription of some brain hormone genes and
neurotransmitters are also involved in body mass regulation. These gene expres-
sions mostly affect energy expenditure, appetite, satiety, and other food consumption
behavior. The main genes that interfere with modification of dieting behavior mostly
encode dopamine, serotonin and, cannabinoid receptors in the CNS. The most influ-
ential genes areMC4R, NEGR1, SDCCAG8, ETV5, GNPDA2, PRL, FAIM2, NRXN3,
KCTD15, FTO which regulate body mass via hypothalamic signaling [3, 17] (Table
3.1).
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On the other hand, visceral obesity is regulated through different pathways
from metabolic hormones to cytokines. Genes encoding adiponectin, adiponu-
trin, apolipoproteins, guanine nucleotide-binding protein, lipase, insulin, androgen,
estrogen, progesterone, corticotropin releasing hormone, growth hormone, chole-
cystokinin, and vitamin D contribution to the development of obesity. The adipo-
genesis, metabolism, and thermogenesis enzyme receptors are also coded by the
genes which are significantly correlated with obesity; such as ATPase, fatty acid
synthase, glycogen synthase, adrenergic alpha, and beta receptors, and fatty acid-
binding proteins. Cytokines such as IL6, IL10, and TNF as well as renin-angiotensin
pathways also influence the development of obesity [18]. LYPLAL1/SLC30A10,
TFAP2B, NCR3, AIF1, BAT2, PTER, MTCH2, SH2B1, MAF are the most signif-
icant genes that control visceral obesity through regulating serum leptin, adipose
tissue, and apoptosis [3, 17] (Table 3.1).

Despite shreds of evidence that argued women are more likely to be obese with
the same genotype and the presence of some female-specific obesity genes such as
LYPLAL1, The GRS did not detect any important sex-specific risk variant and its risk
is similar in men and women [19].

Although the following genes are expressedmore in females in comparison with a
male, there is no evidence for sex phenotypical differences related to these genes. The
GRB14/COBLL1, LYPLAL1/SLC30A10, VEGFA, ADAMTS9, MAP3K1, HSD17B4,
and PPARG are expressed specifically in women and affect waist phenotype [20].

Clinical Significance of Genetic Mutation

The genetic risk score (GRS) is established to analyze GWAS by gathering data
from multiple risk single nucleotide polymorphisms (SNPs). GRS-BMI and GRS-
obesity correlation studies are more significant in European descent but not African
Americans, Asians, and Hispanics [19]. Obesity risk assessment using GWAS and
GRS data is less valuable in the absence of environmental factors such as lifestyle,
geographic, demographic, socioeconomic, and cultural factors. Although estimation
of pure genetic influence on anthropometric indices is difficult because of the multi-
factorial nature of obesity, some significant genes are detected that influence body
mass index. The FTO, INSIG2, andMC4R variants increase body weight for almost
3 kg, 1 kg, and less than 1 kg respectively. The effect of the genes on anthropometric
indexes is indicated in Table 3.1.
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Polygenic Obesity

Any trait that is inherited by various alleles of a distinct gene is called a polygenic
variant. In polygenic traits, each allele phenotype inheritance causes a small quanti-
tative change in the trait. The addition of all alleles causes a certain phenotype. Body-
weight is adjusted with many types of these polygenic variants. Polygenic obesity or
common obesity is a set of polygenic variants and the main cause of obesity mostly
with the presence of an obesogenic environment. The hereditability of obesity is
discussed in twins and vertical familial obesity. The evolutionary hypothesis argued
that these genes are mutated and specified for more efficient nutrition storage and
fat-rich diet consumption therefore the person will gain extra weight and will have
more survival chance [21]. The GWAS showed these genes inherit as gene blocks
simultaneously. Different alleles are involved in the development of obesity. The
frequency of each allele translation and related proteins will determine the quantita-
tive body mass index and obesity level. Therefore, every single individual presents
a specific set of obesity polygenic variants that are different from another obese
individual. Some of the most influential correlated genes in polygenic obesity are
melanocortin-4 receptor gene (MC4R), FTO, and INSIG2 [11].

Melanocortin-4 Receptor Gene (MC4R)

A 188 Kb single gene that influences obesity is MC4R which is located on the long
arm of chromosome 18 and encodes a G-protein receptor. The polymorphism on
rs17782313 has the second strongest obesity effect on individuals after FTO the
C-allele in this polymorphism cause more than 700 g bodyweight gain. The effect
of C-allele is twice in children aged 7–11 years old in comparison with adults and
it causes more weight gain in this group. The specific expression of MC4R in the
paraventricular nucleus of the hypothalamus demonstrated its influence on central
nervous system obesity [11].

Themetabolic hormones including insulin and leptin stimulate G-protein receptor
transcription from MC4R. This receptor causes a neuron signaling pathway from
proopiomelanocortin (POMC) to alpha-melanocyte-stimulating hormone (α-MSH).
The final product which is α-MSH sends a negative feedback response to stimu-
late MC4R translation and causes a satisfaction feeling in the individual. On the
other hand, it increases energy expenditure. Mutation in MC4R decreases satisfac-
tion feeling and energy expenditure which leads to severe obesity. In conclusion the
effect of this cascade will increase the food and fat intake especially in younger ages
and lead to early-onset obesity [22]. Furthermore, this mutation is associated with
hyperinsulinemia, increased growth rate, and higher bone density [23].
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Fat Mass and Obesity-Associated Gene (FTO)

The FTO is a known gene for diabetes mellitus type 2 and apparently the first cause
of obesity. This gene is located on the long arm of chromosome 16 [24]. Almost six
SNPs are found in the FTO gene which has a strong correlation with obesity. The A-
allele in the rs9939609 polymorphism is associated with a more than 30% increased
risk of obesity. This homozygous polymorphism is the reason for almost 1% of all
obesities causing 2–3 kg extra weight. The carriers of both FTO and INSIG2 are at
risk of overweight obesity [11, 25].

Although the FTO does not influence fat and glucose metabolism pieces of
evidence are in support of lower insulin response. FTO apparently belongs to the
alpha-ketoglutarate-dependent dioxygenase (AlkB) family and associated with DNA
demethylation. TheFTO expression in hypothalamic nuclei influences energy intake,
feeding, and fasting regulation. It is discussed thatFTO gene defect is associatedwith
postnatal growth retardation, microcephaly, low psychomotor response, and some
other skeletal, neural cardiac, and genital defects [26, 27].

This gene expression on brain hypothalamic arcuate nuclei influences individuals’
energy intake by a tendency to more energy-dense food, reduced feeling of satisfac-
tion, and loss of overeating control. It interface with appetite and satiety regulation
by coding 2-oxoglutarate-dependent nucleic acid demethylase. It also diminishes
adipocyte lipolysis by energy expenditure or physical activity reduction [28, 29].

Insulin-Induced Gene 2 (INSIG2)

The association between obesity and insulin-induced gene 2 (INSIG-2) is yet to be
discussed. The INSIG2 is a 10 Kb gene located on the long arm of Chromosome 2.
The C-allele of rs7566605 SNP is found in almost 10% of individuals with obesity.
Several studies showed a significant association while some studies which aremostly
conducted in Asian regions showed less significant relations. It is discussed that CC
genotype is mostly associated with severe obesity and does not have a significant
correlation with BMI. This genotype and increased fat storage were to protect indi-
viduals in tough situations such as starvation or heavy physical activities however
after industrialization it is the cause of obesity. Its recessive homozygous trait causes
a 1 kg weight increase which is mostly related to higher subcutaneous adipose tissue.
It is related to blood fatty acids and cholesterol increase. Interaction of INSIG2 and
sterol regulatory element-binding protein (SREBPs) causes increased serum leptin,
increased cholesterol, and fatty acid metabolism and adipogenesis [30].
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Syndromic Obesity

TheMendelian syndromic form of obesity which is also called pleiotropic syndrome
causes a genetic abnormality that leads to an imbalanced energy profile. This is a
set of signs and symptoms along with obesity that follow Mendelian autosomal or
X-linked inheritance. The syndromic obesity usually presents by an obese individual
who carries other genital or dysmorphic abnormalities appearing in mid-childhood.
It is mostly known by Prader–Willi and Bardet–Biedl syndromes. The exact genetic
cause of most syndromic obesities is not yet defined because of their low prevalence.
Out of total of 79 syndromic obesity, only 19 genetic foundations are completely
elucidated. Other syndromes are either unnamed because of various phenotypical
presentations or have more than one name for example Carpenter syndrome, which
is also named acrocephalopolysyndactyly type II [31, 32].

The X-linked syndromes and related genes are as following: Börjeson-Forssman-
Lehmann Syndrome associated with PHF6, Chudley–Lowry syndrome associ-
ated with XNP/ATR-X, Coffin–Lowry syndrome associated with RSK2/RPS6KA3,
Cornelia de Lange syndrome/Brachmann-de Lange-syndrome associated with
SMC1A, HDAC8, Kabuki syndrome/Niikawa–Kuroki syndrome associated with
KDM6A/UTX/KABUK2, Kallmann syndrome/ Hypogonadotropic hypogonadism
with anosmia associated with KAL1, Prader–Willi-like phenotype associated with
FMR1 [31, 33–38].

The syndromes which follow the autosomal dominant inheritance are as
follows: Albright hereditary osteodystrophy/pseudohypoparathyroidism type Ia
is associated with GNAS1/GNAS; CHOPS syndrome with AFF4, Cornelia de
Lange syndrome/Brachmann-de Lange-syndrome with NIPBL and RAD21; Kabuki
syndrome/Niikawa–Kuroki syndrome with KMT2D/MLL2/ALR/KABUK1; Kall-
mann syndrome/ Hypogonadotropic hypogonadism with anosmia with FGFR1;
Kleefstra syndrome/9q34.3 deletion syndrome with EHMT1; Prader–Willi-like
phenotype with SIM1 and MRAP2; Proximal 16p11.2 deletion syndrome with
SH2B1 and KCTD13; Rubinstein–Taybi syndrome with CREBBP and EP300;
Smith–Magenis syndrome with RAI1; WAGRO with BDNF [31, 39–45].

Autosomal recessive is the inheritance pattern of the following syndrome by the
following genes.

Alström syndrome and ALMS1, Bardet–Biedl syndrome/ Laurence-Moon-
Bardet–Biedl syndrome and BBS1, BBS2, BBS3/ARL6, BBS4, BBS5, BBS6/MKKS,
BBS7, BBS8/TTC8, BBS9/PTHB1, BBS10, BBS11/TRIM32, BBS12, BBS13/MKS1,
BBS14/CEP290, BBS15/WDPCP, BBS16/SDCCAG8/NPHP10, BBS17/LZTFL1,
BBS18/BBIP1, BBS19/IFT27, BBS20/IFT172, and BBS21/C8ORF37, Carpenter
syndrome/acrocephalopolysyndactyly type II and RAB23, Cohen syndrome and
VPS13B/COH1, Kallmann syndrome/ Hypogonadotropic hypogonadism with
anosmia and, PROKR2, SOX10, Laron syndrome/growth hormone receptor defi-
ciency, and GHR, MORM (mental retardation, truncal obesity, retinal dystrophy,
and micropenis) syndrome and INPP5E [31, 46–51].
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Moreover; the Angelman syndrome is associated with UBE3A and Prader–Willi
syndrome/ Prader–Labhart–Willi syndrome is associated with MKRN3/ZNF127
AND MAGEL2 [49].

Epigenetic Contributions to Obesity

Epigenetics refers to persistent, reversible, and mitotically and/or meiotically heri-
table changes of gene function that do not involve changes in the underlying DNA
sequence [52, 53]. The main epigenetic mechanisms include DNAmethylation, non-
coding RNAs, and histone modifications. Epigenetic processes are considered as an
important source of inter-individual variability that might contribute to complex
traits.

Impact of DNA Methylation on Obesity

DNA methylation is the most widely studied epigenetic mechanism known to be
involved in biological processes. In eukaryotes, DNA methylation occurs when a
methyl group is transferred to the 5′ position of a cytosine residue, specifically at
cytosine-phosphate-guanine dinucleotides (CpG). This process is catalyzed by three
independently encoded DNA methyl transferases (DNMTs), DNMT1, DNMT3A,
and DNMT3B, which use S-adenosyl methionine as the methyl donor.

DNA methylation can exert its function through two main modalities, including
physical impeding of transcription factor occupancy on CpG-dense promoters, or via
recruiting histone-modifying factors and formation of compact, inactive chromatins
[54]. Due to its important regulatory functions, the deregulation of DNAmethylation
is often associated with multiple human diseases.

In somatic cells, DNA methylation patterns are remarkably stable and trans-
mitted with high fidelity across cell division. DNMT1 is responsible for maintaining
pre-existing methylation patterns by using hemimethylated DNA as a substrate for
restoring the methyl group to a cytosine residue. On the other hand, DNMT3a and
DNMT3b are referred to as de novo methyltransferases, which are responsible for
methylation of double-stranded DNA that is not methylated. DNA methylation is
generally considered to be associated with gene silencing, and DNA demethylation
is usually correlated with gene activation [55–57]. DNAmethylation can be removed
by two distinct passive and active mechanisms. Passive demethylation refers to the
dilution of DNA methylation during successive rounds of replication in the absence
of functional DNA methylation maintenance machinery. By contrast, active DNA
demethylation is an enzymatic process that removes or modifies the methyl group
[58, 59].

DNA methylation is a dynamic epigenetic modification, finely tuned by different
intrinsic and extrinsic environmental factors during early development, postnatal
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maturation, puberty, and aging. The establishment of methylation patterns at the
post-implantation stage results in interindividual variation termed metastable epial-
leles. Due to differences in epigenetic modifications, these alleles show a vari-
able expression state between genetically identical individuals [60]. An individual’s
epigenome also can change throughout a person’s lifetime; however, these epigenetic
modifications occur in a tissue-specific manner [61].

A growing body of evidence suggests that DNA methylation plays a significant
role in the regulation of genes, involved in obesity-related processes, such as adipo-
genesis, inflammation, appetite, nutrient metabolism, insulin signaling, and thermo-
genesis [62]. Thus, the study of DNA methylation patterns provides insights into an
explanation and understanding of the etiology of obesity that has been missed by
conventional GWAS.

To identify the impact of methylation status on the etiology of obesity three
main approaches, including epigenome-wide association studies (EWAS), integrated
GWAS and EWAS analyses and candidate-gene approach have been undertaken
in the present literature. While the candidate gene approach is hypothesis-driven,
genome-wide linkage and genome-wide association are hypothesis-free.

Genome-Wide DNA Methylation Studies of Obesity

The recent development of epigenome-wide technologies for DNAmethylation anal-
ysis has greatly increased our understanding of the genetic basis of human disease,
especially complex traits. In contrast to targeted gene approaches, genome-wide
DNA methylation studies simultaneously conduct methylation profiling across a
large number of genes and CpGs.

With genome-wideDNAmethylation approaches several obesity-associated alter-
ations in DNA methylation patterns at specific sites that are enriched both in obesity
candidate genes [63] and in or near genes with no known function related to obesity
[63–65].

However, unlike genetic variants that normally remain constant over the lifespan
of an individual and can be interpreted as causal for the observed phenotype, DNA
methylation patterns can either be stable or get modified reversibly due to fluctuating
environments [66]. Thus, while the studies are interested to find the causative roles of
DNAmethylation in disease etiology, it can also be affected by the disease itself. So,
in the context of obesity and related conditions, it is of great importance to determine
if methylation patterns play causal roles in the development of these traits or if they
are a consequence of disease status, or whether the associations are the result of
confounding.

In a pioneer study by Feinberg et al. [67] the detailed methylation status of CpG
sites from lymphocyte in several dozen individuals at two different time points, over a
decade apart, indicated that a combination of genetic determinants and environmental
factors are involved in the regulation of DNA methylation. In this study, more than
200 variably methylated regions (VMRs) distributed over the entire genome, were
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detected. Half of these VMRs were stable within individuals over time and defined
as personalized epigenomic signature or epialleles. Four stable VMRs, located in or
near genes previously implicated in regulating body weight or diabetes (PM20D1,
MMP9, PRKG1, and RFC5) were indicated to be correlated with BMI. PM20D1 and
MMP9were earlier described to be upregulated in obese individuals [68–71].PRKG1
is involved in nutrient absorption, allocation, storage, and energy acquisition [72],
potentially playing a role in weight changes. Moreover, RFC5, a replication factor C
subunit 5 is required for DNA damage checkpoint control, which make it a potential
player in well-known but poorly understood DNA damage–related complications
of obesity [73]. These early results strongly support the idea to use methylation
signatures as a risk determinant for obesity development.

Based on evidence linking obesity to impaired immune function, Wang et al. [64]
conducted a study to explore methylation patterns in peripheral blood mononuclear
in obese versus lean subjects. Their findings demonstrated an increased methyla-
tion level at one CpG site in the UBASH3A (ubiquitin-associated and SH3 domain-
containing A) gene and decreased methylation level at one CpG site in TRIM3
(tripartite motif-containing 3) gene in obese subjects compared with lean controls.
UBASH3A negatively regulates T Cell Receptor (TCR) signaling and T cell acti-
vation [74] through multiple mechanisms [74, 75]. Interestingly, GWAS had previ-
ously demonstrated the implication of DNA variants proximal to UBASH3A in the
development of type 1 diabetes (T1D) [76].

Besides, UBASH3A deficiency has been reported to accelerate the development
of T1D, which was associated with increased accumulation of β-cell autoreactive T
cells in the spleen and pancreatic lymph node [77]. Thus, the findings of Wang et al.
[64], when placed in context with existing genetic data, suggest that altered methy-
lation patterns of UBASH3A may play a role in obesity-induced immune dysfunc-
tion. Intriguingly, TRIM3, which belongs to the superfamily of TRIMproteins, is also
involved in immune response [78], which may explain why differential methylation
patterns of these genes were visible in blood leukocytes. However, these results are
not easy to interpret, as the functional consequences of hypermethylation at these
two genes, even though related to immune function has not yet been clearly defined.

A study by Dick et al. [79] was the first replication cohorts that applied a genome-
wide analysis of methylation at CpG sites concerning BMI. The study reported
increased methylation at three CpG sites in intron 1 of HIF3A to be positively asso-
ciated with BMI in both subcutaneous adipose tissue (SAT) and whole blood cells.
HIF3A is a component of the hypoxia-inducible transcription factor (HIF), which
plays a crucial role in cellular and physiological responses to hypoxia during normal
or pathological processes.

Compelling experimental data suggest that the HIF system is also implicated
in body metabolism, energy expenditure, and obesity [80–83]. HIF3A plays a
role in glucose and amino acid metabolism, adipocyte differentiation as well as a
physiological response to insulin [79, 84, 85].

Dick et al. [79] also reported significant independent associations between geno-
types at two SNPs—rs8102595 and rs3826795, upstream ofHIF3A andmethylation.
However, these variants did not show any association with BMI, suggesting that



3 Genetic and Epigenetic Contribution in Obesity… 67

increased methylation at the HIF3A locus is a result of increased BMI rather than
being a causative factor.

But the study did not consider potentialmodifying effects of environmental factors
on the genetic associations. Accordingly, the possible association between environ-
mental factors and the state of HIF3A methylation in the development of adiposity
was further investigated in subsequent studies [86, 87].

In this regard, Pan et al. [87] applied a candidate-gene approach to investigate the
association of infant weight with HIF3A methylation at birth. The previous results
were replicated showing an association between higher methylation levels at three
described HIF3A CpGs and greater infant weight or adiposity. However, no partic-
ular prenatal factor that strongly influences HIF3A hypermethylation, was identified
[87]. Interestingly, CC genotype for two of the CpGs and rs3826795 has been asso-
ciated with higher methylation values at the HIF3A locus, and birth weight was
more strongly correlated with HIF3A methylation in this genotype group. Built on
previous studies showing that neonatal methylation patterns are often a product of
the interaction of the in utero environment and genotype [88], the authors suggested
that the CC genotypic group could be more plastic to environmental exposures in
utero.

In twoother independent cohorts,Huang et al. [86], demonstrated significant inter-
actions between DNA methylation–associated HIF3A SNP (rs3826795) and intakes
of vitamin B2, vitamin B12, and folate on 10-year changes in BMI [86]. Even though
these results did not indicate significant associations of HIF3A rs3826795 variant
with adiposity measures, but, positive associations between this DNA methylation
at this variant and total B-vitamin intake with 10-year BMI changes, supports the
hypothesis that DNA methylation may causally affect body adiposity. This high-
lights the importance of considering environmental factors when assessing the DNA
methylation inference regarding causality.

Association between DNA methylation pattern and obesity-related traits have
been replicated in several studies; but, failed to be confirmed in others, indicating
substantial false positive findings may exist in these genome-wide methylation
studies [89–92]. However, these results are a step toward understanding the func-
tional role of associated variation in the pathophysiology of obesity and identifying
new molecular targets to avert its negative health consequences.

Interactions Between Genetics and Epigenetics

A growing body of evidence points towards implications of epigenetic mechanisms,
includingDNAmethylation, in the pathogenesis of variousmetabolic traits including
obesity. As patterns of DNA methylation are suggested to be widely genotype-
dependent, genetic variations need to be taken into account when examining DNA
methylation in the context of disease.

Thus, studies assessing whether individual variation in DNA methylation at
metastable epialleles predicts the risk of adult weight gain would likely give new
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insights to the field. Genetic variants are suggested to bemajor contributors tomethy-
lation variation and evidence is available that SNPs can affect methylation in nearby
(cis) or distant (trans) CpGs. Moreover, SNPs present in the methyltransferase is
demonstrated to affect their enzymatic activities [93]. Thus, despite ample evidence
for a correlation between methylation status and obesity, the interpretation of their
causal relationship is still challenging.

Along with an increased understanding of the interplay between genetic factors
and epigenetics, some studies have incorporated data on genetic variants associated
with DNAmethylation (methylation quantitative trait loci, meQTL) into results from
GWAS for complex traits. These approaches provide potential tools for clarification
of the unsolved previously identified disease-associated SNPs and mechanism by
which methylation patterns can be transmitted across generations.

However, to date, scarce numbers of studies have focused on meQTL analysis for
multifactorial obesity. The study by Drong et al. [94] was the first to report many
cis-meQTLs in abdominal SAT as well as a significant association between meQTL
and two cis-mRNAs (TNFRSF11B and GOT1) that encode for proteins implicated
in T2D and metabolic syndrome [95, 96].

Grundberg et al. [97] extended these findings by assessing the genetic contribution
to methylation level changes in adipose tissue from female twins. They reported a
high degree of sequence dependency of variable CpG sites. However, the majority of
these CpG sites did not have a biological mechanism or their functions have not been
fully elucidated. They found that one of the top metabolic disease loci overlapping
an enhancer metQTL (rs713586:T > C) [5] significantly affects DNAmethylation in
an enhancer region upstream of adenylate cyclase 3 (ADCY3), a metabolic-disease
associated gene. Fine-mapping clarified that this is regulated via altered binding of
a transcription factor (USF1) involved in lipid and glucose homeostasis.

Further study by Volkov et al. [98] provided a complete overview of genetic
loci in both cis and trans positions that affect genome-wide DNA methylation in
adipose tissue as well as metabolic phenotypes, including lipid and glucose traits.
In line with previous mQTL analyses, they reported strong interactions between
genetic and epigenetic variation. They reported several meQTLs associated with
polymorphisms of previously identified GWAS loci for obesity, lipid, and T2D loci,
including ADCY3/POMC, APOA5, CETP, FADS2, GCKR, SORT1, and LEPR. By
using a causal inference test (CIT), they also demonstrated genetic variants interfere
with different metabolic traits such as BMI, HbA1c, and HDL-cholesterol (HDL-c)
via altered DNA methylation in human adipose tissue.

In other EWAS, Wahl et al. [91] used Mendelian randomization and a weighted
genetic risk score, generated by SNPs known to affect BMI, to elucidate whether
DNA methylation changes in blood or adipose tissue are cause or consequence of
adiposity. Their findings demonstrated that at themajority of the identified CpG sites,
DNAmethylation alterations are a consequence and not the cause of adiposity. They
further showed an association between the BMI risk score and DNA methylation
of ABCG1, a gene known to be involved in insulin secretion and pancreatic β -cell
function. It is consistent with observations that weight loss influences both ABCG1
expression and protein activity in adipose tissue [99, 100]. It is noteworthy that
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they also showed the strongest association for the ABCG1 locus, with incident T2D.
Moreover, a single CpG (cg26663590: NFATC2IP) showed evidence of a genetic
association for a causal role of methylation on BMI. In accordance with the causal
role forNFATC2IPmethylation in adiposity development, in longitudinal population
studies, the authors observed baseline levels of methylation at cg26663590 predict
weight gain.

Candidate Gene Approaches for DNA Methylation
in Obesity

Multiple studies have used a hypothesis-driven, candidate gene approach where
methylation sites in, or near, known candidate genes for obesity susceptibility have
been the subject of investigation. The candidate gene methylation studies have
focused on a range of genes implicated in obesity such as insulin signaling, immunity,
metabolism, appetite control, and circadian clock regulation.

In some cases, the choice of genes has been based on prior analysis of gene
expression differences in the same subjects.

For instance, expanded on previous evidence in favor of FTO causative role in
obesity andT2D, early candidate-gene studies evaluated themethylation status of this
gene [101]. DNA methylation associations have been shown in replicated T2D and
obesity-related variants ofFTO gene (SNP rs8050136 and rs9939609) [29, 101, 102].

Despite several studies reporting, obesity-associated SNPs and causal variants of
FTO [29, 103], the heritability of its expression in skeletal muscle and adipose tissue
along with their influence on in vivo glucose and fat metabolism was not influenced
by FTO susceptibility genotype. Besides, no evidence of allele-specific expression in
immortalized lymphoblastic cell lines has been established [104]. Thus, identification
of stable haplotype-specific methylation within the FTO obesity susceptibility locus
potentially aids the exploration of genotype–phenotype interactions in obesity traits.

POMC is another important gene that plays a crucial role in the regulation of
energy balance and contributes to both monogenic and common obesity. Several
studies have undertaken a candidate gene approach to investigate the association
between POMC methylation status and BMI [105]. The results from human studies
have shown that epigenetic marks at POMC (especially intron2/exon3), which is
associated with a wide range of weight-related andmetabolic outcomes, are sensitive
to periconceptional and adolescent nutritional programming. Interestingly evidence
from post mortem samples demonstrates that POMC DNA methylation is highly
correlated across tissues originating from different germ cell layers i.e. brain—ecto-
derm, and kidney or PBC—mesoderm [105]. This suggests the methylation state was
set before the separation of the germ layers at gastrulation. These hypermethylations
were reported to interfere with the binding of the transcription enhancer P300 and
reduce the expression of the POMC transcript.
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It is of great importance that in obese individuals methylation of POMC was
also higher in MSH-positive neurons (melanocyte-stimulating hormone) compared
to lean counterparts, suggesting a regulatory function of methylation on the down-
stream pathway of POMC [106]. Importantly, assessment of POMC methylation in
new-born and adolescent blood samples demonstrated that the methylation pattern
appears stable, suggesting that associations with postnatal phenotypes are not driven
by reverse causation effects [107].

IGF2 gene and its adjacent H19 non-coding RNA are imprinted genes that corre-
late directlywith growth, obesity, andbody composition. In general,H19 has a growth
restraining effect, and IGF2 acts as a growth-promoting factor. IGF2 triggers a major
signal transduction pathway via activation of the IGF1 receptor, which mediates
anabolic effects in adults. Huang et al. [108] found that IGF2/H19 hypermethylation
was associatedwith greater subcutaneous adiposity, but notwithBMI,weight, height,
waist circumference, or visceral adiposity in young ADULTS. Notably, assessment
of methylation of the H19 and IGF2 in differentially methylated regions (DMRs)
of monozygotic (MZ) twins and dizygotic (DZ) twins revealed that variation in
DNA methylation of these loci is mainly determined by heritable factors and SNPs
in cis, rather than the cumulative effect of environmental and stochastic factors
occurring with age. Interestingly, paternal obesity has been reported to be associ-
ated with hypomethylation at the IGF2 DMR in leukocytes isolated from umbilical
cord blood at birth [109]. It has been hypothesized that the molecular mechanism
behind these observations might be a hormonal difference between obese and non-
obese parents, inducing an incomplete or unstable establishment of methylation at
the IGF2 DMR during gametogenesis. As a result, exposures to adverse lifestyle
factors or poor/over-nutrition during spermatogenesis may affect the reprogramming
of methylation profiles at imprinted genes.

Impact of Non-coding RNAs in Obesity

While less than 2% of the human genome is made up of genes that code for proteins,
it is likely that ~70 to 80% of the human genome can be transcribed into non-coding
RNA (ncRNA). ncRNAs are divided into two categories according to their transcript
length: small ncRNAs (<200 nt), such as microRNAs (miRNAs) and long ncRNAs
(lncRNAs) (>200 nt).

They play a crucial role in transcriptional and post-transcriptional regulation
of the gene. There is an increasing body of evidence documenting the involve-
ment of ncRNA in fundamental processes of obesity, including in adipogenesis,
lipid metabolism, and inflammation. Among non-coding RNAs, both miRNAs and
lncRNAs have been extensively investigated than others for their roles in these
processes.
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Role of miRNAs in Obesity

The miRNAs are a class of short non-coding RNAs that play important roles in
cell transcriptional regulation. They function via base-pairing with complemen-
tary sequences within the 3′-untranslated region (3′UTR) of the target gene and
promote gene silencing by inhibition of translation and/or by affecting mRNA
stability and degradation.

Results from gain- or loss-of-function studies have provided the initial pieces of
evidence for the crucial role ofmiRNAs in preadipocyte differentiation and adipocyte
fate determination [110–112]. For example, adipose-tissue-specific knockout of the
miRNA-processing enzyme Dicer (AdicerKO) developed a partial lipodystrophy
phenotype, characterized by WAT atrophy, BAT hypertrophy whitening, insulin
resistance, dyslipidemia, and premature aging [113, 114].

Furthermore, omics approaches provided tremendous insight into the role of
miRNAs in the development of obesity and related metabolic complications
[115, 116].

The impact of miRNAs in obesity and metabolic diseases has been indicated to
be through their regulatory functions in adipogenesis, adipocyte differentiation, lipid
metabolism, glucose homeostasis, and insulin resistance.

Adipogenesis is of major relevance to human disease, as dysregulated adipocyte
physiology contributes to obesity and associated diseases. In general, adipose tissue
is divided into two subtypes, brown adipose (BAT) and white adipose (WAT). WAT
is true a metabolically active organ, which plays the main role in the maintenance of
systematic energy through metabolism and storage triglycerides [117]. On the other
hand, BAT is specialized in the production of heat [118].

Both common and distinct regulatorymechanisms are involved in the regulation of
BAT- and WAT-derived adipocytes. For example, PPARγ (peroxisome proliferator-
activated receptor-gamma) and CEBPs (CCAAT/enhancer-binding proteins) are crit-
ical regulators for BAT- andWAT-adipogenesis, whereas, UCP1 (uncoupling protein
1), PGC1α (peroxisome proliferator-activated receptor-gamma coactivator 1 alpha),
and PRDM16 (PR-domain containing protein 16) are master regulators for brown
fat differentiation.

Adipogenic commitment involves signaling factors that modulate conversion of
multipotent mesenchymal stem cells (MSCs) to preadipocytes, which later differen-
tiate into mature adipocytes. Several factors including insulin-like growth factor 1
(IGF1), glucocorticoid, cyclic AMP (cAMP)] C/EBPs, Sterol 1 regulatory element-
binding protein (SREBP1) and mitogen-activated protein kinase 1 (MAPK1) and
GSK3β and PPARγ are involved in the development of adipocyte phenotype. The first
evidence suggesting a role for miRNAs in adipogenesis was reported in Drosophila
flies illustrating that miR-14 and miR-278 play critical roles in the regulation of tria-
cylglyceridemetabolism [119, 120]. The deletion ofmiR-14 inDrosophila resulted in
increased levels of triacylglycerol and diacylglycerol, whereas miR-14 up-regulation
exhibited an opposite effect. Today, a large number of studies are focusing on the
role of miRNAs in obesity. Deriving from mouse embryonic fibroblast, 3T3-L1
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preadipocytes represent a well-defined in vitro cell model that has been extensively
applied to study the mechanisms of adipogenesis. In an early study, Kajimoto et al.
[121] examined miRNA expression profiles during 3T3-L1 pre-adipocyte differenti-
ation and identified 21 miRNAs differentially expressed during the process. MiR-21
has been shown to promote adipogenesis by targeting TGFBR2, which mediates
transforming growth factor-beta (TGF-)-induced inhibition of adipogenesis [122].

Consistent with this notion, microarray analysis has identified two classes of
miRNAs, miR-143 and the miR-17/92 cluster, the expression of which is increased
during adipogenic differentiation [123, 124].

Antisense knockdown ofmiR-143 inhibited adipogenesis [123], whereas overex-
pression of the miR-17/92 cluster moderately increased adipocyte formation [124].
MiR-143 is now recognized to induce adipogenesis by targeting ERK5 [123] or
pleiotrophin [125], while miR-17–92 cluster promotes adipocyte differentiation via
negatively regulating tumor-suppressor Rb2/p130 MiR-30 family (miR-30b/c) is
another positive regulator of adipocyte differentiation, acting through the downregu-
lation of the Runtrelated transcription factor 2 (Runx2), an osteogenic transcriptional
factor stimulated byWnt and the BMP pathways. The miR-30b/c has been described
to be involved in the regulatory network of thermogenic genes, induced in BAT
and subcutaneous WAT under cold [126, 127]. Similar to miR-30, miR-204/211 act
as Runx2 attenuators to promote adipogenesis in MSCs and bone marrow–derived
stromal cells (BMSCs) [128].

Furthermore, miR-17-5p is reported to inhibit preadipocyte differentiation by
negatively regulating receptor co-activator 3 (NCOA3), a critical gene involved in
regulating fat accumulation, and fat distribution [129]. Interestingly, the expression
level of miR-17-5p in adipose tissue is indicated to be inversely correlated with
hyperglycemia and insulin resistance in humans subjects [130].

MiRNAs can also promote adipogenesis through inhibition of MSCs myogenic
differentiation. For instance, miR-193b-365 cluster is highly expressed in BAT
and is involved in the adipogenesis of brown adipocytes by direct suppression
of an adipogenesis inhibitor, Runx1t1, and two pro-myogenic genes, Cdon and
Igfbp5 [131]. This cluster is induced by PRDM16, a crucial transcriptional regu-
lator for brown/beige adipocyte differentiation [132]. Importantly, miR-193b is
down-regulated in subcutaneous adipose tissue of obese individuals [133, 134].

In the late stages of adipogenesis, C/EBPα and PPARγ act synergistically to fully
activate adiponectin gene and lipid metabolic genes. MiR-375 has been reported
to promote this stage by suppressing ERK1/2 phosphorylation, and consequently
up-regulation of C/EBPα and PPAR2 expression [135].

As a metabolically active organ, adipose tissue has a crucial role in the regulation
of fat deposition and energy homeostasis. It functions through the production of
several proteins that influence the function of many metabolic organs in endocrine,
paracrine, and autocrine manner [136, 137].

Fromaphysiopathological point of view, various factors have been associatedwith
impaired adipose tissue function, such as lipotoxicity, low-grade chronic inflamma-
tion, oxidative stress, impaired adipogenesis, and insulin resistance. Interestingly,
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several miRNAs have recently been found to regulate adipose tissue biology (devel-
opment and metabolism), thus playing a significant role in the obesity-induced
metabolic disorder.

For instance, several individual miRNAs (miR-155, miR-221and miR-223) have
been reported to play a role in the inflammatory state of adipose tissue. MiR-155
has been indicated to be up-regulated by TNFα in adipocytes and adipose tissue.
Importantly, overexpression of miR-155 results in an increased inflammatory state
in adipocytes [138] and reductionof insulin-stimulated glucose uptake in 3T3-L1cells
[139]. Gain and loss of function experiments showed that miR-155 affects adipocyte
function, probably by targeting PPARγ. Similarly, TNFα enhances the expression
of miR-221 in 3T3-L1 adipocytes [140, 141]. At the same time, miR-221facilitates
inflammation in WAT and reduces insulin sensitivity in obesity, through suppressing
Sirtuin1 (SIRT1). It is noteworthy that as an inflammatory miRNA, expression levels
of miR-221 are reported to be positively correlated with BMI, suggesting that it plays
a role in obesity-related inflammation [142].

MiR-223 is another important inflammation-relatedmiRNA, playing a crucial role
in modulating macrophage polarization and protecting diet-induced adipose tissue
inflammation as well as systemic insulin resistance. The anti-inflammatory function
of miR-223 is described to be through suppression of classical proinflammatory M1
macrophages response in adipose tissue by targeting Pknox1 [143].

In addition to modulating macrophages activity, miRNAs may mediate adipose
tissue inflammation by interactions with adipokines, which act in a paracrine
and endocrine manner to elicit pro- and anti-inflammatory effects. Deregulation
of adipokines is the main feature of adipose tissue low-grade inflammation and
contributes to the pathogenesis of obesity related metabolic disorders. Thanks to
adipose tissue miRNA profiling, the expression level of several miRNAs including
miR883b-5p, miR-222, miR-143, and mir-95 have been demonstrated to be in
correlation with concentrations of various adipokines [144, 145]. Taking together,
these pieces of evidence have provided that miRNAs play a significant role in the
pathophysiology of obesity and obesity-related disorders.

LncRNAs in Obesity

LncRNAs are emerging as important regulators of gene networks by a variety of
mechanisms, including altering the recruitment of transcription factors, interacting
with ribonucleoprotein particles, and chromatin-modifying complexes, as well as
regulating mRNA and microRNA functions/stability [146].

Recently, several studies have addressed the role of lncRNAs in the network of
both WAT and BAT adipogenesis and adipocyte biology.

The lncRNA steroid receptor RNA activator (SRA), which was initially identified
to function as a transcriptional coactivator of steroid receptors [147], is among thefirst
described functional lncRNA in adipocytes. SRA is described to affect adipogenesis
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and adipocyte function in multiple ways, including coactivation of PPARγ, promo-
tion of S-phase entry duringmitotic clonal expansion, and regulation of expression of
inflammatory genes and signal transduction in response to insulin and TNFα [148].
However, current Ref-seq gene annotation shows that this gene locus is transcribed
into three different isoforms, and only one of these transcripts behaves like a ‘true’
lncRNA: the other two isoforms each harbor an ORF that can potentially be trans-
lated into proteins [149–152]. As both SRA lncRNA and SRAPs could regulate the
transcriptional activity of the estrogen receptor, which in turn can promote PPARγ

gene transcription [152], the role of the noncoding Sra1 transcript in adipogenesis
remains inconclusive.

LncRNA HOTAIR, which is expressed in gluteal adipose tissue and cultures
of preadipocytes, is also reported to be involved in adipocyte differentiation. This
lncRNA is known to regulate the transcriptional silencing of genes in the HOXD
locus, which is involved in adipocyte differentiation. HOTAIR creates a scaffold to
recruitment PRC2, a silencing complex involved in histone methylation to induce
a heterochromatic status on the HOXD locus [76, 153]. Ectopic overexpression
of HOTAIR has been reported to enhance abdominal preadipocytes differentia-
tion and increase expressions of functional adipogenic markers including PPARγ,
LPL (lipoprotein lipase), FABP4, and AdipoQ, with no effect on preadipocyte
proliferation rate [154].

Using mRNA-lncRNA-combined microarray, lncRNA ADINR (adipogenic
differentiation-induced noncoding RNA) was identified as a regulator of C/EBPα,
[155]. In contrast to previous studies that used preadipocytes, Xiao et al. applied
multipotent hMSCs for the loss and gain-of-function experiments. They have
suggested that ADINR advantages transcription of the C/EBPα in cis by affecting
the level of H3K4me3 in its promoter region.

By taking advantage of transcriptome profiling inWAT, Gao et al. [156] reported a
pivotal role for two lncRNAs—ASMER-1 (adipocyte-specific metabolic related-1),
ASMER-2, during adipogenesis. They showed that in vitro silencing of ASMERs
via antisense oligonucleotides suppressed adipogenesis, adiponectin production, and
lipid mobilization. They suggested that these effects could be attributed to crosstalk
between ASMERs and key adipogenic transcription factors, including PPARγ and
INSR.

Taking the important role of leptin in physiological regulation of white adipocyte
biology and energy consumption into consideration,Dallner et al. [157] showed that a
specific lncRNA, called lncOb is involved in the regulation of leptin expression. Diet-
induced obese mice lacking this lncOb showed increased fat accumulation together
with reduced circulating levels of leptin. Supplementation of these mice with leptin
led to their weight loss [157].

Besides, to play significant regulatory roles in white adipogenesis, several
lncRNAs have been identified to be involved in brown adipogenesis. For instance,
using a global lncRNA profiling approach during thermogenic adipocyte formation
Zhao et al., for the first time identified a lncRNA (named as brown fat lncRNA 1
(Blnc1), that promotes brown and beige adipocyte differentiation. Blnc1 exerts its
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regulatory function by the formation of a ribonucleoprotein complex with transcrip-
tion factor EBF2 (early B-cell factor 2) to stimulate the thermogenic gene expression.
Further, Blnc1 itself is a target of EBF2, thereby forming a feedforward regulatory
loop to drive adipogenesis toward the thermogenic phenotype [158].

In line with these findings, by using RNA-seq approach, Alvarez and colleagues
identified 127 BAT-restricted lncRNAs loci induced during differentiation and often
targeted by key regulators PPARγ, C/EBPα, and C/EBPβ. Among them, lnc-BATE1,
was identified to be required for the establishment and maintenance of BAT identity
and thermogenic capacity.

As with miRNAs, accumulating pieces of evidence suggest that lncRNAs play
an important role in modulating multiple aspects of immune responses [159].
For example, Mis is identified as an anti-inflammatory lncRNA that is down-
regulated in multiple macrophage populations from obese insulin-resistant mice and
stromal vascular fraction frommetabolically unhealthy obese humans. This lncRNA
functions through inhibition of macrophage inflammatory response and its down-
regulation potentially play a protective role in metabolic dysfunction during obesity
[160].

One of the fast-growing fields by the feature of their aptitude to considerably assist
to investigate the interaction between genes and the environment is using biosensors.
Overall, biosensors can be either transducer such as electrochemical biosensors or
be bioreceptor [161]. Epigenetic biosensors are a subcategory of bioreceptors that
are affinity-based. For example, when you have a model in which coat color vari-
ation in mice would be correlated to epigenetic marks, this model with established
epigenetic marks in the early stages of development could be used safely to examine
the inducement of nutritional and environmental impacts on the fetal epigenome.
Using these epigenetic biosensors scientists have shown that simple dietary changes
in mothers can protect fetal epigenome from the deleterious effect of environmental
toxicants [162].

Furthermore, there are mouse models that are used as biosensors for examining
the developmental origins of health and disease [163].

These epigenetic biosensors are different from other biosensors such as wearable
biosensors that are used for monitoring obesity and diabetes [161]. Also, they are
different from the electrochemical biosensor that investigators have used for detecting
leptin in blood plasma from diet-induced obesity (DIO) mouse model [164] or early
diagnosis of childhoodobesity [165]. There are also sweat basedwearable diagnostics
biosensors that can screen artificial sweeteners rapidly and sensitively to protect
people from obesity and diabetes [166].

Conclusion and Future Direction

One of the shortcomings of GWAS study is the limited sample size in numbers, race,
gender, and origin. Future studies are encouraged to be designed with controlled
confounding factors on larger sample size. Moreover, current studies are on coding
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genes, and the effect of noncoding genes is still unclear. Longitudinal cohort
studies are suggested to be performed to assess the genetic risk and its evolution
throughout the development from childhood to adulthood. The GRS could elucidate
the inheritance risk of obesity as expression of the genes is different.
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Chapter 4
The Epigenetics and Molecular Interplay
in Obesity and Associated Complications

Hitesh Soni and Seema Dangwal

Abstract Obesity is a positive energy balance state associated with high morbidity,
mortality and complex pathogenesis. More than one third of USA adults are obese
and therefore the need for novel and innovative therapeutic approaches to treat obesity
is high. Polygenic factors such as certain diseases, including diabetes, hypertension
and cancer, etc., presence of inflammation, oxidative stress, glucose metabolism
and insulin resistance add more complexity to obesity pathogenesis and strongly
correlate with obesity associated metabolic overload. Epigenetic mechanisms are
heritable genetic variability in gene functions influencing pathogenesis of various
diseases including obesity without DNA sequence modification. There is a huge
information gap in epigenetic regulations during obesity onset, progression and asso-
ciated conditions. In this chapter, we discuss various epigenetic mechanisms such as
DNA methylation, Histone modification and non-coding RNA mediated regulation
of obesity, which can be exploited to develop early diagnosis and novel therapies in
near future.

Keywords Obesity · Calorie imbalance · Histone modification · DNA
methylation · Non-coding RNA · microRNA · Obesity mechanisms · Epigenetics ·
Obesity biomarkers

Introduction

Obesity is a global epidemic and a public health concern due to higher morbidity,
mortality, and healthcare costs. Obesity is also associated with eating behavior and
chronic disease conditions such as hypertension, diabetes, and cancer [1]. According
to the World Health Organization (WHO), obesity is defined based on body mass
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index (BMI). An individual with a BMI of 30 kg/m2 or higher is considered obese,
and a BMI between 25–30 kg/m2 is considered overweight. In year 2017–2018, the
age-adjusted prevalence of obesity among the USA adults was 42.4%, and there were
no significant differences between men and women [2]. There are minimal options
available for the treatment of obesity (calorie intake restrictions and physical exercise
to control obesity), and those options have minimal efficacy. Currently, the need for
novel and innovative therapeutic approaches to treat obese patients is ever time high.
Due to the lack of effective treatment modalities, the global anti-obesity drug market
is predicted to grow at the compound annual growth rate (CAGR) of about 8%,
according to the forecast period of 2018–2022 [3]. The anti-obesity research market
is concentrated, with a few vital pharmaceutical players in the race, rather than being
fragmented over many pharmaceutical companies [3, 4].

Downstream pathwaymodulation of a disease-causing gene using small molecule
approach is a conventional way to treat polygenic diseases. The emerging cutting-
edge scientific tools made DNA- or RNA-based gene targeting strategy has become
a reality in the medical field for difficult to treat diseases such as cancer. It is well
known that endogenous coding and noncoding RNAs have important functions in
gene regulation and are expressed differently in disease states. Epigenetics is a rapidly
evolving field to study the regulation of those specific genes in many disease condi-
tions without changing the DNA sequence. However, there is a big information gap
in epigenetic regulations of obesity pathogenesis and associated conditions. In this
chapter, we will discuss the epigenetic regulation of obesity, which may help develop
innovative molecular therapies.

Mechanisms of Obesity

Positive energy imbalance resulting from calories intake above the total calories
expendature is the fundamental cause of obesity that leads to increased calories
storage in adipose tissues [5]. Certain diseases, such as cancer, type 2 diabetes (T2D),
and hypertension, add more complexity to the obesity pathogenesis and can act as a
risk factor for obesity. There is a strong correlation of chronic inflammation, oxidative
stress, glucose metabolism, adipokine secretion, insulin resistance, and metabolic
overload in obesity, and involvement of other vital organs [6] (Fig. 4.1). Activation
of brain pro-opiomelanocortin (POMC) neurons and stimulation of melanocortin 4
receptor (MC4R) are reportedly involved in obesity. Agouti-related peptide (AgRP)
is the endogenous antagonist ofMC4R that showed reduction in sympathetic nervous
system (SNS) activity and enhances orexigenic (appetite stimulation) signals. On the
other hand, an increase in neuropeptide Y (NPY) showed antagonistic activity of the
POMC-MC4R axis and responsible for anorexigenic signals (loss of appetite) [7, 8].
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Fig. 4.1 Common mechanism and role of different organs/tissues in obesity. Obesity is the
phenomenon of positive energy balance due to high food intake and less physical activity. The
brain is the central organ that controls this balance. However, molecular interplay between the brain
and other vital organs/tissues such as the heart, liver, pancreas, adipocytes, muscles, and kidneys, is
also involved in the polygenic complex disease of obesity. FFA, free fatty acids; VLDL, very-low-
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Epigenetic Regulation of Obesity

The Greek prefix “Epi” means “on top of” and the term ‘Epigenetics’ is the study of
heritable phenotypic alteration without affecting DNA sequence. Epigenetic mech-
anisms in obesity are heritable modulations of genetic variability and gene function
that do not involve changes in DNA sequence. Obesity cannot be explained only
by monogenic factors; on the contrary, it is considered polygenic in a majority of
obese populations. However, single gene mutation studies showed that leptin, leptin
receptor, and brain-derived neurotrophic factor (BDNF) are involved in early-onset
obesity. Epigenetic modulations such as DNA methylation, histone modification,
and noncoding RNA (ncRNA) are now recognized as significant contributors to
understanding inter-individual variability in obese individuals and may serve as an
essential source of information for future molecular therapies for polygenic complex
diseases such as obesity [9].

DNA Methylation Links to Obesity

DNA methylation is an epigenetic regulatory mechanism that controls cell fate and
lineage in mammals. Methylated DNA cannot bind to gene expression machinery,
and thus the gene expression process is repressed. DNA methylation is carried out
by the group of enzymes known as DNA methyltrasferases (DNMTs). There are
three types of DNMTs: DNMT1, DNMT3a, and DNMT3b. DNMT1 is responsible
for maintenance of methylation during the cell division process, whereas DNMT3a
and DNMT3b are important in de novo methylation during the cell differentiation
process in early development. DNA methylation leads to the addition of a methyl
group to the 5th carbon of a cytosine (C) pyrimidine ring that is located next to a
guanidine (G) nucleotide. This type of methyl group addition is commonly known as
a CpG residue. The repeat sequence of CpG dinucleotides are located near the gene
promoter sequence and, in most cases, is hypomethylated whereas gene bodies and
other regions are hypermethylated. Hypomethylation near the promoter region is an
important starting point for gene transcription, and it avoids truncated transcription.
In normal adult cells, only CpG sites at the promoter region aremethylated, which is a
regulatory element to control transcription.Whereas DNMTs are important for DNA
methylation, ten eleven translocation (TET) enzymes oxidize 5-methyl cytosines and
promote location specific demethylation processes [10–12] (Fig. 4.2).

Previous publications support the possibility that DNA methylation modifica-
tions are involved in obesity and related comorbidities. However, precise mecha-
nisms related to changes in DNA methylation in obesity have not yet been identi-
fied. Preclinical studies suggest that several genes associated with obesity are tumor
necrosis factor α (TNF-α), hypoxia inducible factor 3 Subunit α (HIF3 α), CLOCK
(a circadian rhythm gene), Insulin-like growth factor binding protein 3 (IGFBP3),
and Sterol Regulatory Element Binding Transcription Factor-1 (SREBF1; a group
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(DNMT). DNA demethylation carried out by a group of enzymes known as ten eleven translocation
(TET)

of genes involved sterol biosynthesis). The hypoxia-inducible factor (HIF) pathway
controls genes related to glycolysis, such as lactate dehydrogenase A (LDHA), pyru-
vate dehydrogenase kinase 1 (PDK1), and glycogen phosphorylase L (PYGL), which
contribute to adipocyte inflammation in white adipose tissue (WAT). These genes
either increase glucose production or glucose utilization by stimulating phospho-
enolpyruvate carboxykinase (PEPCK) in the liver [13]. It has been demonstrated that
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HIF-binding during erythropoietin expression depends onmethylation of the 3’ UTR
region of hypoxia response element (HRE), which suggests that HIF activity is regu-
lated by DNA methylation [14–16]. Mature adipocytes store nutrients and triglyc-
erides for future energy expenditure; the process of converting fibroblast-like progen-
itor cells to mature adipocytes is called adipogenesis. The peroxisome proliferator-
activated receptor gamma (PPAR), co-activator protein CCAAT/enhancer-binding
protein-alpha (C/EBP-α), and insulin-like growth factor 1 (IGF1) aremainly involved
in process of adipogenesis [17]. Inmouse,DNMT1gene silencing leads to an increase
in the adipocyte differentiation rate and alters the gene expression profile as well as
lipid accumulation. It has also been observed that genes involved in PPAR, insulin,
and adipocytokine pathways showed hypomethylation, which suggests that these
genes play a role in regulating adipogenesis [18, 19]. Of the total WAT cells in
obese individuals, 40% are characterized by macrophage infiltration, compared to
18% in lean subjects [20]. Macrophage-derived pro-inflammatory cytokines, such as
TNF-α , IL-6, and IL-1 stimulate the phosphorylation of insulin receptor substrate 1
(IRS-1), which impairs the insulin signaling process that contributes to obesity [21].
It has been demonstrated that there is a correlation between obesity and change in
regular day-light cycles (circadian rhythms). CLOCK is a circadian rhythm gene that
has been associated with obesity, and it enhances the glycogen synthase 2 (Gys2)
gene transcription to control glycogen synthesis. Other genes that control circadian
rhythms include brain and muscle aryl hydrocarbon receptor nuclear translocator
(ARNT)-like 1 (BMAL-1) and associated genes such as period (PER) and cryp-
tochrome (CRY) [22, 23]. The CRY gene leads to a decrease in Cyclic adenosine
monophosphate (cAMP) activity to affect gluconeogenesis. The PER gene inhibits
PPAR signaling and suppresses the adipogenesis process [24]. Conversely, BMAL-1,
a transcription factor that is a principal driver of the molecular clock in mammals,
upregulates PPAR to promote the process of adipogenesis [25]. There is an intriguing
correlation between circadian rhythm genes and up- or down-regulation of PPAR to
influence the adipogenesis process. Methylation of the promoter sequence of PPAR
gene by enzyme DNMT1 has been studied to elucidate the link between macrophage
activation and inflammation in obesity [26]. These studies suggest the importance
of abnormal methylation of circadian rhythm regulatory genes in the disruption of
metabolic processes linked to obesity. The role of global DNAmethylation has been
studied in metabolic syndromes, and the role of adipogenesis genes such as PPAR
and PPAR, lipid metabolism genes such as retinoid X receptor alpha (RXRA), sterol
regulatory element binding transcription factor 2 (SREBF2), SREBF1, stearoyl-CoA
desturase-1 (SCD1), lipoprotein lipase (LPL), liver X receptor beta (LXRb), and
genes involved in inflammation such as low-density lipoprotein receptor-related
protein (LRP), leptin (LEP) and tumor necrosis factor (TNF) has been reported.
The group has provided data supporting the hypothesis that global DNAmethylation
and methylation at specific genes related to adipogenesis, lipid metabolism, and
inflammation has strong correlation with metabolic syndromes [27].
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Histone Modification and Obesity

There are five types of positively charged histone proteins in the human: H1, H2A,
H2B, H3, and H4. The H1 protein acts as a linker protein that keeps nucleosomes
together, whereas H2A, H2B, and H3 are packaging material for negatively charged
DNA,whichmakes the core unit of chromatin called nucleosome [28]. Strong interac-
tion among positively charged lysines and arginines of the histone tail and negatively
charged phosphate groups of DNA make a packed histone unit that is not capable
of performing cellular functions such as transcription, replication, or repair of DNA
molecules. The enzyme histone acetyltransferase (HAT) catalyzes the histone acety-
lation process, which reduces the positive charge on histone tails to destabilize the
nucleosome, resulting in a relaxed chromatin structure and activation of the gene
transcription process. In contrast, the enzyme histone deacetylase (HDAC) leads to
more compact structure of the chromatin that represses the gene transcription process
[29] (Fig. 4.3).

The catabolism of carbohydrate, lipid, and protein leads to generation of the key
metabolite acetyl Co-A, which enters into the tricarboxylic acid (TCA) cycle for the
generation of the energymolecule adenosine triphosphate (ATPs). In excessive nutri-
tional conditions, acetyl Co-A also acts as an important donor of the acetyl group in
histone acetylation. Therefore, inhibition of histone acetylation was proposed as a
therapeutic target to treat obesity. Preclinical studies in mice treated with ethanolic
extract of berry showed a decrease in liver lipid accumulation due to reduction in liver
histone acetylation [30]. However, there is a paucity of clinical data on the potential
therapeutic benefits of histone acetylase inhibitors in obesity and related conditions
[31–33]. Histone deacetylase inhibition showed improvement in insulin sensitivity
and higher energy consumption in obese mice [34]. Inhibition of histone deacetylase
resulted in reduced levels of acetyl Co-A found in WAT, liver, and pancreas in a high
fat diet (HFD) mouse model [35]. The correlation between between acetyl Co-A
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HAT – histone acetyltransferase

HDACCorepressor Receptor 
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Compact chromatin
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Fig. 4.3 Histone modification process. This process is carried out by either corepressor HDAC
or coactivator HAT, which leads to repression or activation of transcription, respectively. HDAC,
histone deacetylase; HAT, histone acetyltransferase
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levels and histone acetylation may be associated with the suppression of the expres-
sion of key enzyme acetyl Co-A synthatase 2 in the adipose tissue [36]. Proteomic
analysis in the liver samples of diet-induced obese (DIO) mice also suggested the
role of acetylation in obesity and found that about 30% of histones in the mouse liver
samples were lysine acetylated [37]. More studies are needed to explore the role of
histone acetylation and deacetylation in obesity and related complications.

Noncoding RNAs in Obesity and Related Conditions

Noncoding RNAs (ncRNAs), once considered to be “dark matter of the genome”,
constitute a major part of the human genome and represent RNAs without coding
potential [38, 39]. Several subclasses of ncRNAs (Fig. 4.4), including microRNAs
(miRNAs/miRs) and long ncRNAs, which are preferentially being studied. NcRNAs
can be broadly classified as short or long ncRNAs based on the transcript length.
Short ncRNAs (<200 nucleotides) mainly comprise highly conserved transcripts of
approximately twenty nucleotides in length, consisting of 7–8 nucleotide long seed
sequences, that imperfectly bind to complementary base-pair sequences in the 3′
untranslated region (UTR) of mRNA transcripts to inhibit translation [40]. To date,
approximately two thousandmiRNAs, one kind of short ncRNA, have been identified
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(ncRNAs) 

Regulatory ncRNAs Housekeeping ncRNAs

Ribosomal RNA 
(rRNA) 

Transfer RNA 
(tRNA) 

Small nucleolar 
RNA (snoRNA)

Small nuclear 
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Fig. 4.4 Types of noncoding RNAs (ncRNAs). There are two major types of ncRNAs: regula-
tory and housekeeping. Regulatory ncRNAs are further classified as short ncRNAs (less than 200
nucleotides) and long-non coding RNAs (lncRNAs, more than 200 nucleotides). Short ncRNAs are
further divided into micro RNAs (miRNAs), small interfering RNAs (siRNAs), Piwi- interacting
RNAs (piRNAs). miRNAs are estimated to regulate 60% of all human mRNAs. Housekeeping
RNAs are ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA), and small
nucleolar RNA (snoRNA)
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and mapped to the human genome [38, 40]. miRNAs are detected in almost all
tissues and body fluids and function as a team with other miRNAs to fine-tune gene
expression and regulate cellular functions under stress [41–43]. System wide whole-
genome profiling suggests varied pathophysiological conditions result in differential
stress responsiveness and spatiotemporal variations in ncRNA expression [41, 44,
45].

Some miRNAs are encoded in the introns of protein-coding genes transcribed in
the nucleus. Nuclear RNAse polymerase II and the RNase III enzyme Drosha create
pre-miRNA, transcripts that form an RNA hairpin of about 70 nucleotides [40, 46].
Exportin-5 exports the pre-miRNA to the cytoplasmwhere it is processed by Dicer, a
large RNase protein, to produce a double-strandedmiRNA duplex. One strand of this
miRNA duplex forms a complex with argonaute-2 (Ago-2) protein called the RNA-
induced silencing complex (RISC). Mature miRNA binds with the complementary
3′ UTR of target mRNAs, leading to inhibition of the mRNA translation process [38,
40, 46] (Fig. 4.5).

There are nutritional interventions and exercise programs available to control
obesity, but despite that the prevalence is increasing with an alarming rate. The key
driver for this worldwide epidemic is adipose tissue which is considered a major
regulator in energy homeostasis [47]. Two categories of adipose tissues play an
important role in energy storage of fat in the form of triglycerides and burning
of lipids by thermogenesis, called white adipose tissue (WAT) and brown adipose
tissue (BAT) [48]. In addition to sedentary lifestyle and unhealthy food habits there
are inter-individual factors such as environment, genetics, and epigenetics plays a
significant role in obesity. Alterations in ncRNAs, includingmiRNAs, are considered
major drivers in obesity and metabolic disease, among others [49]. miRNAs are of
paramount importance due to their potential role in protein regulation and plasticity
[50]. Previous work used high-throughput microarray and RNA-sequencingmethods
to find that 70miRNAswere significantly up- or down-regulated inmature adipocytes
compared to preadipocyte. 50 of 799miRNAs significantly differed between fat cells
in obese compared to lean individuals. 17 of these 799 miRNAs were well correlated
with BMI, glycemic index, and triglyceride parameters [51] (see Table 1 for a list
of miRNAs up- or down-regulated in obesity). Subsequently, it was demonstrated
that miR-519d expression was significantly changed in scWAT in obese patients
[52]. Work done by Arner et al. (2012) provided evidence that 11 miRNAs (miR-
26a, 30c, 92a, 126, 143, 145, 193a/b, 652, and let 7 a/d) were altered in scWAT in
obese women compared to lean control [53]. Further, Mansego et al. (2017) reported
that CpG sites of the coding regions of miR-1203, miR-412, and miR-216a were
distinctively methylated in obese children when compared with a non-obese group
[54]. It was also shown that weight loss programs resulted in altered expression of
miR-197b, let-7d, miR-125b, miR-1309, miR-132-3p, miR-422, miR-935, and miR-
4772, indicating that epigenetic regulation of miRNAs is associated with controlled
diet [55–58].

As mentioned previously, adipogenesis is highly regulated by several transcrip-
tion regulators linked to PPAR [59]. miRNAs reported to be upregulated in the
adipogenesis process include miR-21, 26b, 30, 103, 143, 148, 181a, 199a, and
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Fig. 4.5 MicroRNA-biogenesis and functions in cells. Some miRNAs are encoded in the introns
of protein-coding genes transcribed in the nucleus. Nuclear RNase polymerase II and the RNase III
enzyme Drosha generate pre-miRNA. This pre-miRNA enters the cytoplasm by exportin-5 and is
processed by Dicer to produce a double-stranded miRNA duplex. One strand of this duplex forms
a complex with argonaute-2 (Ago-2) and other proteins to form the complex called RNA-induced
silencing complex (RISC). This complex may lead to silencing of one or multiple genes

378. miRNAs such as let-7, miR-22, 125a, 93a/b, and 224 were downregulated
in adipogenesis [60]. Overexpression of miR-377, a master mediator of adipoge-
nesis, showed an increase in insulin sensitivity by inhibiting sirt1 and decreasing
the process of adipocyte differentiation [61]. Increased expression of miR-30 accel-
erated the process of thermogenesis and enhanced the process of fat burning [62].
Adipokines, such as monocyte chemoattractant protein-1 (MCP-1), IL-6, and TNF
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α, are inflammatory molecules released from expanded (hypertrophy) adipocytes,
and considered to be major drivers in obesity. Several miRNAs (miR-193b, 26a, 92a,
and 145) are involved in the adipokine production [63–65].

Diabetes, a hyperglycemic condition, is strongly associated with a higher amount
of fatmass, and reports suggest a linkwith expression ofmiRNAs. In skeletal muscle,
miR-133 regulated glucose metabolism, and the condition of insulin resistance and
obesity were associated with miR-33 [66–68]. There was a positive correlation
between overexpression of miR-24, 30d, and 146a and obesity and hyperglycemia
[69].

Lipolysis is a process of releasing energy through the breakdown of triglyceride to
free fatty acid (FFA). In human cultured adipocytes, it has been observed that upreg-
ulation of miR-30c, 652, 193b, and 145 enhanced lipolysis, whereas upregulation of
miR-26a and let-7d resulted in inhibition of lipolysis [64]. Overexpression of other
miRNAs, such asmiR-124, miR-378, andmiR-145, demonstrated a role in adipocyte
lipolysis regulation [70–73]. There is also a direct link between obesity and miRNA-
mediated regulation of lipid storage. For example,miR-22 has been found to decrease
triglyceride storage, whereas upregulation ofmiR-24 correlatedwith downregulation
of genes associated with the process of lipolysis, such as fatty acid synthase (FASN),
adenosine triphosphate citrate lyase (ACLY), and stearoyl-CoA desaturase-1 (SCD-
1) [74]. Upregulation of miR-204-5p has been shown to inhibit kruppel-like factor-3
(KLF-3), a negative transcriptional regulator of adipogenesis, leading to the induction
of fat accumulation [75]. On the contrary, overexpression of miR-199a-3p inhibited
fat accumulation in brown adipose tissue through themammalian target of rapamycin
(mTOR) signaling [76]. Depletion of miR-7a from the liver showed the induction
of fat accumulation, indicating that miR-7a has a role in nonalcoholic fatty liver
disease (NAFLD) [77]. Interestingly, miR-206 has been associated with stimulation
of the insulin signaling pathway through sterol regulatory element-binding protein
1c (SREBP1C) gene, inhibiting the process of lipogenesis and gluconeogenesis [78].
It was also previously shown that miR-139-5p, 30b-5p, 122-5p, 422a, and 146-5p
were downregulated in obese patients with NAFLD [79].

Browning of the WAT, a process of diverting excess fat into heat production,
has recently evolved as a potential strategy for treating obesity [80]. Upregulation
of miR-30 has been observed to enhance the expression of the thermogenic gene
in WAT by inhibiting receptor interacting protein-140 (RIP-140), a thermogenic
nuclear receptor corepressor protein. In addition, studies in mice also showed the
role of miR-32 in stimulating brown fat thermogenesis and activating browning of
WAT [81, 82]. Similarly, miR-455 has been reported to activate PPAR and inhibit
adipogenic suppressors to stimulate the browning process [83]. Overexpression of
miR-27 showed upregulation of browningmarkers such asmitochondrial uncoupling
protein 1 (UCP-1) and PPARγ coactivator 1-alpha (PGC-1α) [84]. Moreover, miR-
155, 133, 34a, and 378 have been observed to inhibit browning repressors, thus,
stimulating browning [85–88]. It has also been reported that exosomes (extracellular
vesicles) from LPS-induced macrophages showed alterations in miR-530, 127, 143,
and 486 in adipose tissues, but did not alter adipogenesis or fat accumulation [89].
Exosomes containingmiRNAs are present in various biological fluids such as plasma,
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serum, urine, saliva, sweat, and even breast milk. It has been reported that exosomes
derived from adipocytes are involved in the release of inflammatory cytokines in
obesity [90]. Given the varied involvement of several miRNAs, they provide an
exciting avenue for future work to better understand the association with obesity.

Secondary classification of ncRNAs is based on the linearity of transcripts and can
be classified as linear (e.g., miRNAs, lncRNAs, etc.) or circular (e.g., circular RNAs
[circRNAs]). In circRNAs, the 3′ and 5′ ends of linear RNA transcripts join together
to make a loop structure with very high stability compared to the linear forms [46,
91]. There is a high abundance of circRNAs, which, paired with a high phylogenetic
conservation, makes them an excellent area of research for ncRNA-based therapies.
However, their functional significance is still widely unexplored [92–94].

Recently, the role of long noncoding RNAs (lncRNAs; > 200 nucleotides) has
been reported in adipogenesis and lipid accumulation. LncRNA BATE1was showen
to inhibit genes of WAT and maintain the BAT genes [95]. Zhao et al. reported that
Blnc1, an lncRNA in brown adipocytes, interacts with transcription factor EBF2
and upregulates thermogenesis genes [96]. Furthermore, lncRNAs are of particular
interest due to their role in post-transcriptional modification via polyadenylation
(addition of a poly(A) tail to a messenger RNA) and splicing (removal of introns and
joining of exons). LncRNA expresion is tissue-specific, therefore creating poten-
tial interest in the lncRNA field for targeted diagnosis and treatment for many
diseases, including obesity. Circulating miRNAs (post-transcriptional regulators),
such as miR-17-5p and miR-132, are not produced in exosomes and had decreased
expression in obese versus lean subjects [97] (Table 1). However, more work is
needed to understand the role of circulating miRNAs and lncRNAs in obesity.

Clinical Potential of NcRNAs in Therapy and Biomarker
Research

Several classes of synthetic oligomers that can modify miRNA expression in cells
and organisms [45, 46, 98]. In addition, it is easy to generate miRNA transgenic and
knockout small animals or cells to study the functional effects ofmiRNAs in vitro and
in vivo [40, 41, 44, 99, 100]. Noncoding RNAs, such as miRNAs, circulating RNAs,
and lncRNAs, are stable and tissue-specific, making them attractive biomarkers for
various diseases. For example, functional experiments revealed that circulating miR-
122 may act as specific biomarker for type 2 diabetes [101]. In obese subjects,
it has been found that there was overexpression of circulating miRNAs miR-140-
5p,-142-3p and reduced expression of circulating miRNAsmiR-532-5p,-125b,-15a,-
520c-3p,-221,-130b, and-423-5p [102]. All of these miRNAs could be considered
potential biomarkers for obesity. Endogenous miRNAs act as potential regulator of
gene function, which may be upregulated or downregulated in obesity. Synthesized
miRNA duplex enters the cell, forms the complex with RISC, and miRNA-guided
RISC binds with therapeutic target and inhibits the translation. Therefore, synthetic
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mimetics or inhibitors of specific miRNAs may be useful as molecular therapeutic
intervention in obesity in the future. There are no specific miRNA-based therapies
currently available to treat obesity. However, this strategy has reached clinical trials
in diseases such as cancer and cardiovascular diseases [103, 104], and miRNAs as
potential early biomarkers have been reported in cardio-metabolic diseases [105].

In summary, there is exponential research interest and growth in the field of
ncRNAs and their importance as biomarkers and drug targets in obesity. However,
selectivity, delivery methods, efficacy, and adverse events related to ncRNAs-based
therapies need to be carefully evaluated before becoming a reliable means of treating
obesity, or other devastating diseases.
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Chapter 5
Cellular and Biochemical Mechanisms
Driving the Susceptibility of Obese
Subjects to Covid-19 Infection
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Abstract Overweight is a major global health problem currently affecting almost 2
billion people worldwide. An additional 800million are obese. These figures showed
that 40% of the global adult population aged 18 years, and over are overweight
while 14% are obese. What is now worrying is that more than 40 million children
worldwide, as young as 5 years of age are either overweight or obese. Individuals
with a body mass index (BMI) of 25–29 kg/m2 are considered to be overweight
while obesity is the term used when the BMI is 30 kg/m2 and over. Obesity is an
imbalance between calorie intake and calorie expenditure. In general, obesity can
be caused by excessive eating and reduced physical activity. Obesity is a major
risk factor for non-communicable diseases such as diabetes mellitus, respiratory
and liver dysfunctions, sleep apnea, chronic inflammation, compromised immune
system, renal failure, cancer, musculoskeletal disorders, cardiovascular diseases and
others. Obesity is also a major risk factor for coronavirus disease 19 (Covid-19),
which can induce severe cases of pneumonia and sepsis or acute respiratory distress
syndrome. In many cases, Covid-19 causes severe and long-lasting damage to the
lungs and other vital organs of the body resulting in death. This review describes the
cellular and biochemical mechanism(s) whereby obese patients become susceptible
to Covid-19 infection. It also outlines how obesity on its own can affect the lungs,
which in turn become more compromised in cases of Covid-19 disease resulting in
the imminent death of the patient.
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Introduction

During the past two decades, the global prevalence of obesity has increased from
30.5 to 42.4% while the prevalence of severe obesity increased from 4.7 to 9.2%.
Currently, 2 billion adults, over the age of 18 years, are overweight andmore than 800
million are obese globally [1]. We call a person obese if the person has a body mass
index (BMI) of 30 kg/m2 or over. On the other hand, an overweight individual has
a BMI of 25–29 kg/m2. Estimations by the World Health Organization showed that
currently about 30% of people worldwide are obese [2–4]. The recent explosion in
the number of obese individuals has occurred in the past few decades. For example in
European countries, the number of subjects suffering from obesity has risen threefold
within the last twenty years. It is also a fact that about one third of the population
of USA is either overweight or obese. Likewise, the burden of the obese individual
on the healthcare system and the community is tremendous. For example, more than
30,000 lives are lost, because of obesity, every year in the United Kingdom and as
high as £3.5 billion ($5.4 billion USD) is spent annually to care for patients with
obesity. In the USA, the cost of looking after an obese patient is 36% higher when
compared to that of an individual with normal weight [5–7]. Currently, obesity is not
only confined to developed countries but it is also prevalent in low-incomedeveloping
countries as well. Moreover, what is more worrying is that globally, more than 40
million children, as young as 5 years of age are obese [8, 9].

Overweight and obesity are major risk factors of numerous chronic diseases and
disorders as well as health conditions. They include diabetes mellitus (DM), heart
disease, liver disease, kidney failure, some cancers, respiratory diseases and many
others [10–12]. In fact, obesity occurs in conjunction with many metabolic diseases
such as DM and hyperlipidemia [13]. Overweight and obese subjects developed
respiratory dysfunctions over time due to excess fat deposits and fatty musculature
in the body [14]. As such, obese individuals are more susceptible to Covid-19 infec-
tion, which is primarily a respiratory infection. Thus, it is of paramount importance
to understand how obesity can affect the respiratory system and how obesity makes
patients more susceptible to Covid-19 infection. This review attempts to ascertain
why obese subjects are more prone to developing Covid-19 infection with emphasis
on the cellular and biomedical mechanisms involved in the process. It also addresses
the epidemiology of Covid-19 infection, the insulting effect of obesity on the respi-
ratory system, the cellular and biochemical mechanisms of action of Covid-19 on the
respiratory system, obesity and other comorbidities as major health risks for Covid-
19 infection and acute and chronic inflammation due to a combination of obesity and
Covid-19.
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Epidemiology of Covid-19

The Covid-19 pandemic, caused by the severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) swept across the globe, causing tens of thousands of deaths
and massive economic disruption since 2020 [15, 16]. Over 80,000 Covid-19 cases
were first reported from Wuhan, China in December 2019. A large number of these
infected caseswere located in theHubei area ofWuhan [17]. ThisCovid-19 pandemic
actually peaked inChina in January–February of the year 2020 and the number of new
cases decreased substantially by early March [18]. Thereafter, a substantial number
of cases were reported in all continents, except for Antarctica, and the number was
rising steadily around the world [19]. The WHO Situation Reports of April 21, 2020
showed that there were 2,431,890 confirmed cases of Covid-19 infections including
169,859 deaths. Subsequently, more than 90% of the global COVID-19 cases were
found outside of China. Simultaneously, the available data from WHO COVID-19
Situation Reports indicated a steady daily increase in the incidence globally [18].

On April 21, the European Region reached 1,073,947 of Covid-19 infection cases
with a whopping 103,989 deaths. At the time, European countries accounted for
almost half of the total global reported cases and two-thirds of the number of people
who died from Covid-19. The five countries which reported the largest number
of Covid-19 infection cases were Spain, with over 200,000 cases, Italy (181,228),
Germany (143,457), UK (124,743) and France (114,657). The highest death rate
was in Italy (24,114) and followed by Spain (20,852). In the USA, COVID-19 infec-
tion was reported in all 50 States. However, the cumulative incidence of Covid-19
infection varied from State to State. This depends on a number of factors, including
population density and demographics, extent of testing and reporting and timing of
mitigation strategies [19, 20]. The US Center for Disease Control (CDC) reported
764,265 total cases and 42,906 deaths on April 2020 [21]. Covid-19 infection was
the second coronavirus outbreak that affected the Middle East. In 2012, MERS-CoV
was reported in Saudi Arabia [22].

In April 2020, Saudi Arabia reported a total 10,484 cases and 109 deaths and
the United Arab Emirates announced 7,265 Covid-19 cases and 46 deaths [23]. In
addition, African countries confirmed that there were 23,267 Covid-19 cases and
the five countries which reported the most number of cases were Egypt (3,333),
South Africa (3,300), Morocco (3,046), Algeria (2,718) and Ghana (1,042) [24].
Since April 2020, large number of infected people were counted across the globe
as a secondary round of Covid-19 infection. By January 15, 2021, more than 94.7
million cases were recorded with the majority in the USA and UK and over 2.03
million deaths, especially in the USA and Brazil [24–26].

Covid-19 infection affects people differentially. A person can harbor the virus
for 1–2 days before showing any signs and symptoms of the disease and at the
same time, he or she can spread the virus spontaneously to others without knowing
that he or she is infected with Covid-19. This is the reason why many people are
infected with the disease in an exponential manner. It is also believed that once the
virus is in the body, it switches off the innate immune response of the cells in the
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respiratory airways by reducing interferon production. Interferon is released from
cells in the pulmonary system into circulation as a signal that Covid-19 causing virus
has infected the cell. It is also said that Covid-19 and its new strain have evolved
by mutation as very smart, new viruses outsmarting the cells in the lungs and other
organs of the respiratory system. People with obesity, DM and other comorbidities
such as hypertension, cardiac failure, hyperlipidemia and other metabolic conditions
are more susceptible to Covid-19 infection even faster and with intense severity [27].
It has been shown that infection is more prevalent in patients with DM, which is a
component of metabolic syndrome into which obesity is an important component
[28].

Covid-19 inducing virus does not discriminate. It can infect anyone irrespective
of ethnicity, color, religion, gender, health and age but it is more likely to cause
severe illness in people who are over the age of 60 years, those who have certain
illnesses such as obesity, DM with poor glycemic control, cardiovascular diseases,
respiratory dysfunction and others. Moreover, health and social care professional
workers who come from Black, Asian and Minority Ethnic (BAME) groups, lower
socioeconomic status and obese and diabetic subjects are more likely to be infected
and possibly die from Covid-19 infection [29–32]. In a recent study, it was reported
that people with a combination of either type 1 or type 2 DM, with obesity, are
at a higher risk for the infection of Covid-19 and possible dying from the disease
[29]. Since obesity predisposes people to type 2 DM [14], this study reviewed and
investigated the effect of elevated body mass index (BMI) as a predictor for being
hospitalized with Covid-19 infection and possibly dying from the disease, especially
since obesity has a direct adverse and insulting effect on lung function and more so,
Covid-19 is a respiratory disease. Firstly, it is important to understand how obesity
(BMI) ≥30 kg/m2 can induce respiratory dysfunctions.

Obesity-Induced Respiratory Dysfunctions

As major epidemics, both overweight and obesity can cause multiple systemic
complications in the body with direct adverse effect on respiratory system [14]
(Fig. 5.1). Overweight and obesity increase oxygen consumption and carbon dioxide
production [31]. They also stiffen the wall of respiratory tract and increase the
physical workload required for ventilation. Indeed, overweight and obesity create
mechanical impedance that restrict the expansion and the ability of the diaphragm,
lungs and chest cavity to perform their functions regarding oxygen supply to tissues
and expulsion of carbon dioxide from the body [33, 34].

The accumulation of fat in the thoracic region reduces the elasticity and flexibility
of the respiratory system and weakens the diaphragm and other muscles involved
in respiration. With the rise of weight and subsequently BMI, the volume of lung
decreases due to restricted air entry [35]. Lung volumes such as forced expiratory
volume in one second, functional residual capacity, forced vital capacity, expiratory
reserve volume, residual volume and total respiratory capacity are also compromised
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Fig. 5.1 Flow diagram showing how obesity can affect the respiratory wellbeing of a person

with increasing BMI. Overweight and obesity around the abdomen further lead to
a worsening lung functions and respiratory symptoms. For example, the deposition
of fat in the abdominal wall and around the abdominal viscera hampers the move-
ment of the diaphragm and reduces lung expansion during inspiration leading to a
reduced lung capacity. On the other hand, lower BMI cause fewer problems with
respiration. The prognosis of respiratory conditions like chronic obstructive lung
disease, and obstructive sleep apnea, is poorer in obese patients compared to indi-
viduals with normal weight. Obesity can also induce exertional dyspnea or severe
breathlessness due to minor exertions [36]. Asthmatic crisis and poor progression
of the disease is significantly higher in obese patients compared to lean mates. In
fact, the prevalence of asthma is 38% more common in overweight individuals and
92% higher in people with obesity [37]. Obese asthma patients require more hospi-
talizations compared to lean asthma patients because they suffer from many more
episodes of asthmatic crisis. This is partly due to poorer ventilation in obese individ-
uals compared to lean subject with asthma. Low ventilation and low residual volume
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may eventually lead to hypoxia. This phenomenon is called “obesity hypoventila-
tion syndrome”. Obese people are more susceptible to a serious condition called
pulmonary embolism [38, 39], a condition that can lead to cardiac failure and immi-
nent death. This is exactly what happens in obese patients who are infected with
covid-19. Many obese subjects have short and narrowed airways which can lead to
aspiration pneumonia [40]. In this situation, stomach contents move into the lungs
causing severe pneumonia due to acids from the stomach regurgitating back towards
the pharyngo-laryngeal region. Obese subjects also experience severe breathlessness
during physical exercise. Indeed, this symptom is common in obese individuals, with
or without overt respiratory disease [41]. This is because obesity increases oxygen
demand and consumption with a concomitant increase in carbon dioxide release. In
addition, obesity is associated with stiffening of respiratory muscles, chest wall and
the lung, making it difficult for the respiratory system to initiate and effect breathing
seamlessly [14]. Since asthma ismore common in individualswith obesity, it has been
postulated that the adverse effect of obesity on the respiratory tract may contribute
to airway dysfunction and worsen the signs and symptoms of asthma. In most cases,
obese subjects may have prediabetes or fully blown DM, liver dysfunctions, chronic
inflammation, compromised immune system, renal failure, cancer, musculoskeletal
disorders, cardiovascular diseases and other conditions [37, 39, 42, 43]. As such, it is
important to understand first, howCovid-19 infection can affect the lungs and second,
how the risk factors are interrelated, thus making the patients more susceptible to
Covid-19 infection.

Mechanisms by which Covid-19-Induces Respiratory
Complications

Coronaviruses are important human pathogens and research into their behavior is
nearly a century old [22]. As outlined earlier, more than 94.7 million individuals are
positive for SARS-CoV-2-induced Covid-19 infection. 2.3million (2.4%) out of 94.7
million infected people have died [26, 27]. The pandemic has caused unmeasurable
pain to individuals, communities, health care systems and economies throughout the
world [15, 16, 20, 21].About 80%of individualswith thedisease presentwith themild
version of the disease in the form of high temperature, unproductive cough, shivering,
discomfort, sore throat, skeletal muscle ache, and respiratory symptoms. These are
due to the fact that the virus reaches the pulmonary airways or the pulmonary tree
causing inflammation of the mucosal lining of the airways, which eventually result
in cough and fever [29, 30]. Thereafter, the virus causes even more inflammation as it
moves into the alveolar sacs of the lungs resulting in the production of fluid and other
materials, which accumulate in and occupy alveolar sacs. Once the alveoli become
acutely inflamed, especially in highly susceptible patients (5% of the cases), this
in turn is manifested as shortness of breath (>30 bpm), poor O2 saturation (<93%)
and a reduced PaO2/FiO2 ratio (<300 mm Hg), all of which may lead to even more
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inflammation, pulmonary failure, septic shock, pneumonia, multiple organ failure
and eventually death. The whole process is referred to as acute respiratory distress
syndrome (ARDS) [27, 29] (Fig. 5.2).

Covid-19 infection induces severe micro- andmacro-vascular damage in the lung,
heart, kidney and whole body as a whole. This is because the infection induces a
cascade of events, where the pro-thrombin system is activated causing a derange-
ment in blood coagulation. This abnormal coagulation leads to the formation of
micro-thrombus [43, 44]. Covid-19 affects all components of the respiratory system,
including the neuromuscular breathing apparatus, the conducting and respiratory
portions of the pulmonary airways and alveoli in addition to the pulmonary vascular
endothelium. Figure 5.3 shows how covid-19 (SARS-CoV2) induces injury to the

Fig. 5.2 Flow diagram
showing the mechanisms by
which Covid-19 induces
respiratory complications
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Fig. 5.3 Flow chart of the
mechanisms by which
SARS-CoV2
causes respiratory failure

alveolar epithelium leading to acute ARDS [43, 45]. Histopathology studies show
that venous thromboembolic disease is very common in severe Covid-19 infection.
Indeed, microvascular thrombosis has been shown in the alveolar sacs of patients
with severe form of Covid-19 [46].

The SARS-CoV2 virus enters the lungs via alveolar epithelial cells expressing
ACE2 (angiotensin-converting enzyme-2) and transmembrane serine protease 2
receptors. The coronavirus uses one of its four structural proteins to bind to ACE2
on alveolar type II cells, initiating a fusion between the SARS-CoV2 and the plasma
membrane of the host cell. In turn, the transmembrane serine protease 2 receptors
separates the ACE2 receptor and the viral glycoprotein S into 2 separate subunits.
The virus leaves it coat and its genome is then released into the cytosol of the cell
of the respiratory system. This step is followed by replication of the virus using
both cytoplasmic organelles of both the viral and host cell. This involves the trans-
lation of the viral core proteins S, M, N, and E in the endoplasmic reticulum (ER),
followed by assembly of viral particles in the ER-Golgi-intermediate compartment
and accompanied by packaging into small wallet granules transferred towards the
plasmamembrane of the respiratory epithelial cell for eventual exocytosis and release
into other compartments of the body. SARS-CoV2 infection-induced AT2 dysfunc-
tion or loss is deleterious to the injured lung due to a decrease in surfactant volume.
This increases the risk for alveolar collapse and atelectasis. There is also a decrease
in AT2 progenitor cells, which causes impaired alveolar type I (AT1) cell replace-
ment, thereby affecting alveolar repair resulting in lung fibrosis. Moreover, ACE2
downregulation enhances over-activity of the ACE/Angiotensin II/AT1 receptor axis
thereby worsening the tissue destructive effect of inflammatory response. Finally,
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viral-induced cytokine release by AT1/AT2 cells results in blood capillary leak and
alveolar interstitial immune cell infiltration [43–45].

Diabetes, Obesity and Hypertension as Major Health Risks
for Covid-19 Infection

It is well known that ageing is associated with a large variety of comorbidities,
including but not limited to DM, obesity, cardiac and renal failures, and hyper-
tension. All of these conditions come with increased risk of dying from Covid-19
[30–33]. Obesity predisposes people to developing DM, a chronic endocrine disease
characterized by elevated blood glucose level [10–12]. DM occurs when the body
content of insulin is insufficient or the secreted insulin molecules is not effective in
helping glucose uptake by insulin sensitive cells. It is projected that the number of
peoplewithDMwill rise astronomically tomore than 650millionworldwide by 2030
from the current number of 470 million people [47]. It has been estimated that more
than 80% of all individuals with DM will have complications such as hypertension,
atherosclerosis, cardiomyopathy, stroke and chronic kidney disease [11, 12, 48, 49].
According to several studies, severe pneumonia, sepsis, and respiratory failure are the
most important causes of the fatal outcomes of Covid-19 infection [30–33]. More-
over, obese subjects are usually prone to developing respiratory and liver dysfunc-
tions, chronic inflammation, compromised immune system, renal failure, cancer,
musculoskeletal disorders, CVDs and others due to the obesity making them more
compromised to Covid-19 infection. In addition, it has been reported that morbidity
and mortality in obese patients are significantly associated with pre-existing cardio-
vascular conditions [21]. Sudden cardiac death (SCD), for example, is the largest
cause of adult deaths each year globally and SCD is accountable for about 50% of
all mortality arising from cardiovascular diseases [50]. Indeed, most of the SCDs are
the outcome of previously unknown CVDs in the background of obesity and DM
[50]. In fact, it has been reported that angiopathies, including coronary artery disease
(CAD), peripheral arterial disease and SCD are significantly more prevalent in obese
and diabetic individuals compared with non-obese and non-diabetic people [51].

In a study examining the records of 174 patients suffering from COVID-19, indi-
viduals who are obese and diabetic develop amore severe form of pneumonia, release
more tissue injury-related enzymes, and excessive inflammation and are more likely
to die [27]. The degree to which metabolic disease such as DM, obesity or CVD
either alone or in association with other co-morbidities affect the prognosis of Covid-
19 infection is still elusive but more reports point to the fact that the more severe
the metabolic condition, the more fatal a Covid-19 infection will be [30–33]. This
review now addresses the involvement of inflammation in infected obese patients
with Covid-19.



114 M. M. Smail et al.

Covid-19 Combined with Obesity-Induced Acute
and Chronic Inflammation

Inflammation, be it acute or chronic, is a mechanism by which the body defends
itself [52]. Firstly, acute inflammation starts abruptly, and do not last for more than a
few days and involves specific types of cells such as neutrophils. Secondly, chronic
inflammation has a longer duration that may range from weeks to months or even
years, depending on the type of the causative factor, integrity of the immune system,
well-being of the affected person and the overall ability to overcome and repair the
inflicted injury [52]. In short, the purpose of an inflammatory reaction is to prevent
the harmful sources (biological and physical sources) from inflicting damage to our
body systems and repair any tissue damage if that has already occured [53]. However,
it may become a problem if an inflammatory response is excessive. In SARS-CoV-2
infection, an excessive and abnormal inflammatory reaction leading to the release of
a large quantity of cytokines is a leading cause of death in Covid-19 infected patients,
especially those who are obese and diabetic [30–33].

The cytokine storm is a concept derived from the clinical observation between
mild infection in obese patients with Covid-19 and those with severe elevation of
circulating CXCL10, CCL2 and TNF alpha. Moreover, they require admission into
Intensive Care Unit (ICU). In addition, increased level of interleukin-1, interferon-γ,
CXCL10, and monocyte chemoattractant protein-1 (MCP-1) was observed in obese
individuals with Covid-19 infection. Furthermore, obese patients with Covid-19 and
who are in ICU had increased blood levels of Granulocyte colony-stimulating factor
(G-CSF), CXCL10, tumor necrosis factor-α, MCP-1, and CCL3 when compared to
controls [54, 55]. This SARS-CoV-2-induced cytokine storm stimulates the release
of a group of lymphocytes called cytotoxic T cells and Natural killers resulting in
the inhibition of the same cell [56].

In the severe form of Covid-19 infection, especially in obese and diabetic patients,
this large release of inflammatory cytokines reduces the number of lymphocytes
present in the body. This is probably due to exhaustion. The increased activity of
macrophages coupled with the release of large amount of inflammatory cytokines
can lead to fever, chills andmulti-organ failure and eventually the death of the patient
[57, 58]

DM and obesity can cause low-grade chronic inflammation, accumulation of bad
lipoproteins and initiating the development of labile atherosclerotic plaques that
can cause thrombosis. Low grade chronic inflammation has been shown to signifi-
cantly increase the risk of cardiovascular diseases, especially, stroke and myocardial
infarction [59, 60].

Obese people, especially those with comorbidities and over 65 years of age, are
more at risk from Covid-19 infection because they have excess fat deposition in their
body, especially in the liver, diaphragm, and accessory respiratory muscles around
the chest [14, 29–31]. As such, the excess fat seems to disturb the normal homeostasis
of the body due to high insulin elevation in the blood. By unknown mechanism(s),
the elevated circulating insulin is associated with several abnormalities including the
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production of inflammatory cytokines and a concomitant reduction of adiponectin,
which is known to protect the lungs and the respiratory system from viral insult. This
process is directly linked to the excess lipid accumulation in the lungs of the patients
due to obesity. As a result, the lungs are unable to handle the invasion of Covid-19
virus leading to a derangement in oxygen absorption. This is due to several factors as
discussed earlier in this review. They include reduced activity of the body’s immune
system due to age and comorbidities such as cardiovascular diseases, DM, lung
infection, and even the medication they use regularly, especially anti-inflammatory
drugs, which reduce the inflammation induced by the virus [61].

Conclusion

Figure 5.2 is a summary of the relationship between obesity and Covid-19 infec-
tion leading to acute respiratory distress syndrome (ARDS) and possible death of
the patient. The literature has clearly demonstrated that obesity, due to excess fat
deposit in the lungs, liver, and diaphragm has a detrimental effect on the respiratory
system and the severity is more intense with the degree of obesity. Obese patients
have tremendous problems with breathing and the entry and utilization of oxygen in
their body. Moreover, they are susceptible to stroke and also have a compromised
immunity system, chronic inflammation, sleep apnea, risk of T2DM, heart attack,
hypertension, kidney failure and possibly other comorbidities. Obese people have
slim odds against Covid-19 infection, which induces a specific insulting and lethal
effects on the respiratory system in the body resulting in detrimental synergistic
effects on the pulmonary system in a severe manner making it more difficult for
obese subjects to breathe due to a lack of oxygen. In turn and over time, the infection
can lead to death of the patients due to oxygen starvation and multiple organ failure.
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Chapter 6
Dysfunctional Circadian Rhythm Is
Associated with Food Consumption,
Obesity and Related Metabolic Diseases:
Role of Ion Channels

A. Cihangir Uguz, Lourdes Franco Hernandez, Jaipaul Singh,
Ana Beatriz Rodriguez Moratinos, and Jose Antonio Pariente Llanos

Abstract Circadian oscillators are the body’s biological clocks which exhibited in
most of living organisms from bacteria to higher vertebrates. They are responsible
for organizing a variety of biochemical and physiological cellular functions with a
rhythmic period of a day cycle (24 h, circadian, repeat cycle in a day) evenwithout any
timing indicators. Any disruption in synchronization of circadian rhythm (chronodis-
truption) causes a wide range of complications which can be referred to as metabolic
syndrome, obesity or type 2 diabetes mellitus (T2DM). Food intake can be stimu-
lated because of its hedonic properties, although energy need is sufficiently provided.
Addiction can be determined as excessive intake of either drug or food. Drug and
food addiction shares some similar hedonic neuroadaptative properties in perception
reward circuits. That could be as a result of childhood physical or psychological
trauma by increasing neurotransmitter hypersensivity or dysregulation. Circadian
clocks are key players of hormone synthesis and release, which cause cellular adap-
tations to the body environment. Ion channels are protein structured gate keepers
located in the cell membrane, allowing charged ions to move across the membrane.
They contribute and regulate many of cellular functions in the body. Ion channels act
as an important player in circadian phases and also subsequent physiological func-
tions by contributing in signaling pathway including homeostasis, gene expression,
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etc. Hence, this review focuses on the importance of chronobiology and its role on
prevention of obesity, T2DM and regulation of the ion channels by circadian rhythm.

Keywords Circadian rhythm · Chronodistruption · Obesity · Diabetes · Ion
channels

Abbreviations

[Ca2+]i Intracellular calcium (Ca2+)
AITC Allyl isothiocyanate
AP Action potential
AT Adipose tissue
BAT Brown adipose tissue
BK Big conductance K+ channels
BMI Body mass index
Ca2+ Calcium ion
CAPC Calcium activated K+ channels
CBT Core body temperature
CHD Coronary heart disease
CLOCK Circadian Kaput cycles
CVDs Cardiovascular diseases
DD Constant darkness
EE Energy expenditure
EPIC European Prospective Investigation into Cancer
ER Endoplasmic reticulum
FBG Fasting blood glucose
GIRK G protein gated inwardly rectifying K+ channels
GLP-1 Glucagon-like peptide 1
GLUT-2 Glucose transporter
GOF Gain of function
GSIS Glucose-stimulated insulin secretion
HFD High fat diet
HMGCoA Hydroxymethylglutaryl-CoA
ICAC Intermediate-conductance calcium-activated K+ channels
KK Knockout mice
LD Light-dark cycle
LDL Low-density lipoprotein
LOF Loss of function
MetS Metabolic syndrome
MODY Maturity onset diabetes of the young
MS Metabolic syndrome
PIP2 Phosphatidylinositol 4,5-bisphosphate
POMC Proopiomelanocortin
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PSG Polysomnogrephy
SCCA Small-conductance calcium-activated
SCN Suprachiasmatic nucleus
SD Standard deviation
SNP Single nucleotide polymorphism
SSTRs Somatostatin receptors
STZ Streptozotocin
SUR1 Sulfonylurea receptor 1
T2D Type 2 diabetes
TRP Transient receptor potential channels
TT Sayfa 12 [1]
UCP-1 Uncoupling protein 1
VDCC Voltage dependent Ca2+ channels
WAT White adipose tissue
WHR Waist to hip ratio
WT Wild type
α2-ADRs Adrenereceptors

Introduction

Nowadays, meals in Western culture revolve around the three meals habit, including
breakfast, lunch and dinner. It is widely common (also recommended by some
experts) to take a snack in the morning and another snack in the afternoon in order
to control appetite throughout the day. As such, the best recommendation is to eat
more than four times during the day, but it is not a standard habit, nor in other coun-
tries or in past times. Looking to the past, in the times of the Roman Empire, they
believed that it was unhealthy to eat more than once per day. Only one big meal was
consumed, the “coena”, around 4 pm, and two light and quick meals in the morning
and at noon [2].

In Medieval times, the term breakfast came from “break the night’s fast”, because
it was the first meal after the evening prayer [3]. Monks also remain silent during
meals, hearing the readings of religious texts.

It became necessary to have something to eat before going towork in the Industrial
Revolution times, shaping the breakfast we know today. Also, dinner and diningwere
transformed by thewidely use of artificial light, thatmade possible to eat before dawn
and after noon [4]. It is very clear that the habits of eatingmeals are heavily influenced
by social and economics periods, walking along the society changes and necessities.

“Eat like a king in the morning, a prince at noon, and a peasant at dinner” These
are the words of Moses ben Maimon or Maimonides 1135–1404.

The total number of people who are suffering from obesity and diabetes mellitus
has increased significantly all over the world during the last four decades affecting
almost 11% of total population. Diabetes and metabolic disorders develop after the
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unbalanced homeostatic situation triggered by genetic predispositions and environ-
mental factors. Exceeded energy intake than energy expenditure, prepares the basis
for obesity. Disruption of glucose homeostasis in the body can cause high glucose
levels to trigger migration, proliferation, apoptosis, necrosis and even promotes
tumour progression.Determining the adequate energy expenditure is the best strategy
for preventing and treating obesity. Brown adipose tissue (BAT) is defined as the
energy-expending part of body which produces heat by inducing uncoupling protein
1 (UCP-1). The temperature of the body varies within a day, as well as depending
on the body’s activity. With this property, BAT differs from white adipose tissue
(WAT). The expansion and activation of BAT can protect individuals from diabetes
and obesity. UCP-1 can be found in the inner membrane of mitochondria of BAT.
The role of UCP-1 is to uncouple the respiratory chain thereby generating heat. As
such, the activation of BAT highlights the energy regulation and fat deposition.

Ion channels have crucial roles in BAT activation and insulin release. In the
glucose-stimulated insulin secretion (GSIS) cascade, glucose firstly enters β cells
by diffusion via glucose transporter (GLUT-2). Second, glucose is metabolized by
enhanced ATP/ADP ratio. Elevation in ATP levels and decreased ADP levels cause
closing KATP channels. Third, membrane voltage levels changes from the K+ equilib-
rium state, thereby facilitating Ca2+ entry into the cytosol through voltage-dependent
Ca2+ channels (VDCC). Increased intracellular calcium (Ca2+) ([Ca2+]i) levels trigger
insulin secretion form pancreatic β cells. Ion channels are the protein structured gate-
keepers of cellmembrane allowing ionmovement through cellmembrane.Among the
ion channels, transient receptor potential (TRP) channels are expressed in a variety of
tissues and demonstrated that they have a crucial role in regulation of cellular func-
tions, hormone and neurotransmitter release, energy mechanism and cell survival
pathways in either diabetic or obese conditions. Moreover, dietary administration of
some TRP channel’s ligands has been associated with improving effects in diabetic
and obese conditions. These findings attract attention of Scientists to focus on ion
channels-gating mechanisms. This review discusses the importance of diabetes and
obesity and the role of some ion channels contributing the possible mechanisms
involved in these metabolic diseases.

Importance of Meals Frequency: When and How Many

There are various studies which associate meal frequency with cholesterol disease,
body mass index (BMI), obesity and diabetes. Cultural tradition is believed to be
the origin of the concept that the healthier choice is eating three meals per day
[5]. Moreover, elevated cholesterol and body weight are two major risk factors for
cardiovascular diseases (CVDs [6]. In a study by Paoli et al. [7], they pointed out
that a “gorging” diet versus a “nibbling” diet (consumption of frequent smaller meals
or snacks) produces worse blood lips in the first case [8]. Another study made by
Elestein et al. [9], and confirmed by previous studies, reported that the existence of
lower age-adjusted total and low-density lipoprotein (LDL) cholesterol in volunteers
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who have the habit to eat four or more meals daily, compared to people who reported
one or two [9]. Other association was obtained comparing BMI and macronutrient
intakewith alcohol intake, smoking habit, systolic blood pressure and anthropometric
measurements as waist to hip ratio (WHR). But an additional investigation reported a
decrease in the risk of obese peoplewho eat less than threemeals per day compared to
eating more than six meals. Moreover, the Malmo Diet and Cancer study concluded
that people who had better lifestyle and eat five or six times per day had lower waist
circumference [10].

It is clear that meal frequency is connected to weight control, but the question
is how? The big question is how many meals are the best to prevent overweight?
Obesity has a big prevalence in modern society and has been doubled since 1980
in more than 70 countries [11]. A big indicator is that the majority of people in the
world live in the countries where more people died by overweight and obesity than
by underweight [12]. This is a risk factor for type 2 diabetes, (T2DM), dyslipidemia,
hypertension and CVDs [13].

In order to prevent overweight and obesity, it is of paramount importance to estab-
lish healthy strategies such as eating fewer calories through diet, drugs or bariatric
surgery [14] and exercising regularly [15]. The timing of meals and the frequency of
meals have a significant influence onweight control [16]. Kahleova et al. [17] showed
that eating one or twomeals a daywas associatedwith a lower BMI compared to three
meals a day. Other authors have seen that there is a relationship between the amount
of food ingestions in a day and the amount of snacks eaten (more than three a day)
and also the increase in body weight. Changes in weight are related to time of fasting
during the night resulting in the longer the overnight fast, the lower the BMI. This
reduction is due to the combination of the frequency of meals and night fasting. In
addition, there are hormones that help to maintain and also to improve the peripheral
circadian clock. These satiety hormones (leptin or ghrelin) will be discussed later in
this review and a reduction in oxidative damage, along with increased resistance to
stress [17]. There are older [8, 18] and more recent research studies [19] suggesting
that more frequent meals can reduce the risk of weight gain. However, recent large
prospective studies appear to support the conception that frequent snacking increases
the risk of weight gain [20] and T2DM [21]. This is still controversial nowadays.

Some benefits of a lower meal frequency might be supported by investigating
acute metabolic responses. One study realized by Taylor and Garrow [22] assessed
the effects of isocaloric diets consisting in two or six meals per day on energy
expenditure measured in a metabolic chamber. The study carried out by Taylor et al.,
demonstrated that when two meals are consumed per day compared to six, there are
no differences in energy expenditure during the day. However, this habit implies a
much higher difference during the night time [22].

Other authors point out that a higher basal energy expenditure in the morning
compared to the evening represents an improvement in the health of individuals
[23]. On the other hand, there are differences during the day with respect to total
energy expenditure [24]. The increase in BMI and its metabolic consequences with a
higher frequency of meals are due to the higher intake of energy derived from sugar
[25]. However, this is associated metabolic problems, but also to the increase in food
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stimuli, hunger, and the desire to eat [26]. Thus, a meal habit has a good effect on
health and a reduced meal frequency is associated with an irregular eating approach
that causes weight gain. Other authors have observed that metabolic alteration can
increase cardiovascular risk [27] and decrease the risk of weight gain [17].

In a study, McGrath and Gibney [25] convinced volunteers, who normally ate six
times a day to reduce their frequency while persuading those who ate less frequently
(three times a day) to increase their frequency to six times. This change led to
increased meal frequency and it also induced a significant reduction in blood total
low density lipoprotein (LDL) cholesterol level. In addition, this was also combined
with a reduction in carbohydrate intake. Due to this interesting observation, it is now
possible to consider that the effects of changing meal frequency could also modify
the overall macronutrient intake [25].

A lot of research studies were done on Ramadan fasting and energy expenditure
because it can be considered a formof time restricted feeding cycle and can be studied
(almost) annually [28]. During Ramadan, Muslims cannot eat until dark, creating an
opposite fasting window compared to other fasting based on eating during daylight.
Even though the duration of Ramadan is short, only four weeks, it usually does not
lead into ketosis, but it can stimulate many pathways linked to long-term fasting [29].

On the other hand, when talking about meal frequency and timing, the bigger
conflict is breakfast. Is this important or not?Most people believe if they eat breakfast,
they will have a lower risk of gaining weight compared to those who skip breakfast
compared to those who eat their larger meal at lunch or dinner have a higher risk of
gaining weight [17]. Cahill et al. studied the association between the risk of coronary
heart disease (CHD) and the frequency of food consumption [30]. Skipping dinner
and having breakfast increases energy expenditure for a full day, while skipping
breakfast could also trigger a higher concentration of postprandial insulin and greater
fat oxidation. As such, there is certain difficulty to change the metabolic habits of our
body [31]. Other data suggest that if there are health promoting effects of reducing
the frequency of meals then there may be differential effects of skipping breakfast
versus dinner. In addition, late intake of meals is associated with an increased risk of
obesity and coronary heart disease [32] and snack taking is associated with higher
total energy intake and later food consumption in the evening [33].

Meals Frequency and Illness: Cause and Effect

In a study comparing subjects reporting a higher meal frequency (6 times/day) to
those who ate once or twice a day, it was observed a lower concentration of total
and LDL cholesterol in the group who ate more meals per day, even adjusting age,
BMI, physical activity, smoking, total energy intake, and macronutrient distribution.
This was discovered by a project within the European Prospective Investigation
into Cancer (EPIC) [34]. On the contrary, a recently published analysis within the
prospective Seasonal Variation of Blood Cholesterol Study in Worcester County,
Massachusetts, proposed an opposite relation. It was demonstrated that more than
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four meals per day show a lower risk of obesity, compared to a frequency lower than
three times per day, even after adjustment for age, sex, physical activity, and total
energy intake [35].

Mekary et al. published a study on diabetes. In this article, a 16-year follow-
up was carried out that indicated a risk of T2DM in men who ate 1 or 2 times
a day when compared with those who ate 3 meals a day. This was the case even
when adjusting for age or other factors [21]. Another study, conducted in women
during a 6-year follow-up, indicated that there was no correlation between increased
frequency of meals and the risk of T2DM [21]. Many studies have examined risk
factors compared groups that ate three meals a day after adjusting for total energy
intake, diet composition, and other risk factors. Furthermore, as suggested by other
authors [36], there is a strong relationship between the frequency of meals and an
increased risk of CAD. This relationship is not very strong, and therefore it is difficult
to establish this association.

There are several publications that study risk factors, but only one prospective
cohort study has investigated the relationship between the frequency of meals and
the risk of CAD. Cahill et al. [30] found that men who ate 1–2 meals a day had a
fairly thigh risk of CAD of 1.10, while men who ate 4–5 meals a day had a risk of
1.05. In contrast, men who ate 6 times had even amuch higher risk of 1.26, compared
to those who ate 3 times a day.

McGrath and Gibney observed the reduction of cholesterol, adding some posi-
tive proof to the ongoing debate about the relationship between traditional disease
markers, such as total cholesterol and LDL cholesterol and CHD [37]. Some
authors have observed that high levels of cholesterol in the blood which in turn
can increase the risk of both cerebrovascular (CBVDs) and CVDs [38]. More-
over, it is also assumed that the mechanisms involved in lowering cholesterol
may be related to the mechanism of cholesterol biosynthesis. With respect to the
disease of diabetes, in cholesterol biosynthesis, insulin activates a key enzyme,
hydroxymethylglutaryl-CoA (HMGCoA) reductase (the target of statins) [39].

The goal of this review is not to address this mechanism (AMP-activated protein
kinase, increased transcription rate, or insulin-induced genes) [40]. However, it is
equally important to know that increased blood glucose can lead to an increase
in insulin release from beta cells leading to enhanced insulin-induced synthesis of
endogenous cholesterol [41]. Thus, an increase in the frequency of meals decreases
insulin concentrations if it is compared with the intake of three meals a day, since
there is a decrease in cholesterol synthesis [21].

The absence of frequent meals has effects such as the action of insulin, and
the elimination of cholesterol (reverse cholesterol transport) after the ingestion of
high-fat meals [42] and the inhibitory effects of cholesterol and fats on HMGCoA
reductase [43]. Snack intake increases the amount of protein in the diet since the
number of macronutrients is affected by the frequency of these meals, blood lipids,
and the effects of insulin [44]. Therefore, the data show that there is no correlation
between the number of snacks and hunger [44] or at least this relationship is not
direct [39]. Therefore it seems like the majority response is related to satiety with a
higher protein intake [36]. It should be noted that modifying meal frequencies could
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also change the energy percentage of particular macronutrients during the day, and
also changes in carbohydrates and sugars with proteins [25].

Taking into account the data obtained by several authors, it is possible to assume
that the frequency of meals does not seem explain the health effects. Currently there
are different data on the frequency of meals and the health of an individual. This can
be easily explained since generally, few meals cause the distribution of these effects.
Moreover, it will be incorrect to assume that no breakfast, light lunch and a high
calorie dinner or a very low number of meals produce a poor metabolic control [21].
Also, the effects of the frequency of meals are related to the timing of the same and
the absorption of the macronutrients they contain. Currently, available data on the
effects of “bite” (small, frequent meals) compared to “binge” (large and infrequent
meals) under isoenergetic conditions [45] are responsible for conflicting results.

Circadian Rhythm and Obesity

Obesity is deeply rooted in our modern society and maybe aggravated by fast food,
ultra-processed meals and full-time jobs. All these produces changes in our diet and
physical activity, possibly leading to the increase in the prevalence of obese people.
However, some research has raised interest in the possibility that changes in our daily
behavioral patterns may be a significant contributing factor [46], adding the factor
that, in industrial countries, the average of daily sleep has decrease by 1.5 h in the
past century, concurrent with a significant increase in obesity [47].

The circadian clock is involved in internal rhythms and therefore metabolic
rhythms, including glucose and lipids. Our internal circadian clock is influenced
by eating early or late in the day [48]. In the body’s circadian timing system, we
can find the hypothalamic suprachiasmatic nucleus, which contains a central clock
and different peripheral tissue clocks. Although the central clock is in charge of food
intake, energy expenditure and insulin sensitivity, others including the peripheral
tissue clocks have another additional control. In the intestine, for example, there is
a peripheral clock that regulates glucose absorption. There are also other clocks in
the liver and adipose tissue that regulate tissue sensitivity to insulin, while another
peripheral clock in the pancreas regulates insulin secretion. There is also a molecular
clock that regulates lipid metabolism in different tissues [49].

Obesity, T2DM and coronary heart disease (CHD) are promoted by clocks [50].
Animals also have an internal cellular clock mechanism, which helps them to be
sensitive to light and therefore to anticipate and adapt to changes in environmental
conditions linked to light anddark.The suprachiasmatic nucleus (SCN)was identified
in the 1970s as themain biological clock. Thismechanism can control not only sleep–
wake cycles, but can control hormonal secretion, body temperature, blood pressure,
and of course, behavioral variables making the body adapt to the changes that take
place in the environment. The hormone melatonin is an important internal clock.
This important indolamine is regulated by the light and dark cycles and vertebrates
have a high level at night. All hormones have pulses throughout the day. For example,
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melatonin is highest around 9:00 p.m. and cortisol spikes in themorning, around 8:00
a.m. CVDs may lead to a risk of cardiovascular problems first thing in the morning
[51]. The Period (Per1) gene, which has a cyclical rhythm in the pineal gland, sets
the rhythm in the endocrine system that gives a signal for the body to control the
master clock in the SCN [52]. McHill et al. [53] observed that obese people ingest
most of their calories an hour closer to the onset of melatonin, that is, late in the day
compared to slimmer people. During the day, glucose tolerance is less well controlled
than at night. Diurnal rhythms are influenced by the responsiveness of liver cells,
insulin clearance, and peripheral insulin sensitivity, but liver insulin sensitivity is less
important. The circadian mechanisms that mark the day and night cycle are affected
by light, sleep and wake, physical activity and food intake. In these physiological
functions, the timing ofmeals is an importantmarker that also influences bodyweight
[54]. This timing of meals influences the central master clock (SCN) and peripheral
cell clocks, including genes Bmal1, Clock, Per1/2, Cry1/2, Rev-erb α/ß, Ror α/ß,
Dbp, Dec1/2, CK1ε/δ and NPAS2 [52].

Serum ghrelin, insulin resistance (IR) indices and subjective appetite sensation
in overweight and obese women are involved in the control of the internal clock
and therefore, a low calorie diet, which distributes the calorie intake during the day,
influences weight loss [55]. According to Jakubowicz et al., there are positive effects
if more calories are ingested during the day, especially at breakfast, and therefore,
there is a relationship between meal schedule and body weight [55].

Instead, there is evidence that breakfast is important for body weight. In a study
by Dhurandhar et al. [56], they recruited 309 overweight and obese adults. They
were then divided into two groups and one group was asked to eat breakfast and
others not for 16 weeks. Although all of them complied with the protocol assigned to
them, they saw that eating breakfast did not produce weight loss when compared to
the group that skipped breakfast. On the other hand, studying cardiovascular health,
Uzhova et al. [57] found that skipping breakfast was associated with an increased risk
of non-coronary and generalized atherosclerosis independent of conventional CVD
risk factors in a sample of asymptomatic middle-aged individuals. Furthermore,
Betts et al. [58] found that both lean and obese people expended less energy during
the morning when they skipped breakfast than after breakfast. When looking at the
effects during the afternoon, they were not as conclusive. A recent study showed that
excessive intake during the night is associated with a higher BMI, and thus, there is
great heterogeneity, and it is difficult to draw a conclusion [59].

There are some articles on the correlations between night shift workers and the
effect of this type of work on night rest [60, 61] and these confirm that poor sleep
hygiene can lead to a problem of obesity. The genes involved in circadian Kaput
cycles (CLOCK) are essential in metabolic regulation. That is, any alteration of the
CLOCK, affects the metabolic pathways [62]. Garaulet et al. observed the associ-
ations between the CLOCK 3111T/C (rs1801260) single nucleotide polymorphism
(SNP) and baseline body weight and weight reduction in obese patients who partic-
ipated in a diet based on weight loss based on the Mediterranean diet [1]. Specific
alleles in sleep and food intake reinforce the effects of diet [63]. These mechanisms
are mediated by the hormones ghrelin and leptin which follow the circadian rhythm
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and are therefore involved in food intake. Thus, ghrelin is responsible for stimulating
appetite and also it affects sleep [64]. This ensures that the neurophysiological and
metabolic mechanisms responsible for the control of eating and sleep behaviors are
coordinated so that during wakefulness appetite is stimulated and satiety is related
to sleep [65].

Garaulet et al. [66] saw the relationship between the SNP CLOCK 3111T/C gene
and the decrease in body fat in individuals (n = 500) of a population in which
carriers of the (C) allele had more difficulty losing weight than their counterparts
TT [1]. The CLOCK locus influences behaviors related to weight loss, and therefore
sleep patterns by reducing sleep hours. Treatment of obesity poses a health challenge
especially since behavioral therapy is a part of the weight loss program that aims
to identify inappropriate behaviors. In turn, this can lead to weight gain, including
excessive intake and lack of physical exercise habits [67].

The correct answers are based on the products used for behavioral therapy [68].
The CLOCK 3111T/C SNP gene may contribute to this goal. As mentioned, people
who possess the minor C allele have more complications to reduce BMI than TT
carriers (difference of 3 kg). The CLOCK 3111T/C gene functions by modifying
the half-life of mRNA, which conditions the translation of CLOCK and therefore
influences the levels of proteins involved in circadian rhythms and nighttime sleep
[69]. Individuals carrying the C allele have a shorter sleep duration and therefore
the behavior of these subjects may be affected, and they may even develop mental
illnesses [70]. In those people who were carriers of the allele, it was found that they
had a higher plasma ghrelin value than non-carriers, and it wasmore evident in people
of 38 years of age.

The correlation between C carriers and the decrease in body fat outweighs the
indirect relationship on the duration of sleep and the high concentration of the ghrelin
hormone. Peptide Y is activated by this mechanism and is inhibited by proopiome-
lanocortin (POMC) and cocaine and regulated by amphetamines, and this activation
mechanism is a positive feedback [71].

The type of diet is very important when it comes in losing weight and one of
the best diets is the Mediterranean Diet, which, as many evidences show, is the best
option to lose weight. [72]. Individuals who have the C-gene of the CLOCK3111 T
and C SNP have less adherence to theMediterranean Diet than TT people. It was also
observed that there was a higher intake of animal proteins and processed foods, and
therefore, a higher intake of trans-fatty acids. This diet made a weight loss program
worse [73]. In addition, episodes of chronic insomnia, sleepiness, and fatigue have
been reported to produce less physical activity in individuals [74]. It has been proven
that the presence of the C allele is associated with a decrease in sleep that produces
an increase in daytime fatigue that triggers a lower mental performance.

According to Gómez-Abellán et al. [75], circadian expression patterns in cultured
adipose tissue explants were found for all the genes which have been investigated so
far, and there exists a correlation analyses between the genetic circadian oscillation
(amplitude) and components of theMetS. The parameters affecting each subject were
studied and the data obtained by cosinor analysis, defining the circadian rhythms as
mesor, amplitude, relative amplitude, acrophase and both per cent of rhythm. There
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was a greater amount of adipose tissue andBMI. The amplitude of it was revealed that
greater adiposity and abdominal obesity (BMI, percentage of body fat, waist, sagittal
diameter and conicity index) were correlated with a decrease in the amplitude of the
genes ADIPOQ, ADIPOR1 and ADIPOR2 [75]. Moreover, they are related with a
lower waist-to-hip ratio and it was also observed that these genes have a circadian
rhythmicity and therefore, adiponectin is regulated depending on time. The form
of regulation of these genes seems to occur at the level of mRNA. Control of these
genes is produced by the suprachiasmatic nucleus in human AT for 24 h. Other genes
also follow a circadian mode of action such as the clock genes (PER2, CRY1 and
BMAL1) [76]. Likewise, other genes are related to cortisol and the glucocorticoid
receptor (GR) and 11β-hydroxysteroid dehydrogenase 1 (11βHSD1) and PPARγ

[77].
Physiologically, apart from glucose and lipids, there are other hormones such as

insulin, glucagon,GHand cortisol and adiposospecificmolecules that havemetabolic
role to play in the body. Similarly,MetS, such as visfatin, resistin, adipsin, and leptin)
also have modes of circadian action [78]. Currently, there are only few studies which
are based on the expression of the ADIPOR gene [79]. It is important to note that
the circadian rhythm changes in the same way as the amount of adiponectin. There-
fore, this relationship indicates that adiponectin has both autocrine and paracrine
action. Adiponectin and its receptors are expressed simultaneously and produce an
increase in the action of adiponectin and consequently an increase in its action.
From a study in experimental animals [80], it is clear that the expression of the
adiponectin gene follows a circadian rhythm in adipose tissue deposits with a nadir
(minimum expression) during the morning (1000–1100 h). Adiponectin reaches its
zenith (maximum) at the same times. This pattern in humans contrasts with the
opposite effect in nocturnal animals such as rodents [75].

When the circadian expression of adiponectin is compared with the values found
in serum during the day [81], it is observed that the nadir in adipose tissue (AT)
anticipates the amount to be found in plasma, Hence, there is a phase delay of 7 h
between transcription and secretion of the protein into the blood. Gavrila et al. [81]
conducted a study in healthy men, who were compared with morbidly obese women.
Their results demonstrated a close relationship to the kinetics of expression, synthesis
and secretion of the adiponectin molecule.

The circadian system regulates metabolism in the different organs and tissues
involved in the changes that occur in different diseases that lead to the appear-
ance of metabolic syndrome (MetS). Furthermore, it is known that the homeostasis
of lipids and glucose has a circadian pattern [82]. Thus, adiponectin is related to
glucosemetabolism [83]. It is for this reason that adiponectin is called the fat-burning
molecule since it has the ability to direct fatty acids to the muscle so that they can be
degraded and converted into metabolic energy [83]. This point is important because
in this way it decreases the fatty acids in the liver and it also decreases the triglyceride
content and therefore there is a greater sensitivity to insulin [83]. Adiponectin has
its highest expression point in the morning (10:00 am) and therefore is related to the
greater use of fatty acids at this time and therefore, there is a greater tolerance to the
hormone insulin [84].
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Some studies have shown that disruption of circadian rhythms induces obesity
[85].An adequate circadian rhythm leads to healthy eating habits and reduces obesity,
hyperphagia, cancerous diseases and increases life expectancy [60]. Gómez-Abellán
et al. [75] found a positive relationship between genetic circadian rhythms (ampli-
tude) and the components of metabolic syndrome (MS) and it was found that biolog-
ical rhythms are related to adiponectin secretion in women with obesity, leading to
the attenuation of obesity. Studies have shown an increase in the markers of adipose
tissue and abdominal obesity. They included abdominal diameter, weight, hip waist,
body fat, BMI, conicity index and sagittal diameter, all of which were related to
less adiponectin synthesis and the amplitude of the ADIPOR1 and ADIPOR2 genes,
which characterize a circadian rhythm. This study was performed only on visceral
fat and therefore this may explain the characteristics of metabolic syndrome (MetS)
and the relationship with visceral fat. Other research previously conducted by Ando
et al. [78] showed that the rhythmic expression of the clock genes (Bmal1, Per1, Per2,
Cry1, Cry2, and Dbp) and adipocytokines (adiponectin, resistin, and visfatin) was
attenuated in visceral adipose tissue of obese knockout mice. Other animal models
revealed that mice with a Clock gene alteration are prone to developing obesity and
a MetS-like phenotype [84].

In humans, alterations in the circadian rhythms of adiponectin expression appear
with the disease of obesity [86]. The disruption of the circadian rhythm is the key in
metabolic disorders diseases [87].

Chronodisruption and Diabetes

One of the major health challenges in the world today is the MetS, which affects up
to a 25% of the world adult population, a syndrome that derive T2DM. In spite of
its widespread presence, its underlying causes are still to be fully determined and
understood. Recent studies suggest that some manifestations of MetS [85] might be
associated with the disruption of the circadian system (chronodisruption). There-
fore, prevalence of adiposity and MetS [78] is increased by sleep deprivation, shift
work and exposure to bright light at night. Insulin resistance is an important factor
involved in the pathophysiology of MetS. It is characterized by high plasma insulin
concentrations that occur due to the failure of insulin function to suppress an increase
in plasma glucose. Specifically, IR is defined as the inability of insulin to suppress
hepatic glucose uptake and to stimulate glucose uptake in muscle and adipose tissue
[88].

It has been recently discovered that circadian clock genes, not only exist in the
brain, but also in tissues related to cardiovascular functions and energy metabolism
such as the liver, pancreas, heart, and adipose tissue [89].

Adipose tissue (AT) can be found in some peripheral depots and it has relevance
in studies concerning obesity and MetS. AT is not just a storage for triglycerides, as
adipocytes release free fatty acids and secrete adipokines [90]. Recent studies have
confirmed the presence of circadian clock mechanisms in AT and its periodic nature
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[90]. The existence of an intracellular circadian clock system that regulates local cell
functions might be suggested due to the persistency of gene expression oscillations
in vitro. One adipokine that has attracted attention due to its role as a key modulator
of insulin sensitivity is adiponectin [90], which can also be considered as a protec-
tive factor against MetS alterations [91]. The effects of adiponectin are mediated
by binding to two cell membrane receptors: ADIPOR-1 (adiponectin receptor) and
ADIPOR2 [92]. The first one is a high-affinity receptor for globular adiponectin,
but a low-affinity receptor for full-length adiponectin, and is frequently expressed
in muscle. The second one, ADIPOR2, is an intermediate-affinity receptor both for
full-length and globular adiponectin and is normally expressed in liver [92]. Both
receptors can also be found in adipose tissue, which strongly points to biological
effects of adiponectin in AT in a paracrine/autocrine manner [79].

Some studies have demonstrated the diurnal and ultradiurnal dynamics of circu-
lating adiponectin concentrations in humans [81] and inAT fromanimals [93].Never-
theless, we still do not know whether this cytokine exerts a circadian oscillation in
human AT and whether there are any differences between oscillation in visceral
depots and in subcutaneous fat depots.

Adiponectin has been intensively studied in the last few years, due to its protective
role in health alterations related to obesity, such as inflammation and insulin resis-
tance [94]. Circulating levels of this hormone exhibit diurnal variations in humans
[81]. Nevertheless, specific information regarding circadian rhythmic expression of
adiponectin in human adipose tissue has not been reported that we know of. In this
study, authors show how adiponectin mRNA levels in AT from obese women fluc-
tuate throughout the day in the same phase as its receptors and how their circadian
rhythms are attenuated with MetS features [81].

In a study by Harnandez-Morante et al. [95], they found differences in basal
adiponectin expression between adipose tissue depots in women from the present
work, being higher in the SC expression. This is in line with a previous study carried
out in a similar population and is related to the cardioprotective feature of healthy AT
[96]. As regards adiponectin receptors, there was little or no significant differences
between both AT location, which is consistent with what has been evidenced in
experimental animals [97].

Abnormalities in sleep quantity and quality [98], melatonin regulation [99] and
circadian alignment [100] are all associated with an increased risk T2DM.According
to several genome-wide association studies, a variation at MTNR1B [101] is associ-
ated with diabetes traits, but the mechanism whereby these variants produce elevated
T2DM risk still remains unknown. Melatonin, a pineal hormone released at night,
has two high-affinity receptors andMTNR1B is one of them. The circadian hormone
plays a role in glucose homeostasis [102]. The release of melatonin takes place
during overnight fasting while sleeping and high levels of this hormone during an
oral glucose load at daytime causes impaired glucose tolerance [103]. Some variants
in MTNR1B are related to an increased risk of T2DM, lower glucose-stimulated
insulin secretion [104] and fasting blood glucose (FBG) levels in individuals without
diabetes [101]. Some studies have determined thatMTNR1B rs10830963 is probably
the causal variant [105].
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There is a relationship between the strange variants of loss of function inMTNR1B
and an increase in the risk of diseases such as T2DM that is also related to the
MTNR1B gene. Although this MTNR1B gene is important in the maintenance of
blood glucose, today it is not known how the mutation in this MTNR1B rs10830963
gene alters normal glucose metabolism [106]. Understanding this mechanism could
help to comprehend the mechanisms that influence the risk of glycemia that can help
to determine a new route of therapeutic intervention.

Circadian phenotypes were analyzed in 58–96 volunteers by Lane et al. [107] and
endogenous circadian physiology parameters were analyzed. Melatonin concentra-
tions were analyzed in different situations, at the beginning of the light, with dim
light. The midpoint of the melatonin curve was calculated [108]. Phase was also
measured using core body temperature (CBT) nadir, the time when the adjusted
circadian curve of CBT was at its minimum [109]. The circadian hormone was also
measured in order to ascertain if it was stable and for this, the clearance rate of mela-
tonin in the cytoplasm was measured in addition to the half-life of this hormone.
The duration of melatonin secretion was analyzed and measured as the difference
of the maximum and the minimum of the curve made with the difference in light.
The time to go to bed, the time to wake up, the midpoint of sleep, the hours of sleep
were taken into account for 7 days to realize the phenotypes of the sleep schedule.
In all the samples analyzed, the rs10830963 gene and 58 other markers were taken
into account to avoid stratification of the population [108, 109]. The authors used
the Sequenom platform to carry out this study (Broad Institute, Cambridge, MA).

It has been observed that the genotype variant that poses a risk in the suffering
of the diabetes-induced disease MTNR1B (rs10830963G) is associated with a late
compensation of indole melatonin and the duration in time of the levels of this
hormone. The hormone effects take place due to the removal of receptors [110]. On
the other hand, it was seen that the increase in T2DM in carriers of the rs10830963G
gene is greater in the first sleep compared to late sleep, and that morning mela-
tonin secretion is covered by the increase that occurs later. Thus, the data reveal
that MTNR1B rs10830963G causes melatonin production to increase late in the
morning and thus early awakening increases the chances of diabetes. Changes in
MTNR1B can cause changes in sleep synchronization as it can produce changes in
melatonin synthesis [109]. The melatonin receptor 1B (known as Mel1B or MT2)
is one of the two transmembrane receptors for melatonin. Research has shown that
people carrying the MTNR1B rs10830963G allele develop increased expression of
theMel1B receptor in type b pancreatic cells [104]. The signal produced bymelatonin
during the night, when diurnal animals are fasting, means that glucose-stimulated
basal insulin secretion does not occur [99]. Longer duration of melatonin in people
who have the risk allele may result in an increased risk of food intake to coincide
with elevated melatonin levels in the morning, resulting in lower glucose tolerance
and possibly increased risk diabetes [111–113]. In this way, people who have the
laoelo that poses a risk and also have an earlier sleep, have a greater risk of having
T2DM, probably because they eat food and also have high levels of melatonin in
the morning. In addition, detrimental effects, together with an increase in melatonin
levels during the day resulted in a reduction in nocturnal melatonin signaling which
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also appears to be detrimental. The decrease in nocturnal melatonin signals, due
to strange variants of loss of function of the MTNR1B receptor or lower levels of
melatonin during darkness [99], is associated with an increased risk of T2DM.

However, it is essential to know the duration and time of night rest since these are
cohort studies, and more so, they are probably measured with an error that could be
interpreted as true false conclusions. In this sense, it has been concluded that there
is a 50% decrease in power associated with a measurement error of one standard
deviation (SD) of the trait [114]. This conclusion can be fulfilled in the phenotypes
measured by polysomnogrephy (PSG) in which it was observed that the effects of
the first night influence the measurements of sleep taken during a single episode of
nocturnal PSG without supervision. This study concludes that it is unlikely that the
MTNR1B diabetes gene variants also play a role in sleep, and researchers should
emphasize in evaluating their role in peripheral tissues of relevance to type 2 diabetes
[114].

Taking into account the both beneficial and harmful effects of the disruption
of circadian rhythms in metabolism and the suffering of people due to diabetes
disease, it has been observed that sleep and the MTNR1B gene relate the circa-
dian rhythm with the alteration of melatonin synthesis. As such this provides clear
evidence as to how this influences glucose control and diabetes risk. It is worth high-
lighting the importance of continuing with the study of the interaction suffered by
MTNR1B rs10830963 with the melatonin rhythm phenotypes. These studies should
have validity at the level of tissues or phenotypes in individuals. Thus, future inves-
tigations may lead to new therapies that lessen the impact of uncontrolled melatonin
synthesis. This is most likely to occur through the alterations in insulin secretion
mediated by melatonin or the postprandial moment [107].

Role of Ion Channels on Treatment and Prevention
of Diabetes and Obesity

Voltage Gated K+ (Kv) Channels

Almost all of the KV channels expression was reported in human islets [116]. As
mentioned above, their currents can be electrophysiologically recorded from human
β-cells. However, their contributions to cellular excitability and insulin secretion
offer some controversial results [117, 118]. KV2.1 and KV2.2 are responsible from
most of KV currents (65% >) in human β-cells. KV activity in human β-cells can be
inhibited by some toxins called stromatoxin, guangxitoxin-1E and small molecule
(RY796) for KV2.1 and KV2.2 channels [118]. Moreover, RY976 increase GSIS in
human β-cells. Expression levels of KV2.2 encoding gene KCNB2 was determined
nearly ten times higher, compared to KCNB1 gene which encodes KV2 [116]. This
indicates the importance of KV2.2 channels electrical activity in human β-cells. This
indicates that KV2.1 can softly effects electrical changes in human β-cells [117].
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However, reduced KV2.1 expression was reported in human islets of T2DM patients
[119]. There are some other KV channels which contribute to electrical excitability,
expressed in β-cells of T2DM patients. KV1.7 encoding gene has close interaction
with development of T2DM [120]. In an animal study, blockade of KV1.7 channels
increased insulin secretion and frequency of action potential firing in islets [121].
KV11.1, and KV11.2 are the other K+ channels expressed in human β-cells, cardiac
cells and neurons.Mutations in KV11.1 cause increased insulin release and its related
hypoglycemia [122]. KCHN2 encodes KV11.1 channels. This is related to KV11.1
polarizing effect on voltage changes in membrane of human β-cells [122]. KCNH6
encodes KV11.2 channels. Mutations in this gene can result in a rare syndrome
which is a different form of either T1DM or T2DM and it is called as maturity onset
diabetes of the young (MODY) [123]. It is now known that ascendants of MODY
parents with mutation in KCNH6 gene, will have 50% chance to inherit the gene
from their parent(s). Their child will be MODY before his 25 of age. KV11.2 loss
of function (LOF) due to mutations in mice is characterized with hyperinsulinemia,
similar in adults [123]. This indicates that LOF mutations can induce an increase
in Ca2+ influx in β-cells which in turn triggers insulin secretion and endoplasmic
reticulum (ER) stress. In turn, this causes a failure of pancreatic β-cells to synthe-
sise and secrete insulin which can lead to diabetes [123]. Gain of function (GOF)
mutation in KV11 channels limits voltage-dependent potassium channel activity and
thus, reduces insulin secretion which can also result in the development of diabetes
[124]. Electrical silencing of KV2.1 channels causes deficiency in free-running of
the circadian clock rhythmicity in absolute dark conditions and stops free-running
oscillations of PERIOD and TIMELESS proteins [125].

KATP Channels

It is a well known phenomenon that ion channel activation or inhibition is a response
of β cells against elevated blood glucose levels. KATP channels can be inhibited
after inhibition of glucose metabolism. This allows for depolarizing inward cation
currents and activate voltage-dependent cation channels in β cells. This in turn,
resulted in a change in membrane potential which triggers Ca2+ influx into the beta
cells to induce insulin secretion. KATP channels are expressed in β cells and their
role is weakly rectifying potassium channels on cell membrane. Their activities
can be controlled by intracellular ATP/ADP ratio, which changes according to blood
glucose levels. This ratio controls the channel activity as a sensor and tries to balance
insulin secretion with correlating to blood glucose levels. Kir6.2 and sulfonylurea
receptor 1 (SUR1) are the subunits of KATP channels. These subunits interact with
adenine nucleotides and control the channel response to the ATP/ADP fluctuations.
Elevations inATP/ADP ratio ledKATP channel closure. Kir6.2 is encoded byKCNJ11
gene and SUR1 is encoded byABCC8 gene.Mutations in these genes are relatedwith
disorders of insulin secretion [126]. LOF mutations of KATP channels were related
to congenital hyperinsulinism. Up-regulation of ATP-insensitive variant of Kir6.2
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was shown in neonatal diabetes in mice [127]. Later, different Kir6.2 and SUR1
mutations were detected and they were related to neonatal diabetes in humans. The
damaged insulin secretion in response to elevated glucose levels may occur due
to chronic elevations of [Ca2+]i. Sulfonylureas, like glibenclamide, and glinides,
like repaglinide and carbamazepine are the inhibitors of KATP channels. Long term
intake of sulfonylureas triggers endoplasmic reticulum stress and hyperexcitability
in β cells. Sleep duration can be regulated with many cellular and environmental
factors, like seasonal variations of photoperiod and chronotype. It was determined
byAllebrandt et al. [128] that sleep disorders are in close relationwith genetic factors.
Mutations in ABCC9 gene significantly affect sleep duration variations [128]. Kir6.2
and SUR1, the two subunits of KATP channels contribute the glucose response in
regulation in suprachiasmatic nucleus neurons external light dark cycle [129].

Calcium-Activated Potassium Channels

Calcium-activated potassium channels (CAPC) serve a crucial role in the repolar-
ization period of β cell during action potential (AP). Big conductance K+ channels
(BK), intermediate-conductance calcium-activated (ICAC) K+ channels and small-
conductance calcium-activated (SCCA) K+ channels are the subtypes of calcium
activated (CAPC) K+ channels expressed in human β cells [116]. Highly expressed
CAPC subtype is the Ca2+ binding and depolarization activated BK channels. They
characterized with quick activation and formation of K+ currents. For these features,
they act important role in repolarizing period of AP of β cell. BK channel inhibition
results with increased amplitude of AP and increased depolarization-induced insulin
secretion, during inhibited KATP [130]. LOF mutations in neuronal BK channels
induce increased neuronal activity. The same case could happen in β cells which
improves GSIS in LOF mutations which is characterized patients with BK chan-
nels. Like GOF mutations of BK channels cause faster AP firing rate in neurons, the
same situation happens as triggering high frequency of AP in β cells. This high elec-
trical excitability will result in glucose tolerance improvement and Ca2+ influx after
glucose stimulation. Moreover, SCCA and CAPCK+ channels limit AP frequency of
cells, like they do in neurons. Ca2+ influx activates SCCA3 K+ channels and ICAC
and remains open after AP which limits the firing of the other AP. This reduces
the frequency of AP. SCCA3 and IK1 encoding genes KCNN3 and KCNN4 lowly
expressed in human β cells [116]. The insulin secretion is weakly increased by inhi-
bition of IK1 and does not change by inhibition of SCCA3 [131]. Therefore, it is
valuable to contribute in Ca2+ signaling cascade in T2DM.



136 A. C. Uguz et al.

G Protein-Gated Inwardly Rectifying K+ Channels

GβG released by Gio/o-coupled receptors activates G protein gated inwardly recti-
fying K+ (GIRK) channels. Adrenereceptors (α2-ADRs) and somatostatin receptors
(SSTRs) are the two main Gi-coupled receptors expressed in β cells [132]. As such,
epinephrine and somatostatin can activate GIRK channels in β cells, by voltage
change (hyperpolarization) and reduction in the VDCC activity [133]. Increased
Ca2+ influx and insulin secretion during Gi receptor normally signals an inhibition by
pertusis toxin (PTX; islet activating protein), emphasizing the importance of GIRK
channels in controlling Ca2+ regulation in β cells. ADRA2A (α2A-ADR encoding
gene) polymorphism is related with increasing risk factor of developing T2DM.
Reduced insulin secretion and highly increased α2A-ADR levels were determined
in islets of individuals with ADRA2A polymorphism. This cause GIRK activation,
hyperpolarization in human β cells and reduction in VDCC activity, respectively as
mentioned above. GIRK channel polymorphism and mutation can affect glucose up-
regulation. Increased risk factor for developing T2DM was determined with KCNJ9
mutation (GIRK3 encoding gene) in Indians [134]. GOF mutation was determined
withKCNJ5mutation (GIRK4 encoding gene) related to familial sinus node dysfunc-
tion disease, which can cause sudden unexpected cardiac death [135]. More studies
are needed to explore the correlation of glucose homeostasis in these patients. But,
overactivity of GIRK4 channels proposed to inhibit insulin secretion. Cholesterol,
cytosolic sodium (Na+), and phosphatidylinositides are the other stimulators ofGIRK
channels [136]. Changes in cholesterol levels observed in T2DM patients can lead to
stimulation of GIRK channels in β cells, insulin secretion and VDCC reduction by
activating GIRK conductance. Their activities can be changed under diabetic condi-
tions causing disturbances in human β cells. Phosphatidylinositol 4, 5-bisphosphate
(PIP2) is essential for GIRK channel activation. T2DM depended insulin resistance
inhibits insulin-induced PI3K/AKT signaling pathwaywhich in turn induces a signif-
icant reduction inGIRKactivity [137].Moreover, increased cytosolicNa+ levels have
been associated with increased GIRK activity [138]. During prolonged electrical
excitation, Na+ influx occurs, like in excitotoxic T2DM conditions. In this situation,
Na+ activates GIRK channels and cause β cell polarization and limits VDCC acti-
vation. In contrast to these, excitotoxic conditions may protect and enhance β cell
survival by administering Ca2+ channel blocker (verapamil) or thioredoxin inter-
acting protein (TXNIP, cellular redox regulator protein) by inhibiting Ca2+ influx
and apoptosis in T1DM and T2DM [139]. TXNIP expression levels were inhibited
by Ca2+ channel blockers in human islets and INS-1 cells, inhibiting the calcineurin
signaling pathway.Diabetes and glucose jointly up-regulate TXNIP expression levels
in β cells. Overexpression of TXNIP triggers apoptotic cascade in β cells. Vera-
pamil reduced expression of TXNIP and apoptosis in β cells. Moreover, verapamil
improved glucose levels and savedmice from streptozotocin (STZ) -induced diabetes
by promoting β cell survival and its function. Genetic deletion of TXNIP proposes
enhanced cell survival and protects obesity and STZ induced diabetes [139].
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Ca2+ Channels

The main ion channels for Ca2+ entry in β-cells are voltage-gated calcium channels
(VGCCs). As a universal signaling cation, Ca2+ influx is essential for GSIS in β cells
and blocking of these channels inhibits insulin secretion [140]. Increased VDCC
activation results in elevated insulin secretion and hence, decreased VDCC activity.
In turn, this reduces insulin secretion which results as diabetes. The subtypes of
VDCCs which has a role in GSIS can be listed as; L (CaV1.2, CaV1.3), P/Q (CaV2.1),
and T (CaV3.2). GOFmutations of VDCCs are characterized with hypoglycemia and
hyperinsulinemia [141].GOFmutations inCav1.2 (L-type) are relatedwith advanced
insulin secretion called asTimothy syndromewhich is characterizedwith intermittent
hypoglycemia. Other mutation in CACNA1D gene which encodes CaV1.3, L-type
of VDCCs in β cells is characterized with hypoglycemia and hyperinsulinemia.
However, VDDC transcription is reduced in T2DM patients. In correlation with
insulin reduction, CaV1.3 encoding gene CACNA1D was also reduced in human
islets of T2DM patients [142]. This is because of polymorphisms of CACNA1D
promoter which results in reduction ofCACNA1D gene. Transcription factor binding
promoter of this gene is supposed to reduce CaV1.3 channel transcription levels
[142]. LOF mutation of CaV1.3 should be predicated as relation between reduced
CaV1.3 levels in T2DM conditions, which cause abnormalities in insulin secretion
and as a consequence of this, diabetes would develop [143]. Intracellular signaling
cascades are affected in the pathogenesis of diabetic conditions, like regulation of
VDCC activity, which plays an important role on Ca2+ entry in β cells and insulin
secretion. PlasmamembranePIP2 increaseVDCCactivity ofβ cells [144]. It becomes
disrupted under insulin resistant of T2DM conditions because of reduced activation
of PI3K/AKT signaling pathway in β cells. Decreased PIP2 levels in β cells are
proposed to cause disturbances in VDCC activity in diabetic conditions. Moreover,
cytokine exposure to mouse β cells triggers voltage activation of VDCC, which
consequently causes insulin secretion [145]. But this could cause significant elevation
in intracellular Ca2+ levels which in turn can induce mitochondrial dysfunction and
endoplasmic reticulum-stress triggered apoptosis in β cells. Verapamil (a calcium
channel blocker), administration was reported to inhibit VDCC activity and protect β
cells from this stress condition [139]. That could be as a result of reduced stress levels
which are in a turn of positive feedback loop with Ca2+ influx. Elevated oxidative
stress levels trigger Ca2+ influx in variety of cells. β cells try to regulate the insulin
resistance by increasing the insulin secretion through elevating [Ca2+]i levels in the
early stages of diabetes. This highlights the interaction between β cells and VDCC
activity in different stages of diabeters development. Thioredoxin-interacting protein
(TXNIP) is increased n β cells during diabetes and in turn, it can triggers β cell
apoptosis, whereas down-regulation of TXNIP cause β cell survival [139].Moreover,
the location of Ca2+ channels represents importance on insulin secretion in β cells
of T2D patients. Ca2+ channels closely located to insulin granules triggers higher
depolarizations in β cells.
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Transient Receptor Potential (TRP) Channels

Regulating glucagon-like peptide 1 (GLP-1) pathway, increasing insulin secretion
from β cells (sulfonylureas), increasing tissue sensitivity to insulin (metformin), limit
re-absorption of glucose in kidneys (SGLT2 inhibition) or directly injection of insulin
can be listed as the pharmacologically treatments of diabetes by targeting end organs.
Despite these current treatments, newly investigation of different molecules such as
synthetic or natural compounds on glucose or weight handling by various signaling
pathways including ion channel activity regulation attracts the attention of numerous
researchers. One of these highly received attentions has been classified as TRP family
member ion channels. TRP channel history start with the discovery of dysfunctions
in phototransduction pathway of Dropsphila Melanogaster [146]. Atypical poten-
tials were determined in these mutants. It was determined that the reason was a
defect in certain type ion channel, not a failure in photosensitive channel activa-
tion or photopigment regeneration. This defect was later named with the transient
receptor potentials characterized/caused ion channel family. TRP channels contribute
to chemical response, energy balance, thermogenesis, sensory stimuli and temper-
ature control. TRP channel family members have crucial roles in variety of both
physiological and pathophysiological situations in living organisms which can be
expressed in different types of tissues. TRP channel family has seven subfamily
members and generally describe as Ca2+ permeable (mostly, but some of them also
allows Na+ and K+ ions to pass) cation channels. Findings on the role of TRP chan-
nels on biological rhythms started to exist and most of them have solid findings in
correlation with human experiments. Hence, we will summarize findings on the role
of TRP channels on diabetic and obese conditions.

TRPA

TRPA1 is the member of TRP ankyrin family, voltage activated channel, which has
an increased numbers of ankyrin repeats. Like some of the TRP channels, TRPA1
can also be activated by herbal compound such as cinnamon and its main compound
cinnamaldehyde which is the agonist of this channel. Cinnamon is suggested for
dietary therapies for diabetes since it controls lipid and glucose levels of T2DM
patients. Moreover TRPA1 functions as a temperature regulator of circadian rhythm
in neuronal pacemaker [147] and circadian neurons can be activated by TRPA1 [148].
Possible action of cinnamaldehyde on TRPA1 could be due to gastric emptying,
ghrelin secretion [149]. Enhanced insulin sensitivity was also determined in this
study. In another study, decreased visceral adipose tissue and elevated fatty acid
oxidation were determined in mice fed with high-sucrose and high-fat diet (HFD)
supplemented with cinnamaldehyde. Additionally, cinnamaldehyde inhibits weight
gain in HFD fed mice [150]. As a weight gain marker, leptin/ghrelin ratio was
significantly decreased in cinnamaldehyde supplemented HFD fed mice. One of
the ingredients of horseradish, mustard and wasabi, allyl isothiocyanate (AITC) is
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listed among TRPA1 channel agonists. AITC injection (i.v.) and cinnemaldehyde
trigger adrenalin secretion in anesthetized rats. However, these reactions totally
disappeared in capsaicin administered rats. Moreover, pretreatment with cholinergic
blockers (atropine and hexamethonium) decreased AITC and cinnamaldhyde trig-
gered adrenaline secretion which suggest that TRPA1 agonists can activate sensory
neurons and trigger adrenalin secretion through central nervous system [151]. In
different studies AITC was found to be responsible for protection against free fatty
acid induced insulin resistance and enhanced mitochondrial activity in muscle cells
[152]. TRPA1 expression was determined in pancreatic β cells, activation of this
channel triggers insulin secretion with correlation to inhibition of KATP [153]. This
was supported with the findings that glibenclamide, KATP inhibitor, acts as TRPA1
agonist [154].

TRPV Channels

TRP Vanilloid 1 (TRPV1) is the most studied TRP subfamily channels on diabetes
and obesity. TRPV1 is the firstly described member of TRPV subfamily. TRPV1
is a Ca2+ permeable cation channel, and its vanilloid receptor subtype 1 (VR1) was
cloned in 1997 [155]. TRPV1 can be activated by both endogenous and exogenous
ligands and among of these exogenous ligands, the capsaicin [156], an active compo-
nent of chili pepper which is the most improving agent for body weight and cellular
metabolism. Capsaicin (8-methyl-N-vanillyl-trans-6-nonenamide) causes a burning
sensation in target tissue. TRPV1 channels can also activated by noxious heat stimuli
and physical abrasion. Capsaicin binding site for TRPV1 is located in intracellular
side of the membrane. TRPV1 activation results in depolarization of the membrane
and cation influx.Although capsaicin is binding to TRPV1, it also disruptsmembrane
organization. This implicates the importance of drug discovery and it is better to
keep in mind the cellular integrity. Increased energy expenditure (EE) observed
in male subjects after having red pepper enriched meal. When the red pepper is
included in a meal it increases carbohydrate oxidation and without increasing total
EE. This sudden EE increase can be caused by β-adrenergic stimulation of the red
pepper. In another study, again capsaicin enriched lunch increased GLP-1 levels
while decreasing ghrelin levels, and does not change EE, and satiety [157]. However,
two days supplementation of capsaicin increased satiety in a different study [158].
This could be due to extended exposure period. Moreover, daily consumption of
chili pepper during four weeks caused a significant resistance of serum lipoproteins
to oxidation in healthy individuals. This indicates the long consumption of chili
diet can inhibit serum lipoproteins oxidation. Additionally, extended period of chili
pepper consumption may reduce resting heart rate and enhance myocardial perfu-
sion in male subjects [159]. It has been reported that activation of TRPV1 chan-
nels by capsaicin, in 3T3-L1-preadipocytes and visceral adipose tissue, prevents
obesity and adipogenesis in humans and mice [160]. Dose dependently exposure
of capsaicin increased [Ca2+]i levels in 3T3-L1 preadipocytes. Capsaicin induced
increased [Ca2+]i levels were lower in mature adipocytes when comparing with
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preadipocytes. These findings are consistent with the decreased TRPV1 expres-
sion during adipogenesis comparing with knockout mice studies [160]. Additionally,
decreased TRPV1 expression levels were found in obese male subjects comparing
with lean subjects. This suggests that decreased levels of TRPV1 channels are
common associated with diabetes and obesity. Moreover, capsaicin supplemented
HFD-fed mice were prevented in developing obesity, which was not observe in
TRPV1 knockout mice [160]. Enhanced TRPV1 expression levels and small size
adipocytes were associated with the prevention of obesity. In addition to these
findings, capsaicin enriched diet prevents weight gain, which did not observed in
knockout mice [161]. Obesity prevention was related with the increased expression
levels of uncoupling protein 1 (UCP1) and sirtuin-1 [161]. The reason for this is due to
the effect of TRPV1 to induce [Ca2+]i release which in turn triggers the phosphoryla-
tion of CaMKII and AMPK. Not only TRPV1, but also TRPV3 and TRPV4 channels
contribute to adipocyte functions. TRPV3 activation prevents lipid accumulation and
adipogenesis via inhibiting the PPAR-γ expression and phosphorylation of insulin
receptor substrate-1 [162]. Administration of diphenylborinic anhydride (DPBA),
a TRPV3 agonist, can prevent HFD-induced weight gain and adipogenesis [162].
Increased UCP-1mRNA expression levels were determined in subcutaneous adipose
tissue of TRPV4 knockout mice. Additionally, increased EE levels, related with ther-
mogenic gene programming, were found in TRPV4 knockout mice. Wild type or
null mutation characterized mice treated with TRPV4 antagonist showed enhanced
thermogenesis in adipose tissue. Moreover, these animals are protected from inflam-
mation of adipose tissue, diet-induced obesity and insulin resistance [163]. This
important role of TRPV4 implicates as a target in metabolic diseases and obesity
treatment. In some different studies obese mice were fed with capsaicin supple-
mented HFD. The animals showed decreased leptin, insulin and fasting glucose
levels, while adinopectin levels were increased. Similarly, there was a decrease in
inflammatory gene expression level [164].Moreover,mice fedwithHFDduring three
months with supplemented capsaicin result in decreased TNF-α and leptin levels and
less weight gain, while thermogenesis of brown adipose tissue was increased [165].
HFD also decreased TRPV1 expression but capsaicin supplementation increased the
expression of TRPV1 [165].Moreover, brain-derived neurotrophic factor and peptide
YY were enhanced in capsaicin-supplemented mice [165]. There are some opposite
studies in literature in contrast to those findings above. Capsaicin desensitized rats
were also protected from weight gain with relation to reduction in food intake and
reduce total protein levels. Although many studies implicate the positive impact of
activation of TRPV1 channels on diabetes and obesity, some studies present the
importance of antagonizing of TRPV1 channels. Neonatally capsaicin administered
male rats did not show any significant changes in weight gain, both basal plasma and
fasting leptin levels, corticosterone, insulin and adinopectin levels [166]. In another
study, neonatally capsaicin-treated adult rats showed decreased corticosterone levels
[167]. In a different study, TRPV1 knockout mice became obese wild type (WT)
mice kept under same conditions fed with HFD [168]. At the same time, physical
activity at night was decreased in TPRV1 knockout mice in correlation with EE
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rate [168]. Another TRPV1 antagonist, N-(tertiarybutylphenyl)-4-(3-chloropyridin-
2yl)tetrahydropyrazine-1(2H)carbox-amide (BCTC), inhibits TRPV1 currents and
decreased neuropathic pain and inflammation in vivo [169]. Plasma glucose and
triglyceride levelswere significantly decreased afterBCTCadministration.Addition-
ally, BCTC improved insulin resistance in adipocytes and muscle tissue. These data
were achieved as a result of TRPV1 inhibition. BCTCmight have two similar effects
via increasing insulin secretion and improving insulin resistance in ob/ob mice. WT
and knockoutmicewere kept under light–dark (LD) cycle or constant darkness (DD).
Brown adipose tissue (BAT) of WT mice TRPV1 oscillations were highly recorded
at scotophase. Period circadian protein homolog encoding gene (PER) 1/2 were
observed as same as TRPV1 current. Moreover, BMAL1 (main driver of molecular
clock) oscillated in DD. But, oscillations of the clock genes were absent in TRPV1
knockout mice. Additionally, high UCP1 expression of WT was determined in LD
when comparing toDDandTRPV1knockoutmice showed highUCP1oscillations in
photophase. TRPV1 knockout mice showed decreased locomotor activity compared
to WT when LD applied. TRPV1 knockout mice showed decreased total activity
when exposed to only LD. Thus, TRPV1 is a crucial modulator of clock gene oscil-
lations of BAT. This clearly identifies the importance of TRPV1 channels as a novel
pharmacological target to treat metabolic disorders [170]. Recently, TRPV1 antag-
onist was discovered by a private drug company and named AZV1 to this molecule
[171]. It was suggested to improve the insulin sensitivity in mice. Eight days of treat-
ment of AZV1 significantly decreased glucose and fructosamine levels comparing
control group mice. TRPV1 channels are among the members of thermoreceptors
which responsible for entrainment of circadian clock.

TRPM2

TRPM subfamily members show variable levels of permeability to Ca2+ and these
members are lacking from N-terminal ankyrin repetitions [156]. TRPM2, M3, M4,
M5 are the members of this subfamily which plays role in metabolism regulation.
TRPM2 can be activated by [Ca2+]i, oxidative stress and related products. The impor-
tance of β cells arise from their synthesis and releasing of insulin in response to
increased blood glucose levels. Genetic deletion of TRPM2 channels cause protec-
tion against STZ-induced deterioration of islets which is a strong finding on the
possible role of TRPM2 channels in pathogenesis of diabetes. It has been reported
that TRPM2 knockout mice is more insulin-sensitive because of increased glucose
metabolism in their heart. These mice show increased EE levels and metabolic genes
expression levels. These genes in WAT result in resistance to HFD in mice. TRPM2
knockoutmice have increasedAkt phosphorylation in the heart and decreased inflam-
mation levels in the liver [172]. TRPM2, TRPM4, and TRPM5 are expressed in
human islets, suggesting that they have a modulator role in insulin secretion. In
addition to reactive oxygen species, TRPM2 currents can be activated by incretins
and glucose [173, 174]. Glucose clearance was enhanced and plasma insulin levels
were decreased in TRPM2 knockout mice, which have higher glucose levels. This
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was related with decreased insulin secretion levels which was triggered by glucose
and incretins. Moreover, elevations of [Ca2+]i was impaired after either insulin or
incretin stimulation in β cells of TRPM2 knockout mice [174]. TRPM2 can be
activated by incretin-induced PKA phosphorylation. Likewise, [Ca2+]i levels and
adenine nucleotides have more complex activation pathways than others, TRPM2
currents are vital for insulin secretion [175]. TRPM2 was suggested to be a ther-
apeutic target for regulation of inflammation triggered by hyperglycemia-induced
oxidative stress in diabetes. GLP-1, at very low concentrations, can activate TRPM2
currents [176]. TRPM2 can be activated by glucose and GLP-1 triggered cADPR
pathway in pancreatic islets of mouse. Glucose and GLP-1 induced secretion was
inhibited by adrenaline administration, which activates α2A adrenoreceptor. This
inhibits cAMP signaling cascade which also inactivates TRPM2 channels. More-
over, ghrelin at low concentrations, inhibits glucose-induced insulin secretion again
inhibiting cAMP and reduced TRPM2 signals [177]. Cytoplasmic pH levels also act
as a signal marker in TRPM2 activation. It has been reported that acidic pH inhibits
TRPM2 channel activity. However, this inhibition disappeared when cytosolic pH
was increased [178]. Cytosolic pH increase in glucose stimulated β cells, and this
activates TRPM2 currents by ADPR and ADPR triggered elevated levels of [Ca2+]i.
Masking and entrainment are two nocturnal or diurnal behaviors which are inde-
pendent processes occurring in living organisms. Entrainment can be determined
as the circadian clock’s synchronization to environmental loop, and masking can
be determined as direct responses to activity dependent changes. Recently, it was
reported that TRPM2 is involved in temperature-dependent masking behavior regu-
lation [179]. TPRM2 is warm-sensitive whereas TRMP8 is cold sensitive cation
channels. These two TRP channels are closely related in thermoregulation, which
can be changes during a day. It is well known that β cells have increased number of
mitochondrion. Glucose stimulations of β cells generate more heat, which is respon-
sible to increase temperature and stimulate TRPM2channel [180]. Thiswas approved
by another study that increased temperature triggered [Ca2+]i current in β cells were
abolished in TRPM2 knockout mice [174]. Both of TRPM2 and TRPM8 channels
are involved in temperature-dependent negatively masking behavior in rats [179].
Reduction of body temperature starts with sleep both in diurnal and octurnal period.
It is necessary for energy homeostasis and sleep quality. In another study, TRPM2
was shown to limit the fever response and had a role in temperature detection, which
protect hypothalamic neurons from high temperature [181].

TRPM3

TRPM3 subfamily has several isoforms. Among of these, TRPM3α2 is more selec-
tive to monovalent ions and permeable to Ca2+ compared to TRPM3α1, and can
be regulated by PIP2 [182]. Glucose induced elevation of PIP2 cause activation
in β cells. TRPM3 can be inhibited by extracellular monovalent cations. TRPM3
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channels are expressed in β cells [183]. TRPM3 can be activated by 3,4-dihydro-N-
(5-methyl-3-isoxazoyl)-a-phenyl-1(2H)-quinolineacetamide (CIM0216) and preg-
nolone sulphate [184], nifedipine and clotrimazole. Primidone is the antagonist of
this channel [185]. Physical stimuli such as hypo-osmolality also activate TRPM3
channels. TRPM3 currents can be inactivated by flavanones [186], progesterone,
diclofenac [187], and mefenamic acid [184]. Moreover, TRPM3 currents can be
inhibited by G protein βγ [188]. TRPM3 potentiates glutamatergic transmission
at cerebellar Purkinje neurons [189] and it is involved in insulin secretion [190].
TRPM3 activation by both of these activators cause elevation in [Ca2+]i levels and
trigger insulin secretion [184] as well as increasing transcription of insulin gene.
Moreover, TRPM3 is heat sensitive channel and it can also be activated by glucose-
induced heat elevations [180]. This can be an important activation mechanism which
can change within a day and in turn affect rhythmiticity of diurnal activities. TRPM3
can contribute [Ca2+]i signaling in retinal pigment epithelium and sub-retinal space,
which contribute regulation of light/dark adaptation. However, TRPM3 is also zinc
(Zn2+) selective channel. Fasting glucose levels were determined as normal and
subjects of TRPM3 knockout mice were also healthy. TRPM3 can be suddenly acti-
vated by heat and its agonist, pregnenolone triggers pain in WT but not in TRPM3
knockout mice. However TRPM3 knockout mice had some deficiencies in heat
stimuli response dorsal root ganglions [191].

TRPM4

TRPM4 is impermeable TRP subfamily member to divalent cations and it can be
expressed in human β cells. It can be activated by Ca2+, PKC, PIP2 [192] and
inhibited by adenine nucleotides [193]. Some PKC isoforms can regulate β cell
function. TRPM4 currents can be inhibited by glibenclamide, cytoplasmic ATP
and other nucleotides in a number of cells. Inhibition of this channel results in
reduced Ca2+ signals, which is related with decreased GSIS in INS-1 cells. It has
been reported that TRPM4 plays an important role in the regulation of membrane
currents during glucose stimulation [194]. ATP can also inhibit desensitization of
Ca2+ while decreasing TRPM4 currents. Glucose stimulation increase PIP2 levels in
β cells. PIP2 shifts voltage activation curve to negative values which protect TRPM4
desensitization by Ca2+. TRPM4 channels are implicated in agonist-induced insulin
secretion and glucagon secretion [195]. TRPM4 inhibition by 9-Phenanthrol results
in GLP-1 and glucose induced insulin secretion in rats. GLP-1 (even in picomolar
concentrations) induced PKC can activate TRPM4 currents and cause Na+ influx and
membrane depolarization. Moreover, low dose GLP-1 stimulation did not observe
in islets of TRPM4 knockout mice.
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TRPM5

TRPM5 also can be activated by [Ca2+]i and this type of channels are strongly
related with TRPM4 channels. Extracellular low pH can inhibit TRPM5 currents.
However, TRPM5 cannot be inhibited by glibenclamide or adenine nucleotides. In
addition, TRPM5 can be activated by temperature changes. TRPM5 is characterized
with its critical role in the taste signaling. Low levels of mRNA were detected in
human β cells. TRPM5 knockout mice do not have type II taste perception and they
show reduced levels of GSIS. TRPM5 knockout mice had decreased levels of insulin
secretion and reduced levels of glucose induced calcium activity. TRPM5 mutations
are related with metabolic syndrome and T2DM. Moreover, TRPM5 expression
levels were decreased in lepting signaling deficient and obese mice. TRPM5 might
be useful in detecting temperature changes and [Ca2+]i elevations. An increase in
temperature, ranging from 15 to 30 °C was enhanced with sweet stimulus which
is missing in TRPM5 knockout mice. Daily consumption of stevioside, which is
widely used as a sweetener, increased GSIS and delayed HFD-induced diabetes in
wild type mice. However this effect is completely abolished in TRPM5 knockout
mice. According to this finding, TRPM5 activity is essential for regulating insulin
secretion after food intake and preventing hyperglycemia and moreover, TRPM5
channels are potential target proteins for treating T2D [196]. Quinine, a TRPM5
inhibitor of bitter tasting, supplementation to WT mice diet reduced weight gain
compared to control diet. TRPM5 knockout mice have reduced levels of food intake.
This might be due to the deficiency of sweet tasting. In a different study, TRPM5
knockout mice gained less weight and they had enhanced glucose tolerance.

TRPM8

TRPM subtype TRPM8 channel is cold-sensing, non-selective cation channel.
TRPM8 has the role in temperature and pain sending neurons. It can also be acti-
vated by cooling agents, such as icilin and menthol [197, 198]. Studies reveal the
importance of TRPM8 on metabolic diseases in last years. TRPM8 knockout mice
adipocytes had greater fat droplets density which indicates larger multiocularity
comparing with WTmice [199]. These results reveal important an role of TRPM8 in
the regulation of molecular clock machinery in BAT [199]. Dieatry menthol supple-
mentation remarkably increased the locomotor activity of WT mice [115]. Hence,
the authors assessed the locomotor activity related rhythmic aspects in mice. TRPM8
lacking mice shows delayed onset of locomotor activity in response to light pulses.
This could be due to reduction and/or loss variations of PER1 expressions in the
eye [199]. This study also highlights the importance of TRPM8 channel activity
in integration of environmental light of suprachiasmatic nucleus (SCN) via ocular
physiology, which is responsible for keeping the body in the same time region. Find-
ings mentioned in the above study reveal the role of TRPM8 channel contribution
with enhanced adaptative thermogenesis in BAT, and associated weight gain [200].
Recently, it was reported that TRPM8 is involved in temperature-dependent masking
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behavior regulation [179]. Any disruptions in clock machinery can be related with
metabolic disorders. In this perspective, pharmacological modulation TRPM8 chan-
nels will be one of the main therapeutic targets in regulation of thermogenesis,
weight gain and clock gene activation. BCTC is one of the antagonists of TRPM8
channels. BCTCmay contribute for targeting themolecular role of inhibitingTRPM8
currents in diabetes and obesity for future studies.Menthol, a TRPM8 agonist, upreg-
ulates UCP1 expression and need activation of protein kinase A signaling cascade
in adipocytes. TRPM8 plays a vital role of thermogenesis in BAT. Menthol appli-
cation significantly increased core temperature and locomotor activity in WT mice.
However, this effect of menthol was not observed in TRPM8 and UCP1 knockout
mice [115].

Conclusion

The schematic diagram in Fig. 6.1 summarises specifically the part of the review
relating to the different ion channels activation and inhibition pathways which play
major roles in insulin secretion and general view of calcium entry through some TRP
channels by various agonists and antagonists. Regarding this review in general, it is
now possible to conclude thatmost of the daily nutrient intake should be ingested first
in the morning as breakfast. By having good habits, both in terms of eating times and
sleeping times then the body canmaintain a healthy and normal circadian rhythms. In
turn, this can prevent or delay the development of such non-communicable diseases
(NCDs) as obesity, diabetes, heart failure and others. In this way, the disruption of
circadian rhythms and imbalances in meal times are a risk factors for certain types
of NCDS, despite the existence of innate risk factors such as the genetic load. Addi-
tionally, recent advances in ion channel regulation mechanisms and different animal
models contribute to discover signaling cascades and in the control of most of them
by applying different agonists and antagonists in development of T2DM and obesity.
Regulation ofmolecular clock genes highlights the importance of ion channel activity
during physiological processes. One of the main theme of this review is to emphasize
the importance of the [Ca2+]i homeostasis. Hyperexcitability of the cell and alter-
natively, activated intracellular organelles triggered Ca2+ handling varies according
to cell type. Different types of cells, expression levels of ion channels and differ-
ences in their activation and inhibition pathways are essential in cellular regulation.
However, a dysfunction in any one of these can cause different diseases and as such,
it is important to undertake therapeutic approach in targeting them. In the view of
that information in this review including the cellular cascades, there are still so many
scientific studies which are waiting to be explored in the pathophysiology of NCDs
including obesity, T2DM, heart diseases, sleep disorders and several others.
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Fig. 6.1 Schematic diagramof the ion channels activation and inhibition pathways outlined above in
this reviewandwhich playmajor roles in insulin secretion, andgeneral viewof calciumentry through
some TRP channels. Their agonists and antagonists are generally listed. Some of them may vary
depending on cell type. There are some othermoleculeswhich arementioned in this legend. Some of
the agonists and antagonists drawn in figure are also released from intracellular organelles. In addi-
tion, KATP channel is mentioned in the regulation of cellular signaling cascade. Food intake or light
exposure triggers hormone release. Membrane voltage can be changed during this process. Glucose
entry throughGLUT2 induce intracellular signaling cascade. ATP/ADP ratio determines the closure
of KATP channels. Membrane voltage changes or some chemicals result in Ca2+ influx through
VDCC and TRP channels. Increased [Ca2+]i levels triggers insulin release. [Ca2+]i buffered by
mitochondria or ER. PMCA and NCX/NCLX are generally used to buffer elevated [Ca2+]i. ATP—
adenosine triphosphate, ADP—adenosine diphosphate, Ach—acetylcholine, ACICR—atypical
Ca2+-induced Ca2+ release, AITC—allyl Isothiocyanate, BCTC—(4-(3-Chloro-2-pyridinyl)-N-
[4-(1,1-dimethylethyl)phenyl]-1-piperazinecarboxamide), cADPR—cyclic ADP ribose, [Ca2+]i—
free calcium concentration in the cytosol, CCK—cholecystokinin, CIM 0216—3,4-Dihydro-N-(5-
methyl-3-isoxazolyl)-α-phenyl-1(2H)-quinolineacetamide, ER—endoplasmic reticulum,GLP-1—
glucagon like peptide-1, GLUT2—glucose transporter 2, KATP channels—ATP-sensitive K+ chan-
nels, IP3R inositol—1,4,5 triphosphate receptor, MCU—mitochondrial calcium uniporter, NAD—
nicotinamide adenine dinucleotide, NCLX—Na+–Ca2+ exchanger, PMCA—plasma membrane
calcium ATP-ase, PYY—peptide YY, RTX—resiniferatoxin, RyR—ryanodine receptor, TCA—
tricarboxylic acid cycle, TRP—transient receptor potential, TPPO—TriPhenylPhosphineOxide,
VDCC—voltage dependent calcium channels



6 Dysfunctional Circadian Rhythm Is Associated with Food … 147

Acknowledgements This work has supported by Junta de Extremadura grant (GR18040). Authors
declare no conflict of interests.

References

1. Garaulet M, Corbalán MD, Madrid JA et al (2010) CLOCK gene is implicated in weight
reduction in obese patients participating in a dietary programme based on the Mediterranean
diet. Int J Obes (Lond) 34:516–523

2. Flandrin JL, Montanari M (2003) Storia dell’alimentazione, 6th edn. Laterza, Italy
3. Carroll A (2013) Three squares: the invention of the American meal, 1st edn. Basic Books

(AZ), New York, USA
4. Affinita A, Catalani L, Cecchetto G et al (2013) Breakfast: a multidisciplinary approach. Ital

J Pediatr 39:44
5. Albala K (2003) Food in early modern Europe. Greenwood Publishing Group, Santa Barbara,

USA
6. Gwinup G, Byron RC, Roush WH et al (1963) Effect of nibbling versus gorging on serum

lipids in man. Am J Clin Nutr 13:209–213
7. Paoli A, Tinsley G, Bianco A et al (2019) The influence of meal frequency and timing on

health in humans: the role of fasting. Nutrients 11:719
8. Fabry P, Fodor J, Hejl Z et al (1968) Meal frequency and ischaemic heart-disease. Lancet

2:190–191
9. Edelstein SL, Barrett-Connor EL, Wingard DL, Cohn BA (1992) Increased meal frequency

associatedwith decreased cholesterol concentrations; Rancho Bernardo, CA, 1984–1987. Am
J Clin Nutr 55:664–669

10. Holmback I, Ericson U, Gullberg B, Wirfalt E (2010) A high eating frequency is associated
with an overall healthy lifestyle in middle-aged men and women and reduced likelihood of
general and central obesity in men. Br J Nutr 104:1065–1073

11. Afshin A, ForouzanfarMH, ReitsmaMB et al (2017) Health effects of overweight and obesity
in 195 countries over 25 years. N Engl J Med 377:13–27

12. Obesity and Overweight, Fact Sheet N 311, Updated Mar 2013. https://www.who.int/news-
room/fact-sheets/detail/obesity-and-overweight. Accessed 15 Jan 2021

13. Koh-Banerjee P,WangY, Hu FB et al (2004) Changes in bodyweight and body fat distribution
as risk factors for clinical diabetes in us men. Am J Epidemiol 159:1150–1159

14. Thompson WG, Cook DA, Clark MM et al (2007) Treatment of obesity. Mayo Clin Proc
82:93–101

15. Paoli A, Moro T, Marcolin G et al (2012) High-intensity interval resistance training (HIRT)
influences resting energy expenditure and respiratory ratio in non-dieting individuals. J Transl
Med 10:237

16. Garaulet M, Gómez-Abellán P (2014) Timing of food intake and obesity: a novel association.
Physiol Behav 134:44–50

17. Kahleova H, Lloren JI, Mashchak A et al (2017) Meal frequency and timing are associated
with changes in body mass index in adventist health study 2. J Nutr 147:1722–1728

18. Fabry P, Hejl Z, Fodor J et al (1964) The frequency of meals. Its relation to overweight,
hypercholesterolaemia, and decreased glucose-tolerance. Lancet 2:614–615

19. Keast DR, Nicklas TA, O’Neil CE (2010) Snacking is associated with reduced risk of
overweight and reduced abdominal obesity in adolescents: National Health and Nutrition
Examination Survey (NHANES) 1999–2004. Am J Clin Nutr 92:428–435

20. Van der Heijden AA, Hu FB, Rimm EB et al (2007) A prospective study of breakfast
consumption and weight gain among U.S. men. Obesity 15:2463–2469

https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight


148 A. C. Uguz et al.

21. Mekary RA, Giovannucci E, Willett WC et al (2012) Eating patterns and type 2 diabetes risk
in men: breakfast omission, eating frequency, and snacking. Am J Clin Nutr 95:1182–1189

22. Taylor MA, Garrow JS (2001) Compared with nibbling, neither gorging nor a morning fast
affect short-term energy balance in obese patients in a chamber calorimeter. Int J Obes Relat
Metab Disord 25:519–528

23. Romon M, Edme JL, Boulenguez C et al (1993) Circadian variation of diet-induced
thermogenesis. Am J Clin Nutr 57:476–480

24. Weststrate JA, Weys PJ, Poortvliet EJ et al (1989) Diurnal variation in postabsorptive resting
metabolic rate and diet-induced thermogenesis. Am J Clin Nutr 50:908–914

25. Kanaley JA, Heden TD, Liu Y et al (2014) Alteration of postprandial glucose and insulin
concentrations with meal frequency and composition. Br J Nutr 112:1484–1493

26. Ohkawara K, Cornier MA, Kohrt WM et al (2013) Effects of increased meal frequency on fat
oxidation and perceived hunger. Obesity 21:336–343

27. Alhussain MH, Macdonald IA, Taylor MA (2016) Irregular meal-pattern effects on energy
expenditure, metabolism, and appetite regulation: a randomized controlled trial in healthy
normal-weight women. Am J Clin Nutr 104:21–32

28. Kul S, Savas E, Ozturk ZA, Karadag G (2014) Does Ramadan fasting alter body weight
and blood lipids and fasting blood glucose in a healthy population? A meta-analysis. J Relig
Health 53:929–942

29. Mammucari C, Schiaffino S, Sandri M (2008) Downstream of Akt: FoxO3 and mtTOR in the
regulation of autophagy in skeletal muscle. Autophagy 4:524–526

30. Cahill LE, Chiuve SE, Mekary RA et al (2013) Prospective study of breakfast eating and
incident coronary heart disease in a cohort of male us health professionals. Circulation
128:337–343

31. Nas A, Mirza N, Hagele F et al (2017) Impact of breakfast skipping compared with dinner
skipping on regulation of energy balance and metabolic risk. Am J Clin Nutr 105:1351–1361

32. Almoosawi S, Vingeliene S, Karagounis LG, Pot GK (2016) Chrono-nutrition: a review of
current evidence from observational studies on global trends in time-of-day of energy intake
and its association with obesity. Proc Nutr Soc 75:487–500

33. Leech RM, Timperio A, Livingstone KM et al (2017) Temporal eating patterns: associations
with nutrient intakes, diet quality, and measures of adiposity. Am J Clin Nutr 106:1121–1130

34. Titan SM, Bingham S, Welch A et al (2001) Frequency of eating and concentrations of serum
cholesterol in the Norfolk population of the European prospective investigation into cancer
(epic-Norfolk): cross sectional study. BMJ 323:1286–1288

35. Ma Y, Bertone ER, Stanek EJ et al (2003) Association between eating patterns and obesity in
a free-living us adult population. Am J Epidemiol 158:85–92

36. St-Onge MP, Ard J, Baskin ML et al (2017) Meal timing and frequency: Implications for
cardiovascular disease prevention: a scientific statement from the American heart association.
Circulation 135:e96–e121

37. Lecerf JM, de Lorgeril M (2011) Dietary cholesterol: from physiology to cardiovascular risk.
Br J Nutr 106:6–14

38. Nayor M, Vasan RS (2016) Recent update to the US cholesterol treatment guidelines: a
comparison with international guidelines. Circulation 133:1795–1806

39. Dietschy JM, BrownMS (1974) Effect of alterations of the specific activity of the intracellular
acetyl CoA pool on apparent rates of hepatic cholesterogenesis. J Lipid Res 15:508–516

40. Ness GC, Zhao Z, Wiggins L (1994) Insulin and glucagon modulate hepatic 3-hydroxy-3-
methylglutarylcoenzyme a reductase activity by affecting immunoreactive protein levels. J
Biol Chem 269:29168–29172

41. Paoli A (2014) Ketogenic diet for obesity: friend or foe? Int J Environ Res Public Health
11:2092–2107

42. Sutherland WH, de Jong SA, Walker RJ (2007) Effect of dietary cholesterol and fat on cell
cholesterol transfer to postprandial plasma in hyperlipidemic men. Lipids 42:901–911

43. Paoli A, Mor T, Bosco G, Bianco A et al (2015) Effects of n-3 polyunsaturated fatty
acids (omega-3) supplementation on some cardiovascular risk factors with a ketogenic
Mediterranean diet. Mar Drugs 13:996–1009



6 Dysfunctional Circadian Rhythm Is Associated with Food … 149

44. Chapelot D (2011) The role of snacking in energy balance: a biobehavioral approach. J Nutr
141:158–162

45. McCrory MA, Campbell WW (2011) Effects of eating frequency, snacking, and breakfast
skipping on energy regulation: symposium overview. J Nutr 141:144–147

46. Garaulet M, Madrid JA (2010) Chronobiological aspects of nutrition, metabolic syndrome
and obesity. Adv Drug Deliv Rev 62(9–10):967–978

47. Garaulet M, Gómez-Abellán P, Madrid JA (2010) Chronobiology and obesity: the orchestra
out of tune. Clin Lipidol 5:181–188

48. Pavlovski I, Evans JA, Mistlberger RE (2018) Feeding time entrains the olfactory bulb
circadian clock in anosmic PER2::LUC mice. Neuroscience 393:175–184

49. Hall J (2016) Guyton y Hall. Tratado de fisiología médica, 13th edn. Elsevier, España
50. Albrecht U (2017) The circadian clock, metabolism and obesity. Obes Rev 18:25–33
51. Scheer FA, Kalsbeek A, Buijs RM (2003) Cardiovascular control by the suprachiasmatic

nucleus: neural and neuroendocrine mechanisms in human and rat. Biol Chem 384:697–709
52. Kim P, Oster H, Lehnert H et al (2019) Coupling the circadian clock to homeostasis: the role

of period in timing physiology. Endocr Rev 40:66–95
53. McHill AW, Phillips AJ, Czeisler CA et al (2017) Later circadian timing of food intake is

associated with increased body fat. Am J Clin Nutr 106:1213–1219
54. Poggiogalle E, Jamshed H, Peterson CM (2018) Circadian regulation of glucose, lipid, and

energy metabolism in humans. Metabolism 84:11–27
55. Jakubowicz D, Barnea M, Wainstein J et al (2013) High caloric intake at breakfast vs. dinner

differentially influences weight loss of overweight and obese women. Obesity 21:2504–2512
56. Dhurandhar EJ, Dawson J, Alcorn A et al (2014) The effectiveness of breakfast recommen-

dations on weight loss: a randomized controlled trial. Am J Clin Nutr 100:507–513
57. Uzhova I, Fuster V, Fernández-Ortiz A et al (2017) The importance of breakfast in

atherosclerosis disease: insights from the PESA study. J Am Coll Cardiol 70:1833–1842
58. Betts JA, Chowdhury EA, Gonzalez JT et al (2016) Is breakfast the most important meal of

the day? Proc Nutr Soc 75:464–474
59. Fong M, Caterson ID, Madigan CD (2017) Are large dinners associated with excess weight,

and does eating a smaller dinner achieve greater weight loss? A systematic review and meta-
analysis. Br J Nutr 118:616–628

60. Franco L, Bravo R, Galán C et al (2012) Análisis de la mejora de la calidad del sueño y
la ansiedad en estudiantes universitarios, bajo estrés, mediante el consumo de cerveza sin
alcohol. Rev Esp Nutr Comunitaria 18(4):218–223

61. Karlsson B, Knutsson A, Lindahl B (2001) Is there an association between shift work and
having ametabolic syndrome?Results from a population based study of 27,485 people. Occup
Environ Med 58:747–752

62. Von Schantz M (2008) Phenotypic effects of genetic variability in human clock genes on
circadian and sleep parameters. J Genet 87:513–519

63. Lamont EW, Legault-Coutu D, Cermakian N, Boivin DB (2009) The role of circadian clock
genes in mental disorders. Dialogues Clin Neurosci 9(3):333–342

64. Kotronoulas G, Stamatakis A, Stylianopoulou F (2009) Hormones, hormonal agents, and
neuropeptides involved in the neuroendocrine regulation of sleep in humans. Hormones
(Athens) 8:232–248

65. Vanitallie TB (2006) Sleep and energy balance, interactive homeostatic systems. Metabolism
55:S30-35

66. Garaulet M, Sánchez-Moreno C, Smith CE et al (2011) Ghrelin, sleep reduction and evening
preference: relationships to CLOCK 3111 T/C SNP and wight loss. Plos One 6(2):e17435

67. Garaulet M, Pérez de Heredia F (2010) Behavioural therapy in the treatment of obesity (II):
role of the Mediterranean diet. Nutr Hosp 25:9–17

68. Garaulet M, Pérez de Heredia F (2009) Behavioural therapy in the treatment of obesity (I):
new directions for clinical practice. Nutr Hosp 24:629–639

69. Monteleone P, Tortorella A, Docimo L et al (2008) Investigation of 3111T/C polymorphism
of the CLOCK gene in obese individuals with or without binge eating disorder: association
with higher body mass index. Neurosci Lett 435:30–33



150 A. C. Uguz et al.

70. Benedetti F, Radaelli D, Bernasconi A et al (2008) Clock genes beyond the clock: CLOCK
genotype biases neural correlates ofmoral valence decision in depressed patients. Genes Brain
Behav 7:20–25

71. Adamantidis A, de Lecea L (2008) Sleep and metabolism: shared circuits, new connections.
Trends Endocrinol Metab 19:362–370

72. Buckland G, Bach A, Serra-Majem L (2008) Obesity and theMediterranean diet: a systematic
review of observational and intervention studies. Obes Rev 9:582–593

73. Van Cauter E, Knutson KL (2008) Sleep and the epidemic of obesity in children and adults.
Eur J Endocrinol 159:S59-66

74. Knutson KL (2005) The association between pubertal status and sleep duration and quality
among a nationally representative sample of U. S. adolescents. Am J Hum Biol 17:418–424.
https://doi.org/10.1002/ajhb.20405

75. Gómez-Abellán P, Gómez-Santos C, Madrid JA et al (2010) Circadian expression of
adiponectin and its receptors in human adipose tissue. Endocrinology 151(1):115–122

76. Gómez-Santos C, Gómez-Abellán P, Madrid JA et al (2009) Circadian rhythm of clock genes
in human adipose explants. Obesity (Silver Spring) 17:1481–1485

77. Hernandez-Morante JJ, Gomez-Santos C, Milagro F et al (2009) Expression of cortisol
metabolism-related genes shows circadian rhythmic patterns in human adipose tissue. Int
J Obes (Lond) 33:473–480

78. Garaulet M, Madrid JA (2009) Chronobiology, genetics and metabolic syndrome. Curr Opin
Lipidol 20:127–134

79. Rasmussen MS, Lihn AS, Pedersen SB et al (2006) Adiponectin receptors in human adipose
tissue: effects of obesity, weight loss, and fat depots. Obesity (Silver Spring) 14:28–35

80. Oliver P, Ribot J, Rodríguez AM et al (2006) Resistin as a putative modulator of insulin action
in the daily feeding/fasting rhythm. Pflugers Arch 452:260–267

81. GavrilaA, PengCK,Chan JL et al (2003)Diurnal andultradian dynamics of serumadiponectin
in healthy men: comparison with leptin, circulating soluble leptin receptor, and cortisol
patterns. J Clin Endocrinol Metab 88:2838–2843

82. Seaman GV, Engel R, Swank RL, Hissen W (1965) Circadian periodicity in some physico-
chemical parameters of circulating blood. Nature 207:833–835

83. Garaulet M, Hernández-Morante JJ, de Heredia FP, Tébar FJ (2007) Adiponectin, the
controversial hormone. Public Health Nutr 10:1145–1150

84. Erren TC, Reiter RJ (2009) Defining chronodisruption. J Pineal Res 46:245–247
85. Froy O (2007) The relationship between nutrition and circadian rhythms in mammals. Front

Neuroendocrinol 28:61–71
86. Yildiz BO, Suchard MA, Wong ML et al (2004) Alterations in the dynamics of circulating

ghrelin, adiponectin, and leptin in human obesity. Proc Natl Acad Sci USA 101:10434–10439
87. Kennaway DJ, Owens JA, Voultsios A et al (2007) Metabolic homeostasis in mice with

disrupted Clock gene expression in peripheral tissues. Am J Physiol Regul Integr Comp
Physiol 293:R1528–R1537

88. Srinivasan V, Ohta Y, Espino J et al (2012) Metabolic syndrome, its pathophysiology and the
role of melatonin. Recent Pat Endocr Metab Immune Drug Discov 7:11–25

89. KohsakaA, Bass J (2007)A sense of time: howmolecular clocks organizemetabolism. Trends
Endocrinol Metab 18:4–11

90. Cnop M, Havel PJ, Utzschneider KM et al (2003) Relationship of adiponectin to body fat
distribution, insulin sensitivity and plasma lipoproteins: evidence for independent roles of age
and sex. Diabetología 46:459–469

91. Kobashi C, Urakaze M, Kishida M et al (2005) Adiponectin inhibits endothelial synthesis of
interleukin-8. Circ Res 97:1245–1252

92. Yamauchi T, Kamon J, Ito Y et al (2003) Cloning of adiponectin receptors that mediate
antidiabetic metabolic effects. Nature 423:762–769

93. Ando H, Yanagihara H, Hayashi Y et al (2005) Rhythmic messenger ribonucleic acid expres-
sion of clock genes and adipocytokines in mouse visceral adipose tissue. Endocrinology
146:5631–5636

https://doi.org/10.1002/ajhb.20405


6 Dysfunctional Circadian Rhythm Is Associated with Food … 151

94. Gil-Campos M, Cañete RR, Gil A (2004) Adiponectin, the missing link in insulin resistance
and obesity. Clin Nutr 23:963–974

95. Hernandez-Morante JJ, Milagro FI, Larque E et al (2007) Relationship among adiponectin,
adiponectin gene expression and fatty acids composition in morbidly obese patients. Obes
Surg 17:516–524

96. Després JP, Lemieux I (2006) Abdominal obesity and metabolic syndrome. Nature 444:881–
887

97. Blüher M, Williams CJ, Klöting N et al (2007) Gene expression of adiponectin receptors in
human visceral and subcutaneous adipose tissue is related to insulin resistance and metabolic
parameters and is altered in response to physical training. Diabetes Care 30:3110–3115

98. Cappuccio FP, D’Elia L, Strazzullo P, Miller MA (2010) Quantity and quality of sleep and
incidenceof type2diabetes: a systematic reviewandmeta-analysis.DiabetesCare 33:414–420

99. McMullan CJ, Schernhammer ES, Rimm EB et al (2013) Melatonin secretion and the
incidence of type 2 diabetes. JAMA 309:1388–1396

100. Bass J, Takahashi JS (2010) Circadian integration of metabolism and energetics. Science
330:1349–1354

101. Bouatia-Naji N, Bonnefond A, Cavalcanti-Proença C et al (2009) A variant near MTNR1B
is associated with increased fasting plasma glucose levels and type 2 diabetes risk. Nat Genet
41:89–94

102. Karamitri A, Renault N, Clement N et al (2013) Minireview: toward the establishment of
a link between melatonin and glucose homeostasis: association of melatonin MT2 receptor
variants with type 2 diabetes. Mol Endocrinol 27:1217–1233

103. Cagnacci A, Arangino S, Renzi A et al (2001) Influence of melatonin administration on
glucose tolerance and insulin sensitivity of postmenopausal women. Clin Endocrinol (Oxf)
54:339–346

104. Lyssenko V, Nagorny CL, Erdos MR et al (2009) Common variant in MTNR1B associated
with increased risk of type 2 diabetes and impaired early insulin secretion.NatGenet 41:82–88

105. Gaulton KJ, Ferreira T, Lee Y et al (2015) DIAbetes Genetics Replication And Meta-
analysis (DIAGRAM) consortium. Genetic fine mapping and genomic annotation defines
causal mechanisms at type 2 diabetes susceptibility loci. Nat Genet 47:1415–1425

106. Depner CM, Stothard ER,WrightKP Jr (2014)Metabolic consequences of sleep and circadian
disorders. Curr Diabetes Rep 14:507

107. Lane JN, Chang AM, Bjonnes AC et al (2016) Impact of common diabetes risk variant in
MTNR1B on sleep, circadian, and melatonin physiology. Diabetes 65:1741–1751

108. St. Hilaire MA, Gronfier C, Zeitzer JM, Klerman EB (2007) A physiologically based math-
ematical model of melatonin including ocular light suppression and interactions with the
circadian pacemaker. J Pineal Res 43:294–304

109. Brown EN, Czeisler CA (1992) The statistical analysis of circadian phase and amplitude in
constant-routine core-temperature data. J Biol Rhythms 7:177–202

110. Espino J, Pariente JA, Rodríguez AB (2011) Role of melatonin on diabetes-related metabolic
disorders. World J Diabetes 2(6):82–91

111. Srinivasan V, Ohta Y, Espino J, Pariente JA, Rodriguez AB, Mohamed M, Zakaria R (2013)
Metabolic syndrome, its pathophysiology and the role of melatonin. Recent Pat EndocrMetab
Immune Drug Discov 7(1):11–25

112. Espino J, Rodriguez AB, Pariente JA (2019) Melatonin and oxidative stress in the
diabetic state: clinical implications and potential therapeutic applications. Curr Med Chem
26(22):4178–4190

113. Espino J, Pariente JA, Rodríguez AB (2012) Oxidative stress and immunosenescence:
therapeutic effects of melatonin. Oxid Med Cell Longev 2012:article 670294

114. Liao J, Li X,Wong TY et al (2014) Impact of measurement error on testing genetic association
with quantitative traits. PLoS One 9:article e87044

115. Ma S, Yu H, Zhao Z et al (2012) Activation of the cold-sensing TRPM8 channel triggers
UCP1-dependent thermogenesis and prevents obesity. J Mol Cell Biol 4(2):88–96



152 A. C. Uguz et al.

116. Blodgett DM, Nowosielska A, Afik S et al (2015) Novel observations from next-generation
RNA sequencing of highly purified human adult and fetal islet cell subsets. Diabetes
64(9):3172–3181

117. Braun M, Ramracheya R, Bengtsson M et al (2008) Voltage-gated ion channels in human
pancreatic beta-cells: electrophysiological characterization and role in insulin secretion.
Diabetes 57(6):1618–1628

118. Li XN, Herrington J, Petrov A et al (2013) The role of voltage-gated potassium channels
Kv2.1 and Kv2.2 in the regulation of insulin and somatostatin release from pancreatic islets.
J Pharmacol Exp Ther 344(2):407–416

119. Fu J, Dai X, Plummer G et al (2017) Kv2.1 clustering contributes to ınsulin exocytosis and
rescues human β-cell dysfunction. Diabetes 66(7):1890–1900

120. Kalman K, Nguyen A, Tseng-Crank J et al (1998) Genomic organization, chromosomal
localization, tissue distribution, and biophysical characterization of a novel mammalian
Shaker-related voltage-gated potassium channel, Kv1.7. J Biol Chem 273(10):5851–5857

121. Finol-Urdaneta RK, Remedi MS, Raasch W et al (2012) Block of Kv1.7 potassium currents
increases glucose-stimulated insulin secretion. EMBO Mol Med 4(5):424–434

122. Hyltén-Cavallius L, Iepsen EW, Wewer Albrechtsen NJ et al (2017) Patients with long-QT
syndrome caused by ımpaired hERG-encoded Kv11.1 potassium channel have exaggerated
endocrine pancreatic and ıncretin function associatedwith reactive hypoglycemia. Circulation
135(18):1705–1719

123. Yang JK, Lu J, Yuan SS et al (2018) From hyper- to hypoinsulinemia and diabetes: effect of
KCNH6 on insulin secretion. Cell Rep 25(13):3800-3810.e6

124. Zhang J, Juhl CR, Hylten-Cavallius L et al (2020) Gain-of-function mutation in the voltage-
gated potassium channel geneKCNQ1 and glucose-stimulated hypoinsulinemia—case report.
BMC Endocr Disord 20(1):38–43

125. Nitabach MN, Blau J, Holmes TC (2002) Electrical silencing of Drosophila pacemaker
neurons stops the free-running circadian clock. Cell 109(4):485–495

126. Ashcroft FM (2005) ATP-sensitive potassium channelopathies: focus on insulin secretion. J
Clin Invest 115(8):2047–2058

127. Koster JC, Marshall BA, Ensor N et al (2000) Targeted overactivity of beta cell K(ATP)
channels induces profound neonatal diabetes. Cell 100(6):645–654

128. AllebrandtKV,AminN,Müller-MyhsokB et al (2013)AK(ATP) channel gene effect on sleep
duration: from genome-wide association studies to function in Drosophila. Mol Psychiatry
18(1):122–132

129. Yang JJ, Cheng RC, Cheng PC et al (2017) KATP channels mediate differential metabolic
responses to glucose shortage of the dorsomedial and ventrolateral oscillators in the central
Clock. Sci Rep 7(1):Article 640

130. Raphemot R, Swale DR, Dadi PK et al (2014) Direct activation of β-cell KATP channels with
a novel xanthine derivative. Mol Pharmacol 85(6):858–865

131. Henquin JC, Dufrane D, Gmyr V et al (2017) Pharmacological approach to understanding
the control of insulin secretion in human islets. Diabetes Obes Metab 19(8):1061–1070

132. Amisten S, Salehi A, Rorsman P et al (2013) An atlas and functional analysis of G-protein
coupled receptors in human islets of Langerhans. Pharmacol Ther 139(3):359–391

133. Kailey B, van de Bunt M, Cheley S et al (2012) SSTR2 is the functionally dominant
somatostatin receptor in human pancreatic β- and α-cells. Am J Physiol Endocrinol Metab
303(9):E1107-1116

134. Wolford JK, Hanson RL, Kobes S et al (2001) Analysis of linkage disequilibrium between
polymorphisms in the KCNJ9 gene with type 2 diabetes mellitus in Pima Indians. Mol Genet
Metab 73(1):97–103

135. Kuß J, Stallmeyer B, Goldstein M et al (2019) Familial sinus node disease caused by a gain of
GIRK (G-Protein Activated Inwardly Rectifying K+ channel) channel function. Circ Genom
Precis Med 12(1):article e002238

136. Bukiya AN, Durdagi S, Noskov S, Rosenhouse-Dantsker A (2017) Cholesterol up-regulates
neuronal G protein-gated inwardly rectifying potassium (GIRK) channel activity in the
hippocampus. J Biol Chem 292(15):6135–6147



6 Dysfunctional Circadian Rhythm Is Associated with Food … 153

137. Kolic J, Manning Fox JE, Chepurny OG et al (2016) PI3 kinases p110α and PI3K-C2β
negatively regulate cAMP via PDE3/8 to control insulin secretion in mouse and human islets.
Mol Metab 5(7):459–471

138. Ho IH, Murrell-Lagnado RD (1999) Molecular mechanism for sodium-dependent activation
of G protein-gated K+ channels. J Physiol 520 Pt 3(Pt 3):645–651

139. Xu G, Chen J, Jing G, Shalev A (2012) Preventing β-cell loss and diabetes with calcium
channel blockers. Diabetes 61(4):848–856

140. Rorsman P, Braun M, Zhang Q (2012) Regulation of calcium in pancreatic α- and β-cells in
health and disease. Cell Calcium 51(3–4):300–308

141. Nessa A, Rahman SA, Hussain K (2016) Hyperinsulinemic hypoglycemia—the molecular
mechanisms. Front Endocrinol (Lausanne) 7:Article 29. https://doi.org/10.3389/fendo.2016.
00029

142. Reinbothe TM, Alkayyali S, Ahlqvist E et al (2013) The human L-type calcium channel
Cav1.3 regulates insulin release and polymorphisms in CACNA1D associate with type 2
diabetes. Diabetologia 56(2):340–309

143. Baig SM, Koschak A, Lieb A et al (2011) Loss of Ca(v)1.3 (CACNA1D) function in a human
channelopathy with bradycardia and congenital deafness. Nat Neurosci 14(1):77–84

144. de la Cruz L, Puente EI, Reyes-Vaca A et al (2016) PIP2 in pancreatic β-cells regulates
voltage-gated calcium channels by a voltage-independent pathway. Am J Physiol Cell Physiol
311(4):C630–C640

145. Wang L, Bhattacharjee A, Zuo Z et al (1999) A low voltage-activated Ca2+ current mediates
cytokine-induced pancreatic beta-cell death. Endocrinology 140(3):1200–1204

146. CosensDJ,ManningA (1969)Abnormal electroretinogram from aDrosophilamutant. Nature
224(5216):285–287

147. Lee Y, Montell C (2013) Drosophila TRPA1 functions in temperature control of circadian
rhythm in pacemaker neurons. J Neurosci 33(16):6716–6725

148. Sivachenko A, Li Y, Abruzzi KC, Rosbash M (2013) The transcription factor Mef2 links
the Drosophila core clock to Fas2, neuronal morphology, and circadian behavior. Neuron
79(2):281–292

149. Camacho S, Michlig S, de Senarclens-Bezençon C et al (2015) Anti-obesity and anti-
hyperglycemic effects of cinnamaldehyde via altered ghrelin secretion and functional impact
on food intake and gastric emptying. Sci Rep 5:Article 7919

150. Khare P, Jagtap S, Jain Y et al (2016) Cinnamaldehyde supplementation prevents fasting-
induced hyperphagia, lipid accumulation, and inflammation in high-fat diet-fed mice.
BioFactors 42(2):201–211

151. Iwasaki Y, TanabeM, Kobata K,Watanabe T (2008) TRPA1 agonists–allyl isothiocyanate and
cinnamaldehyde–induce adrenaline secretion. Biosci Biotechnol Biochem 72(10):2608–2614

152. Ahn J, Lee H, Im SW et al (2014) Allyl isothiocyanate ameliorates insulin resistance through
the regulation of mitochondrial function. J Nutr Biochem 25(10):1026–1034

153. Cao DS, Zhong L, Hsieh TH et al (2012) Expression of transient receptor potential ankyrin 1
(TRPA1) and its role in insulin release from rat pancreatic beta cells. PLoS One. 7(5):article
e38005

154. KimMJ, Son HJ, Song SH et al (2013) The TRPA1 agonist, methyl syringate suppresses food
intake and gastric emptying. PLoS One 8(8):article e71603

155. Caterina MJ, Schumacher MA, Tominaga M et al (1997) The capsaicin receptor: a heat-
activated ion channel in the pain pathway. Nature 389(6653):816–824

156. Nilius B, Szallasi A (2014) Transient receptor potential channels as drug targets: from the
science of basic research to the art of medicine. Pharmacol Rev 66(3):676–814

157. Smeets AJ,Westerterp-PlantengaMS (2009) The acute effects of a lunch containing capsaicin
on energy and substrate utilisation, hormones, and satiety. Eur J Nutr 48(4):229–234

158. Westerterp-PlantengaMS, Smeets A, LejeuneMP (2005) Sensory and gastrointestinal satiety
effects of capsaicin on food intake. Int J Obes (Lond) 29(6):682–688

159. Ahuja KD, Robertson IK, Geraghty DP, Ball MJ (2007) The effect of 4-week chilli
supplementation onmetabolic and arterial function in humans. Eur J Clin Nutr 61(3):326–333

https://doi.org/10.3389/fendo.2016.00029


154 A. C. Uguz et al.

160. Zhang LL, Yan Liu D, Ma LQ et al (2007) Activation of transient receptor potential vanilloid
type-1 channel prevents adipogenesis and obesity. Circ Res 100(7):1063–1070

161. Baskaran P, Krishnan V, Ren J, Thyagarajan B (2016) Capsaicin induces browning of white
adipose tissue and counters obesity by activating TRPV1 channel-dependent mechanisms. Br
J Pharmacol 173(15):2369–2389

162. CheungSY,HuangY,KwanHYet al (2015)Activation of transient receptor potential vanilloid
3 channel suppresses adipogenesis. Endocrinology 156(6):2074–2086

163. Ye L, Kleiner S, Wu J et al (2012) TRPV4 is a regulator of adipose oxidative metabolism,
inflammation, and energy homeostasis. Cell 151(1):96–110

164. Wang F, Chen F, Wang G et al (2018) Rapamycin provides anti-epileptogenic effect in a rat
model of post-traumatic epilepsy via deactivation of mTOR signaling pathway. Exp TherMed
15(6):4763–4770

165. Baboota RK, Murtaza N, Jagtap S et al (2014) Capsaicin-induced transcriptional changes in
hypothalamus and alterations in gut microbial count in high fat diet fed mice. J Nutr Biochem
25(9):893–902

166. van de Wall EH, Wielinga PY, Strubbe JH, van Dijk G (2006) Neonatal capsaicin causes
compensatory adjustments to energy homeostasis in rats. Physiol Behav 89(1):115–121

167. Koopmans SJ, Leighton B, DeFronzo RA (1998) Neonatal de-afferentation of capsaicin-
sensitive sensory nerves increases in vivo insulin sensitivity in conscious adult rats.
Diabetologia 41(7):813–820

168. Lee E, Jung DY, Kim JH et al (2015) Transient receptor potential vanilloid type-1 channel
regulates diet-induced obesity, insulin resistance, and leptin resistance. FASEB J 29(8):3182–
3192

169. Pomonis JD,Harrison JE,MarkLet al (2003)N-(4-Tertiarybutylphenyl)-4-(3-cholorphyridin-
2-yl)tetrahydropyrazine-1(2H)-carbox-amide (BCTC), a novel, orally effective vanilloid
receptor 1 antagonist with analgesic properties: II. In vivo characterization in rat models
of inflammatory and neuropathic pain. J Pharmacol Exp Ther 306(1):387–393

170. Moraes MN, Mezzalira N, de Assis LV et al (2017) TRPV1 participates in the activation
of clock molecular machinery in the brown adipose tissue in response to light-dark cycle.
Biochim Biophys Acta Mol Cell Res 1864(2):324–335

171. Fredin MF, Kjellstedt A, Smith DM, Oakes N (2015) The novel TRPVI antagonist, AZV1,
improves insulin sensitivity in ob/ob mice. Diabetologia 58:S289–S289

172. Zhang Z, ZhangW, Jung DY et al (2012) TRPM2 Ca2+ channel regulates energy balance and
glucose metabolism. Am J Physiol Endocrinol Metab 302(7):E807–E816

173. Togashi K, Hara Y, Tominaga T et al (2006) TRPM2 activation by cyclic ADP-ribose at body
temperature is involved in insulin secretion. EMBO J 25(9):1804–1815

174. Uchida K, Dezaki K, Damdindorj B et al (2011) Lack of TRPM2 impaired insulin secretion
and glucose metabolisms in mice. Diabetes 60(1):119–126

175. Uchida K, Tominaga M (2011) TRPM2 modulates insulin secretion in pancreatic β-cells.
Islets 3(4):209–211

176. Pang B, Kim S, Li D et al (2017) Glucagon-like peptide-1 potentiates glucose-stimulated
insulin secretion via the transient receptor potential melastatin 2 channel. Exp Ther Med
14(5):5219–5227

177. Kurashina T, Dezaki K, Yoshida M et al (2015) The β-cell GHSR and downstream
cAMP/TRPM2 signaling account for insulinostatic and glycemic effects of ghrelin. Sci Rep
5:Article 14041

178. Du J, Xie J, Yue L (2009)Modulation of TRPM2 by acidic pH and the underlyingmechanisms
for pH sensitivity. J Gen Physiol 134(6):471–488

179. OtaW, Nakane Y, KashioM et al (2019) Involvement of TRPM2 and TRPM8 in temperature-
dependent masking behavior. Sci Rep 9(1):Article 3706

180. Silva-Alves JM, Mares-Guia TR, Oliveira JS et al (2008) Glucose-induced heat production,
insulin secretion and lactate production in isolated Wistar rat pancreatic islets. Thermochim
Acta 474(1–2):67–71



6 Dysfunctional Circadian Rhythm Is Associated with Food … 155

181. Song K, Wang H, Kamm GB et al (2016) The TRPM2 channel is a hypothalamic heat sensor
that limits fever and can drive hypothermia. Science 353(6306):1393–1398

182. Badheka D, Borbiro I, Rohacs T (2015) Transient receptor potential melastatin 3 is a
phosphoinositide-dependent ion channel. J Gen Physiol 146(1):65–77

183. Oberwinkler J, Philipp SE (2014) TRPM3. Handb Exp Pharmacol 222:427–459
184. Klose C, Straub I, Riehle M et al (2011) Fenamates as TRP channel blockers: mefenamic acid

selectively blocks TRPM3. Br J Pharmacol 162(8):1757–1769
185. Krügel U, Straub I, Beckmann H, Schaefer M (2017) Primidone inhibits TRPM3 and

attenuates thermal nociception in vivo. Pain 158(5):856–867
186. Straub I, Mohr F, Stab J et al (2013) Citrus fruit and fabacea secondary metabolites potently

and selectively block TRPM3. Br J Pharmacol 168(8):183518–183550
187. Suzuki H, Sasaki E, Nakagawa A et al (2016) Diclofenac, a nonsteroidal anti-inflammatory

drug, is an antagonist of humanTRPM3 isoforms. Pharmacol Res Perspect 4(3):article e00232
188. BadhekaD, Yudin Y, Borbiro I et al (2017) Inhibition of transient receptor potential melastatin

3 ion channels by G-protein βγ subunits. Elife 6:article e26147
189. Zamudio-Bulcock PA, Everett J, Harteneck C, Valenzuela CF (2011) Activation of steroid-

sensitive TRPM3 channels potentiates glutamatergic transmission at cerebellar Purkinje
neurons from developing rats. J Neurochem 119(3):474–485

190. Wagner TF, Loch S, Lambert S et al (2008) Transient receptor potential M3 channels are
ionotropic steroid receptors in pancreatic beta cells. Nat Cell Biol 10(12):1421–1430

191. Vriens J, Owsianik G, Hofmann T et al (2011) TRPM3 is a nociceptor channel involved in
the detection of noxious heat. Neuron 70(3):482–494

192. Nilius B, Prenen J, Tang J et al (2005) Regulation of the Ca2+ sensitivity of the nonselective
cation channel TRPM4. J Biol Chem 280(8):6423–6433

193. Leech CA, Habener JF (1998) A role for Ca2+-sensitive nonselective cation channels in
regulating the membrane potential of pancreatic beta-cells. Diabetes 47(7):1066–1073

194. Marigo V, Courville K, HsuWH et al (2009) TRPM4 impacts on Ca2+ signals during agonist-
induced insulin secretion in pancreatic beta-cells. Mol Cell Endocrinol 299(2):194–203

195. Nelson PL, Zolochevska O, FigueiredoML et al (2011) Regulation of Ca(2+)-entry in pancre-
aticα-cell line by transient receptor potentialmelastatin 4 plays a vital role in glucagon release.
Mol Cell Endocrinol 335(2):126–134

196. Philippaert K, Pironet A, Mesuere M et al (2017) Steviol glycosides enhance pancreatic beta-
cell function and taste sensation by potentiation of TRPM5 channel activity. Nat Commun
8:Article 14733

197. Peier AM, Moqrich A, Hergarden AC et al (2002) A TRP channel that senses cold stimuli
and menthol. Cell 108(5):705–715

198. Mahieu F, Owsianik G, Verbert L et al (2007) TRPM8-independent menthol-induced Ca2+

release from endoplasmic reticulum and Golgi. J Biol Chem 282(5):3325–3336
199. Moraes MN, de Assis LVM, Henriques FDS et al (2017) Cold-sensing TRPM8 channel

participates in circadian control of the brown adipose tissue. Biochim Biophys Acta Mol Cell
Res 1864(12):2415–2427

200. Yoneshiro T, Aita S, Matsushita M et al (2011) Brown adipose tissue, whole-body energy
expenditure, and thermogenesis in healthy adult men. Obesity (Silver Spring) 19(1):13–16



Chapter 7
Hypothalamus-Mediated Actions
in the Genesis of Obesity

Matthew Ramjiawan and Paramjit S. Tappia

Abstract Leptin is an anorexigenic hormone produced from the adipose tissue and
is involved in the control of hunger and satiety signals. It acts by crossing the blood–
brain barrier and transmitting information about energy status to the hypothalamus
and consequently suppressing appetite. An adaptive response to acute, short-term
exposure to low levels of glucocorticoids in thehypothalamus is to release of anorectic
hormones to allow increased energy utilization to counteract a stressful situation,
however; chronic exposure to high levels of glucocorticoids due to stress, however,
causes degradation of hypothalamic and pituitary protein synthesis, which prevents
the generation of anorectic hormones. This subsequently increases the risk for the
development of obesity as a consequence of energy overconsumption. Simultane-
ously, leptin action in the hypothalamus, designed to reduce food intake, also becomes
dysregulated through leptin resistance and further contributes to reduced anorectic
hormone production resulting in the loss of regulation of food intake. Accordingly,
this chapter will briefly describe the role of hypothalamus mediated actions in the
predisposition to weight gain and in the pathogenesis of obesity as well as the signal
transduction mechanisms that may be targeted for the treatment of obesity.

Keywords Obesity · Hypothalamus · Stress · HPA axis · Leptin ·
Corticotropin-releasing factor · JAK/STAT pathway · Hunger · Anorectic
hormones · Overeating

Introduction

The origins of obesity can be traced back nearly 30,000 years to prehistoric ances-
tors. Darwinian survival of the fittest commanded that people who stored energy
in efficient way, such as through fat, would survive through the winter famine that
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followed bountiful summer months where food was less scarce. With ancient Egyp-
tian texts found to publicise recommended diets and ancient Greeks soon discovering
the dangers of obesity and its association with disease, the nature of survival has
shifted [1]. Natural selection no longer favours such energy storage, instead shifting
towards those better able to rid themselves of fat being more suited to survive. In
modern times, energy storage is no longer required for success, but instead has shown
to be a downward slope to disease.

It is well established that obesity is a global epidemic that is associated with
numerous comorbid diseases including diabetes, stroke, cardiovascular disease,
cancer, neurodegenerative diseases and many other inflammatory conditions [2–
4]. Obesity is categorized as an excessive accumulation of fat, specifically white
adipose tissue, that leads to an increased body mass index >30 kg/m2. With over
650 million adults categorized as obese by the World Health Organization, this
preventable disease is easy to overlook as the focus of attention has been on the
COVID-19 pandemic [5]. During a time in which physical health is challenged by
SARS-CoV-2 viral transmission, psychological stress, due to isolation, is on the rise,
and thus it is important to examine the connection between stress and obesity from a
physiological perspective to gain better understanding of their interconnected nature
[6].

One of the key areas of focus are the neuroendocrine mechanisms mediated by
stress pathways in the brain that contribute to the development of obesity. With
its powerful endocrine connections, the hypothalamus is directly involved with the
mediation of adipose tissue in the body, regardless of how excessive weight gain is
caused. Leptin is a hormone predominantly released from adipocytes and acts to alter
food intake and control energy expenditure over the long-term [7–9]. In view of the
role of the hypothalamus in the regulation of food intake and satiety sensation, this
chapter will briefly describe the hypothalamus-leptin connection and provide insight
into the processes that are evoked in the hypothalamus-mediated genesis of obesity
and potential targets for the treatment of this chronic metabolic disease.

The Hypothalamus

Located in the forebrain, the hypothalamus is a very small, but important brain area
formed by various nerve fibers and nuclei. With widespread central nervous system
synaptic connections, one of the most principal functions of the hypothalamus is to
link the nervous system to the endocrine system via the adjacent pituitary gland [10,
11]. This almond-sized area of the brain has crucial neuroendocrine functions and
is chiefly involved in many complex, regulatory homeostatic mechanisms including
emotional behavior adjustment, hormone mediation, and hunger. The dysregula-
tion of the hypothalamus plays an integral role in the genesis of obesity through
several mechanisms, notably including a negative feedback cycle of stress-induced
overeating [12–14], the inability to regulate food intake through hunger sensations
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[15, 16], and a downregulation of hormones involved in metabolic homeostasis [16,
17].

HPA Axis

The hypothalamic–pituitary–adrenal (HPA) axis is an elaborate system of bidi-
rectional signalling and feedback interactions between the three component struc-
tures that mediate a stress response: the hypothalamus, pituitary gland and adrenal
gland [18]. When faced with a stressor, parvocellular neuroendocrine cells found
in the paraventricular nucleus (PVN) of the hypothalamus produces corticotropin-
releasing factor (CRF),which is released fromneurosecretory terminals in themedian
eminence, at the lower part of the hypothalamus, into a system of microcirculatory
blood vessels [11, 19–21]. This is known as the hypothalamo-hypophyseal portal
system, which connects the hypothalamus and the anterior pituitary [20, 22]. CRF
released by the hypothalamus binds to the corticotropin-releasing factor receptor 1
(CRFR1), located on corticotropes found in the anterior pituitary. The corticotrope
cells proceed to synthesize proopiomelanocortin (POMC) protein which, after
enzyme-mediated cleavage, secretes several bioactive peptides including adrenocor-
ticotropic hormone (ACTH), β-lipotropin, β-endorphin and melanocyte stimulating
hormones (MSH) [11, 23, 24]. ACTH then enters the systemic circulatory system and
binds to a melanocortin type 2 receptor (MC2R), which has a highly specific binding
affinity for ACTH, found on the surface of adrenal cortical cells to regulate cortisol
synthesis. Most MC2R are found in the zona fasciculata, which is where cortisol,
the primary endogenous glucocorticoid is synthesized [18, 20, 22, 24]. Cortisol has
a wide variety of effects on the body including gluconeogenesis and immune system
suppression [24]. Steroid hormones are released and bind to glucocorticoid recep-
tors found in the PVN of the hypothalamus, providing negative feedback through
bidirectional signaling [11, 17, 18, 20, 22, 24, 25]. This cycle of activation can be
seen in Fig. 7.1.

The HPA axis is designed to regulate diurnal variation in cortisol levels; however,
excessive or deficient secretion of cortisol is linked to pathophysiological changes
[26]. In fact, studies have shown that central obesity is associated with an increased
cortisol level, most likely attributed to an increased activity of the HPA axis [27].
Several lines of evidence indicate that both neuroendocrine dysregulation of the
HPA axis as well as altered peripheral cortisol metabolism may play a role in the
pathogenesis of abdominal obesity [28]. It should be noted that while ample evidence
exists pointing to differential HPA axis in both generalized and abdominal obesity,
consistent observations in obesity-related disturbances in the HPA axis need to be
established [29, 30].
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Fig. 7.1 Cycle of HPA Axis Stress-Induced Activation. Chronically elevated stress levels in the
hypothalamus result in the activation of the hypothalamus-pituitary-adrenal (HPA) axis. A chain
of events originating in the paraventricular nucleus (PVN) produces corticotropin releasing factor
(CRF), which is released into a system ofmicrocirculatory blood vessels known as the hypothalamo-
hypophyseal portal system that connects the hypothalamus to the anterior pituitary. CRF binds to
corticotrope receptors and synthesize proopiomelanocortin (POMC) protein which, after enzymatic
cleavage, secretes adrenocorticotropic hormone (ACTH). ACTH enters the systemic circulatory
system and binds to receptors found in the zona fasciculata, which initiates cortisol production.
Cortisol, a glucocorticoid, binds to receptors found in the PVN of the hypothalamus, causing
bidirectional signaling

Stress-Initiated Weight Gain

Chronic stress coupled with a positive energy balance is considered to be a contribu-
tory factor to the increased risk for upper body obesity [31, 32]. In 2014, Jauch-Chara
and Oltmanns [12] proposed a neuropsychological model for the etiology of obesity
as the outcome of a vicious cycle between chronic HPA activation by stressors
and physiological and psychological homeostasis. They describe obesity as a by-
product of impaired neuropsychological functioning—specifically due to dysfunc-
tional reward system and stress-response functions. Their model states that chronic
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HPA axis activation results in neurochemical imbalances and that dysfunction miti-
gates a negativemood state and causes individuals to consume high-calorie foods that
are highly palatable in the attempts to alleviate their stress [25, 33, 34]. It is already
well-understood that chronic stress acts as a neuromodulator for dopamine (DA)
receptors in the mesolimbic reward pathway, downregulating DA release from the
ventral tegmental area (VTA) to the nucleus accumbens [17, 22]. This downregulation
of neurological activity combined with chronic HPA axis activation causes a nega-
tive feedback cycle of reduced feelings of reward and increased stress, contributing
to stress-induced overeating [35]. In addition, individuals who experience severe
chronic stress display an increased vulnerability to obsessive–compulsive disor-
ders—contributing to compulsive overindulgence [36, 37]. Consequently, the clinical
effect is pervasive and excessive weight gain combined with negative mood states.

Leptin

When examining hypothalamic obesity, it is impossible to overlook the hormone,
leptin, as its primary purpose is to regulate fat storage through inhibition of hunger
signaling [11]. Its release is directly mediated from signals sent by the hypothalamus,
through the pituitary and into the adrenal gland [22]. Discovered by Jeffrey Friedman,
in 1994, leptin has a longstanding history of being associated with both obesity and
diabetes [38]. In 1949, researchers at the Jackson Laboratory found that the offspring
of a non-obese colony were unusually extremely hungry and as a consequence these
mice had an unusually high level of food consumption and presented with what
researchers named the “ob” gene mutation, on account of the obese nature of the
mice. Friedman and others confirmed that the ob gene encoded for a novel hormone
that was systemically circulated and suppressed food consumption, whichwas absent
in their obese mice [38–42]. Friedman named the new hormone “leptin” from the
Greek word lepto, meaning thin.

Leptin is a hormone produced by adipose cells and enterocytes in the small intes-
tine that serves to regulate caloric homeostasis by inhibiting hunger signaling that
ultimately diminishes fat storage in adipocytes [43]. Leptin acts on receptors in
multiple areas of the brain, including dopaminergic neurons in the VTA and the
hypothalamus, but is mostly localized within various areas of the hypothalamus [22,
44]. Within the hypothalamus, leptin notably binds to both the arcuate nucleus and
the ventromedial nuclei, which consequently mediates feeding behaviors through
both inhibiting hunger signaling, and stimulating sensations of satiety [11, 41, 45].
Leptin acts directly on leptin receptors (Ob-R) found in the cell membrane of a
wide range of cell types and is part of a unique class of cytokine receptors as it is
a single-transmembrane-domain type 1 cytokine receptor [22, 42, 43, 46]. It also
indirectly mediates the effects of glucocorticoids, specifically antagonizing cortisol
release from the adrenal glands.

In the lateral hypothalamus, leptin inhibits hunger throughdegradationof hypotha-
lamic neuropeptide-γ (NPY) mRNA, which encodes for NPY that causes growth of
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adipose tissue, and is also a potent appetite stimulator [11, 40]. Simultaneously,
leptin increases hypothalamic CRF mRNA expression in the PVN [47, 48]. This
action shows the opposing nature between leptin and glucocorticoids, as glucocor-
ticoids produce the opposite result: stimulating NPY secretion and inhibiting CRF
expression in the hypothalamus.

In the medial hypothalamus however, leptin does not serve to inhibit hunger, but
instead stimulates sensations of satiety [43–45]. Thus, the regulation of food intake by
leptin is attributable to (a) inhibition of hunger and (b) producing satiety sensations;
both of these aspects reduce the total amount of food intake [49–51]. Like CRF in the
HPA axis, leptin also stimulates the synthesis of POMC in corticotrope cells [52–54].
Following enzyme-mediated cleavage of POMC, bioactive peptides are synthesized,
including ACTH and MSH, with MSH being a potent downstream anorexiant [24].
It is interesting to note that overfeeding of mice can induce leptin resistance [55],
suggesting that nutrient excess can eventually lead to an ineffective leptin response
that may further augment the occurrence of weight gain and subsequent development
of obesity.

Leptin Receptor Signaling

The leptin receptor, Ob-R, has six isoforms (Ob-Ra, Ob-Rb, Ob-Rc, Ob-Rd, Ob-Re,
Ob-Rf), which are all encoded by the LEPR gene and is part of the class I cytokine
receptor family [22, 39, 43]. All leptin receptor isoforms have identical extracellular
parts that consist of six domains: two cytokine receptor homology (CRH) domains,
an N-terminal domain, an immunoglobin-like domain, and two membrane-proximal
fibronectin type III domains [24, 46]. With regards to obesity, the Ob-Rb has the
most impact as the weight-reducing effect of leptin is mediated throughOb-Rb signal
transduction in the hypothalamus [41]. TheCRH2domain functions as a high-affinity
binding site for leptin. Upon ligand binding, the Ob-Rb activates the JAK/STAT
pathway. The JAK/STAT pathway has been examined in depth and is probably the
best explored pathway that is activated by leptin [56]. Ligand binding causes the Ob-
Rb to undergo homooligomerization which allows for the JAK2 kinase to bind to the
Ob-R and results in cross-phosphorylation [56, 57]. The protein Tyr-1138 found in
theOb-Rbinds and activates transcription factor STAT3,which enters the nucleus and
stimulates SOCS3 gene expression [43, 56–58]. The protein, suppressor of cytokine
signaling 3 (SOCS3), is a potent negative regulator of the JAK/STAT pathway by
negatively inhibiting JAK2, and Tyr-985, ultimately creating a negative feedback
loop that limits further leptin signaling. The intracellular signaling mechanisms can
be seen in Fig. 7.2. In addition to intracellular action in hypothalamic neurons, STAT3
also binds to corticotropes in the anterior pituitary and supports the production of
POMC proteins [59].

Leptin binding to the Ob-R also activates the mitogen-activated protein kinase
(MAPK) pathway. Binding to the OB-R, cytoplasmic Src homology 2 domain-
containing phosphatase-2 (SHP2) becomes phosphorylated by adjacent JAK2 and
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Fig. 7.2 JAK/STATHypothalamic Intracellular Signaling Pathway.Upon ligand-binding, the leptin
receptor (Ob-R) undergoes homooligomerization, which allows the JAK2 kinase to bind to the Ob-
R, causing cross-phosphorylation. Tyr-1138 protein activates STAT3, which enters the nucleus and
stimulates SOCS3 production. SOCS leaves the nucleus and negatively inhibits JAK2 and Tyr-985
to create a feedback loop that limits leptin signaling. JAK2binding also initiates theMAPKpathway,
resulting in increased ERK1/2 expression

recruits an adaptor protein, growth factor receptor-bound protein 2, to activateMAPK
extracellular signal-regulated kinases 1 and 2 (ERK1/2) [55, 56]. These kinases that
are upregulated through high concentrations of leptin are closely associated with
obesity and contributes to the anorectic effects of leptin.

While leptin receptors have a self-controlled negative feedback cycle to limit the
rate of appetite suppression through the SOCS3 protein, overexpression may lead
to increased leptin resistance [17]. One theory of leptin resistance is that chronic,
overexpression of leptin through overindulgence causes the intracellular signaling
disruption, where increased amounts of STAT3 within the nucleus causes an upregu-
lation of SOCS3 expression,which greatly increases its inhibitory actions—function-
ally leading to leptin resistance, preventing feelings of satiety and blocking appetite
suppression [52].

Conclusion

As the hypothalamus is the initiator for many neuroendocrine processes involved
in weight gain, it is expected that any disruption to this brain area will result in
changes to homeostatic functioning and rapidly trigger weight changes. It is well
known that when the hypothalamus is damaged or lesioned due to surgery, traumatic
brain injury, tumors or radiation, metabolic functions are disrupted, and weight gain
is often observed. Inadequate management and elevated levels of stress coupled to
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increased food consumption can result in weight gain and the development of obesity
if persistent. From an evolutionary perspective, the suppression of hunger signals
would benefit an organism by allowing for increased energy expenditure dedicated
towards the removal of the stressor through sympathetic nervous system functioning.
Such an adaptive response to acute or short-term exposure to low levels of gluco-
corticoids in the hypothalamus is attributed to CRF actions in the anterior pituitary
and subsequent attenuation of anorectic hormones. On the other hand, the chronic
exposure to high levels of glucocorticoids, prevents the formation of anorectic, and
satiety-signaling hormones resulting in energy overconsumption leading to weight
gain and ultimately, if persistent, to the development of obesity. Obese individuals
have elevated levels of leptin due to increased adipocyte production of leptin as a
consequence of leptin resistance and are insensitive to the exogenous administration
of leptin. Indeed, in obesity, the chronic activation of JAK-STAT3 by increased circu-
lating leptin levels leads to the development of leptin resistance. Since chronic stress
leads to altered hypothalamic metabolic functioning, the risk for developing obesity
through a deregulation of the Ob-R and JAK/STAT signaling pathway is augmented.
Thus, targeting the JAK/STAT pathway may represent another therapeutic approach
for the treatment of obesity, particularly under conditions of leptin resistance.

Acknowledgements The infrastructural support for this work was provided by the St. Boniface
Hospital Albrechtsen Research Centre, Winnipeg, Manitoba, Canada.

References

1. Haslam D (2007) Obesity: a medical history. Obes Rev 8:31–36
2. World Health Organization (2020) WHO outlines steps to save 7 million lives

from cancer. https://www.who.int/news/item/04-02-2020-who-outlines-steps-to-save-7-mil
lion-lives-from-cancer. Accessed 04 Feb 2020

3. Janssen I (2013) The public health burden of obesity in Canada. Can J Diabetes 37:90–96
4. Low S, Chin MC, Deurenberg-Yap M (2009) Review on epidemic of obesity. Ann Acad Med

Singap 38:57–59
5. WHO (2020) Obesity and Overweight. https://www.who.int/news-room/fact-sheets/detail/obe

sity-and-overweight. Accessed 04 Feb 2020
6. American Psychological Association (2020) Stress in America 2020. https://www.apa.org/

news/press/releases/stress/2020/report. Accessed 04 Feb 2020
7. Izquierdo AG, Crujeiras AB, Casanueva FF, Carreira MC (2019) Leptin, obesity, and leptin

resistance: where are we 25 years later? Nutrients 11:2704
8. Triantafyllou GA, Paschou SA, Mantzoros CS (2016) Leptin and hormones: energy home-

ostasis. Endocrinol Metab Clin North Am 45:633–645
9. Zhang F, Chen Y, HeimanM, Dimarchi R (2005) Leptin structure, function and biology. Vitam

Horm 71:345–372
10. Alsop D, Aluru N (2011) In: Farrell FP (ed) The pituitary. Development of the hypothalamus-

pituitary-interrenal axis. Academic Press, San Diego, pp 1450–1456
11. Palkovits M (2003) Hypothalamic regulation of food intake. Ideggyogy Sz 56:288–302
12. Jauch-Chara K, Oltmanns KM (2014) Obesity—a neuropsychological disease? Systematic

review and neuropsychological model. Prog Neurobiol 114:84–101

https://www.who.int/news/item/04-02-2020-who-outlines-steps-to-save-7-million-lives-from-cancer
https://www.who.int/news-room/fact-sheets/detail/obesity-and-overweight
https://www.apa.org/news/press/releases/stress/2020/report


7 Hypothalamus-Mediated Actions in the Genesis of Obesity 165

13. Pariante CM (2003) Depression, stress and the adrenal axis. J Neuroendocrinol 15:811–812
14. Tsigos C, Chrousos GP (2002) Hypothalamic–pituitary–adrenal axis, neuroendocrine factors

and stress J Psychosom Res 53:865–871
15. Gioldasi S, Karvela A, Rojas-Gil AP et al (2019) Metabolic association between leptin and the

corticotropin releasing hormone. Endocr Metab Immune Disord Drug Targets 19:458–466
16. Warne JP (2009) Shaping the stress response: interplay of palatable food choices, glucocorti-

coids, insulin and abdominal obesity. Mol Cell Endocrinol 300:137–146
17. Heiman ML, Ahima RS, Craft LS et al (1997) Leptin inhibition of the hypothalamic-pituitary-

adrenal axis in response to stress. Endocrinology 138:3859–3863
18. Aschbacher K, Rodriguez-Fernandez M, van Wietmarschen H et al (2014) The hypothalamic-

pituitary-adrenal-leptin axis and metabolic health: a systems approach to resilience, robustness
and control. Interface Focus 4:20140020

19. Tache Y, Larauche M, Yuan P-Q, Million M (2018) Brain and gut CRF signaling: biological
actions and role in the gastrointestinal tract. Curr Mol Pharmacol 11:51–71

20. Gallagher JP, Orozco-Cabal LF, Liu J, Shinnick-Gallagher P (2008) Synaptic physiology of
central CRH system. Eur J Pharmacol 583:215–225

21. Sharma R, Banerji MA (2012) Corticotropin releasing factor (CRF) and obesity. Maturitas
72:1–3

22. Malendowicz LK, Rucinski M, Belloni AS et al (2007) Leptin and the regulation of the
hypothalamic-pituitary-adrenal axis. Int Rev Cytol 263:63–102

23. Wei NL, Quan ZF, Zhao T et al (2019) Chronic stress increases susceptibility to food addiction
by increasing the levels of DR2 andMOR in the nucleus accumbens. Neuropsychiatr Dis Treat
15:1211–1229

24. Angelousi A, Margioris AN, Tsatsanis C (2020) ACTH action on the adrenals. In: Feingold
KR, Anawalt B, Boyce A et al (eds) Endotext. South Dartmouth, MA

25. Ramjiawan M, Tappia PS (2020) Exploration of the bidirectionality of obesity and depression
by means of the neuropsychological model of obesity genesis. In: Tappia PS, Ramjiawan B,
Dhalla NS (eds) Pathophysiology of obesity-induced health complications. Springer Nature,
pp 169–180

26. Chalew S, Nagel H, Shore S (1995) The hypothalamic-pituitary-adrenal axis in obesity. Obes
Res 3:371–382

27. Bjorntorp P (1995) Endocrine abnormalities of obesity. Metabolism 44:21–23
28. Pasquali R, Vicennati V, Cacciari M, Pagotto U (2006) The hypothalamic-pituitary-adrenal

axis activity in obesity and the metabolic syndrome. Ann N Y Acad Sci 1083:111–128
29. NieuwenhuizenAG,Rutters F (2008) The hypothalamic-pituitary-adrenal axis in the regulation

of energy balance. Physiol Behav 94:169–177
30. Rodriguez ACI, Epel ES, White ML et al (2015) The hypothalamic-pituitary-adrenal axis

dysregulation and cortisol activity in obesity: a systematic review. Psychoneuroendocrinology
62:301–318

31. BoseM,OlivanB, LaferrereB (2009) Stress and obesity: the role of the hypothalamic-pituitary-
adrenal axis in metabolic disease. Curr Opin Endocrinol Diabetes Obes 16:340–346

32. Sominsky L, Spencer SJ (2014) Eating behavior and stress: a pathway to obesity. Front Physiol
5:434

33. Bruchas RM, Land BB, Chavkin C (2010) The dynorphin/kappa opioid system as a modulator
of stress-induced and pro-addictive behaviors. Brain Res 1314:44–55

34. Mcewen BS (2009) Protection and damage from acute and chronic stress: allostasis and allo-
static overload and relevance to the pathophysiology of psychiatric disorders. Ann N Y Acad
Sci 1032:1–7

35. Berridge KC, Robinson TE (2016) Liking, wanting, and the incentive-sensitization theory of
addiction. J Am Psychol 71:670–679

36. Adams TG, B. Kelmendi B, Brake CA et al (2018) The role of stress in the pathogenesis and
maintenance of obsessive-compulsive disorder. Chronic Stress 2

37. Sousa-Lima J, Moreira PS, Raposo-Lima C et al (2019) Relationship between obsessive
compulsive disorder and cortisol: systematic review and meta-analysis. Eur Neuropsychophar-
macol 29:1185–1198



166 M. Ramjiawan and P. S. Tappia

38. Zhang Y, Proenca R, Maffei M et al (1994) Positional cloning of the mouse obese gene and its
human homologue. Nature 372:425–432

39. Lee G-H, Proenca R, Montez JM et al (1996) Abnormal splicing of the leptin receptor in
diabetic mice. Nature 379:632–635

40. Cohen P, Zhao C, Cai X et al (2001) Selective deletion of leptin receptor in neurons leads to
obesity. J Clin Invest 108:1113–1121

41. FeiH,OkanoHJ,LiC et al (1997)Anatomic localization of alternatively spliced leptin receptors
(Ob-R) in mouse brain and other tissues. Proc Natl Acad Sci 94:7001

42. Vaisse C, Halaas JL, Horvath CM et al (1996) Leptin activation of Stat3 in the hypothalamus
of wild–type and ob/ob mice but not db/db mice. Nat Genet 14:95–97

43. Frühbeck G (2005) Intracellular signalling pathways activated by leptin. Biochem J 393:7–20
44. Simonds SE, Cowley MA, Enriori PJ (2012) Leptin increasing sympathetic nerve outflow

in obesity: a cure for obesity or a potential contributor to metabolic syndrome? Adipocyte
1:177–181

45. Enriori PJ, Evans AE, Sinnayah P et al (2007) Diet-induced obesity causes severe but reversible
leptin resistance in arcuate melanocortin neurons. Cell Metab 5:181–194

46. GeH,HuangL,PourbahramiT,LiC (2002)Generationof soluble leptin receptor by ectodomain
shedding of membrane-spanning receptors in vitro and in vivo. J Biol Chem 277:45898–45903

47. Huang Q, Rivest R, Richard D (1998) Effects of leptin on corticotropin-releasing factor (CRF)
synthesis and CRF neuron activation in the paraventricular hypothalamic nucleus of obese
(ob/ob) mice. Endocrinology 139:1524–1532

48. Yamagata S, Kageyama K, Akimoto K et al (2013) Regulation of corticotropin-releasing factor
and urocortin 2/3 mRNA by leptin in hypothalamic N39 cells. Peptides 50:1–7

49. Yeung AY, Tadi P (2020) Physiology, obesity neurohormonal appetite and satiety control.
StatPearls

50. Ahima RS, Antwi DA (2008) Brain regulation of appetite and satiety. Endocrinol Metab Clin
North Am 37:811–823

51. Meek TH, Matson ME, Dorfman MD et al (2013) Leptin action in the ventromedial
hypothalamic nucleus is sufficient, but not necessary, to normalize diabetic hyperglycemia.
Endocrinology 154:3067–3076

52. Elias CF, Aschkenasi C, Lee C et al (1999) Leptin differentially regulates NPY and POMC
neurons projecting to the lateral hypothalamic area. Neuron 23:775–786

53. Balthasar N, Coppari R, Mcminn J et al (2004) Leptin receptor signaling in POMC neurons is
required for normal body weight homeostasis. Neuron 42:983–991

54. CowleyMA, Smart JL, RubinsteinM et al (2001) Leptin activates anorexigenic POMCneurons
through a neural network in the arcuate nucleus. Nature 411:480–484

55. Wang J, Obici S, Morgan K et al (2001) Overfeeding rapidly induces leptin and insulin
resistance. Diabetes 50:2786–2791

56. Harrison DA (2012) The Jak/STAT pathway. Cold Spring Harb Perspect Biol 4:a011205
57. Seif F, Khoshmirsafa M, Aazami H et al (2017) The role of JAK-STAT signaling pathway and

its regulators in the fate of T helper cells. Cell Commun Signal 15:23
58. Morton GJ, Blevins JE, Kim F et al (2009) The action of leptin in the ventral tegmental area

to decrease food intake is dependent on Jak-2 signaling. Am J Physiol Endocrinol Metab
297:202–210

59. Ernst MB, Wunderlich CM, Hess S et al (2009) Enhanced Stat3 activation in POMC neurons
provokes negative feedback inhibition of leptin and insulin signaling in obesity. J Neurosci
29:11582–11593



Chapter 8
Cellular and Molecular Effects
of Obesity on the Heart

Ahmed Sultan , Jaipaul Singh , and Frank Christopher Howarth

Abstract Obesity is a serious chronic disease that is responsible for a large number
of deaths worldwide. The Body Mass Index (BMI) is widely used to provide defi-
nitions of overweight and obesity. A BMI of 20–24 is considered normal, a BMI
of 25–29 is considered overweight and a BMI of 30 and over is considered obese.
Overweight and obesity are attributed to a variety of risk factors including smoking,
genetics, alcohol consumption, high level of stress, physical inactivity, unhealthy
diet containing excessive amounts of fat and sugar, food snacking and binging, low
calorie expenditure, socio-economic and psychological issues and somemedications.
Overweight and obesity are also associatedwith various illnesses including hormonal
imbalance, hypothyroidism, insulin resistance (IR), polycystic ovary syndrome and
Cushing’s syndrome. Obesity is a risk factor for diabetes (diabesity) resulting in
hyperglycemia which enhances the generation of reactive carbonyl species (RCS)
and reactive oxygen species (ROS) in the myocardium. Both ROS and RCS elicit
insults to cardiac muscle which may result in apoptosis, fibrosis, hypertrophy, mito-
chondrial dysfunction, derangement in cellular calcium homeostasis and electrical
signaling. In response to these insults the heart goes through a process of remodeling
in order to maintain the demands of the body. Over time there may be development
of cardiomyopathy, reduced ejection fraction and perhaps arrhythmias and sudden
cardiac death (SCD). In general obesity is a preventable illness. This review describes
the cellular and molecular effects of obesity on the heart leading to SCD.
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Introduction

Obesity: Epidemiology and Pathophysiology

Obesity is a serious global health problem and it is associated with metabolic
syndrome which has been described as the combination of insulin resistance (IR),
hypertension, hyperlipidemia and obesity [1, 2]. The World Health Organization
(WHO) [3] defines obesity as “an abnormal or excessive fat accumulation in adipose
tissue, to the extent that health is impaired”. The current gold standard classifica-
tion of obesity is by means of body mass index (BMI) which is calculated as a
person’s weight in kilograms divided by the square of height in meters (kg/m2). For
epidemiological purposes, a person is considered overweight if the BMI is greater
than 25 kg/m2 and obese if the BMI≥ 30 kg/m2 [3]. Excessive adiposity is an impor-
tant risk factor in the pathophysiology of diabetes mellitus (DM), IR, dyslipidemia,
atherosclerosis, hypertension, stroke, psychological, coronary artery disease (CAD),
liver disease, osteoarthritis, sleep apnea, some musculoskeletal conditions, gyneco-
logical complications, cancer including colon and breast cancer [4]. In recent times,
a newmethod to assess body weight was developed and it was referred to as the body
shape index (ABSI). It quantifies the risk associated with abdominal obesity. ABSI
is based on waist circumference (WC) and is adjusted for height and weight: ABSI
= WC/(BMI (2/3) × height (1/2)). ABSI might be considered to be a more valuable
predictor of mortality than BMI [5]. Obesity has become an important global health
concern mainly due to its remarkable rise in prevalence during the last few decades.
In 2016, roughly 1.9 billion adults aged 18 years and older globally were pre-obese
or overweight and estimates suggest more than 600 million adults were obese. It was
estimated that 13% of the global adult population (11% of men and 15% of women)
were obese in 2016, meanwhile 39% of adults aged 18 years and above (38% of men
and 40% of women) were overweight [3]. The global prevalence of obesity tripled
between 1975 and 2016, equivalent to 30% of the world’s population. A projected
estimate of 340 million children and adolescents aged 5–19 years were either obese
or overweight in 2016 and this is of extreme concern to governments worldwide [3].
According to estimates from the latest Lancet Commission report, obesity affected 2
billion people universally in 2015 and the annual costs were approximately $2 trillion
US dollars from lost economic productivity and direct health care expenditure [6].

Obesity is a disorder with a multi-factorial basis resulting from a blend of
numerous lifestyles, genetic and environmental factors. A sedentary lifestyle, reduc-
tion in exercise or physical activity, reduced metabolic rate, thermogenesis and
decreased energy expenditure will eventually result in increased energy storage
and obesity. Causes of obesity include easy access to addictive appetizing fast
foods, leptin resistance, junk foods, assertive marketing of food, sedentary lifestyle,
certain medications as well as genetic factors. It is also noteworthy that both over-
weight and obesity are preventable. Figure 8.1 shows some of the environmental and
genetic factors that may contribute to obesity and consequently, leading to metabolic
syndrome [7].
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Fig. 8.1 Flow diagram showing the energy equilibrium and etiology of obesity (Adapted from [7])

Obesity is characterized by excess surplus of fat in the body, contributing to
harmful metabolic outcomes. Additionally, obesity represents a significant socio-
economic and medical global burden. According to a recent published report, the
global cost of treating obesity has soared to $2 trillion US dollars [6, 8].

Obesity is the collective result of a harmful increase in adipose tissue resulting
from increased fat cell size (hypertrophy) and/or number of cells (hyperplasia) [9,
10]. These two events, together, create a cycle of co-morbidities culminating in
obesity. Identifying potential factors and targeting adipocyte biology that can control
or normalize these processes may be important in the treatment and prevention of
obesity.

Chronic energy imbalance leads to adipocyte hyperplasia and hypertrophy, endo-
plasmic reticulum stress, plus mitochondrial dysfunction. These processes induce
an increase in intracellular and systemic release of adipokines, free fatty acids, and
inflammatory mediators that cause adipocyte dysfunction and adverse effects in the
liver, pancreatic β-cells, and skeletal muscles and more importantly the heart itself
besides vascular beds [11].

The Link Between Obesity and Diabetes

Peoplewhohave developed obesity aremost likely to develop type 2 diabetesmellitus
(T2DM) since obesity is a major independent and metabolic risk factor for T2DM.
Obesity-induced T2DM, heading towards persistent high level of blood glucose,
is normally described as metabolic syndrome or IR or adult pre-diabetes. In this
condition, the body can synthesize and release enough insulin in the blood however,
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the tissues and the cells in the body become somewhat resistant to the actions of
insulin [12, 13].

The term “diabesity” was created, due to the strong link between obesity and
diabetes. Although themajority of individualswith T2DMare obese, only a relatively
small fraction of obese individualswill developT2DM[14]. The suggestedmolecular
mechanisms underlying these complications remain poorly understood. Figure 8.2
summarizes the three main hypotheses which have been developed in recent years
to explain the molecular basis of diabesity [15] and they include the following:

(1) The “inflammation hypothesis” emphasizes that obesity represents a state
of chronic inflammation where inflammatory molecules released by infil-
trating macrophages in adipose tissue apply pathological changes in β-cells
and insulin-sensitive tissues such as the endocrine glands, the muscles, the
endocrine pancreas, and the liver.

(2) The “lipid overflow hypothesis” highlights that obesity may result in increased
ectopic lipid stores because obese subjects have limited capacity of adipose
tissue fat storage. These potentially harmful lipid components and metabolites
may utilize cytotoxic effects on peripheral cells from the pancreas, muscles,
and liver.

(3) The “adipokine hypothesis” suggests that the main role of white adipose cells
is to function as an endocrine organ, and to secrete a range of hormones
with autocrine and paracrine activity. Diabesity enlarging fat stores can cause
dysfunctional secretion of such endocrine factors, thus resulting in metabolic
impairment of insulin target tissues and ultimately failure of insulin producing
β-cells. The adipokines have direct effects on the muscles, the central nervous
system (CNS) and the liver.

Obesity is associated with many comorbidities such as hypertension, sleep apnea
syndrome, atherosclerosis, and CAD. Obesity precedes structural and functional
changes in the heart, which ultimately leads to heart failure (HF). Obesity can induce
alterations in myocardial structure which increases the risk of atrial fibrillation or
arrhythmias and SCD [16]. That is why it is important to investigate the effects of
obesity on the heart.

Obesity and the Heart

The heart is actually a muscle pump composed of four-chambers that function to
deliver blood and nutrients to all the other organs of the body [17]. The heart is
composed of left and right atria and left and right ventricles. The left side of the heart
pumps blood through the systemic circulation and the right side of the heart pumps
blood through the pulmonary circulation. The orderly contraction of the chambers
of the heart are controlled by a specialized electrical conduction system comprising
the sinoatrial node (SAN), the atrioventricular node (AVN), right and left bundle
branches, besides the Purkinje fibers [17]. Electrical activity of the heart is initiated
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Fig. 8.2 Threemain hypotheses involving a inflammation, b lipid overflow and c adipokines which
have been developed in recent years that link obesity and diabetes (Adapted from reference [15])
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Fig. 8.2 (continued)

by specialized cells in the SAN that are located in the upper part of the wall of the
right atrium. SAN cells are able to generate action potentials (APs) spontaneously
[18].

APs, produced by the SAN cells, are rapidly conducted across the atria and, after
a brief delay in the AVN, are then rapidly conducted through the ventricles. The AP
is a brief change in voltage (membrane potential) caused by selective changes in ion
channel conductance [17].

According to the Framingham study, overweight and obesity were both associated
with an increased relative risk for the development of cardiovascular risk factors and
cardiovascular diseases (CVDs) and people with T2DM are 2/3 times more likely to
develop CVDs [19, 20].

Animal Models of Obesity and Their Relevance to the Heart

In order to investigate themechanisms of cardiac remodeling in the context of obesity,
several animal models have been used over the years to investigate the function and
dysfunctionof the heart. Thesemodels resemble overweight and/or obesity in humans
in addition to comorbidities such as IR, impaired glucose tolerance, hypertension, and
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diabetes. Zucker diabetic fatty (ZDF) rats were isolated and derived from the Zucker
fatty (ZF) rat and are extensively used for obesity and T2DM research. Furthermore,
the ZF rat genetic animal model inherits obesity as a Mendelian autosomal recessive
trait. The ZF rat, which develops obesity without DM, has a subtle missensemutation
(fatty, fa) in the leptin receptor gene (Lepr). Thismissensemutation (a nucleotideA to
C switch or conversion at nucleotide position 806) was discovered in the extracellular
specific domain of all the isoforms in ZF (fa/fa) rats and resulted in an amino acid
change fromglycine (Gln) to proline (Pro) at+269. In the brains of ZF (fa/fa) ratsOb-
R isoform messenger ribonucleic acids (mRNAs) remained at similar levels to those
found in their lean littermate phenotype named Zucker Lean (ZL) rats [21]. These ZF
rats become obese, hyperphagic and hyper-insulinemic. Nevertheless, blood glucose
remains at normal levels. The ZDF strain came from a ZF colony [22], which is a
relatively newstrain of fa/fa homozygousmale ratswith reproductive capability. They
were obtained by mating fa/fa males and fa/+ heterozygous females. The ZDF strain
of fa/fa male rats displayed DM-selective breeding and exhibited comparatively high
blood glucose levels at a very young age of about 10 weeks and this diabetic strain
was referred to as ZDF-Lepr fa rat. Whilst none of the ZF fa/+ male rats developed
diabetes, the ZDF homozygous fa/fa male rats became diabetic, achieving 100%
incidence by the age of 21 weeks. The phenotypic attributes of this diabetic specific
strain are different from those of the normo-glycemic ZF rats. The ZDF rat strain
with high reproductive capacity provides a valuable animal model of T2DM [22–25].

The storage of fat, especially that within heart muscle, has been coupled with a
decrease in cardiac force production, which has adverse hemodynamic consequences
and ultimately leading to HF. Furthermore, fats from the blood can be taken up by
heart muscle cells where they can be utilized for generating energy which can be
stored or used within the mitochondria. Experiments in the ZDF rat have established
that fat does in fact accumulate in the heart due to increased transport across the
different membranes. Current experiments also suggest that lipids accumulate in the
heart in spite of normal mitochondrial content, morphology and long-chain fatty
acid oxidation [26]. In addition, increased sarcolemma long-chain fatty acid (LCFA)
transport rates and proteins of LCFA result in either a bigger or a larger number of
lipid droplets stored within cardiac muscle [26].

Obesity is linked to high blood pressure (BP), which in turn increases the risk of
CVDs. Simonds et al. [27] observed that the surge in leptin levels noticed in diet-
induced obesity (DIO) promotes an increase in BP in rodents, an outcome that was
not previously seen in deficient in leptin or LepR animals. Likewise, humans, with
a loss in function of mutations in leptin and LepR, have reduced BP despite severe
obesity. This interesting observation suggests that leptin is associated with changes
in body weight leading to an alteration in BP in both human and mammalian species.
Therefore, the effects of leptin and leptin receptors may be crucial for diabesity and
may provide useful therapeutic targets for the prevention of obesity-associated CVDs
and/or for the treatment of obesity-associated hypertension [27].

In a study in Sprague–Dawley, ZL, andZF ratswhere Lin et al. [28] have examined
the SAN to test for the role of explicit actions of leptin on ventricular repolarization
and heart rate (HR) in which they found out that adipocytes and leptin receptors



174 A. Sultan et al.

appeared in themyocardiumand as a result, itwas speculated that leptin could directly
modify cardiac electrical properties such as HR and QT interval duration and that
it can control cardiac electrical activity via the activation of β-adrenergic receptor.
These findings indicate that leptin, at high doses (150–300 μg/kg), can stimulate a
biphasic effect (decrease and then increase) inHRwhile at low doses (0.1–30μg/kg),
it can decrease resting HR. The leptin-induced resting HR inhibition was abolished
by the presence of a leptin antagonist. Leptin also corrected QTc interval time and
increased HR. However, leptin antagonist did not change these two parameters. It
was also reported that in isolated ventricular myocytes, leptin (0.03–0.3 μg/ml)
increased the action potential duration (APD) and the effects were reversible. Leptin
has a direct effect in decreasing HR and in increasing QT interval via its own receptor
and independent of β-adrenergic receptor stimulation.Moreover, high concentrations
of leptin in the myocardium can produce prolonged QT interval, deep bradycardia
and ventricular arrhythmias through inhibition of β-adrenergic receptor activity [28].

Obesity and Ion Channels of the Heart

Propagation of APs depends on voltage-gated ion channels and for this reason it
is helpful to discuss these channels in a little more detail, as their dysfunction can
result in detrimental CVDs. Voltage-gated ion channels are known as transmembrane
proteins that regulate physiological activities such as cardiac muscle cell contraction
and relaxation. Obese Wistar rats fed a high fat diet display significant changes
in gene expression of ion channels in the left ventricle, which may predispose to
arrhythmias. The heart of these obese rats displays significant upregulation of various
transport proteins includingCav1.2,Kir2.1,HCN4,NCX1, SERCA2a,RYR2mRNA
and downregulation of ERG mRNA. A significant increase in protein expression of
HCN4 was also demonstrated in these obese rats [29].

Axelsen et al. [30] demonstrated that the hearts of fructose-fat fed Sprague–
Dawley rats (FFFRs) displayed QRS prolongation in-vivo, along with decreased
conduction velocity (CV) ex-vivo. Similarly, the heart of FFFRs rats showed
numerous premature ventricular contractions [30] under relaxed conditions in-vivo.
Likewise, the isolated hearts from FFFRs displayed an increase in susceptibility to
VF following cardiac ischemia–reperfusion. There were no changes in either gap
junctional coupling, K+ or Na+ current density, and or differences in cell size or
fibrosis. This indicates that the mechanism of conductance disturbances in the pre-
diabetic heart varies from the disturbances seen in cardiac ischemia and HF [30]. In
another study, a high-energy (HE) diet consisting of 33% kcal as fat was fed to a
Sprague–Dawley rat model which is a model of obesity. These rats did not develop
cardiac hypertrophy, either at the organ level or at the cellular level. In addition,
kinetics and densities of the four major ionic membrane currents that control the
cardiac AP were found to be similar in both obese and control rats. These include
the L-type Ca2+ current, the sodium-calcium exchange current (NCX), the transient
outward potassium current and the delayed rectifier potassium current. Even though
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leptin receptor expression was downregulated in the hearts of the HE obese group, no
leptin modification was observed in the current densities except for the NCX current
densities in the control group which were fed standard chow [31].

In another study, Huang et al. [32] found evidence of decreased protein expression
of voltage-gated potassium channels in the obese heart, consequently leading to long
QT interval. Their experiments in DIO C57BL/6 J wild-type mice have discovered
that diminished protein and mRNA levels of the potassium channel Kv1.5 were trig-
gered by a decline of the transcription factor cyclic AMP response element binding
protein (CREB) in heart. CREB knock-down by siRNA diminished Kv1.5. CREB
binds to the Kv1.5 promoter located in the heart and increases transcription of human
and mouse Kv1.5 promoters. The decline in CREB protein during lipo-toxicity can
be salvaged by inhibiting protein kinase D (PKD) [32].

Howarth et al. [33] have previously reported age-dependent changes in myocyte
contractility in the hearts of young and ageing ZDF rats. These alterations in contrac-
tility are accompanied by changes in Ca2+ transport, including a decline in L-type
Ca2+ current and subtle changes in expression of a variety of genes including the
Ca2+ channel, membrane transporters, sarcoplasmic reticulum (SR) Ca2+ and cardiac
muscle proteins [33]. Nevertheless, DIO causes cardiac upregulation of Ca2+ trans-
port–related genes in the SR. While obesity also causes an increase in the levels of
SRCa2+ ATPase (SERCA2a), ryanodine receptor (RyR2) and phospholamban (PLB)
mRNA, it, nevertheless, did not modify the mRNA levels of L-type Ca2+ channel
(CACNA1C) and NCX in the hearts of Wistar rat [34]. However, there were no
changes in the L-type Ca2+ channel protein levels and SERCA2a behavior (expres-
sion and activity) [35]. Surprisingly, a short period of high fat diet (16 weeks) in
Psammomys obesus, a polygenic rodent model, developed for research into obesity,
T2DM and cardiovascular diseases [36], resulted in severe changes of cardiac struc-
ture, activation of inflammatory and apoptotic mechanisms, and altered expression
of calcium-cycling elements [37]. Aromolaran et al. [38] reviewed the literature for
altered functional expression of ion channels in various animal models associated
with obesity and the data are presented in Table 8.1.

Electrical Conduction System of the Heart and Obesity

Electrocardiography is the process of producing an electrocardiogram (ECG) which
is a graph of voltage versus time of the electrical activity of the heart using electrodes
placed on the skin. The first interval known as the P wave of the ECG signifies the
depolarization of the heart atria. Electrical activity of the heart spreads from the atria
to the AVN where there is a short delay prior to the rapid spread of electrical activity
across the ventricular myocardium. The second major interval known as the QRS
wave of the ECG reflects ventricular depolarization and the final interval called the
T wave reflects ventricular repolarization [39–41].

Obesity in humans is associated with prolonged QT, an increase in the frequency
of premature ventricular complexes and SCD. Pericardial fat is associated with
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atrial conduction as measured by P wave indices. The relation is independent of
associations with adipose depots outside of the pericardium (thoracic and visceral
fat) which is consistent with the hypothesis that pericardial fat induced changes
in atrial conduction represents an important mechanism by which pericardial fat
predisposes towards atrial fibrillation (AF) [42]. It was found that Sprague–Dawley
rats fed high-fat and high-fructose/cholesterol diets for 15 weeks were susceptible
to AF. Chan et al. [43] found that IR can promote endogenous factors which can
lead to abnormal calcium homeostasis and interstitial fibrosis in atria, modifies the
CV and increases ectopic events in the atria, leading to AF. IR may also have a
rapid effect on the expression of transforming growth factor (TGF-β1) in fibroblasts
and myocytes, contributing to atrial fibrosis. These results indicated that upstream
therapy, targeting Ca2+/calmodulin-dependent protein kinase II (CaMKII), TGF-β1
and reducing oxidative stress, is a potentially effective strategy for avoiding AF
caused by a diet high in sugar, fat, and cholesterol [43].

Lin et al. [44] discovered that defective calcium inactivation causes long QT
interval in obese insulin-resistant Zucker rats (OZR) also known as ZF rats. The heart
of these ZF rats, aged 16–17 weeks, demonstrated an increase in APD, prolonged
QTc interval and an increase in cell capacitance.Additionally, theL-typeCa2+ current
in cardiac myocytes showed defective inactivation, leading to increased Ca2+ influx.
The results indicated that at around 16–17weeks of age, ZF rats developed (1) altered
electrophysiology as evidenced by the prolonged QTc interval, (2) cardiac hyper-
trophy, (3) increased APD in isolated ventricular myocytes, 4) defective inactivation
of L-type Ba2+ and Ca2+ currents and 5) decreased protein expression of Cav1.2 and
calmodulin [44].

The positive effects of aerobic exercise training (AET) in delaying and reversing
cardiac dysfunction have been widely studied [45, 46]. Currently, limited research
exists on ECG measurement for the evaluation of AET in the ZDF rat. A previous
study demonstrated alterations in HRV, R wave amplitudes, QT and QTc intervals
in the hearts of ZDF rats and AET was able to rectify R wave amplitude alter-
ations alongside ECG correlates of left ventricular mass [45]. Another study demon-
strated that miRNA played a role in cardiac revascularization of AET-induced obese
animals. In ZF rats, miRNA-16 in the myocardium was enhanced with a simulta-
neous reduction in its target VEGF,which could be linkedwith cardiacmicrovascular
rarefaction in obesity. AET not only normalized levels of these miRNAs, but also
promoted angiogenesis, including improvement of angiogenic factors such as CD31
and VEGFR2. Taken together, these data indicate how AET may rebuild the balance
between injury and repair of vascular systems in obese animals. Moreover, miRNAs
may have great potential as therapeutic targets for treatment of various cardiovascular
diseases [46].

Recent in vivo biotelemetry experiments have demonstrated that HR was signifi-
cantly reduced in ZDF compared to ZF and ZL control rats in the absence of changes
in body temperature and physical activity [47]. Age related changes in PQ intervals,
QRS intervals, QT and QTc intervals between different groups were also reported.
Surprisingly, the QTc interval was significantly increased in the ZF compared to the
ZDF rats after correction for the HR.
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Obesity and Sudden Cardiac Death

SCD is defined as “death due to cardiac causes occurring within 1 h of the onset
of symptoms”. The yearly incidence of SCD rises as age advances. CAD is the
most common cause while other cardiomyopathies and genetic channelopathies are
responsible for most of the remaining cases. In young adults (age < 35 years), the
most common cause of SCD are arrhythmias, largely in the context of an apparently
normal heart [48]. In general, obesity is associated with an increased risk of SCD
especially in non-smoking middle-aged adults. In addition, SCD is aggravated by
traditional cardiovascular risk factors such as BP, lipids, DM and CHD. In contrast,
abdominal obesity seems to be directly associated with an increased risk of SCD
[49].

Narayanan et al. [50] investigated the association between QRS fragmentation
on the 12-lead ECG and SCD, in obese/overweight subjects. Fragmentation was
defined as “the presence of RSR’ patterns and/or notching of the R/S wave in at
least 2 contiguous leads”. It was reported that QRS fragmentation, particularly in
the lateral territory, is a probable risk marker for SCD independent of the ejection
fraction [50].

As mentioned previously, mitochondrial reactive oxygen species (mROS) is a
primary source of oxidative stress in HF. The mROS can exert both acute events,
such as electrical instability responsible for SCD, and chronic HF remodeling
events. These are illustrated by either suppression or altered phosphorylation of
metabolic, antioxidant and ion transport protein networks. In-vivo reduction of
mROS reverses and prevents electrical instability, SCD and HF. In-vivo scavenging
of mROS, not only prevented the progression of HF and eliminated SCD, but also
reversed impaired contractility in failing hearts. Moreover, mROS is a key up-stream
influencer driving both acute electrophysiological instability (leading to SCD) and
chronic proteome remodeling (protein expression and phosphorylation) throughout
cardiac decompensation. Comprehensive analysis of mROS-dependent HF suggests
that ROS-dependent signal transduction pathways, perhaps in the mitogen-activated
protein kinase family, can disrupt the coupling of cytosolic signals to the metabolic,
antioxidant, and ion transport sub-proteomes as HF develops [51].

Conclusion

In summary, there are a number of risk factors which are associated with obesity
leading to the development of T2DM. Figure 8.3 is a summary of the events leading
to diabesity-induced SCD.Both obesity and diabetes are associatedwith an enhanced
risk of developing CVDs, particularly HF and CHD which gives rise to the term
“Diabesity”. Both obesity and diabetes, via hyperglycemia, elicit the generation of
RCS and ROS which induce structural changes in heart muscle leading to apoptosis,
fibrosis, hypertrophy, mitochondrial dysfunction, derangement in cellular calcium
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Risk Factors

Obesity

Diabetes (Diabesity)

Hyperglycemia Genera on of ROS 
and RCS

Structural changes in 
cardiac muscles and 

mitochondrial 
damage

Apoptosis, Fibrosis, 
Hypertrophy

Derangement in 
cellular calcium 

homeostasis and 
Electrical signaling

Remodeling of the 
myocardium

Cardiomyopathy and 
reduced ejec on 

frac on

Arrhythmias

Sudden cardiac death

Fig. 8.3 Flow diagram illustrating the various events, including the risk factors, obesity and
diabetes, in the development of cardiomyopathy and subsequently, inSCDfollowing.ROS=Reactive
oxygen species, RCS = Reactive carbonyl species

homeostasis and electrical signaling and subsequently, remodeling of the heart, all
leading to reduced ejection fraction. If left untreated, the heart becomes weaker and
unable to meet the constant demands of the body and as a result, arrhythmia develops
leading to SCD. The cellular, subcellular and molecular changes that occur in the
heart of obese individuals and give rise to electrical conduction defects are complex
and need further investigation.
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Chapter 9
Dietary Advanced Glycation End
Products as Mediators of Obesity:
Cellular and Molecular Mechanisms
of Action

Chinedum Ogbonnaya Eleazu, Victor Udo Nna, Joseph Bagi Suleiman,
and Mahaneem Mohamed

Abstract Obesity, a disorder of body weight regulatory systems that is charac-
terized by the accumulation of excess body fat is increasingly becoming a global
pandemic. Despite several approaches that have been applied to mitigate obesity,
they have not been able to totally reverse the obesity and its mediated complication.
Advanced glycation end products (AGEs) refer to a group of prooxidant heteroge-
nous compounds whose formation results from nonenzymatic reactions between
reactive sugars and proteins, lipids and nucleic acids. While supporting evidence
has suggested that AGEs may have contributory roles in the pathogenesis of obesity,
there are indications that increased consumption of dietary AGEs increases the circu-
lating AGEs levels and their deposition in the tissues including the adipose tissue,
increasing the risk of development of obesity and its comorbidities. Identification of
the underlying mechanism may provide an important strategy for novel therapeutic
approaches against obesity. This chapter therefore provided novel insights into the
role of dietary AGEs in the pathogenesis of obesity and the purported mechanisms
of action.
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Abbreviations

Akt Protein kinase B
ALI Arginine-lysine imidazole
BMI Body mass index
IRS-1 Insulin receptor substrate 1
IRS-2 Insulin receptor substrate 2
PI3K Phosphatidylinositol 3-kinase
RAGE Receptor for Advanced Glycation End products
ROS Reactive Oxygen Species
sRAGE Soluble receptors for advanced glycation end products

Introduction

Obesity is a disorder of body weight regulatory systems that is characterized by the
accumulation of excess body fat [1]. According to the World Health Organization
[2], obesity is an abnormal or excessive fat accumulation that presents a risk to
human health. The development of obesity involves both adipocyte hypertrophy and
hyperplasia. Obesity in childhood has been reported to involve adipocyte hyperplasia
and hypertrophywhile adipocyte hypertrophy arising from imbalanced energy intake
was generally suggested to be responsible for most adult-onset obesity. However,
adipocyte hyperplasia has also been suggested to contribute to the development of
adult-onset obesity, especially morbidly obese patients [3].

Advanced glycation end products (AGEs) refer to a group of prooxidant hetero-
geneous compounds whose formation results from nonenzymatic reactions between
reactive sugars and proteins, lipids and nucleic acids in a reaction that is otherwise
known as ‘the Maillard reaction’. Recent studies have revealed that consumption of
foods that are rich in these AGEs could play fundamental roles in the pathogenesis
of chronic diseases including obesity [4]. Given the inability of the current thera-
peutic approaches for obesity to totally reverse it [5], identification of the underlying
mechanism involved in the contribution of AGEs to obesity may provide an impor-
tant strategy for novel therapeutic approaches against obesity. In line with the above,
this chapter discussed the role of dietary AGEs in the pathogenesis of obesity. The
mechanisms of action deriving from preclinical and clinical studies that were carried
out were also reported.
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Global Prevalence of Overweight and Obesity

In current report, the global prevalence of overweight and obesity doubled since 1980
to such an extent that about one third of the world’s population is now classified as
being overweight or obese [6]. Additionally, studies that were carried out revealed
that a total of 1.9 billion and 609 million adults were estimated to be overweight
and obese in 2015, respectively, representing approximately 39% of the world’s
population [6]. The prevalence of obesity was generally higher in women than in
men in all age groups, with sex differences being maximal between 50 and 65 years
old [6]. Obesity adversely affects nearly all the physiological functions of the body
and has become a significant public health threat [6].

Measurement of Obesity

The bodymass index (BMI) usually expressed asweight (kg) divided by the square of
height (meters)2 is the most acceptable index of measurement of obesity. This index
measures the relative weight, adjusted for height which makes for comparisons both
within and between populations [1]. Based on BMI cut off point, individuals with
BMI values of 18.5 and 24.9 are regarded to have normal weight; individuals with
a BMI value between 25 and 29.9 are considered overweight, those with a BMI
value equal to or greater than 30 are classified as obese, while BMI values above 40
are regarded as extremely/morbidly obese. Measurement of the waist circumference
using a tape has also been found to be diagnostic of obesity as it reveals the amount
of fat (visceral fat) in the central abdominal region of the body [1]. This approach
has also been reported to reduce the risk of developing cardiovascular diseases,
independent of BMI [1, 5, 7].

Advanced Glycation End Products—Overview

AGEs are a group of heterogeneous compoundswhose formation results from nonen-
zymatic reactions between reactive sugars and proteins, lipids and nucleic acids
in a reaction that is otherwise known as Maillard reaction as earlier stated [4, 8].
In this reaction, the carbonyl group of a reducing sugar reacts with the amino
group of a protein, lipid or nucleic acid, generating Schiff bases which rearrange
to Amadori products. Since the Amadori products are relatively unstable, further
reactions occur, which eventually lead to the formation of irreversible AGEs [9].
Examples ofAGEs include: glycated hemoglobin (HbA1c),Nε-carboxymethyllysine
(CML), Nε-carboxyethyl-lysine (CEL), ALI, pentosidine, methylglyoxal, pyrraline
and imidazolone, N-fructosyl-lysine, Alkyl formyl glycosyl pyrroles, and others
[10, 11].
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With respect to their chemical structure, AGEs can be classified as: non-
fluorescent crosslinked (e.g. glucosepane, imidazolium dilysine), fluorescent
crosslinked (e.g. crossline, pentosidine) and non-crosslinked molecules (e.g.
pyralline, CML) [11]. TheseAGEs exert their effects through their receptors (RAGE)
(described in detail in our review, [5] and book chapter [7]).

Sources of AGEs

Based on the differences in their origins, AGEs are categorised into two major
classes namely: biologically derived AGEs (biological-AGEs) and environmentally
derived AGEs. Biologically derived AGEs are produced endogenously (in vivo)
during normal body metabolism, aging, prolonged oxidative stress or due to hyper-
glycemia [11]. On the other hand, environmentally derivedAGEs are obtained exoge-
nously (in vitro) while cigarette smoke and diet (food) are two major sources of
environmentally derived AGEs.

Cigarette smoke contains glycationproducts that are highly reactive (AGEs)which
may contribute to the increased AGEs accumulation in serum and tissue as observed
in cigarette smokers. Cigarette smoke derived AGEs have been shown to increase
the risk of developing cancers and cardiovascular diseases in former smokers [10].
Dietary AGEs constitute a class of pro-oxidant foods and their formation depends
directly on the protein, lipid and carbohydrate content of the food as well as on
the temperature and conditions of cooking, especially time used for cooking and
moisture [12].

Heat treatment of food results in the generation of AGEs and other Maillard reac-
tion products that improve the aroma and flavour of food products. Therefore, dietary
AGEs are commonly found in processed foods with their levels being increased by
food processing at high temperatures [13, 14]. In fact, foods may contain up to 200
times the initial AGEs content after cooking depending on the cooking method [10].
Foodprocessing and cooking techniques that utilise dry heat (frying, roasting, baking,
grilling, barbecuing) result in greater AGEs formation comparedwith techniques that
use lower temperatures for longer periods of time with higher water content, such as
boiling or steaming [4, 15, 16].

Higher pH levels have also been reported to increase the formation ofAGEs, as the
alkaline conditions promote the amino groups to be in their basic deprotonated form,
increasing their reactivity. Pre-treating foods with acidic solutions before cooking
(to lower their pH) such as marinating with vinegar or lemon has been reported to
decrease the formation of dietary AGEs in food products [15]. Animal-derived foods
cooked at high temperature, for a prolonged time and under dry conditions have the
highest content of AGEs [12]. Other examples of such foods that contribute to high
amounts of dietary AGEs include processed cereal products such as biscuits, bakery
products and extruded breakfast cereals [15].

In contrast, dairy products, fruits, and vegetables have lowerAGEs content.Higher
humidity, lower temperatures, and low pH also make minor contributions to the
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Table 9.1 Factors that affect the levels of AGEs in foods

Type of food Method of cooking

High AGEs Low AGEs High AGEs Low AGEs

Dairy eg. red meat Boiled grains eg. rice
and oatmeal

High temperature Low temperature

Fried foods Vegetables Barbecuing Steaming

Cheese Fruits Grilling Poaching

Processed foods Dairy soups Baking Stewing

Bakery products eg.
biscuits

Frying Braising

Breakfast cereals Searing Boiling

Butter Broiling Marinating
with vinegar before
cooking

Magarine Toasting Marinating
with lemon before
cooking

Mayonnaise Roasting Poaching

Oils Sauteing

Nuts Prolonged cooking
time

Lesser cooking time

High pH Low pH

Low moisture High moisture

Sources Uribarri et al. [18]; Tessier and Birlouez-Aragon [19]; Barbosa et al. [20]; Ribeiro et al.
[4]; Snelson and Coughlan [15]. AGEs: advanced glycation end products

formation of AGEs [17]. Table 9.1 shows the differences between food groups and
cooking methods that contribute to low or high levels of AGEs [4, 18–21].

Digestion, Absorption, Distribution and Excretion of Dietary
AGEs

Digestion

Protein and peptide bound AGEs are the major AGEs in the diet [8]. It has been
suggested that the structural features of AGEs may have a significant effect in the
digestion of glycated proteins and peptides. For instance, reports have shown that
AGEs with non-crosslinked structures result in a considerable decrease in glycated
protein digestibility. In addition, the digestibility of CML-casein (60% modification
of target lysine) was reported to be significantly lower than that of native casein [8].
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Absorption

AGEs can exist in either free form as a single amino acid or a free low-molecular-
weight peptide, or bound to proteins, forming high-molecular-weight compounds.
Dietary AGEs are reportedly absorbed in circulation mostly in the form of free AGEs
eg. CML (by simple diffusion) and peptide bound AGEs following gastrointestinal
digestion [8] and thereafter, they can get deposited in various tissues [17].

Approximately 10–30% of dietary AGEs are absorbed into the systemic circu-
lation [8], one third of which is excreted by the kidneys while two-thirds linger in
the body, contributing to the body’s AGEs pool and which binds to several tissues
[17, 22]. Therefore, decreased intake of dietary AGEs has been associated with
approximately 40% decreases in the levels of AGEs in the body [8]. On the other
hand, intestinal absorption of pyrraline is considered to happen mostly as a dipeptide
rather than a free amino acid, with the dipeptide form of pyrraline absorbed across
the intestinal epithelium using peptide transporter 1 [15].

Distribution of Dietary AGEs

After crossing the epithelial cells of the digestive tract, dietary AGEs enter into
circulation and merge with the biological AGEs [8]. Dietary AGEs are distributed in
most tissues following their absorption and supporting evidence has shown that intake
of dietary AGEs can cause AGEs accumulation throughout the body, including the
tissues (gastrointestinal tract, liver, kidneys, lungs, adipose tissue, heart and spleen),
serum, urine and faeces [8]. The distribution of dietary AGEs in the body is driven by
their higher affinity for some tissues on the basis of covalent or noncovalent binding
interactions [8].

Metabolism

It has been reported that AGEs may not act as substrates for detoxification by phase I
and phase II enzymes of xenobiotic metabolism [8, 23]. According to the hydrophile-
lipophile balance, hydrophilic AGEs do not act as substrates for phase I enzymes
in the fatty membranes of the endoplasmic reticulum and due to the glycation of
side groups, most AGEs have insufficient typical side groups for phase II coupling
reactions, except acidic groups for esterification [8].
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Excretion

The renal excretion of dietary AGEs has been estimated to be approximately 30% of
the absorbed amount in healthy adults, but less than 5% in patients with renal disease
[8]. Between 20 and 50% of ingested CML are reportedly excreted in the faeces,
suggesting that there is a proportion of ingested AGEs that are not absorbed and not
defecated, and may be metabolised intraluminally by the microbiome [15].

Dietary AGEs and Human Health

Consumption of dietary AGEs have been reported to contribute to oxidative stress
and inflammation in animal models, although results were less consistent in human
studies [15, 24]. Excessive dietary AGEs consumption in mice was implicated in
the development of hepatic inflammation in the absence of steatosis. In a rat model
of non-alcoholic fatty liver disease, high dietary AGEs were reported to exacerbate
liver injury, inflammation and liver fibrosis while chronic dietary AGEs intake was
suggested to cause cognitive decline and Alzheimer’s disease [15]. Furthermore,
regular consumption of dietary AGEs in healthy individuals was reported to promote
the accumulation of CML in some organs such as kidneys, heart, liver, tendons
and lungs [8]. On the contrary, consumption of low dietary AGEs was reported to
improve markers of inflammation and oxidative stress in haemodialysis patients and
those with stage 3 chronic kidney disease [15].

Dietary AGEs and Obesity

Supporting evidence from studies that were carried out have implicated dietaryAGEs
in the pathogenesis of obesity [17, 25, 26]. In fact, it has been suggested that increased
consumption of processed foods in the last 50 years may have favoured increased
consumption of dietary AGEs, leading to increased development of obesity, and its
mediated complications in the world’s population [4, 27].

In a study that was conducted in rats, high-AGEs diet reportedly increased
serum levels of AGEs and upregulated ovarian RAGE. These effects were reversed
following consumption of a low-AGE diet, administration of an AGE blocker and the
use of orlistat (obesity suppressing drug) [17, 28, 29]. To examine the relationship
between methylglyoxal accumulation and the development of obesity, Jia et al. [3]
compared methylglyoxal accumulation in the white fat tissues from Zucker lean and
obese rats. The authors found significantly increased methylglyoxal accumulation in
the kidney, fat tissue and serum of the obese rats at age of 16 weeks relative to the
lean rats.
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Earlier studies by Koyama et al. [30] showed that plasma levels of sRAGE were
inversely correlated with BMI. Additionally, sRAGE levels were shown to be signif-
icantly reduced in obese women compared to their normal weight counterparts.
Furthermore, short-term weight loss programs in the obese women were reported
to significantly increase their plasma sRAGE levels [31]. Since sRAGE (acts as a
decoy receptor for AGEs that decreases their circulating levels) was inversely asso-
ciated with obesity [26], these studies are further pointers to the role of AGEs in the
pathogenesis of obesity.

Later experimental studies that were conducted by Sayej et al. [10] showed that
mice that were fed high-AGEs high-fat diet accumulated more fat than those fed low-
AGEs high-fat diet and low-AGEs low-fat diet, respectively. This was evidenced by
their larger weight gain and larger epididymal fat pad, indicating the role of dietary
AGEs in the pathogenesis of obesity [10]. The authors further reported that the mice
that were fed high-AGEs low-fat diet had similar outcomes to those that were fed
high-AGEs high-fat diet in terms of weight gain and epididymal fat pad but milder
development of hepatosteatosis compared to the group fed high-AGEs high-fat diet
[10], further affirming the role of dietary AGEs in the pathogenesis of obesity.

Studies conducted by Uribarri et al. [12], showed a positive relationship between
visceral fat and elevated serum concentration of AGEs, suggesting a contributory
role of exogenous AGEs in the development of obesity and metabolic syndrome.
This statement was further buttressed by the decreased circulating and urinary AGE
markers and the improved anthropometric indices that were reported in overweight
and obese individuals placed on low-AGEs diets [4, 32]. Additionally, a low-AGEs
diet was reported to decrease circulating and urinary AGEs markers, and was further
associated with improved anthropometric, glycemic, and cardiometabolic indices,
as well as overall decrease in body weight compared with a high-AGEs diet [4].

Since these studies revealed that consumption of foods rich in AGEs play a funda-
mental role in the pathogenesis of obesity, reduced intake of AGEs is suggested to
be beneficial in the management of obesity, independent of consumption of standard
energy-restricted diets [4].

Evidence from Pre-clinical and Clinical Studies
on the Mechanism of AGEs Mediated Pathogenesis
of Obesity

AGEs act as appetite stimulating agents that simultaneously stimulate excessive food
intake and inflammation, increasing the risk of obesity [4, 27]. The report by these
authors was affirmed by the study that was carried out by Sayej et al. [10] in mice
which found increased leptin levels in high-AGEs high-fat diet fed mice compared
to other groups, suggesting leptin desensitization, leading to excessive food intake
as a potential mechanism of obesity development following feeding of diets high in
AGEs.
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Leptin is an adipose tissue derived protein hormone that plays important roles in
regulating food intake and energy expenditure, including appetite and metabolism
[10, 33]. Leptin levels control food intake and energy expenditure by acting on
receptors in the mediobasal hypothalamus [34]. Therefore, desensitization of this
leptin hormone will lead to its increased plasma levels due to decreased negative
feedback control mechanism that regulates adipocyte leptin production [35] leading
to increased food intake, decreased energy expenditure and obesity.

The PI3K/Akt signaling pathway is another pathway that has been implicated in
dietary AGEs mediated pathogenesis of obesity. The pathway is required for normal
body metabolism, regulation of cell proliferation, promotion of lipid biosynthesis,
inhibition of lipolysis, etc. [36]. PI3Ks refer to a family of lipid kinases composed of
regulatory and catalytic subunits that are activated by phosphorylating the 3-hydroxyl
group of the inositol ring of phosphatidylinositol lipids in the plasma membrane [37,
38]. PI3K is activated by various stimuli, including growth factors (epidermal growth
factor, platelet-derived growth factor and insulin-like growth factor), cytokines and
hormones [38].

A number of polymerization targets receive signals generated by the PI3K down-
stream cascade. However, the most important mediator is Akt [38]. Akt refers to a
class of serine/threonine protein kinase B which controls several cellular functions
such as modulation of growth, survival, proliferation and metabolism. Akt has 3
isoforms namely Akt 1 (PKBα), Akt2 (PKBβ) and Akt3 (PKBγ). Akt is phosphory-
lated at two sites: the catalytic domain by phosphatide-dependent kinase 1 and the
carboxy domain by the mammalian target of rapamycin complex2 [39]. Akt 1 is the
isoform that contributes to cell proliferation and cell growth, Akt2 is involved in the
regulation of glucose transport and uptake by fat and muscle cells while Akt3 is crit-
ical in neuronal development [3, 39]. The different functions of these Akt isoforms
have been suggested to contribute to Akt signaling diversity [39].

A mutation in the catalytic domain of Akt2 causes severe insulin resistance and
T2DM in humans. Additionally, targeted deletion of Akt2 in mice but not Akt1
or Akt3, reportedly led to insulin insensitivity, hyperglycemia, hyperinsulinemia,
glucose intolerance, and impaired glucose uptake by the muscle and adipose tissue
[39], further affirming the role of Akt2 in glucose homeostasis and glucose uptake
by the muscle and adipose tissue.

Activation of insulin receptor causes phosphorylation of tyrosine residues in
insulin receptor substrate (IRS)-1 and IRS-2, leading to the activation of the PI3K
complex. Activation of PI3K further activates Akt and phosphoinositide-dependent
kinase-1, which then convey most of the intracellular effects induced by insulin [36,
37], one of which is the regulation of food intake at the hypothalamus through leptin
regulation. Therefore, the PI3K/Akt signaling pathway integrates the effect of insulin
and leptin in the regulation of food intake and studies have shown that this pathway
is required for the acute effects of leptin, such as leptin mediated reduction in food
intake [37].

There are indications that interaction between AGEs and their receptors in
the adipose tissue, trigger insulin insensitivity in the adipocytes. These could be
evidenced in these two studies:
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(a) In an in vitro study that was conducted on 3T3-L1 adipocytes, the pres-
ence of AGEs inhibited glucose uptake in the presence or absence of insulin.
Additionally, it increased the generation of ROS and the expression of
monocyte-1-chemoattractive protein [40].

(b) The study by Monden et al. [41] showed that increased RAGE expression
increases adipocyte hypertrophy, suppression of glucose transporter type 4
(GLUT-4), attenuation of insulin-stimulated glucose uptake, and reduction of
IRS-1 phosphorylation.

These studies and more, reveal that AGEs/RAGE interactions in the adipocytes,
inhibit glucose uptake through increased generation of ROS, cytokines, and other
inflammatory mediators, decreased phosphorylation of IRS-1, thereby inhibiting the
PI3K-Akt signaling pathway [4]. These lead to increased food intake, adipocyte
hypertrophy andobesity [26]. SinceAkt2 is theAkt isoform that is involved in glucose
uptake in the muscle and adipose tissue, the implication is that AGEs/RAGE inter-
actions in the adipocytes inhibit PI3K/Akt2 signaling, thereby leading to adipocyte
hypertrophy. Although PI3K is required in the activation of Akt, Akt activation has
also been reported to be mediated by a P13K independent mechanism [36].

In the study by Jia et al. [3] that reported the role of methylglyoxal in adipocyte
proliferation using Zucker rat models, the authors found that methylglyoxal accu-
mulation in the white fat tissue of obese Zucker rats aged 16 weeks old (relative to
lean Zucker rats), stimulated the phosphorylation of Akt1 and its targets including
P21 and P27, leading to adipocyte proliferation and adipogenesis, an action that was
reversed by the administration of the AGEs breaker, alagebrium and Akt inhibitor.

Since Akt1 is the Akt isoform that contributes to cell proliferation and cell growth,
the authors studied the phosphorylation of Akt1 isoforms from the Zucker lean and
obese rats at the age of 16 weeks and found significantly elevated levels of phospho-
rylated Akt1 compared to Zucker lean rats. The authors further found that methyl-
glyoxal promoted faster cell cycle progression in 3T3-LI cells by increasing the cell
number in the S and G1 phases of the cell cycle. Their study therefore suggested that
phosphorylation of Akt1 by methylglyoxal promotes phosphorylation of the down-
stream targets (P21 and P27), enhancing cell cycle, leading to adipogenesis. Since
the increased Akt1 phosphorylation associated with methylglyoxal accumulation in
obese rats was found in the obese rats aged 16 weeks old, these authors suggested
that methylglyoxal stimulated adipogenesis by the up-regulation of Akt signaling
pathway could contribute to the development of adult-onset morbid obesity [3].

The findings from these studies as reported above, therefore reveal that consump-
tion of dietary AGEs, increases the circulating AGEs levels and the deposition of
AGEs in the tissues (including the adipose tissue). AGEs/RAGE interaction in the
adipocytes, inhibits glucose uptake through increased generation of ROS, cytokines
and inflammatory mediators, decreases phosphorylation of IRS-1, inhibits PI3K-
Akt2 signaling, leading to increased food intake, adipocyte hypertrophy and obesity.
Additionally, increased deposition of AGEs in the adipocytes can stimulate phos-
phorylation of Akt1 and its targets including p21 and p27, leading to adipocyte
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Fig. 9.1 The summary of the mechanisms that explain the role of dietary AGEs in the pathogen-
esis of obesity. Increased consumption of dietary AGEs leads to increased deposition of AGEs in
the tissues including the adipose tissue. This ultimately leads to desensitization of leptin in the
hypothalamus, leading to increased food intake and obesity. Increased AGEs in the adipose tissue
also increases AGEs/RAGE interaction in the adipocytes leading to increased generation of ROS,
cytokines and other inflammatory mediators which causes decreased glucose uptake. Then, this
can cause decreased phosphorylation of IRS-1 and inhibition of PI3K-Akt2 signaling, leading to
increased food intake and obesity. Additionally, the increased deposition of AGEs in the adipocytes
can stimulate phosphorylation of Akt1 and its targets including p21 and p27, leading to adipocyte
proliferation and adipogenesis, resulting to obesity

proliferation and adipogenesis. The summary of the mechanisms that explain the
role of dietary AGEs in the pathogenesis of obesity is shown in Fig. 9.1.

Conclusions

Preclinical and clinical studies that were conducted have supported the contributory
role of dietary AGEs in the pathogenesis of obesity. Three key mechanisms such as:
AGEsmediated leptin dysregulation,AGEs/RAGEmediated inhibitionofPI3K/Akt2
signaling and AGEs mediated upregulation of Akt1 have been implicated in this
pathogenesis. Therefore, decreased consumption of foods that are high in dietary
AGEs could be helpful in the prevention of obesity.
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Chapter 10
Monoamine Oxidase, Obesity
and Related Comorbidities: Discovering
Bonds

Adrian Sturza, Danina M. Muntean, and Octavian M. Cret,u

Abstract Obesity together with diabetes represent nowadays the largest epidemic in
human history as well as the heaviest economic burden worldwide. Both conditions
are associated with high rates of morbidity and mortality largely due to the associa-
tion of cardiovascular comorbidities. The current understanding of cardiometabolic
pathologies recognize chronic oxidative stress and low-grade inflammation as major
pathomechanisms in both adipose tissue and cardiovascular system. The sources of
reactive oxygen species (ROS) and the factors enabling the perpetuation of systemic
inflammation are far from being elucidated. In the past decade monoamine oxidases
(MAO), enzymes at the outer mitochondrial membrane with 2 isoforms, A and B,
have emerged as important contributors to the ROS-induced endothelial dysfunction
and cardiac injury and more recently, to the dysfunctional adipose tissue. The aim of
the present chapter is to summarize information about MAO contribution to obesity
and related comorbidities in light of the underlying pathomechanisms and to high-
light the potential of MAO inhibitors as candidate molecules for drug repurposing
in cardiometabolic pathologies.

Keywords Monoamine oxidase · Obesity · Diabetes · Endothelial dysfunction ·
Inflammation

A. Sturza · D. M. Muntean (B)
Department of Functional Sciences – Pathophysiology and Centre for Translational Research and
Systems Medicine, Faculty of Medicine, “Victor Babes,” University of Medicine and Pharmacy,
Eftimie Murgu Sq. nr. 2, 300041 Timis,oara, Romania
e-mail: daninamuntean@umft.ro

O. M. Cret,u
Department of Surgery - Surgical Semiotics I and Centre for Hepato-Biliary and Pancreatic
Surgery, Faculty of Medicine, “Victor Babes,” University of Medicine and Pharmacy, Eftimie
Murgu Sq. nr 2, 300041 Timis,oara, Romania

© Springer Nature Switzerland AG 2021
P. S. Tappia et al. (eds.), Cellular and Biochemical Mechanisms of Obesity,
Advances in Biochemistry in Health and Disease 23,
https://doi.org/10.1007/978-3-030-84763-0_10

199

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84763-0_10&domain=pdf
mailto:daninamuntean@umft.ro
https://doi.org/10.1007/978-3-030-84763-0_10


200 A. Sturza et al.

Introduction

Obesity has been declared by the World Health Organization as the most threat-
ening chronic disease of the twenty-first century whose prevalence has nearly tripled
between 1975 and 2019 and continues to rise, particularly in developing/low-income
countries [1]. Defined as abnormal or excessive fat accumulation that increases the
body mass index (BMI) and may impair health, overweight (BMI > 25) and obesity
(BMI > 30) are the major risk factors for metabolic pathologies, such as metabolic
syndrome (MetS) and diabetesmellitus (DM).As for the latter, according to the Inter-
national Diabetes Federation Atlas, 79% of obese people with DM—hence the term
‘diabesity’—currently live in low- and middle income countries [2]. More impor-
tant, the number of people with DM was predicted to increase to 693 million by
2045 and the most cases (77%) in middle-income countries are below the age of
65, thus posing a huge social and health system burden [3]. Of note, in Romania,
the PREDATORR study published back to 2016 reported an overall prevalence of
73.90% for abdominal obesity, 34.7% for overweight, and 38.50%f or MetS [4].

An increased BMI has been also reported as a major risk factor for cardiovascular
diseases. According to AHA 2019 Heart Disease and Stroke Statistics, in the past
decades the prevalence of obesity has constantly increased in the adult population
(mainly among females), ranking on the 2nd place after hypertension [5]. Both over-
weight and obesity are associated with augmented lifetime risk for hypertension,
atherosclerosis, atrial fibrillation, adverse cardiac remodelling, and ultimately, heart
failure [6].

Despite the fact that obesity has been classically defined according to the BMI
changes as an excess of weight for height, in recent years, the European Association
for the Study of Obesity recommended a novel denomination, namely “adiposity-
based chronic disease” (ABCD) in order to improve the diagnostic criteria in terms
of etiology, adiposity degree and health risks of this ongoing pandemic [7]. The
definition is particularly aimed to emphasize the importance of assessing in clinical
practice the characteristics [total amount, distribution, and function] of the adipose
tissue as major culprit responsible for individual metabolic and cardiovascular risks,
beyond the BMI [8–12]. The increased adipose tissue (particularly, the visceral and
ectopic fat) is currently view as a dysfunctional, highly active metabolic organ (“adi-
posopathy”) that participates in a constant crosstalk with several organs/tissues and
acts as main stage for the two intricate mechanisms that underlie obesity patho-
genesis, namely the chronic low-grade inflammation and increased oxidative stress,
respectively [9, 12, 13].

Obviously, obesity is associated with high level of systemic oxidative stress and
represents an imbalance between antioxidants and pro-oxidants with further disrup-
tion of redox signaling pathways and cellular and molecular damage [14]. Among
reactive oxygen species [ROS], hydrogen peroxide (H2O2) is a the key molecule
involved both in physiological oxidative stress (“oxidative eustress”) as signalling
molecule, as well as in pathological oxidative stress (“oxidative distress”) as recently
reviewed in Ref. [15]. However, the individual contribution of the numerous ROS
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sources to the metabolic and cardiovascular complications of obesity is far from
being elucidated.

Several sources are responsible for H2O2 generation by adipocytes, among which
the more important (but not exclusive) are: NADPH oxidases (with Nox4 being the
major isoform and source of H2O2) and mitochondria where H2O2 may result either
from the SOD-catalyzed dismutation of superoxide anion occasionally generated by
a dysfunctional respiratory chain at the inner mitochondrial membrane or from the
constant activity of a dedicated enzyme, monoamine oxidase (MAO) at the outer
mitochondrial membrane [16–18]. Indeed, mitochondria have emerged in the past
decades as both sources and targets of ROS [19–22] in the vast majority of chronic
diseases [23] including obesity [24, 25] and a desirable therapeutic approach should
be aimed, at least partly, at improving both mitochondrial function and ROS balance.

We here present a brief overview on the contribution of the MAO-related oxida-
tive stress in experimental and clinical settings of obesity and its major comorbidi-
ties and highlight the potential of MAO inhibitors as candidate molecules for drug
repurposing in cardiometabolic pathologies.

MAO—An Overview

Monoamine oxidase (EC 1.4.3.4) is a flavin-containing monooxygenase discovered
more than 90 years ago [26] and located at the outer mitochondrial membrane in
virtual all mammalian tissues, which play a key role in themetabolism ofmonoamin-
ergic neurotransmitters and biogenic amines according to a reaction that constantly
generates an aldehyde, ammonium, and hydrogen peroxide as potential toxic ancil-
lary products; therefore, MAO inhibition is expected to exert beneficial effects
(reviewed in [27–30]). Two isoforms, MAO-A and MAO-B, have been identified
with variable, species-dependent expression in almost all body tissues, e.g., brain,
heart, vasculature, liver, intestine, lung, kidney, thyroid gland, platelets, placenta. In
the nervous system, it is mainly MAO-B isoform that protects neurons from exoge-
nous amines, prevents the actions of endogenous neurotransmitters and regulates the
intracellular amine content, whereas in the peripheral tissues, in particularMAO-A is
involved in the oxidative catabolism of amines and prevention dietary amines (such
as tyramine from cheese) penetration into the circulation (see Ref. [31] for a recent
review). MAO-A is responsible for degradation of epinephrine, norepinephrine,
melatonin, and serotonin; MAO-B degrades phenylethylamine and benzylamine.
Both MAO isoforms are responsible for dopamine, tyramine, octopamine and
tryptamine metabolization [32, 33].

While the vast majority of research has been focused for more than half century
on MAO inhibition in the nervous system as important pharmacological target for
neurodegenerative diseases and depression, in the past decades the effects of MAO-
A and B inhibition in the cardiovascular system have been systematically addressed
by several groups, including ours (for comprehensive reviews see Refs. [34–37]).
Accordingly, several studies unequivocally demonstrated that MAOs are constant
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sources of H2O2 in both animal models of disease [38–40] and humans with cardio-
vascular diseases, obesity and diabetes [20, 22, 25, 35, 41] and will be further
detailed.

MAO and Vascular Function

The beneficial effects of MAO inhibition in the setting of endothelial dysfunc-
tion were reported in both experimental models and clinical settings. Thus, in
spontaneously hypertensive rats (SHR), ex vivo incubation of aortic rings with
different MAO inhibitors (organ bath experiments) reversed the impaired vascular
function, by improving endothelium-dependent relaxation [42] and reduced the 5-
hydroxytryptamine (5-HT)-induced tension in isolated basilar arteries [43]. The
latter group reported an increased MAO-A protein expression in basilar arteries
harvested from the SHR as compared to the corresponding controls (WKY). More,
it was revealed an increased 5-HT-induced contractility effect that was attenuated by
clorgyline (irreversible MAO-A inhibitor) and polyethylene glycol-catalase (ROS
scavenger).

The implication of MAO in development and evolution of cardiovascular
remodeling process and endothelial dysfunction has been studied in the last years.

Thus, in an experimental model of chronic in vivo endothelial dysfunction, Sturza
et al. reported that after angiotension II (AII) treatment in mice (2 weeks release
by minipumps), an upregulation of both MAO isoenzymes expression in aortas
occurred; importantly, in this experiment, MAO A and B inhibitors restored the
impaired vascular relaxation and also decreased oxidative stress [41]. Of note, the
MAO-AII interaction has been already reported (yet overlooked) back to the late
80s: accordingly, in rat neuronal cell cultures of hypothalamus and brainstem, AII in
submicromolar ranges increased neuronal norepinephrine (but not dopamine) uptake
and stimulated MAO activity via a yet unidentified mechanism [44]. Important, the
effect of AII on MAO is not limited to the vascular system since it was also reported
in cardiomyocytes where MAO-A activity increased after incubation with AII [45].
Moreover, inhibition of the renin–angiotensin–aldosterone system was associated
with a decrease in MAO activity in the heart [46].

Collectively, all these data strongly suggest that MAO-related ROS production
contributes to the development of endothelial dysfunction and MAO inhibition can
improve the vascular function and also attenuate ROS production (Table 10.1).

MAO and Obesity

Adipose tissue consists of several cell types: adipocytes, fibroblasts, endothelial cells,
immune cells with complex physiological and pathological interactions. Besides its
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Table 10.1 MAO and endothelial dysfunction—mechanistic evidence

MAO contribution and its
inhibition effect

Relevance References

MAO up-regulation occurred in
mice aortas after AII treatment
with impaired vascular relaxation
(most probably, via NFkB and PI3
kinase pathways); MAO limited
cGMP accumulation

MAO A and B are mediators of
endothelial dysfunction process

[41]

MAO inhibition improved vascular
relaxation in vascular samples
from animal models of diabetes
(aortas from Zucker diabetic fatty
rats and rats with
streptozotocin-induced diabetes)

MAO inhibitors are drug
candidates to alleviate murine
endothelial dysfunction

[47, 48]

MAO-A inhibitor (clorgyline)
reduced pulmonary vascular
remodeling in rats with pulmonary
arterial hypertension

MAO inhibition might be a
therapeutic alternative for
pulmonary arterial hypertension

[49]

MAO-B inhibitor (selegiline)
increased nitric oxide availability

Therapeutic effects in
neurodegenerative diseases
associated with aging and
vascular diseases

[50]

Angiotensin-converting enzyme
inhibition increased cardiac
catecholamine content and reduced
MAO activity

Potential beneficial effects in
heart failure

[46]

MAO inhibition improved vascular
relaxation in human vascular
samples: mammary arteries
(isolated from patients subjected to
by-pass surgery), mesenteric
arteries branches (isolated from
patients subjected to abdominal
surgery) and brachial artery
collaterals (isolated from patients
with end-stage renal disease and
indication of hemodialysis)

MAOs are mediators of human
endothelial dysfunction. MAO
inhibitors are drug candidates to
alleviate endothelial dysfunction
in humans

[17, 42, 43, 48, 51, 52]

classic role of fat deposition, adipose tissue is an important regulator of the redox
balance.

MAO is expressed in the adipose tissue being mainly involved in catecholamine
clearance. In physiological conditions, hydrogen peroxide, the byproduct of MAO
activity, has been reported to exhibit insulin-like effects in adipocytes with glucose
uptake and inhibition of lipolysis [53]. Even if there is several evidences (experi-
mental and clinical) showing that in cardiovascular system MAO contributes signif-
icantly to ROS production, there is limited information about the implication of this
enzyme in pathophysiology of obesity and related complications. What it has been
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unequivocally demonstrated is that the dysfunctional visceral and ectopic adipose
tissues are responsible for generation of high amounts of ROS that are linked with
obesity-related pathologies. Obviously, the role of MAO in the setting of obesity is
not clear at this moment. Pioneering studies in animal models of obesity reported
that administration of non-selective and irreversible MAO inhibitors were able to
increase lipolysis [54] and reduce the body weight [55, 56], in contrast with MAO
substrates and hydrogen peroxide which displayed antilipolytic effects in vitro [57].
Also, an increased MAO activity was found in the intra-abdominal adipose tissue
isolated from dogs with diet-induced obesity [58]. More recent studies confirmed the
increase in MAO activity in obese mice [11], dogs [11] and pigs [59] and in mature
adipocytes isolated from human subcutaneous adipose tissue [60].

We have initially reported an increased MAO expression in the perivascular
adipose tissue from mammary arteries isolated from diabetic and non-diabetic
patients with coronary artery disease subjected to the revascularization procedure
[51]. More recently, we reported an increased oxidative stress in visceral adipose
tissue (VAT) harvested from obese (but not from non-obese) patients with indication
of elective abdominal surgery and that MAO-A isoform was predominantly over-
expressed; ex vivo inhibition of MAO-A with clorgyline significantly mitigated the
oxidative stress in VAT samples from obese patients and had no effect in those from
the non-obese group [61].

Important, we have also demonstrated that ex vivo incubation with the same
MAO-A inhibitor of mesenteric artery branches isolated from these obese patients
significantly improved the endothelium-dependent relaxation and decreased the level
of oxidative stress, strongly suggesting thatMAO is a druggable target in both adipose
and vascular tissue and MAO inhibitors might provide a ‘killing two birds with one
stone’ approach in these settings [17].

The increased expression of MAO in the dysfunctional VAT from obese patients
points to the important role of this tissue in the control of peripheral catecholamine
clearance [62], an observation that clearly requires further investigation in relation
with the development of hypertension or insulin resistance.Mechanistic evidence for
MAO contribution to the oxidative stress in white adipose tissue and the beneficial
effects of its inhibition are depicted in Table 10.2.

MAO and Inflammation

In the setting of obesity, besides chronic oxidative stress, the presence of low-grade
inflammation is considered another important risk factor for cardiovascular disease.
To date the contribution of MAO to the persistent, chronic inflammation has scarcely
been addressed in the literature. Thus far we know that MAO-A is involved in ROS
generation in alternatively activated monocytes/macrophages [66, 67]. Both MAO
isoforms were reported to be upregulated after ex vivo stimulation and in vivo treat-
ment with lipopolysaccharide in mice [41] and rat [68] aortic rings. This process
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Table 10.2 MAO and obesity—mechanistic evidence

MAO contribution and its inhibition
effects

Relevance References

MAO activity is increased in white
adipose tissue of obese dogs

MAO is source of ROS in the animal
adipose tissue

[58]

MAO non-selective and irreversible
inhibitor [phenelzine] reduced body fat
in mice and rats; in white adipose tissue
phenelzine reduced the lipogenic effect
of insulin

MAO inhibition might be a therapeutic
alternative in obesity

[56, 63]

MAO non-selective and irreversible
inhibitor (pargyline) reduces weight
gain and adiposity in obese Zucker rats

MAO inhibition might be a therapeutic
alternative in obesity

[55, 64]

MAO A- and B selective inhibitors
(moclobemide and selegiline) increased
adiponectin production in human bone
marrow mesenchymal stem cells

MAO inhibitors can have novel
anti-obesity and anti-diabetic properties

[65]

MAO-B selective inhibitor (selegiline)
reduced adiposity (both subcutaneous
and visceral fat) induced by high-fat,
high-sucrose diet in rats

MAO inhibition might be a therapeutic
alternative in obesity

[40]

MAO-A expression is upregulated in
visceral abdominal adipose tissue
isolated from obese patients and its
inhibition reduced the ROS generation

MAO is a source of ROS in human
adipose tissue
MAO inhibition mitigates oxidative
stress in adipose tissue

[17]

seems to involve NFkB and PI3 kinase pathways. In this experiment MAO inhibi-
tion partially improved the vasomotor function and decrease oxidative stress [41].
Interestingly MAO upregulation triggered by LPS was also reported in a rat model
of periodontal disease and treatment with a non-selective irreversible MAO inhibitor
phenelzine was able to significantly reduce the amount of H2O2 [69]. Another study
showed that moclobemide, a selective and reversible MAO-A inhibitor, was able
to attenuate vascular inflammation of intra-myocardial arteries in a rat model of
ischemia–reperfusion injury [70]. We have recently reported that ex vivo stimulation
with interleukin 6 (IL-6, 100 ng/ml, 12 h) of mesenteric arteries branches harvested
from patients (both children and adults) subjected to abdominal surgery, was able to
elicit MAO upregulation [32].

Increased transcription of the MAO-B isoform has been reported to occur in
individuals with HIV encephalitis and macaques with the simian immunodeficiency
virus (SIV)-induced lesions of the central nervous system (CNS). It has been postu-
lated that the neuroinflammatory environment of HIV/SIV-associated CNS disease
may promoteMAO activation, which will be responsible for the decreased dopamine
level and increased ROS production, respectively [68]. A list of connections between
MAO activity/expression up-regulation and inflammation is presented in Table 10.3.
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Table 10.3 MAO and inflammation—mechanistic evidence

MAO contribution and its inhibition
effects

Relevance References

MAO-A upregulation induced by
chronic intermittent hypoxia (study in
rat hippocampus)

MAO upregulation can lead to neuronal
inflammation with subsequent
neurodegeneration

[71]

MAO upregulation after LPS
administration (mice, rats) most
probably via NFkB

MAO is a mediator of endothelial
dysfunction in experimental conditions
that mimic septic shock

[41, 72]

IL-4/13-induced upregulation of
MAO-A expression in the Th2 response
(study in human peripheral monocytes)

MAO is a modulator of the immune
system

[73]

H2O2 produced by MAO-B elicited
mitochondrial dysfunction and NFkB
induction; inhibition of MAO-B with
rasagiline prevent IL-1β secretion (study
in murine bone marrow-derived
macrophages and human
monocyte-derived macrophages)

Repurposing of MAO inhibitors can be a
realistic approach to treat several
inflammatory diseases characterized by
IL-1β-driven pathology

[74]

MAO-A upregulation in visceral
abdominal adipose tissue isolated from
obese patients with chronic
inflammatory syndrome

MAO is a source of ROS in human
adipose tissue
MAO inhibition mitigates oxidative
stress in adipose tissue

[17]

IL-13-induced MAO-A gene expression
in alternatively activated
monocytes/macrophage, A549 lung
carcinoma cells and in normal human
bronchial epithelial cells

Contribution of MAO-A in lung cancer
metastasis
MAO-A might evolve as a therapeutic
target in lung cancer

[75]

TNF-α induces MAO-A expression (cell
culture)

MAO-A increased expression as key
factor in in neuronal/ cardiovascular
diseases associated with inflammatory
states

[76]

IL-6 induces MAO-A expression in
mesenteric arteries branches isolated
from patients subjected to abdominal
surgery

Chronic inflammation might potentiate
endothelial dysfunction according to a
MAO-dependent mechanism

[32]

MAO upregulation triggered by LPS
occurred in the rat periodontal disease
model

MAO inhibitor, phenelzine, was able to
significantly reduce the amount of H2O2

[69]

MAO inhibition prevented both mast
cell degranulation and altered collagen
deposition in the heart (study in
streptozotocin induced diabetes in mice)

MAO inhibition might become a
therapeutic alternative in diabetes
complications

[77]

MAO inhibition with selegiline reduces
cigarette smoke-induced oxidative stress
and inflammation in airway epithelial
cells

MAO inhibition might become a
therapeutic alternative in COPD
management

[78]
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MAO and Diabetes

Few studies have addressed the contribution of MAO-related oxidative stress in the
setting of diabetes. Also, a limited number of studies is available with respect to
the oxidative stress-mediated endothelial dysfunction in diabetes. Our group firstly
reported that MAOs, in particular the MAO-B isoform, are overexpressed (mRNA
and protein) in aortas harvested from rats with streptozotocin-induced diabetes
and contributed via hydrogen peroxide generation to the endothelial dysfunction.
MAO inhibition with clorgyline for MAO-A and selegiline for MAO-B significantly
reduced vascular contractility, improved the endothelial-dependent relaxation and
decreased by 50% the level of H2O2 in diabetic aortic samples [48].

The same observations were recapitulated in an experimental model of type II
diabetes, as presented in Table 10.1 [47]. We may speculate that upregulation of
MAO in diabetes is a direct consequence of hyperglycemia, since incubation of rat
aortic samples with high glucose level (400 mg/dl, 12 h) elicited the increase in
MAO-A expression [32].

We have also reported that MAO expression is early increased in mammary
arteries, again with the predominance of the MAO-B isoform in patients with coro-
nary heart disease and preserved ejection fraction, regardless the presence of diabetes
[51]. In these samples MAO inhibitors were equally able to improve the vascular
relaxation and mitigate the oxidative stress [51].

Elucidation of the pathogenesis of diabetic complications is currently an active
field of research. Several clinical trials revealed that normalization of glycemia failed
to reduce the rates ofmajor cardiovascular events in the diabetic population, an obser-
vation that supports the concept that hyperglycemic environment may be “remem-
bered” in the vasculature [79]. Whether MAOs inhibition might interfere with the
hyperglycemic memory has not been investigated so far. As a consequence of hyper-
glycemia, MAOs become a crucial contributor to vascular oxidative stress and mito-
chondrial dysfunction and targeted MAO inhibition in the vasculature may provide
benefits in the setting of diabetes. Importantly, MAO inhibitors are already available
in clinical practice for several brain pathologies, so their utilization in other diseases
supports the concept of drug repurposing, highly favored by pharmaceutical industry.

A list of connections between MAO activity/expression and the effect of its
inhibition in the setting of diabetes is shown in Table 10.4.

Coda

Obesity has a complex, multifactorial (genetic, environmental, socio-economic,
behavioral and cultural) etiopathogenesis and, despite the growing recognition, its
pandemic (‘globesity’) continues unabatedworldwide [81].With the increased global
exposure to an obesogenic environment, particularly of children, it is not surprisingly
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Table 10.4 MAO and diabetes—mechanistic evidence

MAO contribution and its inhibition
effects

Relevance References

Upregulation of both MAO isoforms
(particularly of MAO-B) in aorta
isolated from streptozotocin induced
diabetic rats with subsequent vascular
function impairment; beneficial effects
of MAO inhibition

MAO inhibition might be a therapeutic
alternative in the management of type 1
diabetes-related vascular complications

[48]

In Zucker diabetic fatty rats MAO
inhibitors reduced oxidative stress and
improved vascular reactivity

MAO inhibition might be a therapeutic
alternative in the management of type 2
diabetes-related vascular complications

[47]

Upregulation of MAO-A in response to
in vitro exposure to high glucose in rat
aortas

MAO upregulation is a direct effect of
hyperglycemia

[32]

Case study—Type 1 diabetic patient
improved his glycemic control and
hypoglycemic perception using a MAO
inhibitor (tranylcypromine)

Impact on glycemic control in diabetic
patients

[80]

that it has been predicted, more than a decade ago that one out of five individuals
will be obese by 2030 [82, 83].

In light of the epidemic status of overweight/obesity and the numerous related
comorbidities (metabolic, cardiovascular, several cancers, chronic venous disease,
depression etc.) with negative health and economic outcomes [81], pharmacotherapy
is warranted for more than one-third of adults [84]. Importantly, the approved drugs
are extremely few in number and efficacy; also, are associatedwith several side effects
[85]. In a recent critical paper, it has been noticed that only 190 drugs were under
development to target obesity as compared to 3436 drugs under evaluation for the
treatment of cancer [86]. This situation is, at least partially, due to the misconception
[shared by some health providers and patients] that obesity is not a disease, but
a lifestyle condition, and patients have the primary responsibility for its treatment
[85, 86]. Important, the Endocrine Society guidelines on obesity pharmacotherapy
cautions “against prescribing medications known to be associated with weight loss if
they have no proven beneficial effect on the patient’s other identified health issues”
[85]. Therefore, efforts to further elucidate the pathophysiology of organ dysfunction
in obesity are fully warranted in order to develop novel and effective medications
and/or to repurpose the existing ones.

Nowadays, the white adipose tissue is the most investigated active endocrine
organ since it is widely accepted that its dysfunction and the ectopic fat accumulation
(and not obesity per se) are the major predictors for the development of metabolic
diseases [86]. Adipose tissue dysfunction is characterized by predominantly visceral
fat accumulation, with maladaptive changes in composition and secretory profile,
local inflammation andmitochondrial dysfunction that result in long run inmetabolic
inflexibility and structural remodeling [87]. In particular, understanding the pathways
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behind compromised mitochondrial function in white adipose tissue is nowadays an
active field of research [88].

Monoamine oxidases are mitochondrial enzymes expressed in both visceral
adipose tissue and vasculature being upregulated in the setting of obesity, diabetes
and the related cardiovascular comorbidities. MAO inhibition significantly miti-
gated the oxidative stress in adipose tissue and improved vascular reactivity arteries
in both animal models and humans. These data published so far strongly suggest
that MAO inhibitors are promising candidate compounds for drug repositioning in
cardiometabolic pathologies.
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Chapter 11
Adipose Extracellular Matrix
Remodeling in Obesity and Insulin
Resistance

Francisco Javier Ruiz-Ojeda, Julio Plaza-Díaz, Augusto Anguita-Ruiz,
Andrea Méndez-Gutiérrez, and Concepción María Aguilera

Abstract Obesity drives an excessive triglycerides accumulation in adipose tissue,
which incites immune cell infiltration, causing fibrosis and inflammation, causing
local hypoxia in adipocytes, and ultimately insulin resistance. The extracellular
matrix (ECM) complex network of proteins and proteoglycans that offer a scaffold
for cells controlling differentiation, migration, repair, survival, and development,
and ECM remodeling is required for healthy adipose tissue expansion. To under-
stand the molecular mechanism of this process is a challenge in order to prevent or
treat metabolic diseases. This chapter describes the different ECM components and
their function related to adipose tissue and their contribution to restore or maintain
insulin sensitivity and the whole body metabolism.
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Abbreviations

MMPs Matrix Metalloproteinases
TIMPs Tissue Inhibitors of Metalloproteinases
WAT White Adipose Tissue
ECM Extracellular Matrix
CVD Cardiovascular Disease
T2D Type-2 Diabetes

Introduction

Adipose tissue expansion requires a suitable extracellular matrix (ECM) remodeling
to provide enough space for all individual adipocytes, but also to form new ones.
Similar to other tissues, adipose ECM is a network of structural proteins that compro-
mises a scaffolding for cells controlling several biological processes (e.g. migra-
tion, survival, cell adhesion, repair, and development) [74]. Adipose ECM is mainly
composed of collagens, fibronectin, and a small amount of laminin [48]. Nonetheless,
other proteins such asAdisintegrin andmetalloproteinase domain-containing protein
(ADAMs), hyaluronan (HA), osteopontin (OPN), thrombospondins (THBS1),matrix
metalloproteases (MMPs), and tissue inhibitor of metalloproteinases (TIMPs), are
involved in the reorganization and remodeling of ECM [55]. Moreover, proper ECM
remodeling facilitates the angiogenesis that it is vital for healthy adipose tissue expan-
sion in obesity. Thus, the failure of this triggers hypoxia, death of adipocytes, low-
grade inflammation, and fibrosis, which is the key player in adipocyte dysfunction,
and, finally, local and systemic insulin resistance [68, 66] (Fig. 11.1). In this chapter,
we describe the importance ofECMremodeling in adipose tissue to prevent adipocyte
dysfunction, as well as the fibrosis, inflammation, and insulin resistance related to
obesity and metabolic diseases.

Extracellular Matrix Components in the Adipose Tissue
and Obesity

Collagens

Collagen is one of the major ECM component and contributes to the non-cell mass
of the adipose tissue with important functions such as differentiation, morphogen-
esis, cell adhesion and migration, and wound healing in the tissue. Collagen is
largely produced by the adipocytes, although other cell populations like stem cells,
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Fig. 11.1 ECM remodeling is required for healthy adipose tissue expansion. In lean and healthy
individuals, ECM remodeling allows proper hyperplasia through adipogenesis and the nutrients
and oxygen supply into the cell. An “unhealthy” adipose tissue expansion in obesity drives fibrosis
(collagen deposition), immune cell infiltration causing inflammation, insulin resistance, and lastly
adipocyte dysfunction and death. Abbreviations: AT: adipose tissue

preadipocytes, and endothelial cells, are also producing it. Accumulation of triglyc-
erides in the adipocytes initiative robust mechanical stress, which it is communi-
cated into the intracellular signaling and it is modulated by the external skeleton. In
particular, collagen IV, which is the major component of the basement membrane
of adipocytes, participates in the adipocyte survival [37]. Nevertheless, collagen I is
the most abundant constituent of ECM [38]. In obesity, collagen deposition triggers
fibrosis and rigidity, reduces the expandability of the tissue, and causes local insulin
resistance [9]. In mice, collagen VI is more present in adipose tissue, and it is able
to bind to collagen IV, implicated in adipocyte survival [42]. An increase in adipose
tissue content of collagens I,III, V and VI have been reported in high-fat fed (HFD)
obese mice [74]. While an increased expression of collagen type VI, α3 (COL6A3)
has been observed in adipose tissue in these mice, a suppression of mature adipocyte
differentiation was observed in Col6a3 deficient adipocytes [51]. In addition, IL-6
expression and basal lipolysis are attenuated in these deficient adipocytes. Moreover,
Col6a3 knockout mice showed a defect in the adipogenic and lipolytic capacity of
adipocytes in normal conditions, supporting the contribution of this collagen type
in the adipose tissue to the metabolic homeostasis [51]. In humans, COL6A3 gene
expression is lower in adipose tissue of individuals with obesity, whereas surgery-
induced and diet- weight loss rises COL6A3 gene expression in subcutaneous white
adipose tissue (WAT), and leptin regulates its expression [45]. It is pointed out that
collagen XVIII is a structural cellular membrane proteoglycan, which is involved in
adipocyte differentiation. Reduced adiposity and dyslipidemia have been linked to
an attenuation of collagen XVIII, and to the development of glucose intolerance and
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insulin resistance as well as abnormalities in the circulatory triglyceride concentra-
tion and liver lipid content [53]. Such irregularities are related to metabolic disor-
ders. Thus, together together, it can be suggested that accumulation of adipose tissue
collagen protects against adipocyte hypertrophy and hyperplasia under conditions of
tissue expansion.

Integrins

Integrins are transmembrane receptors composed by α- and β-subunits that are
involved in cellular signal transduction. An overlapping feature of all integrins is
their role in cell adhesion to ECM as well as cell–matrix interactions. Integrins
consist of several different domains that exhibit unique functionalities. In this regard,
there is a a large ectodomain that mediates ligand binding, a transmembrane domain
and a short intracytoplasmic domain which is associated with actin cytoskeleton.
Talins and kindlins are intracellular adaptor proteins that bind to the cytoplasmic
domain that resukts in the activation of integrins [67]. Of note, while integrins do
not have an intrinsic kinase activity, downstream signal transduction is mediated by
an integrin-linked kinase (ILK) and by a focal adhesion kinase (FAK).

Several studies have described an important role and crosstalk between FAK and
insulin signaling in adipose tissue, suggesting that integrin signaling is implicated in
the insulin action [40]. Indeed, adipose-specific loss of kindlin-2, a focal adhesion
protein activating integrins, provokes lipodystrophy and metabolic disturbance in
mice [19]. Likewise, Ruiz-Ojeda et al. [59] have revealed that active integrins interact
with the insulin receptor in adipocytesmodulatingWAT insulin sensitivity (Fig. 11.2).
Moreover, this study reveals how integrins contribute to brown fat thermogenesis
mediated by the basal lamina of brown adipocytes, establishing integrin-extracellular
matrix interactions as key regulators of adipose tissue function and whole body
metabolism [59].

Matrix Metalloproteinases (MMPs) and Tissue Inhibitors of Metalloproteinases
(TIMPs)

The metzincin superfamily of zinc-dependent metalloproteinases comprises the
MMP, ADAM, and ADAMTS (ADAMwith a Thrombospondin type-1 motif). Prin-
cipally, MMP is a family of peptidases participating in the degradation of ECM
components [7]. Thus, MMPs are indispensable to maintain the ECM remodeling in
both normal physiology and diseases. There are different types of MMP1-25 [50].

Adipose tissue expandability is associated with adipogenesis and angiogenesis,
and MMP contributes in these processes. In this context, MMP-9 expression in
adipose tissue is associated with the homeostasis model assessment index of insulin
resistance (HOMA-IR) in individuals with obesity [71]. In animal models, however,
MMP-3, MMP-11, MMP-12, MMP-13 and MMP-14 expression are upregulated in
visceralWAT, whereasMMP-7,MMP-9,MMP-16,MMP-24 and TIMP-4 expression
are lower [41]. Besides, MMP-2 and MMP-9 activity are decreased in WAT in high-
sucrose-rich diet fed mice with insulin resistance, whereas no changes are reported
regarding MMP plasma activity [6]. Indeed, a recent study reported that resistance
training might play a crucial role in the maintenance of ECM remodeling in WAT
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Fig. 11.2 Crosstalk between ECM-receptors and insulin signaling in adipocyte. Abbreviations:
AKT: protein kinase B; ECM: extracellular matrix; EGFR: epidermal growth factor receptor; ERK:
extracellular-signal-regulated kinase; FGF: fibroblast growth factor; FGFR: fibroblast growth factor
receptor; GLUT4: glucose transporter type 4; ILK: integrin-linked kinase; IR: insulin receptor;
Itgβ: integrin beta subunit; IRS1: Insulin receptor substrate 1; MAPK: mitogen-activated protein
kinases; mTOR: mammalian target of Rapamycin; PI3K: phosphatidylinositol 3-kinase; SOS: Son
of Sevenless; Src: Proto-oncogene tyrosine-protein kinase

by modulating MMP-2, vascular endothelial growth factor (VEGF)-A, and TIMP-2
activity [16]. An increase in the risk for cardiovascular disease in obesity has been
linked to elevatedWATMMP-9 levels [58]. Furthermore, both MMP-2 andMMP-9,
secreted from several different cell types including macrophages, endothelial cells,
fibroblasts and myofibroblasts have been reported to be increased in the plasma of
obese individuals aswell as in type 2 diabetics [63]. These twometalloproteinases are
involved in the degradation of collagen IV during different pathophysiological condi-
tions such as vascular remodeling, inflammation and atherosclerotic plaque rupture
as well as during angiogenesis [26]. MMP-9 gene expression has been reported to be
increased in individuals with reduced insulin sensitivity and in those with abnormal
BMI [3]. In addition, MMP-14 has recently been identified to be involved in ECM
remodeling and dysfunction in obesity [14].

The endogenous TIMPs inhibit the MMPs and there are mainly four: TIMP-1, -2,
-3, and -4. The levels of TIMP-1 and TIMP-2 in circulation are higher in individuals
with metabolic syndrome and T2D [37]. Indeed, both enzymes are considered as a
biomarkers for non-alcoholic fatty liver disease (NAFLD) [1]. In addition, TIMP-1
levels in serum of womenwith gestational diabetes mellitus and patients with obesity
are significantly higher [73]. Nonetheless, TIMP-1 overexpression in pancreatic β-
cells protects against diabetes in mice [29], whereas the deletion triggered a higher
food intake and adiposity, and serum protein levels are raised in obese pre-diabetic
rats [56]. On the other hand, knockout of TIMP-2 increases adiposity in HFD fed
mice [27]. Finally, TIMP-3 and -4, play crucial role in insulin sensitivity. Specifically,
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the knockout of TIMP-3 in mice causes hepatic steatosis and inflammation in WAT
[46], while an the overexpression of TIMP-3 prevent it. Regarding TIMP-4, it seems
to participate in the deregulation of insulin resistance in mice [60].

Elastin is a ECM component that confers elasticity to the tissue andMMPs degra-
date it [13]. In particular, MMP-12 is the major MMPs that degradates elastin, and
it has been reported that CD11c adipose macrophages (M2) express a lot of levels
of MMP-12 under HFD feeding, however, low levels of elastin aggravates insulin
resistance [15].

Generally, reorganization and remodeling of ECM drives a bulk of processes
in the adipose tissue that further research is required in order to understand the
molecular mechanism to develop possible therapies. Accordingly, TIMPs seems to
act as endogenous inhibitors of MMPs, which are responsible for degrading excess
ECM, but the beneficial effects whether higher TIMP or ADAMTS activities would
improve the ECMstability by suppression ofMMPs is still unclear [49].More studies
are needed in order to understand the full role of MMPs, TIMPs and ADAMTs in
metabolic homeostasis.

Other Components: Osteopontin, Hyaluronan, and Thrombospondin

Osteopontin is another ECM component and is highly expressed in WAT of both
HFD fed mice and individuals with obesity [32]. Osteopontin is regularly expressed
in WAT macrophages, and the knockout in mice has shown to prevent macrophage
infiltration and inflammation in WAT, resulting in improved insulin sensitivity [33].
An up-regulation of osteopontin, Col6, MMP-2 and MMP-9 has been reported to
occur in 3T3-L1 pre-adipocyte cells subsequent to treatment with visfatin [18].
While the visfatin-induced increase in Col6 gene expression was determined to be
mediated through PI3K, JNK and NF-κB signal transduction, the up-regulation of
osteopontin was found to be mediated by signaling via PI3K, JNK, MAPK/ERK and
NOTCH1 [18]. Besides, osteopontin plasma levels are higher in T2D patients [5].
With regards to the potential role of osteopontin in insulin resistance, the baseline
values of osteopontin might predict 3-year T2D remission in patients undergoing
bariatric surgery. Accordingly, circulating levels at baseline of osteopontin were
associated with decrease in body weight, BMI, and insulin sensitivity improvements
[12].

THBS1 and HA are present in the adipose tissue ECM as well. HA stimulates
monocyte adhesion and chemotaxis through the binding to the CD44 [24], and HA
is higher in obese mice comparing with their counterparts, and the inhibition of HA
improve adipose tissue inflammation and insulin resistance [28]. In humans, HA
decreases adipogenesis, but the role in the insulin resistance state is not completely
elucidated [75]. Regarding the THBS1 is highly increased in insulin-resistant obese
mice and humans [44]. Inmice, treatmentwith recombinant THBS1decreases insulin
signaling in the cultured muscle cell, which could denote an important cross talk
between the WAT and skeletal muscle in obesity, indicating a putative therapeutic
target against insulin resistance, although further research is needed [43]. Table 11.1
summarizes the main ECM components and its function related to obesity in humans
and mice.
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Table 11.1 ECM components and function related to obesity in humans and mice

ECM component Main result Human/mice Reference Main role

Collagens ↑ Collagen type I, III, V
and VI expression in
WAT of obese mice

Mice Williams
et al. [74]

Main ECM
component with
functions such as
cell adhesion,
migration,
differentiation,
morphogenesis,
and wound
healing in adipose
tissue

↓ Collagen VI
expression in WAT from
obese people. Weight
loss increased collagen
VI expression

Mice McCulloch
et al. [45]

Lack of collagen XVIII
→ reduced adiposity
and dyslipidaemia,
insulin resistance and
glucose intolerance

Human Petäistö et al.
[53]

Collagen VI KO mice
→ metabolic
dysfunction

Mice Oh et al. [51]

Integrins Lack of kindling-2
(integrin activator) →
metabolic dysfunction

Mice Gao et al. [19] Cell adhesion to
ECM proteins and
cell–matrix
interactionsLack of kindling-2

(integrin activator) →
insulin resistance and
BAT altered activity

Mice Ruiz-Ojeda
et al. [59]

MMPs ↑ MMP-3, -11, -12, -13
and -14 expression in
abdominal WAT of
obese mice

Mice Maquoi et al.
[41]

Degradation of
ECM proteins,
regulating ECM
remodelling

↓ MMP-7, -9, -16 and
-24 expression in
abdominal WAT of
obese mice

Mice Maquoi et al.
[41]

↓ MMP-2, -9 activity in
WAT from insulin
resistant mice

Mice Berg et al. [6]

MMP-9 WAT
expression positively
associated with HOMA
in obese adults

Human Tinahones
et al. [71]

↑ MMP-2 and -9 plasma
levels in obese adults

Human Tinahones
et al. [71]

↑ MMP-9 expression in
WAT of obese patients
and with CVD risk

Human Ritter et al.
[58]

(continued)
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Table 11.1 (continued)

ECM component Main result Human/mice Reference Main role

↑ MMP-2 and -9 plasma
levels in T2D patients

Human Signorelli
et al. [63]

MMP-9 expression in
WAT correlated with
insulin sensitivity, WC,
and BMI

Human Åkra et al. [3]

TIMPs ↑ TIMP-1 expression in
abdominal WAT of
obese mice

Mice Maquoi et al.
[41]

Endogenous
MMPs inhibitors,
responsible for
degrading excess
ECM

↓ TIMP-4 expression in
abdominal WAT of
obese mice

Mice Maquoi et al.
[41]

Overexpression of
TIMP-1 in pancreatic β

cells protected against
diabetes

Mice Jiang et al.
[29]

TIMP-3 deletion caused
hepatic steatosis and
WAR inflammation

Mice Sakamuri
et al. [60]

TIMP-4 deletion
protected from
HFD-induced obesity

Mice Sakamuri
et al. [60]

TIMP-1 expression in
WAT correlated with
insulin sensitivity, WC,
and BMI

Human Akra et al.
(2020)

↑ TIMP-1 and -2
plasma levels in patients
with metabolic
syndrome and T2D

Human Lin et al. [37]

↑ TIMP-1 and -2
plasma levels in patients
with gestational
diabetes and patients
with obesity and CVD

Human Vilmi-Kerala
et al. [73]

Osteopontin Lack of osteopontin
prevented from WAT
inflammation and
macrophage infiltration

Mice Kiefer et al.
[33]

It is positively
associated with
insulin resistance
state

↑ plasma levels in T2D
patients

Human Barchett [5]

(continued)
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Table 11.1 (continued)

ECM component Main result Human/mice Reference Main role

Osteopontin plasma
levels correlated with
reductions of body
weight, BMI and insulin
sensitivity improvement

Human Carbone et al.
[12]

Thrombospondin ↑ expression in WAT of
obese mice

Mice Matsuo et al.
[44]

It may implied in
the development
of obesity and
possible crosstalk
between the WAT
and skeletal
muscle

Treatment with
thrombospondin 1
supressed insulin
signalling in muscle
cells

Mice Matsugi et al.
[43]

↑ expression in WAT
from obese patients

Human Matsuo et al.
[44]

Hyaluronan ↑ expression in WAT of
obese mice

Mice Ji et al. [28] Monocyte
adhesion and
chemotaxis. It
may also be
associated with a
decrease in
adipogenesis

Hyaluronan inhibitor
treatment improved
adipose inflammation
and insulin resistance

Mice Ji et al. [28]

Hyaluronan decreased
adipogenesis in WAT

Human Wilson et al.
[75]

Symbols (↑) Increase, (↓) decreased levels

Implications of ECM Remodeling of Adipose Tissue
in Obesity and Metabolic Disease

Angiogenesis

Angiogenesis is a physiological process characterized by formation of new blood
vessels from precursor cells, and it is crutial for normal maintenance of homeostais,
remodeling and expansion of the tissue [72]. In particular, angiogenesis happens
between the vascular cells such as endothelial cells, smooth muscle cells, pericytes,
preadipocytes and adipocytes, stromal vascular cells and rest of immune cells [10].
These cells are able to secrete some pro- and antiangiogenic molecules that control
angiogenesis through different mechanisms.

Adipose tissue is highly vascularized, and an wide capillary network nourishes
each adipocyte. Blood vessels deliver nutrients, oxygen, hormones, cytokines, and
growth factors to the tissue [36]. Besides, the infiltration of immune cells into the
tissue are also supplied by blood vessels. Some studies have reported that angio-
genesis often precedes adipogenesis, and adipose tissue expansion is associated
with angiogenesis. On the contrary, inhibition of the latter can prevent enlargement
of the tissue, concluding the existence of an interaction between endothelial cells
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and adipocytes [22]. During obesity, a decrease in intracellular adipocyte oxygen
tension with increased HIF-1α protein expression precedes macrophage accumula-
tion and pro-inflammatory gene expression, contributing to adipocyte dysfunction
in obesity. Recent literature reveals that high levels of intracellular saturated free
fatty (FFA) causes a higher adenine nucleotide translocase (ANT)-2-dependent in
uncoupled mitochondrial respiration [35]. Consequently, this triggers to higher O2

consumption and a state of adipocyte hypoxia with an up regulation of HIF-1α gene
expression. Thus, deletion of adipocyte Ant2 ameliorates inflammation in adipose
tissue and insulin resistance, but no changes in body weight or energy expenditure
were observed in HFD fed mice. Mechanistically, adipose-specific Ant2 knockout
inhibits the obesity-induced increase in uncoupled respiration in adipocytes, causing
an increased in the intracellular O2 tension and a lowerHIF-1α gene expression [61].

In obesity, adipose tissue expansion drives the formation of new blood vessels,
which also stimulates adipocyte differentiation [23]. Nevertheless, hypertrophy of
the adipocytes is not frequently accompanied by a comparable increased of angio-
genesis, which causes tissue dysfunction [11]. VEGFs, fibroblast growth factor-2,
angiopoietins 1-2, adiponectin, leptin, and plasminogen activator inhibitor-1, among
others, are implicated in the angiogenesis [20]. Accordingly, VEGFs and, in partic-
ular, VEGF-A, through VEGF receptor-2, participates actively in the angiogenesis
[47]. In this line, VEGF-A function has been reported to contribute to angiogenesis
in both animal models and human. Therefore, increased VEGF levels in serum is
associated with BMI in people with obesity and overweight [39]. In contrast, other
studies have failed to reproduce these findings [57]. In this framework, a decrease
in Vegf gene expression in WAT has been reported in mice [69] and obese humans
[52]. This observation can be partially explained by Vegf overexpression in mice that
showed protection to HFD-induced inflammation and insulin resistance due to the
higherVEGF levels observed in obese subjects [17].Ameta-analysis has also showed
a strong association between higher VEGFs expressions and metabolic syndrome,
though evidence in obesity is not completely clear [76]. In WAT, VEGF levels have
been shown to be selectively increased in response to fasting [25]; while long-term
intermittent fasting results in an increase in angiogenesis inWAT as well as browning
in subcutaneousWAT. Such changes were associated with an improvement in insulin
resistance and attenuation of inflammatory processes [25]. Interestingly, the effects
of fasting are markedly reduced in liver-specific FGF21 knock out mice, indicating
that FGF21 regulates WAT VEGF levels [25].

Several ECM components have been linked to angiogenesis in adipose tissue. A
study has described that CD248 affects hypoxia and modulates the vascularization in
adipocytes.Moreover,CD248expression is up regulated in humanadipocytes and it is
associated with obesity and metabolic disturbance [54]. F13A1, a transglutaminase
that is linked to adipogenesis in cells and obesity in humans and mice, is highly
increased inWATwith acquired excessweight and associatedwith pro-inflammatory,
cell stress, angiogenesis, and extracellular matrix remodeling [30].

Finally, modulation of angiogenesis in WAT could benefit obesity treatment
and metabolic dysfuntion [23]. Indeed, novel subcutaneous WAT implantation of
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the adipose matrix with adipogenic and angiogenic factors stimulate adipogen-
esis in mice [34]. Therefore, a complete understanding of WAT components and
how it regulates vasculature in obesity might be crutial to develop effective obesity
treatments.

ECM Remodeling, Insulin Signaling, and Glucose Homeostasis

One of the most established mechanisms of metabolically dysfunctional adipose
tissue is the excessive accumulation of ECM components. In particular, collagen
deposition is the main physical barrier limiting adipose tissue expandability. There-
fore, a healthy adipocyte expansion during the development of obesity promotes the
shunting of lipids into other tissues, being this process known as ectopic lipid accu-
mulation [74]. Collagen deposition can promote insulin resistance and thickening of
capillary basement membrane that is a signal of diabetic microangiopathy. Although
the specific mechanism is not completely understood, excessive ECM components
deposition in adipose tissue prompts changes in gene expression implicatingmetabol-
ically unfavorable processes, such as angiogenesis inhibition, adipocyte death, and
proinflammatory macrophage infiltration, which could cause insulin resistance. In
this context, the accumulation of ECM components in adipose tissue decrease the
expansion of adipocytes, triggering cell apoptosis and/or necrosis [31].Consequently,
adipose inflammation and insulin resistance are produced due to the ability of necrotic
adipocytes to attract immune cells [65]. While adipose tissue inflammation as a
primary event that results in insulin resistance remains to be completely under-
stood, a recent study has suggested that insulin resistance causes an inflammatory
response whereby there is an accumulation of M1 macrophages; an observation that
was supported by the occurrence of insulin resistance in adipocytes in mTORC2
knock out mice [62]. Indeed, monocyte recruitment and differentiation into M1
macrophages in visceral WAT results in inflammation. Thus, taken together, it is
evident that it is the insulin resistnce in adipose tissue that leads to inflammation and
not inflammation itself that leads to adipose tissue insulin resistance. In linewith these
findings, Ruiz-Ojeda et al. [59] demonstrated that isolated adipocytes from subcuta-
neous WAT of adipose-specific knockout of Kindlin-2, an integrin activator, showed
local insulin resistance read by reduced Akt phosphorylation and decreased glucose
uptake. However, no differences were observed in the proinflammatory markers in
the adipose tissue of chow diet-fed mice [59].

Concerning human studies insulin resistance is associated with collagen accu-
mulation. A recent study revealed an association between collagen content in WAT
and insulin resistance in both Caucasian and Chinese populations [4]. Similarly, they
detected the same results among subjects with obesity where insulin resistance was
evaluated through hyperinsulinemic-euglycemic clamp. The amount of fibrosis in
WAT was higher in subject with high levels of insulin resistance, concluding that
fibrosis was directly liked to decrease in the insulin sensitivity [21]. Another study
also reinforced the knowledge that insulin resistance is accompanied by a high rise of
collagens (type I and type III) in biopsies fromWAT of healthy males [70]. It has also
been detected that excessive collagen accumulation in WAT might inhibit the angio-
genesis [64]. These studies suggest an important role in collagen accumulation in
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the insulin resistance in humans. Our research group found an upregulation in genes
involved in ECM regulation (TNMD and NQO1), adipogenesis (CRYAB and AFF1)
and inflammation (ANXA1); and a downregulation in CALCRL gene expression in
VAT of prepubertal children with obesity compared to normal weight, demonstrating
a different gene expression profile in ECM-genes in childhood obesity [2]. In conclu-
sion, proper ECM remodeling maintain or restore insulin sensitivity, inflammation,
and angiogenesis in adipocytes, as well as in the regulation of whole body energy
metabolism. Nevertheless, novel therapeutic approaches are needed for the effective
treatment of obesity and metabolic associated diseases in order to maintain or restore
insulin sensitivity.

Conclusions

Adipose tissue expandability drives a tone of cellular responses that are dynamically
altered and can disturb the adipocyte function. It has been established that appro-
priate ECM reorganization and remodeling, and angiogenesis are crucial to prevent
fibrosis, inflammation, and insulin resistance in adipose tissue. In addition, modula-
tion of ECM remodeling and angiogenesis may promote adipocyte differentiation,
preventing the hypertrophic adipocytes in obesity, and thereby the ectopic lipid accu-
mulation in other tissues. Furthermore, adipose ECM remodeling is modulated by
the inflammatory responses of different immune cell types and could drive insulin
resistance in adipocytes. However, new evidence proposes that insulin resistance in
adipose tissue leads to inflammation rather than vice versa. A deeper mechanistic
understanding of adipose ECM remodeling might help to develop new therapeutic
approaches against obesity-induced insulin resistance and metabolic disease.
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Chapter 12
Obesity; Its Prevalence, Consequences
and Potential Therapies

Tanya Sharma, Husam Salah, Naga Sai Shravan Turaga,
and Jawahar L. Mehta

Abstract Overweight and obesity are exponentially growing health concerns, with
prevalence fast approaching 2 billion people affected- a number that has tripled
over the last few decades. Obesity is a known risk factor for a gamut of diseases
including diabetes, hypertension, coronary artery disease, arrhythmias, and heart
failure. The relationship of obesity and cardiovascular disease is now extensively
studied. Here we discuss this association in detail and elaborate on the underlying
mechanisms including metabolic syndrome, hemodynamic compensations, inflam-
mation, hypoxia, and alterations in microbiome. We also evaluate the importance of
screening for and treating obesity in the clinical practice, as well as the currently
available modalities in management.

Keywords Obesity · Cardiovascular disease · Metabolic syndrome · Hypoxia ·
Inflammation · Microbiome · Dietary interventions · Physical activity · Behavioral
therapy · Pharmacotherapy · Bariatric surgery

Introduction

The World Health Organization (WHO) defines overweight and obesity as an
abnormal or excessive accumulation of fat that may impair health [1]. Under the
2030 Agenda for Sustainable Development, WHO described obesity as a major
challenge due to its contribution to non-communicable disease burden. Table 12.1
presents some striking facts from the 2020 WHO factsheet on obesity. Obesity has
been rightfully described as a global epidemic. The average body mass index (BMI),
which is derived by weight (in kg) per square of height (in meter), has increased
by 0.4 kg/m2 per decade between 1980–2008 [2]. This alarming rise in the preva-
lence of obesity over the latter half of the last century has attracted attention to the
proportional rise in obesity related morbidity and mortality.
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Table 12.1 WHO key facts
on Obesity and Overweight*

• Worldwide obesity has nearly tripled between 1975 and 2016
• In 2016, more than 1.9 billion adults were overweight. Of
these, over 650 million were obese

• 39% of adults were overweight in 2016
• 13% of the world’s adult population (11% of men and 15% of
women) were obese in 2016

• Most of the world’s population live in countries where
overweight and obesity kills more people than underweight

*From WHO fact sheet on Obesity and overweight[1]

United States has the highest BMI prevalence of all high-income countries [2]. In
2007–2008, the age-adjusted prevalence of obesity in the US was 33.8% and that for
overweight and obesity combined 68% [3]. While the trends from this report show
a slower rise in BMI over the last decade, overall future estimates do not appear to
be promising in terms of controlling the obesity-epidemic. It is estimated that by
the year 2030 nearly 1 in 2 adults in the United States would be classified as obese
(defined as BMI 25 to < 30 kg/m2) and nearly 1 in 4 adults would be severely obese
(BMI > 35 kg/m2) [4].

Historically considered a disease of high-income populations, overweight and
obesity are sharply increasing in low and middle-income regions of the world as
well. Over the last few decades the BMI increased in all but a few countries [2]. In
2008, Oceania countries recorded the highest BMI globally as a group; with Nauru,
Cook Islands and Tonga seeing increases or more than 2 kg/m2/decade since the
1980s [2]. Childhood obesity trends in low and middle-income countries portend
an ominous trend in the upcoming years. According to WHO data the number of
overweight children under the age of 5 has increased by nearly 24% since 2000. As
of 2019, almost 50% of all overweight or obese children under the age of 5 years
liven in Asia [1].

While there is an upward trend in obesity globally, the extent of the prevalence is
not the same across population groups. Gender, for example presents a physiological
inequitability when it comes to being overweight and obese. Worldwide, women are
4% more likely to be obese as compared to men [1]. Furthermore, obesity impacts
women more adversely than men. In USA, overweight and obese women had a
6.6-times and 1.8 times higher burden of disease, respectively, when compared to
overweight and obese men [5]. Obese women suffered 70,000 additional deaths than
normal-weight women, whereas the comparative number is 42,000 in men. Across
the population, women lost an additional 1.5 million quality adjusted life years to
obesity than men.

Obesity has been known to be a factor in the development of cardiovascular
disease. It is closely connected with several other diseases which indirectly affect
the occurrence of cardiovascular disease as well, such as hypertension and diabetes.
In this chapter, we aim to review the mechanistic relationship between obesity
and cardiovascular disease and its implication in clinical practice of cardiovascular
medicine.
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Obesity and Relationship with Cardiovascular Disease

Obesity has been associated with atherosclerotic disease, heart failure, as well as,
arrhythmias and sudden cardiac death [6]. It has been debated whether it is an inde-
pendent risk factor for cardiovascular disease or is associated by proxy since the
impact of obesity on co-existing risk modifiers is remarkable. Cross-sectional anal-
ysis of theNational Health andNutrition Examination Survey (NHANES) from 2000
showed that the prevalence of hypertension amongst obese (42.5%) and overweight
(27.8%) individuals was starkly different from those with BMI < 25 kg/m2(15.3%).
In addition, approximately 75% of obese participants had prehypertension, while
prevalence in the normal weight group was 47% [7]. Obesity predisposes to impaired
glucose tolerance and type 2 diabetes. Even in state of euglycemia, obese people have
about 30% less insulin sensitivity and hence need to secretemore insulin, which leads
to loss of compensatory insulin hypersecretion in overt diabetes [8]. It has been shown
that even modest weight reductions of 5% to 10% of body weight impact blood pres-
sure, glycemic control, total cholesterol, and reduce the severity of obstructive sleep
apnea [9].

While the associations of obesity with other known risk factors cannot be ignored,
it is more likely to be only one of the mechanisms involved in predisposing to cardio-
vascular disease. All major epidemiological studies in the field conclude that risk for
cardiovascular disease persists after adjustment for other comorbidities, ascertaining
obesity as an independent risk factor [6]. In the Framingham Heart Study, multi-
variate logistic regression adjusted for age, systolic bloodpressure, serumcholesterol,
cigarettes smoking, glucose intolerance, and left ventricular hypertrophy, yielded a
significant association between body weight and cardiovascular disease. Further-
more, amongst the obese, those without any additional risk factors, cardiovascular
disease incidence increased with weight in both men and women [10].

In the Framingham cohort, coronary artery disease (CAD) was the most frequent
manifestation of cardiovascular disease. The incidence was seen to incrementally
increase with weight and the curve was steeper amongst the younger sub-population
[10]. In a more recent meta-analysis of over a million participants, obesity was
associated with a nearly 60% higher risk of CAD. Additionally, each unit increment
in BMI was associated with an increase in risk of CAD by 5% in men and 4% in
women, respectively [11].

The risk of clinical heart failure was seen to almost double with the presence
of obesity [12]. The risk increased by 5% in men and 7% in women for each
1 kg/m2 increase in BMI. Heart failure mortality revealed a non-linear relation-
ship with a J-shaped curve with a threshold at BMI ~ 23-23 kg/m2 [13]. BMI is
a strong predictor for heart failure with preserved ejection fraction [14]. This is in
keeping with the observation that a large waist circumference is associated with left
ventricular dysfunction [15].
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Obesity also adversely affects cardiac structure and repolarization activity, predis-
posing to arrhythmias and sudden death. In a meta-analysis of over 100,000 partici-
pants, obese individuals have almost a 1.5 times the risk of developing atrial fibrilla-
tion [16]. Obesity is seen to be significantly associated with prolonged corrected QT
interval, and the QT interval seems to decrease with weight loss with diet, exercise
or bariatric surgery [17]. In the Framingham Heart Study, obesity was seen to be
associated with a 40-fold increase in the risk of sudden cardiac death [18].

The impact of obesity on cardiovascular outcomes is undeniably reflected through-
out literature and can be explained by complex interplay of mechanisms. The product
of current prevalence of obesity and the degree of impact on incidence of cardiovas-
cular diseasemakes obesity a prominent target for risk factormodification to improve
morbidity and mortality outcomes of cardiovascular disease.

Pathophysiology of Cardiovascular Disease in Obesity

The pathophysiological link between obesity and cardiovascular disease is complex.
A number of mechanisms play a role in the development and progression of cardio-
vascular disease in obesity. Thesemechanisms likely stem from the alteredmetabolic
profile, tissue oxygenation and neurohormonal profiles, and the different structural
and functional cardiac adaptations that occur as a result of adipose tissue accumula-
tion. Figures 12.1 and 12.2 show a schematic representation of these adaptation and
structural effects.
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Metabolic Syndrome

Themetabolic syndrome is a cluster ofmetabolic risk factors that include atherogenic
dyslipidemia, hypertension, high glucose level with insulin resistance, prothrombotic
state and proinflammatory state, all of which are known risk factors for atheroscle-
rotic cardiovascular disease [19, 20]. Obesity can induce metabolic syndrome by
contributing to each of these risk factors, as shown in Fig. 12.3. (1) Obesity decreases
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high-density lipoprotein (HDL) level, a hallmark of atherogenic dyslipidemia [20].
(2) Obesity is a major risk for hypertension; compared to healthy individuals, obese
patients have higher level of renin-angiotensin system activation, which is a major
driver for hypertension [21]. (3) Obesity is associated with insulin resistance. The
exact pathophysiological mechanism is not well understood but is believed to be
related to mitochondrial dysfunction, oxidative stress, and lipotoxicity [22]. (4)
Obesity drives a chronic inflammatory state and is associatedwith fibrinolysis impair-
ment, both of which induces a prothrombotic state [23]. The constellation of all of
these factors puts individuals with obesity at higher risk for cardiovascular disease.

Hypoxia

Littleton et al. demonstrated a negative correlation between the body mass index and
partial pressure of arterial blood oxygen independent of hypoventilation [24].Obesity
can cause hypoxia as a result of decreased lung volumes. Additionally, obesity is
associated with an increased risk for obstructive sleep apnea, in which episodic upper
airway narrowing/closure occurs during sleep, resulting in intermittent hypoxia [25].
Hypoxia leads to sympathetic activation, endothelial dysfunction, oxidative stress,
and a state of systemic inflammation [25]. All of these factors increase the risk for
cardiovascular disease in obesity individuals.

Inflammation

An increasing body of evidence links various cardiovascular diseases, such as
atherosclerosis, heart failure, acute coronary syndrome, and coronary artery disease
to inflammation [26, 27]. Systemic inflammation is a hallmark of obesity and
primarily results from macrophage activation [27]. Macrophages act as scavengers
of apoptotic adipocytes; therefore, an increase in adipose tissue leads to accumu-
lation and activation of macrophages with subsequent inflammation and release of
proinflammatory mediators, such as tumor necrosis factor-alpha (TNF-alpha), inter-
leukin 6 (IL-6), and C-reactive protein (CRP). Additionally, obesity is associated
with a significant reduction in adiponectin, [28], a protein derived from adipocytes
with potent anti-inflammatory effects. Adiponectin increases the production of nitric
oxide, which, in turn, reduces oxidative stress, inhibits plaque formation and throm-
bosis, and has an important vasoprotective role [29–31]. A possible mechanism of
cardiomyopathy in obesity is myocardium lipotoxicity due to free fatty acid resulting
in apoptosis of lipid-laden cells including cardiomyocytes [32].
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Altered Hemodynamics

Obesity results in an increase in blood volume with subsequent increase in cardiac
output by increasing the stroke volume [33, 34]. Consequently, the venous return to
the right heart increases, which, in turn, produces dilatation of the heart chambers.
This, in turn, results in higher wall tension and left ventricular hypertrophy (LVH),
which is typically eccentric, accompanied by decreased diastolic compliance [35,
36]. The end result of these changes is typically left ventricular (LV) enlargement
due to increased left ventricular filling pressure. LVH initially adapts to the LV
enlargement preserving the systolic function. However, as LV dilatation and wall
tension increase, systolic function develops [33, 34].

Myocyte Degeneration

Anumber ofmechanisms underlie cardiomyopathy in patients with obesity.Myocyte
degeneration can occur as a result of the accumulation of fat between cords of
cells, resulting in adipositas cordis [33, 37–39]. In this syndrome, bands of irregular
aggregates of adipose tissue result in separation of myocardial cells with subsequent
pressure-induced atrophy in these cells [33]. As fat accumulation in the myocardium
progresses, a pattern of restrictive cardiomyopathy may develop [40]. Occasionally,
the sinus node, the atrioventricular node, the right bundle branch can be involved,
resulting in conduction disorders [38, 39].

Microbiome in Obesity

Gastrointestinal tract is an immunologically active organ system which harbors very
diverse microbiota that play a vital role in the host metabolism and energy home-
ostasis. The gut microbiota composition is altered by a multitude of host and external
factors like dietary habits, lifestyle, circadian rhythm, psychological stress, hygiene,
vaccinations, antibiotic use and physical activity. Human beings andmicrobiota have
co-evolved and co-adapted, at an individual host level or at a population level over
time suggesting the potential of host-microbiome relationship inmetabolic syndrome
and related disorders [41]. The “old friend and “missing friend” hypothesis suggest
that lifestyle changes resulted in loss of specific bacteria resulting in less diverse
modern-day microbiota, potentially triggering autoimmune, allergic and inflamma-
tory disorders [42]. Individuals with obesity and metabolic syndrome have a higher
Firmicutes-to-Bacteroidetes ratio and a reduction in the abundance of firmicutes was
observed post gastric bypass surgery suggesting a potential association [43]. Simi-
larly, fecal microbiota transplantation (FMT) from a lean donor to a patient with
metabolic syndrome resulted in improvement in insulin sensitivity and FMT from an
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overweight donor was associated with new-onset obesity [44, 45]. Microbiota affect
metabolism through various mechanisms like bile acid metabolism which affects
glucosemetabolism through activation of farnesoidX receptor andG-protein coupled
bile acid receptor [43], by-products of choline metabolism which are predictors of
cardiovascular mortality [46], short chain fatty acid metabolism which modulate
insulin signaling in pancreatic beta cells through G protein-coupled receptor 41 and
43 signaling pathways [47]. Gut microbiota are also a source of pathogen associ-
atedmolecular patterns (PAMPs) which can activate Toll-like receptors and Nod-like
receptors [48]. PAMPs can translocate across intestinal barrier and cause inflamma-
tory response and systemic endotoxemia. Further research into mechanism, poten-
tial therapies and lifestyle adjustments affecting the host-microbiota relationship are
needed and can open up a great avenue in management of metabolic syndrome and
various other immunological diseases [48, 49].

Clinical Aspects

Obesity is a sensitive, complex, and stigmatized diseasewithmany social, behavioral,
psychological, economic and health related repercussions. Hence, understanding
the conundrum of obesity is necessary to formulate individualized strategies for
prevention, treatment and preventing relapse of obesity.

Prevention

Prevention of obesity is a lifelong process which starts in infancy and continues
all along adulthood. Multiple medical societies including American Academy of
Pediatrics (AAP), Center for Disease Control (CDC), U.S. Preventive Services Task
Force (USPSTF), American Heart Association (AHA),the National Heart Lung and
Blood Institute (NHLBI), the Institute of Medicine (IOM) have developed evidence
based consensus and guidelines focusing on early detection of high risk population,
physical activity, healthy diet, counselling, behavioral modifications and sleep.

Primary prevention aims at creating awareness about obesity and encouraging
healthy habits at a large scale. It includes public health initiatives like health promo-
tion at events, workshops, TV advertisements or education and behavioral training
at schools or communities. Primary prevention helps to improve the overall health
and awareness of the general population.

Secondary prevention aims at identifying at-risk individuals by screening and
formulating necessary corrective measures. It can be done through pediatricians,
primary care physicians and public health officials at an individual and family level.

Tertiary prevention aims at identifying individuals who are already obese or at
very high risk, and to form an individualized structured multidisciplinary program
to cope up with obesity and obesity related complications [50].
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Management

Treatment of obesity is multifaceted and complex. It requires a multidisciplinary
team effort with a specifically tailored approach for each individual patient. It is a
coordinated effort with the primary care physician as the center of the cogwheel
working with dietitians, exercise physiologists, behavioral therapists and specialists
like endocrinologists and bariatric surgeons for advanced therapies.

Management of obesity aims at decreasing body fat to improve physical appear-
ance, mental health, functional capacity, quality of life and medical health. Even
though physical appearance and functional status improves with procedures like
liposuction, it does not have any beneficial effects on cardiovascular metabolic risk
factors. The benefit was observed with fat loss induced by negative energy balance
with various treatment modalities [51].

Dietary Intervention

Maintaining a negative net calorie balance can be achieved by multiple methods,
consuming less than the age appropriate daily calorie requirement, usually 1200 to
1500 kcal/d for women and 1500 to 1800 kcal/d for men; Estimating individual
energy requirements and maintaining energy deficit of 500 kcal/d or 750 kcal/d or
30%energy deficit [52–54]; or byAd libitumapproaches by restricting/eliminating or
prescribing certain foods. Various successful dietary approaches (eg, Mediterranean-
style diet, lower-fat lacto–ovo-vegetarian or vegan-style diet, or lower-fat diet with
high dairy/calcium with added fiber and/or low–glycemic-index [low–glycemic-
load] foods) with varying proportions of protein, carbohydrates and fats are available
[55]. An individualized dietary plan needs to be formulated considering the dietary
preferences, socioeconomic and cultural variables. It is estimated that averageweight
loss is maximal at 6 months(4 kg to 12 kg), with smaller losses for up to 2 years(
4 kg to 10 kg at 1 year and 3 kg to 4 kg at 2 years) in overweight and obese adults
[55].

Physical Activity

Weight loss can be attained through a negative energy balance by increasing expen-
diture through physical activity or by decreasing intake by dietary modifications or
both. Weight loss by itself is not an effective method for weight loss as It is gener-
ally easier to reduce the intake than to increase the expenditure. Physical activity is
more beneficial in maintaining weight loss and preventing weight regain. Long Term
compliance with physical activity is difficult and needs behavioral strategies like
counselling, frequent reminders by telephone or by mail to enhance adoption and
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maintenance of physical therapy.At least 150min ofmoderate-intensity aerobic exer-
cise weekly or 75min of vigorous-intensity aerobic exercise weekly is recommended
for adults [55–57].

Behavioral Therapy

Behavioral therapy aims to identify, analyze and modify potentially self-destructive
or unhealthy behaviors that increase body weight. It provides techniques to maintain
continued compliance with other weight loss therapies by changing lifestyle habits.
Various behavioral therapies have been described like goal setting, self-monitoring,
stimulus control, cognitive restructuring, problem solving, relapse prevention, stress
management, contingency management and social support [58–60].

Pharmacotherapy

Obesity is a chronic disease, so pharmacotherapy should be initiated in conjunction
with other treatment modalities with intent to treat long term, if not lifelong [61].
Anti-obesity medications (AOM) have been shown to attain a weight loss range of
5–10% total bodyweight. AOMs are long termmedicationswithmultiple side effects
and cessation of drugs leads to rebound weight gain. Hence, it is important to make
an informed shared decision after weighing in the risks and benefits with patients
before initiating the therapy [62]. Current guidelines approve AOMs for individuals
with BMI≥ 30 kg/m2 or BMI≥ 27 kg/m2 with comorbidities [55]. Commonly used
AOMs include Orlistat, phentermine, Liraglutide, naltrexone and bupropion. Their
mechanism of action, side effects and contraindications are summarized in Table
12.2 [62–65].

Bariatric Surgery

Bariatric surgery is currently recommended for patients with BMI of 35.0 to
39.9 kg/m2 plus ≥ 1 severe obesity-related medical complication such as hyper-
tension, type 2 diabetes mellitus, heart failure, or OSA and persons with a BMI
≥ 40 kg/m2 based on the National Institutes of Health 1991 consensus state-
ment [55, 66]. Bariatric surgery has a low perioperative mortality of approximately
1%. Gastric bypass, gastric banding, gastroplasty and Biliopancreatic diversion ±
duodenal switch are different bariatric surgerieswhich are currently being performed.
Depending on the type of procedure weight loss at 2 to 3 years ranges from 20 to 35%
of initial weight in patients with presurgical BMI ≥ 30 [67–70]. Long term compli-
cations of bariatric procedures include intestinal obstruction, marginal ulcer, ventral
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Table 12.2 Pharmacotherapy in obesity

Name Mechanism of action Side effects Contraindication

Orlistat Intestinal lipase inhibitor
/ Reduces fat absorption
by up to 30%

Gastrointestinal side
effects like flatulence
and greasy stools.
Fat-soluble vitamin
deficiency. Reduced
absorption of lipophilic
medications if both
drugs are taken
simultaneously

Pregnancy, patients with
malabsorption disorders,
reduced gallbladder
function
Caution is advised in
patients with obstructed
bile duct, impaired liver
function, or pancreatic
disease

Phentermine Stimulates the release of
norepinephrine and
dopamine from nerve
terminals. Appetite
suppressant
Appetite suppressant and
sympathomimetic agent

Dry mouth,
constipation, and
insomnia. Dose related
Increase in heart rate
blood pressure and can
prevent weight
loss–induced decrease
in blood pressure

Contraindicated in
pregnancy, patients older
than 65 years of age, and
patients with a history of
drug misuse
Relative
contraindications include
severe hypertension,
coronary artery disease,
concomitant use of
SSRIs, MAO inhibitors,
tricyclic antidepressants,
and stimulants

Liraglutide GLP-1 receptor agonist /
Decreases appetite,
increases fullness,
increases satiety

Nausea, vomiting,
diarrhea, constipation,
abdominal pain,
dyspepsia, injection site
reactions, headache,
cholelithiasis,
pancreatitis (rare),
hypoglycemia in
diabetics on
hypoglycemic
medications

Pregnancy, Personal or
family history of
medullary thyroid cancer
or multiple endocrine
neoplasia syndrome type
2.

Naltrexone /
Bupropion

Combination of a
dopamine and
norepinephrine reuptake
inhibitor and mu-opioid
receptor antagonist /
Decreases appetite and
cravings

Nausea, vomiting,
diarrhea, constipation,
headache, insomnia or
sleep disorder,
dizziness, anxiety,
depression, seizure,
increase in blood
pressure and heart rate,
dry mouth, tremor, open
angle glaucoma

Pregnancy.
Hypersensitivity to
bupropion or naltrexone
Caution is advised in
patients with a history of
seizures, serious
psychiatric illness, drug
or alcohol misuse, or
eating disorders
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hernia, gastric wall erosion,metabolic complications like hypoglycemia, mineral and
vitamin deficiencies [71].

Future Directions

Obesity is a complex medical and socio-economic problem which has a great poten-
tial and necessity for innovation at various levels. There is a great potential of using
the technological advances in creating social awareness, education and promoting
healthy habits and diet. There has been a surge in the use of personal devices like
smartphones, mobile applications and smart watches and has a great potential to
impact obesity at an individual level. Government and administrative agencies need
to formulate policies to promote awareness, control dietary sources of high calories
by taxation, and provide incentives for promoting healthy lifestyles. Over the last two
decades, there has been great advancements inmedical research in understanding and
managing obesity, but there are multiple aspects of obesity which are still not well
understood.Multiple studies are currently being conducted to understandbiomarkers,
microbiomes, mechanisms and molecular genetics of obesity, and to develop ther-
apeutics and new laparoscopic and minimally invasive procedures which require
funding from governmental agencies and industrial collaboration. Hence, there is a
great potential in the field of obesity and requires efforts and collaboration at various
levels.
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Chapter 13
Obesity: Molecular Mechanisms,
Epidemiology, Complications
and Pharmacotherapy

Saeeda Al Jaberi, Athena Cohen, Zulqarnain Saeed, Shreesh Ojha,
Jaipaul Singh, and Ernest Adeghate

Abstract Obesity is a common disorder affecting millions of people worldwide.
The number of overweight and obese subjects, globally, is currently 2 billion and
800 million, respectively. Projected estimates show that the number of overweight
citizens will approach 60% of the world’s population by the year 2030. Oxidative
stress facilitates the development of obesity by stimulating pre-adipocyte differen-
tiation and eventual adipose accumulation. Large deposits of fat release excessive
quantities of adipocytokines, resulting in chronic inflammation. The obesity-induced
chronic inflammation paves the way for a large variety of systemic complications
including but not limited to diabetesmellitus, hyperlipidemia, atherosclerotic lesions,
cardiovascular diseases tissue and malignancy. In addition, other obesity-inducers,
such as increased insulin growth factor 1, insulin resistance, and increased tissue
level of leptin and low concentration of adiponectin may lead to the development
of tissue malignancy. Increased physical activity coupled with a healthy food intake
is crucial to the management of obesity. Anti-obesity drugs such as sibutramine,
qsymia (a combination of phentermine and topiramate), and orlistat have been used
to treat obesity with variable degrees of efficacy. Bariatric surgery becomes a choice
in severe cases when physical activity and pharmacotherapy fail. In the obese patient
with diabetes mellitus, the choice of hypoglycemic agent is important. Metformin,
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and sodium glucose cotransporters 2 (SGLT2) inhibitors, a new set of antidiabetic
drugs can significantly reduce bodyweight and improve cardiorenal function. SGLT2
inhibitors, thus belong to a class of potential drugs that can be used to treat obesity. In
conclusion, obesity is a “deadly” condition that can predispose individuals to many
life threatening health conditions.

Keywords Obesity · Adipocytokines · Cardiovascular disease · Diabetes
mellitus · Chronic inflammation · Cancer · Oxidative stress · Hypoglycemic agents

Introduction

Obesity represents a condition of excess body fat. It is a chronicmultifactorial disease,
commonly assessed using body mass index (BMI), which is calculated by dividing
the body weight in kg by the height in meters squared (kg/m2). Individuals with BMI
measurements of less than 18.5 kg/m2 are considered underweight, 18.5–24.9 kg/m2

healthy, 25–29 kg/m2 overweight, and those with 30 kg/m2 and above are consid-
ered obese [1]. Besides the BMI, other measurements that are helpful in quantifying
obesity include waist circumference. Increases in waist circumference is associ-
ated with high mortality even in individuals with normal BMI measurements. A
review of waist circumference and mortality performed on 650,000 adults showed
that increased waist circumference above normal resulted in a higher mortality rate
[2]. Using a combination of both methods helps in generating a more accurate and
clearer way to determine whether high BMI measurements are related to increased
muscle content or elevated adiposity. In addition, more advanced methods but less
commonly used for measuring total body fat are magnetic resonance imaging (MRI)
and dual energy X-ray absorptiometry. Thesemethods are not used routinely because
they are expensive and not easily available.

Obesity is associated with significant risks and implications for chronic diseases
such as type 2 diabetes mellitus (DM), high blood pressure, malignant tumors,
heart and vascular diseases and cerebral stroke [3–6]. Obesity is also associated
with various diseases including gastroesophageal reflux disease, colorectal polyps,
malignant disease of the colon and hepatic conditions such as non-alcoholic fatty
liver disease, cirrhosis and hepatocellular carcinoma. Furthermore, obesity has been
shown to reduce the quality of life, as it may result in overt DM and coronary artery
disease (CAD), which contribute to the reduction of the quality of life among those
patients [7]. Obesity and type 2 DM go together and have been referred to as the
“twin epidemics”. It is not surprising therefore, that 61.3% of diabetic adults are
overweight and 87.5% are obese [8].
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Epidemiology

Theprevalenceof obesity continues to increaseworldwide. For example, an estimated
1.1 billion adults were considered overweight in 2005 [9]. Indeed, the number of
people considered to be overweight has doubled in the last 15 years, exceeding 2
billion in 2020 [10]. This shows that approximately one third of the world population
is either overweight or obese. It is estimated that by the year 2030, 57.8% of theworld
population will be obese if the prevalence rate continues rising at its current pace
[11]. On a global scale, men with BMI ≥ 25 kg/m2 increased from 25.4% to 38.5%
accounting for a 5% percentage increase to 10.1% from the period between 1980
and 2015, and in females it was from 27.8% to 39.4% accounting for a percentage
increase from 8.9% to 14.8% during the same time period. Moreover, the prevalence
of obesity is more pronounced in women when compared to men. It was projected
that by the year 2025, the prevalence of obesity will reach 18% in men and 21%
in women [12]. However, there is hope because the obesity rate has flattened out in
the past 10 years in many developed countries. For instance, the current prevalence
of obesity in the US remained around 30–34% and in the UK around 23–24%, in
the period between 2005 and 2015. On the other hand, the global obesity prevalence
is still expanding as the trend has picked up in other regions of the world, where
the majority of people live [13]. The South East Asian, Western Pacific and African
regions had the lowest prevalence of obesity in 1980, which accounted for 0.4%
in Vietnam, 0.6% in Bangladesh and China, 1.2% in Ethiopia, 1.4% in Indonesia,
1.5% in Myanmar, 1.7% in Nigeria and India, 1.8% in Japan, and 1.9% in South
Korea. However, by the year 2015, only one country (Vietnam, 1.6%) was able to
maintain obesity prevalence rate below 2%. Numerous countries have recorded large
increases in the prevalence of obesity. The robust rising trends will likely continue
in low income countries, where 2 out of 3 of the world’s obese individuals currently
reside [14, 15].

Molecular Mechanisms Underlying the Development
of Obesity

Obesity and Oxidative Stress

Oxidative stress, a condition where endogenous antioxidants is overwhelmed by
large production of free radicals, has been shown to play a key role in preadipocyte
differentiation and subsequent development of obesity. A multitude of experimental
evidence indicates that redox balance is very important in the development, matura-
tion and deposition of adipose tissue [16–19]. For example, murine models lacking
the non-selenocysteine-containing phospholipid hydroperoxide glutathione peroxi-
dase (NPGPx), a sensor and transducer of tissue oxidative stress has been shown to
have increased level of reactive oxygen species (ROS), increased accumulation of
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Fig. 13.1 Pathways by
which oxidative stress
induces adipocyte formation

lipid, and develop adipocyte hypertrophy. This effect was inhibited by treating the
animal withN-acetylcysteine (NAC), an antioxidant.Moreover, the single nucleotide
polymorphisms of the NPGPx gene in humans, associated with a reduced level of
NPGPx expression in fat tissue is strongly associated with obesity [18].

Another study investigated the role of ROS and antioxidant in the development
of adipose tissue. The study showed that NAC inhibited ROS-mediated conversion
of mesenchymal stem cells to adipose tissue [20]. This confirms the role of ROS in
the development of obesity. The administration of RNA interference inhibited the
adipocyte differentiation and maturation in 3T3-L1 pre-adipocytes. It also caused a
reduction in total body weight, decreased triglyceride level, and reduced, NADPH
oxidase 2 andROS formation [21]. Yan et al., showed that inhibition ofmitochondrial
ROS production in human mesenchymal stem cells with the antioxidant, rotenone,
prevented stem cells from differentiating into mature adipocytes [22] Fig. 13.1.

The Role of Adipocytokines in the Development of Obesity

Adipocytokines have been implicated in the development of several debilitating
diseases including obesity, DM and malignant tumors [23]. Large and excessive
adipose tissue deposition and adipocyte hypertrophy has been shown to cause
chronic inflammation. This obesity-associated chronic inflammation is caused by
the high level of pro-inflammatory adipocytokines including interlukin-6 (IL-6),
tumor necrosis factor alpha (TNF-α) [24], leptin [25], and C-reactive protein (CRP)
released into blood circulation. CRP, an acute phase protein made by hepatocytes
is released into the blood circulation in response to a large variety of inflammatory
adipocytokines, especially IL-6. It was reported that adolescent, who are physically
inactive and overweight have a higher CRP blood level when compared to their lean
and physically active mates. This shows that overweight and physically inactive indi-
viduals suffer from low-grade inflammation [26]. Several experimental and human
studies have confirmed that adipocytokines play important roles in the pathogenesis
of obesity and obesity-associated conditions such as DM and malignant tumors. In a
study conducted on obese African American female subjects to investigate whether
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Fig. 13.2 Pathways by
which obesity facilitates
chronic inflammation, heart
and vascular diseases,
diabetes mellitus and cancer

adipocytokine and chemokine serum concentration correlate with the serum levels of
HbA1c and glucose. It was shown that the serum levels of IL-3, IL-4, IL-7, TNF-α,
IFN-α2 and CX3CL1 increased significantly, when compared to DM patients with
normal HbA1c. This suggests that IL-3, IL-4, IL-7, TNF-α, IFN-α2 and CX3CL1
may take part in the pathogenesis of type 2 DM in obese people [27]. Another
adipocytokine that has been implicated in the development of obesity at the molec-
ular and cellular level is IL-6. Increased levels of IL-6 in adipocytes increase leptin
release via enhanced lipid breakdown and fatty acid oxidation through the JAK-, and
AMPK-mediated pathways [28]. Indeed, the more severe the obesity, the higher the
serum levels of TNF-α, indicating a strong correlation between obesity andTNF-α. In
addition, many reports have also shown that obesity and excessive lipid accumulation
is a cause of insulin resistance [29–31]. TNF-α also contributes to the development
of obesity by altering the metabolism of leptin [32] Fig. 13.2.

Obesity and Hormones Regulating Food Intake and Satiety

Hormones regulating appetite, satiety and food are numerous. The serum levels of
many hormones including, glucagon-like peptide 1 (GLP-1), oxyntomodulin (OXM)
and peptide YY 36 (PYY) are elevated during high caloric ingestion, signaling to
the brain that the stomach is now full. This group of hormones is referred to as
suppressors of appetite [33]. They are thus involved in determining whether obesity
occurs or not and any dysregulation of these hormones may lead to the develop-
ment of obesity. In addition, GLP-1 as a member of the incretin family is capable of
inducing insulin production with a concomitant inhibition of glucagon release [34–
37]. Another hormone that plays a role in the regulation of food intake is ghrelin, a
peptide produced by cells of the gastric epithelium and increases the urge to eat [38–
40]. In fact, treatment of both obese and non-obese individuals with these hormones
stimulates the urge to eat [41]. Excessive serum level of ghrelin caused by an ectopic



254 S. Al Jaberi et al.

tumor may result in obesity. Leptin, which is produced by adipocytes, increases
with the level of body fat and correlates positively with BMI. Leptin interacts with
hypothalamic orexinergic centers to enhance energy expenditure and improve satiety
[42, 43].When the serum level of leptin is high for a long period of time, the hypotha-
lamic neurons do not really sense that information any more. The brain thinks that
the person is still hungry, thereby eating more to reach the point of satiety leads to
developing obesity [44, 45]. This will make the obesity even more severe. Another
hormone that regulates the pathogenesis of obesity is adiponectin. The serum level of
this adipocytokine correlates inversely with BMI [46]. Adiponectin protects the body
against inflammation [46, 47] and increases insulin sensitivity [48]. A reduced serum
level of adiponectin increases the likelihood of insulin resistance with a concomitant
elevation in adipocyte differentiation [48]. In fact, a reduction in the expression of
adiponectin mRNA in fat cells of obese subjects has been reported [49].

What are the Outcomes of Obesity?

Heart and Vascular Complications

A major outcome of obesity is cardiovascular disease (CVDs). Obesity, coupled
with inactive lifestyle significantly increases the risks of developing hypertension,
dyslipidemia, atherosclerosis, and DM. Hypertension will put a lot of pressure on
the heart while lipidemia will increase the risk of developing atherosclerosis. All
of these will also contribute to the stiffening of the coronary arteries, leading to
coronary artery disease (CAD) and eventually myocardial infarction (MI) [50]. The
pro-inflammatory adipocytokines and othermolecules released into blood circulation
by excessive fat cells play a role in the pathogenesis of obesity [51]. The low-grade
chronic inflammation seen in the obese is deleterious for other organs especially the
heart and the vascular bed. For example, IL-6, a biomarker for a chronic inflammation
state is increased in CAD, MI, peripheral vascular disease, and other metabolic
diseases such asDM [52, 53]. IL-6 does not only trigger andmaintain atherosclerosis,
it also enhances the formation of C-reactive protein (CRP) from hepatocytes [52–54],
an important marker of the inflammation of the cardiovascular system. Many studies
have clearly indicated that obesity is not good for the heart and the vascular system.
For example, it has been shown that the higher the BMI, the more established, more
frequent and more advanced the atherosclerotic vascular lesions are, when compared
to subjects with normal BMI [55]. In addition, it has been reported that a mere 10 kg
increase in total body weight significantly increases the risk of CAD by a staggering
12% [56]. Data from the Framingham Heart Study also showed that an elevation in
BMI by 1 kg/m2 significantly increases the risk of developing cardiac failure by 5%
in male and 7% in female subjects [57]. Individuals with obesity commonly suffer
from hypertension. It has been reported that a 5 kg/m2 increase in BMI results in
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a 5 mmHg rise in systolic blood pressure [58] due to the activation of the renin–
angiotensin–aldosterone system and increased activity of the sympathetic nervous
system [59]. Obesity increases both aldosterone levels and the mineralocorticoid
receptor expression, which induce interstitial cardiac fibrosis, platelet aggregation,
and endothelial dysfunction (Fig. 13.2). In a large data from about 2 million people,
Flint et al., showed that persistent hypertension is a major risk factor for CAD,
ischemic and hemorrhagic strokes and MI [60].

Malignant Tumors

Globally, benign and malignant tumors (cancer) are the second leading causes of
death [61]. Unfortunately, the incidence of cancer is expected to continue rising
because of the high prevalence of obesity and DM, as they are amongst the leading
risk factors for the development and progression of cancer. Recent data have indi-
cated that there is a complex relationship between obesity, insulin resistance (INS
resistance) and adipocytokines in the etiology and pathogenesis of cancer. A large
number of pathways that link obesity to the development of malignant tumors have
been proposed. The suggested factors and conditions that predispose an individual
developing malignant tumors include, hyperinsulinemia, insulin resistance, abnor-
malities of the insulin growth factor 1 (IGF-1) system, chronic inflammation, over-
production of ROS, impaired immune function, and increased circulatory levels of
adipocytokines [23, 62–66]. Although leptin, IL-6, TNF-α, resistin adipocytokines
secreted by fat cells have also been implicated in the development of a large variety
of malignant tumors, there are good “actors” amongst the cytokines produced by
fat cells. The good cytokines, which protect against the development of malignant
tumors include adiponectin and omentin-1 [23]. For example, adiponectin has the
capacity to inhibit the progression of tumors of thewhite blood cells, adenocarcinoma
of the mammary gland, and fibrosarcoma [67]. In contrast, a reduced blood level of
adiponectin facilitate cancer cell formation and progression [62, 68]. In addition, the
serum levels of IGF-1, TNF-a, IL-6 is significantly elevated if adiponectin level is
low [69]. IGF-1, TNF-a, and IL-6 enhances cell proliferation seen in cancer [69].
Leptin is yet another adipose hormone which has been implicated in the development
of many malignant tumors. Leptin has indeed been shown to play a role in the devel-
opment of malignant tumors of the mammary gland in women [70, 71], and cancer in
prostate cell lines [72]. Leptin is also capable of stimulating malignant tumor forma-
tion in the gastrointestinal system [46], where leptin has been shown to promote the
invasion of nearby tissues and organs by metastatic cells via the Rho/ROCK pathway
[73]. The level of leptin correlates with aggressiveness of the malignant tumor of the
colorectal segment of the gastrointestinal system [74] Fig. 13.3.
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Fig. 13.3 Pathways by
which obesity facilitates the
development of cancer

Diabetes Mellitus

One of the major health consequence of obesity in overt DM. Obesity is highly asso-
ciatedwith the disturbance of glucosemetabolism and one of themain risk factors for
the development of insulin resistance (INS resistance) and type 2DM [75]. In obesity,
adipocytes and other cells involved in glucose uptake such as hepatocytes and skeletal
muscle are dysfunctional, leading to insulin resistance [76]. In fact, some reports have
suggested that obesity downregulates the expression of glucose transporters on the
cell membrane of glucose sensitive cells such as hepatocytes and skeletal muscle,
which facilitate the uptake of glucose by those cells [77]. Lipotoxicity caused by
the release of free fatty acids (FFA) from fat deposits may also contribute to insulin
resistance in hepatocytes and skeletal muscle cells [78, 79]. The liver releases more
glucose via gluconeogenesis in response to hepatic insulin resistance thus increasing
the prospect of developing hyperglycemia and DM [79, 80]. In a follow up study,
which investigated the effects of BMI and waist circumference on the risk of devel-
oping type 2 DM, Wang et al. [81] showed that waist circumference, waist hip ratio
and abdominal obesity correlate proportionally with the development of type 2 DM.
The higher BMIs, in the 27.2 and 54.2 kg/m2 range result in an eight fold increased
in the risk of developing type 2 DM when compared to individuals with a BMI of
less than 22.8 kg/m2 [82]. Moreover, individuals with extreme waist circumference
of 101.6–157.5 cm, showed more than 12-fold increased risk for developing type 2
DM [81].

Management of Diabetic Patients with Obesity

Diet and Lifestyle Modification

The type of food and diet approaches that we take seem to play a critical role in
our health. Consumption of foods with low glycemic index also has an important
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role in reducing the complications of obesity and DM [83]. Physical inactivity and
or a sedentary lifestyle are considered one of the main risk factors in developing
obesity and insulin resistance. On the other hand, dietary modification and manage-
ment accompanied by initiation of physical workouts has long been proven to be
beneficial in reducing body weight and bettering insulin sensitivity [84]. A meta-
analysis on the effects of low-carbohydrate diets on CVD risk factors resulted in
marked decreases in total body weight, BMI, abdominal circumference, systolic and
diastolic blood pressure, triglycerides, fasting glucose, HbA1C, plasma insulin and
CRP, with a concomitant increase in HDL-cholesterol [85].Moreover, a combination
of medications and intense lifestyle modification resulted in weight reduction and
decreased levels of HbA1c when compared to normally treated cases, indicating that
lifestyle modification are beneficial in the management of obesity and DM [86].

Hypoglycemic Drugs Used in the Treatment of Obesity

Metformin

Metformin, an insulin sensitizer, is one of the most commonly used drug for the
management of type2 DM in adults. It is one of the most studied and widely use
hypoglycemic drug. Metformin has shown weight reducing capabilities in various
clinical studies with a HbA1c reduction of 1%, especially when used with increased
physical activities [87–89]. Metformin exhibits weight reducing and hypoglycemic
effects by blocking gluconeogenesis in the liver, stimulating the uptake of glucose
in skeletal muscle cells and hepatocytes, and dreducing appetite [50]. Although the
mechanisms of actions of metformin are not completely understood, the proposed
mechanism of action is said to be via the regulation of mitochondrial molecules
involved in energy balance and fuel utilization [90–92]. A clinical trial conducted
by the Diabetes Prevention Program/Diabetes Prevention Program Outcomes Study
showed that metformin treatment can reduce the incidence of type 2 DM by as much
as 31% in obese indiviuals [93]. Metformin has also been used to treat polycystic
ovary syndrome [94], gestational DM [95], non-alcoholic fatty liver disease [50, 96]
and malignant tumors [97].

Inhibitors of Gastrointestinal α-glucosidase

Acarbose, voglibose and miglitol are the major drugs belonging to the group of
inhibitors of α-glucosidase. α-glucosidase is an enzyme found in the small intestinal
epithelium where it cleaves monosaccharides from polysaccharides such as starch
and promote their absorption. For that, α-glucosidase inhibitors are used to prevent
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carbohydrate absorption in the small intestine. In a new meta-analysis study, α-
glucosidase inhibitors significantly reduced HbA1c, body weight and glucose when
compared to control. The gastrointestinal side effects such as flatulence and diarrhea
are not popular with users [50, 87, 98].

Inhibitors of the Dipeptidyl Peptidase-4 Enzyme

Dipeptidyl Peptidase-4 (DPP-4) inhibitors are endogenous incretin enhancers that
act by the inhibition of DPP-4 enzyme that in turn prevents the degradation of GLP-
1 and glucose-dependent insulinotropic polypeptide (GIP), and thereby improving
the lifespan of the active form of GLP-1 and GIP [36, 99, 100]. These hormones
are known to enhance glucose-dependent pancreatic insulin response, suppression
of glucagon release, and increase satiety [99, 101]. The use of DPP-4 inhibitors
was associated with enhancement of glycemic control, insulin secretion, and β-cell
function in murine models [99, 101] and in patients with type 2 DM [99]. In patients
with type 2 DM, DPP-4 inhibitors decreased postprandial glucose elevation, fasting
plasma glucose and HbA1c levels with low risk of developing hypoglycemia and
body weight gain [36]. DPP-4 inhibitors stimulates pancreatic beta cell function
with no effect on insulin resistance [101]. In this drug class no weight gain has been
detected and average HbA1c decrease of 0.5–1.0% has been reported [102]. DPP-4
inhibitors is thus safe for diabetic patients suffering from obesity.

Sodium Glucose Cotransporter 2 Inhibitors

Sodium glucose cotransporter 2 (SGLT2) inhibitors are a new set of anti-diabetic
drugs [103]. They possess a significant ability to reduce HbA1c, body weight and
blood pressure [103]. SGLT2 inhibitors are not without side effects because people
taking SGLT2 inhibitors may have genitourinary tract infections and increased risk
of fracturing their bones [104]. However, the use of SGLT2 inhibitors is associated
with a significant reduction in body weight and cardiorenal benefits [50]. This is yet
another group of hypoglycemic drug, which can be used to treat obesity and DM
since the two conditions commonly co-exist.

Drugs Used in the Treatment of Obesity

Drugs are also available to treat obese individualswhodonot have the co-morbidity of
DM. Although the health-risks associated with obesity can be mitigated through the
adoption of an exercise regime and healthy diet, there are numerous promising drugs
that can be used in conjunction with these life-style changes to help treat obesity.
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Sibutramine and orlistat have been approved by the U.S. Food and Drug Adminis-
tration (FDA) for pharmacotherapy of obesity. These drugs are recommended for
obese patients with a high BMI [105]. Orlistat prevents the absorption of fat by
inhibiting the enzyme lipase secreted by the pancreas and the epithelial cells the
small intestine. Orlistat can stimulat weight loss of up to 3 kg on average, in addition
to managing cardiovascular risk factors and DM in severely obese individuals [106].
In a double blind, controlled, randomized study conducted on 3,305 obese subjects,
orlistat significantly reduced total body weight and the risk of developing type 2
DM [107]. However, orlistat comes with uncomfortable side effects including fatty
and frequent stool [105]. Sibutramine prevents the re-uptake of monoamines such
as serotonin/norepinephrine, reduces total body weight by inhibiting appetite and
increasesing satiety [105]. Sibutramine also reduces HbA1c and blood pressure in
DM patients [107, 108].

Qsymia, a combination of phentermine and topiramate, utilizes the anorectic and
an antiepileptic capabilities of these agents to suppress appetite. Qsymia has recently
been approved by the FDA to helpmanage the bodyweight of severely obese patients
(>BMI 30 kg/m2). The mode of action of phentermine is still elusive, but it was
suggested that it acts via the release of catecholamines by hypothalamic neurons.
These catecholamines (serotonin, adrenaline, noradrenaline) cause a reduction in
appetite and food intake, culminating in weight loss. The exact pathway by which
topiramate (the second drug in Qsymia) exerts its effect is equally unknown. This
antiepileptic drug is said to exert its effects by modifying the action of gamma-
aminobutyrate and it receptors. This event then leads to a reduced appetite and
enhance satiety in the individual [109].

Bariatric Surgery

Weight loss has key benefits on metabolic parameters, which made people with type
2 DM and or obesity pursue more invasive interventions to cut their excess body
weight. The use of bariatric surgery to treat obesity has grown exponentially in
the past decade [110]. Bariatric surgery has been shown to induce more than 73%
remission of type 2 DM compared to control group [111], leading to normal HbA1C,
blood glucose and lipids levels [112]. Reports also showed that bariatric surgery was
able to reduce the rate of mortality from DM by 92% and from CAD by 59% when
compared with non-diabetic controls [113].

Conclusion

In conclusion, obesity is a common health condition affecting millions of people
worldwide. Obesity increases the risks for cardiovascular diseases, diabetes mellitus,
and cancer due to increases in the levels of cytokines, lipid, blood glucose and free
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radicals. The impact of obesity can be reduced by either lifestyle modifications or
pharmacotherapy, and can also be cured by bariatric surgery.
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Chapter 14
Telomere Shortening and Calorie
Restriction in Obesity

Naoki Makino and Toyoki Maeda

Abstract Obesity, which predisposes to persistant metabolic disorders such as
diabetes, dyslipidemia, and hypertension, has been reported to correlate with accel-
erated biological aging with shortened somatic telomere length. In these disease
states, production of peroxidative biochemical compounds is systemically promoted,
which is believed to be the major cause of telomere depletion. Therefore, obesity
is an underlying condition that accelerates biological aging due to telomere deple-
tion. Obesity itself also contributes to mild telomere shortening due to somatic cell
peroxidation. In addition, obesity may be associated with subtelomeric demethy-
lation, a biomarker for accelerated telomere shortening. Calorie restriction (CR) is
now the most powerful and efficient intervention and involves the administration of
a well-balanced and nutrient-dense diet that reduces calorie intake. This study was to
investigate the impact of CR on cardiac senescence in an animal model of diabetes
and examine the signal transduction mechanisms for changes in cell survival as well
as cardiac function. Male 8-week-old Otsuka Long-Evans Tokushima fatty (OLETF)
diabetic rats were divided into 2 groups: a group fed ad libitum (AL), and a group fed
with CR (30% energy reduction). At 40 weeks of age, the telomere length was not
altered in experimental rats with or without CR, however, telomerase activity in both
strains of CR rats was significantly elevated. Obesity, as well as accelerated aging,
can be considered a premetabolic disease state. Preventing obesity and managing
your diet to keep your body mass index within normal limits are important steps in
anti-aging.

Keywords Telomere · Leucocytes ·Methylation · Type 2 diabetes · Calorie
restriction · Autophagy · Diastolic function · Signal transduction

N. Makino (B) · T. Maeda
Division of Cardiology and Clinical Gerontology, Department of Internal Medicine, Kyushu
University Beppu Hospital, 4546 Tsurumihara, Beppu 8740838, Japan

© Springer Nature Switzerland AG 2021
P. S. Tappia et al. (eds.), Cellular and Biochemical Mechanisms of Obesity,
Advances in Biochemistry in Health and Disease 23,
https://doi.org/10.1007/978-3-030-84763-0_14

267

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-84763-0_14&domain=pdf
https://doi.org/10.1007/978-3-030-84763-0_14


268 N. Makino and T. Maeda

Introduction

Data from epidemiological, experimental and clinical studies strongly indicate that
maintaining a healthy body weight and preventing the fat accumulation is essential
for the prevention of multiple chronic diseases and the promotion of healthy aging
[1, 2]. Obesity is characterized by chronic, low-grade inflammation in adipose tissue,
and this can directly enhance oxidative stress [3]. Further, obesity has been associated
with decreasedDNArepair processes that are essential cell responses toDNAdamage
[4, 5], and shorter telomere length (TL) [6, 7].

Telomere is DNA–protein complexes at the ends of chromosome which main-
tain chromosomal stability [7]. Telomere shortens as individual ages and therefore
telomere attrition is considered a hallmark of ageing [8]. This presentation introduced
the analysis of TL distribution and subtelomeric methylation estimated by modified
genomic Southern blotting method [9, 10]. For better understanding of telomere
biology in obesity, this study examined responses to calorie restriction (CR) with
intermittent moderate intervals in Otsuka Long-Evans Tokushima fatty (OLETF)
rats, which is a model animal of obesity and diabetes [11–13]. In addition, molec-
ular mechanisms, especially with regard to myocardial cellular survival, senescence,
protection against cellular damage, and the activation of cardiac remodeling [14, 15]
were evaluated in association with aging-related diastolic malfunction. Our results
strongly suggest that CR improves diastolic function of diabetic hearts, ameliorating
the decrease in telomerase activity and the degradation of cardiac protein.

Obesity and Reactive Oxygen Species

Obesity usually results from excessive fat accumulation in the body caused by exces-
sive food intake. Excess fat accumulates as visceral fat,which causes fatty liver and fat
deposits on the walls of blood vessels, which in turn causes arteriosclerosis [16, 17].
The fat accumulated in such bodies serves as a substrate for the subsequent oxidative
reaction, producing oxidants and peroxides [18]. Oxidized fat is a source of reactive
oxygen species (ROS). Fatty agents are involved as a source of peroxide compounds
in additional biochemical reactions mediated by locally activated local enzymes
and cytokines [19]. The ROS produced by these series of reactions degrade the
surrounding somatic cells and damage the final DNA structure, nuclear DNA struc-
ture including telomeric DNA [18]. Telomeres are complex structures composed of
repetitive DNA components and supporting protein molecules located at the extreme
ends of eukaryotic chromosomes [20]. ROS causes somatic DNA mutations and
also destroys telomere structure. This telomere damage is followed by pathological
telomere depletion. Telomeres are physiologically shortened in all cell divisions due
to defective DNA replication mechanisms [20]. Telomere shortening is restricted
to suppress the survival of very old cells that have undergone excessively repeated
cell divisions that carry the risk of carcinogenesis caused by somatic mutations that
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accumulate during DNA replication throughout the history of cell division. [20].
When the telomere length reaches its limit, the cell stops its cell division, enters a
cellular senescent state, and dies. Therefore, normal somatic cells die before being
converted into cancer cells. Telomere shortening is considered the cell cycle history
of cells and reflects the age of biological cells. Somatic obesity systemically produces
excess ROS, followed by accelerated telomere shortening. In fact, many past reports
have shown that obese people have shorter somatic telomeres than non-obese people
[21]. Obesity predisposes to metabolic disorders that induce DM, dyslipidemia, and
hypertension. These conditions have been reported to cause higher ROS production
[22] and contribute to accelerated telomere shortening [23]. Type 2 DM patients
have been reported to tolerate telomeres with short somatic telomere length [24]. For
dyslipidemia, serum HDL levels are negatively associated with somatic telomere
length [25]. On the other hand, serum levels of LDL or triglycerides do not affect a
patient’s telomere length. Hypertension is also associated with shortening telomeres
[24, 26]. Therefore, TLwasting is affected by complex biochemical andphysiological
conditions in metabolic disorders that are primarily derived from obesity.

Obesity and Telomere Shortening

Metabolic disorders cause systemic arteriosclerosis that underlies cardiovascular
disease. In addition, diabetics are more susceptible to infections due to immuno-
suppression. On the other hand, shortening telomeres is prone to heart disease and
infectious diseases, which is life-threatening [27]. Second, populations with short
TL of somatic cells are reported to have shorter life expectancy than those with
long TL [25]. Somatic TL reflects the TL of stem cells. After consuming periph-
eral cells, stem cell division induces complementation of lost cells. In the case of
an infectious disease, the immune response is activated and white blood cells and
lymphocytes function and are lost in a series of immune responses. When such an
immune response stimulating event is repeated, peripheral immune cells are rapidly
consumed, and the shortening of TL of immune stem cells is accelerated. Indeed,
serum gamma globulin levels, which are considered to reflect a history of repeated
immune response stimulating events, are negatively correlatedwith peripheral leuko-
cyte TL, which reflects blood stem cell TL [28]. Obesity induces metabolic disorders
that lead to life-threatening diseases such as cardiovascular and infectious diseases.
Each of these accelerates TL shortening. In addition, shorter telomeres are more
susceptible to infections and heart disease and shorter life expectancy [27]. There-
fore, when obesity occurs, telomeres are at risk of a vicious cycle of TL shortening.
Dietary restrictions and daily exercise are important to stop the acceleration of TL
shortening. Furthermore, it is highly desirable to initiate treatment ofmetabolic disor-
ders early. Escape from obesity is a very effective way to treat DM, dyslipidemia and
hypertension in the case of obesity.
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Obesity and Subtelomeric Methylation

In treating obesity-related disorders, it is essential to detect not only the TL itself, but
also the rate of TL shortening. As a candidate for detecting the telomere shortening
rate, we propose to evaluate the distribution of telomere length and the extent of
subtelomeric epigenetic changes such as methylation of subtelomeres. TL measure-
ments are made in several ways. PCR-mediated TL measurement is widely used in
recent telomere surveys. For analysis of clinical samples, genomic Southern blot-
ting using telomere DNA probe is performed. In contrast to PCR-mediated methods,
Southern blots can detect telomere DNA length distribution. Proportional changes in
the proportion of long and short telomeres indicate the proportion of young and old
cells, respectively. From our observations, the long telomere rate decreases and the
short telomere rate increases with physiological aging. On the other hand, the propor-
tion of long telomeres decreases, but the proportion of short telomeres also decreases
with pathological aging, such as excessive radiation exposure. Therefore, biological
aging can be assessed by the Southern method. Also, in clinical cases, analysis of
TL distribution can detect pathological aging. In some neurodegenerative diseases
such as Parkinson’s disease and Alzheimer’s disease, accelerated biological senes-
cence associated with short somatic TL is not always detectable [28–31]. As a result,
the average TL reduction in these cases is obscured. Thus, the reduction of short
TL fractions interferes with the detection of TL shortening. In addition to telomere
length distribution, TL evaluated from genomic Southern blots is modified to detect
subtelomeric methylation.We used two types of restriction enzymes. The former and
the latter cut the same nucleotide sequence, but the former cannot cut the sequence
when methylated. Thus, methylation-sensitive isoschizomers detect the total length
of TLs (mTL: TLs containing methylated subtelomeres) and the extent of highly
adjacent subtelomeric methylated regions. By comparing mTL with TL, the degree
of methylation of subtelomeres can be quantitatively evaluated (Fig. 1a). Obesity is
thought to lead to overweight fatigue and knee joint pain, which interferes with daily
physical function and lack of exercise. It also triggers a vicious circle for obesity. On
the other hand, muscle mass has a positive correlation with TL [32]. Lack of exercise
shortens TL. Among patients with chronic illness, those with higher physical perfor-
mance tend to have longer TLs (Fig. 1b), and higher methylation in the subtelomeric
region is a predictor of effective recovery of physical function after hospitalization
physical therapy. (Fig. 1c) [9]. Furthermore, subtelomeric hypomethylation has been
shown to correlate with accelerated telomere shortening in diabetes [10]. Here we
present a new study on BMI and telomere length in patients with stable chronic
disease. The telomere parameters and BMI of patients (83 males, 40 females) were
further analyzed. The higher BMI group (mean BMI 26.7 ± 2.1 for men, 27.7 ±
4.6 for women) had TL 6.1 ± 0.6 kb in men and subtelomeric methylation range
(met TL-TL) 0.9 ± 0.4 kb and TL 6.7 ± 0.7 kb and mTL- shows female TL 0.85 ±
0.4 kb and lower BMI group (mean BMI 20.9 for men, 25.2± 3.2 for women) shows
mean TL 6.1± 0.5 and meets TL-TL 1.0± 0.2 for men, TL 6.3± 0.7 kb and mTL-
filled. TL 1.1± 0.3 kb in women (p-value; TL 0.691 and mTL-TL 0.840 in men, TL
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Fig. 14.1 a Southern blot results of leukocyte DNA. The left lane shows the length of the DNA
fragment (kb). The middle and right lanes are examples of genomic Southern blots using a telomere
DNA probe.b. The methylation-insensitive restriction enzyme (Msp I) is used in the middle lane. A
methylation insensitive restriction enzyme (HpaII) is used in the right lane. Both enzymes cleave
the tetranucleotide sequence CCGG Note that the right lane smear (methylated telomere length)
is longer than the middle lane smear (standard telomere length). b Regression analysis between
white blood cell telomere length and physical performance [32]. Physical performance is assessed
using the Barthel Index. Notice that the two variables show a positive correlation. c Regression
analysis between improvement of physical performance and subtelomeric methylation status of
long telomeres [32]. Physical fitness recovery of inpatients with physical therapy was assessed
by comparing the Barthel Index assessed at admission and discharge. The degree of subtelomeric
methylation of telomeres longer than 9.4 kb is positively associated with improved Barthel index
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0.126 and mTL-TL 0.038 in women). Although no significant correlation between
telomere length telomeres and BMIwas detected, this analysis detected subtelomeric
demethylation with high BMI (unpublished data). Several previous reports failed to
reveal a significant negative correlation between obesity and telomere length [33–35].
Presumably, background medical conditions can lead to loss of correlation between
BMI and telomere parameters. However, higher BMI is associated with subtelomeric
demethylation consistent with an accelerated stage of telomere depletion. Therefore,
obesity can be considered as a preliminary condition that promotes aging, even before
the shortening of TL is apparent. Obesity therefore needs to be corrected by dietary
restrictions and proper exercise to prevent further metabolic disorders.

General Characteristic in Animal Study

The OLETF rat model represents some of the phenotypes of type 2 diabetes and
the pathological features of human metabolic syndrome including late onset hyper-
glycemia, mild obesity, increased insulin resistance, hyperlipidemia, and hyperten-
sion [11–13].Mean bodyweight (BW) at 8weeks of agewas similar to that of each of
all other experimental rat model groups (Table 14.1). Average weekly food consump-
tion was lower in the LETO-CR and OLETF-CR groups than in all other groups.
The food intake of high-fat calorie diet (HFD) rats [36] was not different from that of
OLETF rats fed ad libitum. Caloric restriction with a 30% energy reduction resulted
in significantly reduction in BW in the LETO-CR and OLETF-CR groups compared
to other groups fed ad libitum. Fasting blood glucose levels at 40 weeks of age were
significantly lower in OLETF-CR rats than OLETF fed ad libitum, and were higher
in HFD than in LETO and LETO-CR rats. The homeostasis model assessment of
insulin resistance (HOMA-IR), a marker of insulin resistance, was determined based
on both plasma glucose and serum insulin levels. HOMA-IR was significantly less
in LETO or OLETF-CR interventions at 40 weeks of age, compared to each AL-fed
group. Serum cholesterol and triglyceride levels were significantly elevated in HFD,
OLETF and OLETF-CR rats at 40 weeks of age. However, serum adiponectin levels
were higher in each of the two CR groups than in LETO or OLETF without CR rats
at the end of the study, respectively. Systolic blood pressure was comparable between
the groups under study. And calorie restriction.

Telomere Biology and CR

Telomeric DNA length was assessed by dot-blot analysis of 40-week-old rat cardiac
cells (Fig. 2a). Telomere DNA length was significantly shorter in the heart tissue of
HFD rats, but was not altered by CR in experimental rats with or without CR [37]. On
the other hand, telomerase activity quantified using a TRAP assay was significantly
elevated in the hearts of both LETO-CR and OLETF-CR rats (Fig. 2b). However,
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Fig. 14.2 a Summarized results as relative the telomeric-to-centromeric DNA content (T/C) ratio.
b Summarized data of telomerase activity. Each value is presented in comparison with data of
LETO rats fed ad libitum. c Summarized data are shown protein expression levels of telomere
reverse transcriptase (TERT), telomere RNA component (TERC), telomere repeat binding factor
(TRF)1 and TRF2 in heart tissue from LETO and OLETF rats with or without CR. Each value
is presented as the ratio to GAPDH. The open bar indicates data from LETO or OLETF rats fed
ad libitum; the solid bar indicates data from LETO-CR or OLETF-CR rats; the gray bar indicates
data from LETO rats fed high calorie food diets (HFD). Each group contained 6 animals. Values
are means ±SE. a, P < 0.05 versus LETO or OLETF rats; b, P < 0.05 versus LETO-CR rats

this activity was depressed in the hearts of HFD rats. Next, protein expression levels
of the catalytic subunits TERT and TERC were assessed (Fig. 2c). The expression
level of TERT was lower in OLETF rats than in LETO rats, however, this difference
was erased by CR diet in OLETF rats. Similar results were obtained for telomere-
associated protein TRF2. The expression of TERC and TRF-1 was similar among
the groups [37].

Cell Signaling and CR

Since protein expression for the cell signaling of survival factors is associated with
CR intervention, protein expression of IGF-1, p53, phospho-Akt, FoxO1 and Sirt1
in the heart was investigated from LETO and OLETF rats of CR (Fig. 3a). Protein
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Fig. 14.3 a Summarized data ofWestern immunoblotting are shownprotein expressions for insulin-
like growth factor (IGF)-1, p53, phospho-Akt (p-Akt), forkhead transcription factor (FoxO1) and
Sirt1 in the hearts from LETO and OLETF rats with or without CR. Each value is presented as
the ratio to GAPDH. Each bar has the same patterns as Fig. 14.1. Summarized data of Western
immunoblots showing the expression of and the LC3-II/LC3-I ratio (b) and beclin1/GAPDH (c).
Each group contained 6 animals. Values are means ±SE. a, P < 0.05 versus LETO or OLETF rats;
b, P < 0.05 versus LETO-CR or OLETF-CR rats

levels for IGF-1, phospho-FoxO1 and Sirt 1 were higher in the hearts of LETO-CR or
OLETF-CR rats at 40 weeks old age. However, p53 protein levels were significantly
reduced by CR in both strains of rats. Next, we examined the expression of LC3-II
in LETO or OLETF rats with CR intervention and assessed the effects of CR on
autophagic flux to determine which mechanism is primarily involved in intracellular
signaling of cell survival (Fig. 3b). An increase in the ratio of LC3-II to the cytosolic
form of LC3 (LC3-I) was observed in CR rats. In addition, the expression levels
of beclin1 were also similar observations as seen in results of LC3-II from CR rats
(Fig. 3c).
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Table 14.2 Results of Doppler Echocardiography in AL, CR or HFD Treated with LETO rats and
AL or CR Treated with OLETF rats at 40 wk age

LETO OLETF

AL (n = 6) CR (n = 6) HFD (n = 5) AL (n = 6) CR (n = 6)

LVEDD (mm) 8.13 ± 0.36 7.88 ± 0.46 9.36 ± 0.38 8.28 ± 0.49 7.86 ± 0.36

FS (%) 42.6 ± 2.9 42.5 ±0.24 41.8 ± 0.18 4.30 ± 0.21 41.9 ± 2.4

E/A ratio 1.57 ± 0.08 1.62 ± 0.07 1.84 ± 0.07a 1.25 ± 0.05a 1.42 ± 0.08b

DTE 40.0 ± 2.8 39.4 ± 2.1 46.7 ±2.6a 47.8 ± 2.8a

Values are means ± SE. LVEDD, Fractional shortening (FS) was determined by the following
equation: FS = [ (LVEDD—LVESD)/LVEDD] × 100 (%). E/A ratio, peak velocity of early
transmitral inflow (E)-to-peak velocity of late transmitral inflow (A) ratio; DTE, decelaration time
of the E wave. a; p < 0.05 versus LETO rats with AL; b; p < 0.05 versus OLETF rats with AL

Cardiac Diastolic Function and CR

Echocardiography was performed in different groups of 40-week-old rats (Table
14.2). The E/A ratio was significantly longer in HFD than in LETO rats, and was
significantly shorter in OLETF than in OLETF-CR rats. Conversely, the deceleration
time of the E wave (DTE) was extended in HFD or OLETF rats, and shortened in
OLETF-CR rats, compared to OLETF rats. Left ventricular end-diastolic dimension
(LVEDD), left ventricular end-systolic dimension (LVESD) and fractional shortening
(all indexes of systolic function) were not significantly different among the different
groups.

Conclusions

The present study shows the distribution of telomere length and the extent of
subtelomeric epigenetic changes such as subtelomeric methylation in obesity. No
significant correlation was detected between telomere length and BMI, however,
higher BMI is associated with subtelomeric demethylation consistent with an accel-
erated stage of telomere depletion. Obesity can be considered as a preliminary condi-
tion that promotes aging, even before the shortening of TL is apparent. The harmful
effects of obesity on cardiovascular disease have been demonstrated in many studies.
This study implies that CR increases telomerase activity and delays cardiac senes-
cence,whichmaybe associatedwith functional improvement of diastolic dysfunction
in the heart of diabetic rats. In addition, these results may be due in part to enhanced
autophagy flux, and attenuated muscle protein degradation by CR. Taken together,
these data suggest that there may be a benefit of CR in patients with diabetes, and
may provide a metabolic switch that translates the dietary changes of CR into a
program of health and survival. However, despite the positive anti-aging benefits of



14 Telomere Shortening and Calorie ... 277

CR reported herein, compliance remains a major impediment because the lifestyle
changes associated with CR require considerable patient commitment.
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Chapter 15
Sympathetic Nervous System
and Cardiovascular Alterations Due
to Food Restrictions

Anureet K. Shah and Naranjan S. Dhalla

Abstract Excessive food intake over a prolonged period is known to result in
obesity, a risk factor for heart disease, associated with derangements of myocar-
dial metabolism. Furthermore, food restriction has been shown to reduce obesity,
attenuate metabolic changes in the myocardium and improve hemodynamic perfor-
mance. This article is therefore intended to discuss the impact of food restriction on
cardiovascular performance and sympathetic activity to understand the mechanisms
for its beneficial effects. Feeding rats 25% of ad libitum diet (severe food restric-
tion) increased blood pressure and left ventricular function during 2 to 7 days but
decreased these parameters as well as heart rate during 10 to 14 days. Both plasma
and cardiac norepinephrine levels were increased during 2 to 14 days whereas plasma
epinephrine levels were elevated during 2 to 7 days and cardiac epinephrine content
was increased during 10 to 14 days of feeding 25% of ad libitum diet. Restriction of
food (25%ad libitum) for 14 days also attenuated the epinephrine—induced inotropic
effect as well as different types of arrhythmias; this was associated with reduction
of β—adrenoceptor density in the myocardium. An increase in sympathetic activity
was also seen due to starvation of animals for 4 days. Feeding (50% ad libitum)
diet (moderate food restriction) for 14 and 28 days showed depression in different
parameters of cardiovascular function as well as increased cardiac norepinephrine
and epinephrine content whereas plasma norepinephrine levels were increased at
14 days and decreased at 28 days without any changes in plasma epinephrine levels.
These studies indicate that augmentation of sympathetic activity is associated with
enhanced cardiovascular performance at initial stages followed by depression in
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heart function due to severe food restriction. Furthermore, depression in cardiovas-
cular function due to food restriction, in spite of increased cardiac catecholamine
content, may be related to reduced effect of sympathetic activity.

Keywords Food restriction · Obesity · Sympathetic activity · Cardiovascular
function · Cardiac catecholamines · Plasma catecholamines · Starvation

Introduction

It is now well accepted that obesity is associated with accumulation of fat in the
body and is considered to be a major risk factor for the development of heart disease
[1–5]. In fact, excessive intake of food is known to be the main cause of obesity
and a wide variety of metabolic and functional changes have been shown to occur
in the heart during its development. Since food restriction has been demonstrated
to suppress obesity and attenuate different metabolic derangements in the heart. [6–
10], this article is intended to describe the role of metabolic modifications due to the
action of food restriction on cardiovascular function. Furthermore, it is pointed out
that the sympathetic nervous system is known to regulate cardiac function as well as
several metabolic processes and changes in its activity have been reported to play a
significant role in obesity and food restriction [11–15]. Accordingly, this review is
focused to highlight the evidence regarding the relationship between changes in the
status of sympathetic activity and cardiovascular performance due to food restriction.
However, in order to fully appreciate the mechanisms of the beneficial effects of
food restriction, it is important first to briefly outline the pathophysiology of cardiac
dysfunction in obesity. Although both exercise and fasting are commonly employed
for weight reduction and management of obesity [16–20], discussion of these events
in this article is centered around the influence of food restriction on some parameters
of heart function and sympathetic activity.

Obesity-Induced Cardiovascular Complications

Several cardiovascular abnormalities including hypertension, atherosclerosis,
myocardial infarction, heart failure, cardiomyopathy and arrhythmias are seen in
obese subjects as a consequence of excessive food consumption for a prolonged
period [4, 10, 18, 21–25]. Although obesity is considered as a risk factor for all these
cardiovascular complications (Fig. 15.1), the pathophysiologic mechanisms associ-
ated with these different diseases are poorly understood. It is noteworthy that all
these cardiovascular diseases in obesity occur over a prolonged period and it is not
clear whether these abnormalities appear at the same or different times. Nonetheless,
it is generally held that elevated levels of circulating lipids in obesity [26–29] may
induce defects in endothelium for the occurrence of hypertension and atherosclerosis,
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Fig. 15.1 Schematic representation of some cardiovascular complications associated with obesity
due to excessive food consumption

elevated levels of free fatty acidsmay account for arrhythmias [30], as well as deposi-
tion of lipids in the heart may explain the development of lipotoxic cardiomyopathy.
Furthermore, myocardial infarction and heart failure associated with obesity may be
due to the development of coronary disease and cardiac remodeling [21], respectively.
It is interesting to point out that such cardiovascular abnormalities in obesity may be
a consequence of a generalized defect “metabolic syndrome” because diabetes has
also been considered to be a risk factor for the development of similar cardiovascular
complications. [31–37]. It should also be noted that obesity associated cardiovas-
cular complications are age-dependent [38] and there are some reports which show
paradoxical effects of obesity, as this clinical syndrome has been indicated to delay
or attenuate cardiovascular abnormalities [39].

Hyperlipidemia and Hyperglycemia due to excessive food intake for a prolonged
period are known to increase body weight, deposition of triglycerides in adipocytes
and storage of glycogen in the liver [4, 5, 23, 26, 34, 40]. The elevated levels of circu-
lating free fatty acids and triglycerides in obese subjects are considered to cause
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a wide variety of metabolic derangements in the heart [41–48]. These alterations
include increased uptake and oxidation of free fatty acids, deposition of triglycerides
as well as depressed utilization of glucose as a substrate in the myocardium. Exces-
sive β-oxidation of free fatty acids over a time period has been shown to depress
mitochondrial oxidative phosphorylation, impair electron transport and promote the
generation of oxidative stress in cardiomyocytes. On the other hand, deposition of
triglycerides in the myocardium will induce lipotoxicity, development of cardiomy-
opathy and occurrence of cardiac dysfunction in obesity [4, 23, 49–51]. Expanded
adipocytes in obese subjects not only release lipids in the circulation but are also
known to secrete different hormones such as leptin, adiponectin and resistin to main-
tain metabolic homeostasis in the body [40, 44, 52]. In addition, these adipocytes
secrete interleukin (1L–6) and tumor necrosis factor (TNF–α) for the development
of low grade inflammation [52]. Although decreased insulin sensitivity and glucose
utilization bymyocardium have been shown to occur in obesity, it is not clear whether
these changes are directly due to increased level of free fatty acids or the consequence
of increased development of oxidative stress. Both pro-inflammatory cytokines and
oxidative stress are known to induce myocardial fibrosis, apoptosis, necrosis and
cardiac dysfunction [36, 53, 54]. Some of these mechanisms which may be inti-
mately associated with metabolic derangements in the myocardium due to obesity
are shown in Fig. 15.2. There is a good possibility that these mechanisms are asso-
ciated with metabolic derangements and may predispose the cardiovascular system
to different pathological factors for the development of different diseases in obesity.

Obesity

Metabolic Derangements 
in Myocardium

Mitochondrial
Defects

Increased Free Fatty 
Acid Utilization

Oxidative 
Stress

Decreased 
Insulin Sensitivity

Decreased 
Glucose Utilization

Low Grade 
Inflammation 

Fig. 15.2 Schematic representation of some metabolic derangements in the heart as a consequence
of obesity
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Beneficial Effects of Food Restriction in Obesity

Extensive research has been carried out to show that food restriction and caloric
reduction exert several positive actions in reducing the cardiovascular complications
in obesity [6–11, 55]. Food restriction for a prolonged period not only improves the
overall health and metabolic status of obese subjects but also reduces the incidence
of cardiovascular abnormalities [8, 14, 17, 56]. Some of the events associated with
the loss of body weight and improvement of metabolic status due to prolonged food
restriction are represented in Fig. 15.3. It is pointed out that there occurs mobiliza-
tion and utilization of endogenously stored fuel for the maintenance of metabolic
homeostasis upon food restriction. Particularly, glycogen stores and lipid deposits
are mobilized first to increase the circulating levels of glucose, free fatty acids and
triglycerides for use in themyocardium [6–9, 57]. Thereafter, skeletalmuscle proteins
are catabolized to amino acids and converted to appropriate fuel for utilization in the
heart. Food restriction has also been reported to improve insulin—sensitivity [19,

Food Restriction

Stimulation of
Endogenous Fuel Utilization

Depletion of 
Glycogen Stores

Degradation of 
Skeletal Muscle 

Proteins

Mobilization of 
Visceral Fat

Loss of Body Weight and 
Improvement of Metabolic Status

Fig. 15.3 Schematic representation of events depicting the impact of food restriction for the loss
of body weight and improvement of metabolic status
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58] and this can be seen to promote glycogenolysis and lipolysis as well as the trans-
port of glucose and free fatty acids. Furthermore, food restriction has been shown to
attenuate both oxidative stress and inflammation [53, 54, 59, 60] and these effects
may also be involved in the improvement of metabolic status and cardiovascular
function.

Although heart dysfunction has been demonstrated to be attenuated upon food
restriction [6, 7, 61, 62], the status ofCa2+-handling by subcellular organelles remains
to be determined in the myocardium during the development of obesity as well as
upon the institution of food restriction. In view of the observations that food restric-
tion improves glucose transport and establishes a balance between the utilization of
glucose and free fatty acids [8, 9, 44], it is evident that the improvement of cardiac
function due to food restriction may be a consequence of attenuation of metabolic
defects in the myocardium. Since endothelial function is improved by low-caloric
diet [63], such an effect of food restriction can be seen to partly explain for the
attenuation of coronary disease [18], atherosclerosis [24] and hypertension [64–66].
Suppression of heart failure in obesity due to food restriction [2, 22, 67] is attributed
to the reduction of myocardial fibrosis and apoptosis as a consequence of attenuated
inflammations and oxidative stress. Nonetheless, caloric restriction has been shown
to impart cardio protection and induce tolerance towards ischemic injury [68–70].
These observations support the view that food restriction reduces incidence for the
development of heart disease by improving the metabolic status of myocardium in
obesity.

Impact of Severe Food Restriction on Cardiovascular
Function

In view of the fact that food restriction has been shown to result in progressive
weight loss and reduction in the development of cardiovascular complications, some
investigators have attempted to examine its effect on cardiovascular function [25, 71,
72]. When rats were fed 25% ad libitum diet (severe food restriction) for 14 days
[71] there was a gradual decrease in body and heart weights during 3 to 14 days
whereas the aortic systolic pressure and mean blood pressure were increased during
2 to 7 days but thereafter started decreasing during 10 to 14 days (Table 15.1).
The aortic diastolic pressure was increased during 5 to 7 days but was decreased at
14 days of food restriction [71]. Furthermore, the left ventricular systolic and diastolic
pressures as well as the left ventricular ± dP/dt (rates of contraction and relaxation)
were increased at 2 and 7 days and decreased at 14 days (Table 15.2). It can also be
seen that the heart rate did not change during 2 to 7 days but was decreased during 10
to 14 days of food restriction [71]. These observations suggest that the cardiovascular
function is augmented at initial stages (within 2 to 7 days) but is depressed thereafter
(within 10 to 14 days) due to severe food restriction in normal animals. However,
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Table 15.1 Influence of severe food restriction for different days on growth parameters and blood
pressure in normal rats

Body Wt. (g) Heart Wt. (g) Aortic systolic pressure
(mm Hg)

Arterial mean pressure
(mm Hg)

Control 419 ± 9 1.31 ± 0.04 102 ± 3.6 87 ± 3.0

2 days 378 ± 20 1.18 ± 0.06 123 ± 2.9* 108 ± 5.4

7 days 332 ± 10* 1.00 ± 0.03* 133 ± 6.1* 118 ± 4.8*

10 days 284 ± 10* 0.99 ± 0.03* 107 ± 11.6 92 ± 11.8

14 days 254 ± 11* 0.83 ± 0.04* 70 ± 7.5* 57 ± 7.3*

Control rats were fed ad libitum whereas experimental animals were given 8 g/day regular rat chow
(25% of ad libitum food intake) for 14 days. The aortic diastolic pressure was increased at 5 and
7 days and decreased at 14 days. The data are taken from our paper—McKnight et al. 1999 [71].
*—P < 0.05 versus respective control value

Table 15.2 Influence of severe food restriction for different days on heart rate, LV systolic and
diastolic pressures, and LV dP/dt in normal rats

Heart rate
(beats/min)

LV systolic pressure
(mm Hg)

LV diastolic pressure
(mm Hg)

LV + dP/dt (mm
Hg/sec)

Control 360 ± 15 135 ± 5 3.1 ± 0.4 2230 ± 80

2 days 374 ± 21 165 ± 4* 6.2 ± 0.7* 2540 ± 95*

7 days 358 ± 17 154 ± 3* 8.4 ± 0.5* 2836 ± 100*

10 days 290 ± 11* 120 ± 6 4.2 ± 0.6 2428 ± 102

14 days 230 ± 16* 96 ± 3* 2.6 ± 0.3 1620 ± 75*

Control rats were fed ad libitum whereas experimental animals were given 8 g/day (25% of ad
libitum food intake) for 14 days. LV—dP/dt was increased at 2 and 7 days and decreased at 14 days.
The data are taken from our paper—McKnight et al. 1999 [71]. LV—left ventricle; dP/dt—rate of
pressure change; *—P < 0.05 versus respective control value

no information regarding the time-course changes in cardiovascular function due to
food restriction in obese animals is available in the literature.

Impact of Severe Food Restriction on Sympathetic Activity

In order to understand the mechanism of biphasic changes in cardiovascular function
due to severe food restriction, the status of sympathetic nervous systemwas examined
by measuring the levels of plasma and cardiac catecholamines (both norepinephrine
and epinephrine). Feeding rats 25% of the ad libitum diet for 14 days [71] was found
to increase plasma norepinephrine and epinephrine levels at 1 to 7 days; thereafter
plasma norepinephrine levels started to decline but were still elevated significantly
at 10 and 14 days, unlike plasma epinephrine levels which declined towards normal
values (Table 15.3). There was a gradual increase in cardiac norepinephrine content
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Table 15.3 Influence of severe food restriction for different days on plasma and cardiac
catecholamine levels in normal rats

Plasma catecholamines (pg/ml) Cardiac catecholamines (ng/g)

Norepinephrine Epinephrine Norepinephrine Epinephrine

Control 526 ± 31 194 ± 22 614 ± 34 36 ± 5

2 days 2000 ± 140* 1080 ± 156* 876 ± 54 46 ± 5

7 days 2650 ± 228* 1240 ± 210* 940 ± 38* 44 ± 4

10 days 1765 ± 124* 164 ± 56 1250 ± 56* 55 ± 5*

14 days 1140 ± 138* 158 ± 48 1494 ± 72* 61 ± 7*

Control rats were fed ad libitum whereas experimental animals were given 8 g/day regular rat chow
(25% ad libitum food intake) for 14 days. The data are taken from our paper—McKnight et al. 1999
[71]. *–P < 0.05 versus respective control value

between 2 to 14 dayswhereas cardiac epinephrine contentwas significantly increased
at 10 and 14 days upon food restriction (Table 15.3). Although the pattern of changes
in the levels of plasma and cardiac content of catecholamines is differential in nature,
such a difference may be due to the fact that norepinephrine in synthesized in the
sympathetic nerve endings in the heart whereas epinephrine is mainly synthesized in
the adrenal medulla and is taken up by the heart from circulation. These observations
suggest that the sympathetic nervous system is activated [71] and support the view
that the increased sympathetic activity may be intimately involved in stimulating
the cardiovascular system upon starting at initial stages of severe food restriction.
It should be noted that the sympathetic nervous system has been reported to be
controlled by nutritional status and is markedly affected by food restriction [12–14,
74].

Influence of Fasting and Starvation on Sympathetic Activity

Fasting is commonly used for the reduction of obesity as well as induction of
weight loss, and has been reported to affect heart function, myocardial metabolism
and sympathetic nervous system [75–78]. Furthermore, self-induced starvation in
anorexia has been shown to affect the heart function and induce marked changes
in the sympathetic activity [79–82]. Starvation has also been demonstrated to alter
cardiac function, oxidative metabolism and sympathetic activity as well as carbo-
hydrate and lipid metabolism [15, 83–85]. Starvation of rats for 5 days was found
to increase norepinephrine content in the heart during 3 to 5 days [86]. The data
in Table 15.4 for 4 days of starvation show that increased cardiac content of nore-
pinephrine as accompanied by an increase in the plasma level of norepinephrine. In
addition, starvation was observed to decrease the presence of norepinephrine in the
granular fraction and increase in the soluble fraction of the heart [Table 15.4]. Such
observations provide evidence that increased sympathetic activity due to starvation
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Table 15.4 Effect of starvation on cardiac and plasma norepinephrine levels as well as subcellular
distribution in normal rats

Control rats 4 Days starved rats

Cardiac norepinephrine (μg/g heart) 0.702 ± 0.044 1.181 ± 0.167*

Plasma norepinephrine (ng/100 ml) 438 ± 22 586 ± 23*

Subcellular distribution (% Norepinephrine)

Granular fraction 70.87 ± 0.50 46.73 ± 1.35*

Soluble fraction 29.13 ± 0.50 53. 27 ± 1.35*

Control rats were fed ad libitum whereas experimental animals were starved for 4 days. The data
are taken from our paper—Balasubramanian and Dhalla, 1972 [86]. *–P < 0.05 versus respective
control value

is associated with increased synthesis of norepinephrine [86]. Thus, it is evident that
increased levels of plasma and cardiac catecholamines at early stages of severe food
restriction are the consequence of sympathetic nervous system activation.

Alterations in Cardiovascular and Sympathetic Activities
Due to Prolonged Food Restriction

Since feeding animals 25% of ad libitum diet (severe food restriction) was found
to depress left ventricular LV systolic pressure and LV rate of contraction and
relaxation at 14 days [72], it was considered of critical importance to investigate
if alterations in plasma and cardiac catecholamines at this time were associated with
electrocardiographic (EKG) changes [25]. The data in the Table 15.5 indicate that
increased plasma norepinephrine, unlike plasma epinephrine, as well as increased
cardiac norepinephrine and epinephrine at 14 days of food restrictionwere associated
by bradycardia (depressed heart rate), decreased β–adrenoceptor density, increased
QRS duration and increased QT interval without any changes in PR interval [25].
Because increased QT interval is a well known risk marker for the development
arrhythmias (which may be attributed to the increased sympathetic activity), some
caution should be exercised while using severe food restriction for the management
of obesity. Nonetheless, it is pointed out that the incidence of various types of arrhyth-
mias due to epinephrine in animals for 14 days of food restriction was attenuated
(Table 15.5). Furthermore, no fibrillation or mortality occurred in animals on 14 days
of food restriction (Table 15.5) [25]. Thus, in spite of some adverse cardiac effects
of severe food restriction, this intervention can be seen to exert several beneficial
actions for the management of obesity.

In another series of experiment, the effects of amoderate degree of food restriction
(50% of ad libitum diet) were examined for a longer period (at 14 days and 28 days of
food restriction) on cardiovascular and sympathetic activities [72]. The data in Table
15.6 indicate that the loss of body weight and heart weight due to moderate food
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Table 15.5 Influence of severe food restriction for 14 days on epinephrine—induced changes in
EKG and sympathetic activities in normal rats

Control Food Restriction

A. EKG and sympathetic parameters:

Heart rate (beats/min) 350 ± 19 220 ± 34*

PR interval (msec) 4.46 ± 0.15 5.55 ± 0.76

QRS duration (msec) 1.46 ± 0.08 1.80 ± 0.12*

QT interval (msec) 4.70 ± 0.15 7.50 ± 0.98*

Plasma norepinephrine (pg/ml) 548 ± 69 1180 ± 31*

Plasma epinephrine (pg/ml) 154 ± 77 140 ± 11

Cardiac norepinephrine (ng/g) 753 ± 20 1450 ± 136*

Cardiac epinephrine (ng/g) 30 ± 6 60 ± 8*

β-adrenergic receptor Density (fmol / mg protein) 69 ± 3.3 50 ± 4.4*

B. Epinephrine—induced Arrhythmias:

Incidence (%) 100 66

Fibrillation (%) 33 None

Control rats were fed ad libitumwhereas experimental animals were given 25% of food for 14 days.
Epinephrine was administered as cumulative intravenous bolus injections (6 μg/kg) over a 30 min
period. The data are taken from our paper—McKnight et al. 1996 [25] *–P < 0.05 versus respective
control value

restriction for 14 and 28 days was associated with reduced heart rate. Furthermore,
mean arterial blood pressure and left ventricular systolic pressure were depressed
without any significant changes in left ventricular diastolic pressure at 14 days and
28 days of moderate food restriction [72]. It should also be noted from data in Table
15.6 that cardiac norepinephrine and epinephrine content were increased at both 14
and 28 days of food restriction. On the other hand, plasma norepinephrine levels
were increased at 14 days and decreased at 28 days without any changes in plasma
epinephrine levels due to food restriction (Table 15.6). These observations indicate
that although sympathetic system was activated by moderate food restriction for a
prolonged period, but the cardiovascular function was depressed. Such results can
be explained on the basis that cardiovascular effects of the increased sympathetic
activity due to prolonged food restriction may be attenuated as a consequence of
reduced β–adrenoceptor density as indicated in Table 15.5. However, further work
regarding the effects of moderate food restriction in obese animals is needed for
marking a meaningful conclusion.
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Table 15.6 Influence of moderate food restriction (50% ad libitum) for 14 days and 28 days on
cardiovascular and sympathetic activity parameters in normal rats

Control Food restriction

14 days 28 days

Body Wt. (g) 490 ± 12 332 ± 10* 315 ± 17*

Heart Wt. (g) 1.31 ± 0.6 1.13 ± 0.05 0.92 ± 04*

Heart rate (beats/min) 370 ± 16 305 ± 12* 250 ± 10*

Mean arterial pressure
(mm Hg)

126 ± 6 83 ± 10* 90 ± 4*

LV systolic pressure
(mm Hg)

155 ± 10 116 ± 8* 100 ± 15*

Plasma norepinephrine
(pg/ml)

230 ± 17 458 ± 21* 165 ± 9*

Plasma epinephrine
(pg/ml)

180 ± 15 194 ± 13 204 ± 16

Cardiac norepinephrine
(ng/g heart)

210 ± 18 510 ± 45* 630 ± 54*

Cardiac epinephrine
(ng/g heart)

26 ± 4 45 ± 6* 65 ± 8*

Control rats were fed ad libitum whereas experimental animals were given 50% ad libitum rat chow
for 14 days and 28 days. The LV diastolic pressure values (mm Hg) for control as well as 14 days
and 28 days food restriction were 120 ± 15, 112 ± 10 and 150 ± 21, respectively. The data were
taken from our paper—Hilderman et al. 1996 [72]. LV—left ventricle. *–P < 0.05 versus respective
control value

Conclusions

From the foregoing discussion, it is evident that excessive food intake for a prolonged
period results in obesity associated with metabolic derangements and several cardio-
vascular complications. Although food restriction has been demonstrated to exert
beneficial effects by promoting weight loss and reducing metabolic abnormalities,
the exactmechanism for improvements in cardiovascular function are not fully under-
stood. In viewof themarked actions of the sympathetic nervous systemonmyocardial
metabolism and cardiac function, this article has focused on examining the effects
of food restriction on the status of sympathetic activity and cardiovascular func-
tion. Severe food restriction in normal rats was associated with increase in the levels
of plasma and cardiac catecholamines as well as augmentation of cardiovascular
function during 2 to 7 days. However, the intensity of sympathetic activation due
to severe food restriction started to decline and in fact was associated with reduced
heart rate and cardiac function during 10 to 14 days. It was noteworthy that the
increase sympathetic activity at 14 days of severe food restrictionwas associatedwith
depressed cardiovascular function as well as reduced β–adrenoceptor density and
attenuation of catecholamine–induced arrhythmias. Furthermore,moderate degree of
food restriction for 14days and28days suppressed cardiovascular function, increased
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cardiac catecholamines whereas plasma norepinephrine was increased at 14 days and
decreased at 28 dayswithout any changes in plasma epinephrine. Thus, it appears that
food restriction may activate the sympathetic nervous system as a consequence of
hunger stress; however, over a prolonged period the impact of sympathetic activity is
attenuated possibly due to reduction in β–adrenoceptor density as well as some other
mechanisms and results in improved cardiovascular function. A schematic represen-
tation of some of the events associated with improvement of cardiovascular function
due to food restriction is shown in Fig. 15.4. Nonetheless, it should be emphasized
that an extensive amount of research work needs to be carried out for investigating
the role of sympathetic nervous system in affecting the cardiovascular function and
metabolism due to food restriction by employing obese subjects.
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Chapter 16
The Relevance of Metabotrophic Factors
in Pathobiology and Therapy of Obesity
and Related Diseases

George N. Chaldakov, Luigi Aloe, Gorana Rancic, Rouzha Z. Pancheva,
Marcia Hiriart, Marco Fiore, and Stanislav Yanev

Abstract Currently, the most widespread global ailment is not COVID-19 or any
other such devastating infectious diseases. In fact, obesity has been recognized
as a prime risk in the development of cardiometabolic diseases (CMD), neurode-
generative diseases (NDD) and cancer and their morbidity and mortality signa-
ture. The pathobiology and therapy of obesity and related diseases are immensely
complex at the cellular and molecular levels. This scenario raises the question of
how such a complexity may be grappled in a more tangible manner. Since 2003,
we have been thinking “what nobody has yet thought about that which everybody
sees”, namely, metabotrophic factors (MTF or metabotrophins, metabokines). They
include mainly (i) the neurotrophins nerve growth factor (NGF) and brain-derived
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neurotrophic factor (BDNF), and (ii) the adipomyokines adiponectin, irisin, BDNF,
fibroblast growth factor-21 alike as adipose- and skeletal muscle-derived signaling
proteins. Herein, we argue that obesity and related CMD and NDD, particularly
Alzheimer’s disease, may be viewed as MTF-deficient diseases. Further studies
on MTF signatures and ramifications in these diseases are required. This may open
up an intriguing line of scientific enquiry that will ally adipobiologists with neurobi-
ologists and myobiologists in the fight against obesity. These would provide greater
insights on how we can make MTF work for the improvement of physiological and
psychological quality of human life.

Keywords Obesity · Cardiometabolic diseases ·Metabotrophic factors ·
Adipomyokines · NGF · BDNF · Adiponectin · Irisin · Alzheimer’s disease

Introduction

Thus, the task is not so much to see what no one has yet seen, but to think what nobody has
yet thought about that which everybody sees.

Arthur Schopenhauer

Life at both the local and systemic levels requires nutritional, immune, neurotrophic
and metabotrophic support. Any dysfunction or deficit in this support may lead to
illness, such as obesity and related cardiometabolic diseases (CMD) [e.g., atheroscle-
rosis, hypertension, type 2 diabetes mellitus (T2DM) and metabolic syndrome].
At its core, obesity may be classified as dysmetabolic disorder featured by: (i)
accumulation, hypoxia and inflammation of white adipose tissue [1–4], and (ii)
dysfunction of brown adipose tissue [5–9]. Then, the adipose-derived proinflam-
matory and dysmetabolic signals are disseminated to many organs of the body. This
leads to the development of CMD and neurodegenerative diseases (NDD), particu-
larly Alzheimer’s disease (AD), which we shall discuss in the present Chapter. The
list of obesity-associated disorders also include: non-alcoholic steatohepatitis, non-
alcoholic fatty liver disease, polycystic ovarian syndrome, obstructive sleep apnea,
inflammatory bowel disease, thyroid-associated ophthalmopathy, and cancers.

Neurotrophins

In the 1950s at Washington University Medical School, St Louis, MO, Rita Levi-
Montalcini and Stanley Cohen discovered a protein with nerve growth-stimulating
effect, and they named it nerve growth factor (NGF). This Eureka provided a
conceptual framework for the formulation of the neurotrophic hypothesis: partic-
ular neuronal types require specific trophic factors for their differentiation, function
and survival [10–13].
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Table 16.1 A selected list of
adipose-derived neurotrophic
factors (ADNF)a

NGF, BDNF, Glial cell line-derived neurotrophic factor
Ciliary neurotrophic factor, Vascular endothelial growth factor
Leptin, Adiponectin, Meteorin-like (Metrnl, also known as
Cometin, Subfatin), Neprilysin (β-amyloid peptide-degrading
enzyme)
Fibroblast growth factor-21, Metallothionein-I, -II,
Angiopoietin-1

aReferences are indicated in the text

Today, NGF and brain-derived neurotrophic factor (BDNF) and their relatives are
collectively designated neurotrophins. The latter include:NGF,BDNF, neurotrophin-
3 (NT-3), NT-4/5, andNT-6, also pro-NGF and pro-BDNFwhich are as active as their
respective mature forms. Neurotrophins, particularly NGF and BDNF, were recog-
nized as mediators of multiple biological processes, ranging from the neurotrophic
[10] through immunotrophic [14] tometabotrophic effects over glucose, lipid, energy
and cardiovascular homeostasis [2, 13, 15–20]. Consequently, NGF and BDNFwere
implicated in the pathobiology of a large spectrum of neuronal and non-neuronal
diseases, ranging from AD and other NDD to obesity and CMD.

Adipose cells also secrete various neurotrophic factors (Table 16.1).

Adipokines, Myokines, and Adipomyokines

Clear-cut demarcations do not exist between white adipose tissue (WAT) and brown
adipose tissue (BAT). The infiltration of white adipocytes can be found in BAT
(whitening of BAT, a pathogenic phenomenon) and of brown adipocytes in WAT
(browning of WAT, a sanogenic phenomenon) [5–9, 21].

The first endocrine protein secreted from adipose cells was discovered in 1987 and
named adipsin (complement factor D) [22]. It is a serine protease of the alternative
pathway of the complement, which along with triggering of the natural defense
against infections, is also involved in the pathogenesis of CMD [23].

However, it was since the discovery of leptin in 1994 by Jeffrey Friedman and
colleagues [24] and of adiponectin in 1995 by YujiMatsuzawa et al. [25] that adipose
tissue was recognized as a major human endocrine and paracrine organ. In effect,
this was conceptualized into a novel research field, adipobiology [9, 26, 27], or
adiposcience [28]. Accordingly, adipose-derived signaling proteins were collectively
namedadipocytokines [25] or adipokines [17, 26, 29],whichbecamemore acceptable
term. About 30% of genes inWAT cells (adipocytes, stromal vascular cells, and asso-
ciated immune cells) encode for adipokines. Recent transcriptomic and proteomic
analyses revealed that more than 500 adipokines are secreted by adipose cells [30],
e.g. leptin, adiponectin, resistin, tumor necrosis factor-α, interleukins, visfatin/SIRT-
2, vascular endothelial growth factor, also NGF and BDNF [31; reviewed in 2, 17,
32]. The adipokines provide communication between adipose tissue and the rest of
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Table 16.2 A selected list of myokinesa

Irisin, Brain-derived neurotrophic factor
Adiponectin, Interleukins (IL-6, IL-15)
Angiopoietin-like protein-4
Fibroblast growth factor 21
Monocyte chemoattractant protein-1 (MCP-1/CCL2)
Leukemia inhibitory factor
Myonectin, Myostatin (GDF-8—growth differentiation factor 8)

aReferences are indicated in the text

the body including the brain. Moreover, brain also produces various adipokines with
neuroprotective action, such as leptin and adiponectin [33].

Skeletal muscles, accounting for about 30 – 40%of the body, were also reported to
be an endocrine and paracrine organ, secreting signaling proteins dubbed myokines
[34–36]. Many myokines are induced by exercise (muscle-derived exerkines), most
of themcirculate throughout the bodybymeans of the extracellular vesicles exosomes
[37]. In this regard, Table 16.2 presents a list of myokines.

Adipokines and myokines secreted from both adipose tissue and skeletal
muscles were correspondingly termed adipomyokines [34, 35, 38–41]. In mice, 119
myokines, 79 adipokines and 22 adipomyokines were identified [42]. All these are
multifunctional proteins involved in the regulation of a wide range of biological
processes including lipid, glucose and energy metabolism.

Neurotrophins and Adipomyokines “Became”
Metabotrophic Factors and “Make” Obesity
a Metabotrophic Factors-Deficient Disease

In 2003 NGF-and-BDNF’s physiological profile was enriched with one more extra-
neuronal activity, namely, the improvement of metabolism of glucose and lipids, also
of pancreatic beta cell and cardiovascular homeostasis. These neurotrophins were
also named metabotrophic factors (MTF) or metabotrophins (Greek metabole, and
trophe, nutrition, means “nutritious for metabolism”) [2, 15, 17] also metabokines
[16, 31].

The proof-of-concept was based on results demonstrating that the circulating
and/or local NGF and BDNF levels are decreased in (i) human coronary atheroscle-
rosis and in patients with advanced stage of metabolic syndrome [43], (ii) T2DM
[44, 45], and (iii) AD which is considered recently T3DM [46–48; for adipose AD,
see 49]. In contrast, the circulating levels of NGF and BDNF were significantly
elevated in patients with early stage of metabolic syndrome [50]. It remains to be
elucidated whether the metabolically protective reserve of the organism is limited
with the progression of (dys)metabolic syndrome.
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Table 16.3 Metabotrophic
effects of NGF, BDNF, and
adiponectin (APN)a

NGF shares homology with proinsulin
NGF and BDNF are produced by pancreatic beta cells and
exert insulinotropic effect
NGF and BDNF are trophic factors for pancreatic beta cells
APN is anti-obesity, anti-diabetogenic, anti-atherogenic
adipokine
BDNF- and APN-deficient mice develop abnormalities similar
to metabolic syndrome
BDNF and APN improve cognitive processes
NGF up-regulates expression of LDL receptor-related protein
NGF up-regulates expression of PPAR-gamma
NGF inhibits glucose-induced down-regulation of caveolin-1
NGF improves skin and corneal wound healing
NGF and APN improve vascular (atheroma) wound healing
NGF rescues silent myocardial ischemia in diabetes mellitus
NGF improves diabetic erectile dysfunction
Healthy lifestyle increases brain and/or circulating levels of
NGF, BDNF, APN
Atherogenic diet decreases brain BDNF levels
BDNF-deficient mice develop abnormalities similar to the
metabolic syndrome
BDNF improves cognitive processes

aFor references, see [60–63]

Furthermore, circulating levels of NGF and BDNF in patients with acute coronary
syndromes were measured, and they were found to be reduced significantly [51, 52].
It was reported that in response to experimental stress or diabetes, NGF and BDNF
levels were altered, both in WAT and BAT [53]. Further, it was demonstrated that
pancreatic beta cells secrete NGF and express its tyrosine kinase receptor (TrkANGF),
findings implicated in the pathogenesis of T2DM and metabolic syndrome [43, 44,
51, 54–57]. Synergisticallywith leptin, BDNF reduces food intake [58]. Accordingly,
mutations of Bdnf gene in mice or Ntr2k2 (encoding TrkBBDNF receptor) in patients
are associated with hyperphagia and severe obesity [see 12, 59]. Table 16.3 presents
list of metabolically protective effects induced by MTF.

In the same context, some adipomyokines (e.g., irisin, adiponectin, FGF-21) have
been implicated in the control of glucose and lipid metabolism, also considered
anorexigenic signals in the central control of food intake [17, 45, 64–67]. Thus,
several adipomyokines, also other metabolically protective molecules, were also
incorporated in the list of MTF (Table 16.4).

Internal (Hidden) Obesity: An Inside Versus Outside View

Human adipose tissue is partitioned into two large depots (subcutaneous and
visceral), and many small depots associated with internal organs, e.g. heart, blood
vessels, major lymph nodes, pancreas, prostate gland and ovaries (Table 16.5).
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Table 16.4 A selected list of
endogenous metabotrophic
factors (metabotrophins)a

Nerve growth factor, Brain-derived neurotrophic factor
Ciliary neurotrophic factor, Vascular endothelial growth factor
Leptin, Adiponectin, Irisin, Fibroblast growth factor-21
Sirtuins (Visfatin/SIRT-2, SIRT-1), Klotho, Humanin, Omentin,
Chemerin, Apelin, Otopetrin-1, Interleukin-10,
Metalothionein-I,-II,
Incretins (Glucagon-like peptide-1, Glucose-dependent
insulinotropic polypeptide)
Kisspeptin-1, Progranulin, Kallistatin, Adipsin, Aquaporin-7,
Angiopoietin-like protein 4

aFor references, see [23, 60–63, 68–80]

Table 16.5
Adipotopography:
localization of adipose tissue
in the human body—variantsa

TOFI** Thin Outside, Fat Inside
TOTI***** Thin Outside, Thin Inside
FOFI* Fat Outside, Fat Inside
FOTI*** Fat Outside, Thin Inside

aThe number of asterisks signifies quality of health. Higher the
number of asterisks, better the quality

Metabotrophic Factors as Therapeutic Targets in Drug
Discovery

NGF and BDNF

As discussed, obesity and related CMD are featured by reduced circulating levels of
NGF and BDNF. Most probably, hypometabotrophinemia is metabolically harmful,
thus staying in the heart of a complex network of factors orchestrated in the patho-
biology of these dysmetabolic diseases. If so, drugs facilitating (boosting) the intra-
cellular secretory pathways [81, 82] of NGF, BDNF, adiponectin, irisin as well as
other MTF may represent a novel pharmacotherapeutic approach in these diseases.
However, our knowledge of the secretory pathways (synthesis, translocation, folding,
targeting, sorting, storage, and exocytosis) of MTF remain limited.

Neurotrophins ligated two different types of receptors on the surface of neurones
and other target cells: (i) high-affinity neurotrophin receptors belong to the Trk
(pronounced “track”) family of tyrosine kinase receptors (TrkA, TrkB and TrkC)
which bind to specific neurotrophins (e.g., TrkANGF, TrkBBDNF), and (ii) low-affinity
panneurotrophin receptor, p75NTR,which lacks a tyrosine kinase endodomain.Hence,
an other approach for the discovery of novel therapeutics and nutraceuticals for
obesity and its diseased relatives may indeed lie in exploring TrkNGF and TrkBBDNF

receptor agonists [for trackins, see 83, for olive oil polyphenols, see 84].
As reviewed [13, 60], increasing number of reports demonstrated that damage to

some tissues can be cured by the administration of NGF. For instance, (i) wounded
diabetic skin, characterized by increased levels ofNGF,will benefit by local treatment
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with NGF, (ii) elevated local NGF levels in experimentally-induced cardiac ischemia
is improved by exogenous administration of NGF, and (iii) NGF administration in
diabetic rodents promotes repair of pancreatic islets injured.

Last but not least, pro-NGF and pro-BDNF should be studied for their eventual
metabotrophic or dysmetabolic potential.

Ciliary Neurotrophic Factor

Recent observations indicated that ciliary neurotrophic factor (CNTF), which is also
produced by adipose cells and its receptor expressed on adipocytes, reduce adipose
accumulation in the body, even in leptin-resistant obesity [85].Accordingly,Axokine,
a synthetic CNTF analogue, was under development for the potential therapy of
obesity and T2DM [86].

Irisin

Irisin (named after the Greek mythology goddess Iris, a messenger of the gods)
is a newly identified adipomyokine. It is a cleavage protein of fibronectin type III
domain 5 (FNDC5), the latter converted to irisin after exercise. Decreased levels
of irisin were found to be independently associated with endothelial dysfunction in
nonhypertensive, nondiabetic obese subjects [87]. Today, obesity and related CMD
might, at least in part, be viewed as irisin-deficient disorders [87–99].

Adiponectin

Adiponectin is an adipocyte-secreted protein sharing significant similarity with
collagens type VIII and type X and complement protein C1q. It is a multipotent
adipomyokine that exerts anti-inflammatory, anti-atherogenic, anti-diabetic, anti-
obesity, anti-fibrotic, and anti-cancer effects, and therefore, a sanogenic factor indeed
[36].

How can adiponectin be targeted therapeutically? Possible answers might be via:
(i) boosting intracellular secretory pathways thus increasing its circulating and/or
local levels, and (ii) stimulating its receptors. Some new approaches indicated that
sustained weight reductions through lifestyle modifications can enhance adiponectin
levels [100]. In the same vein, the thiazolidinediones (TZD) pioglitazone and rosigli-
tazone increase adiponectin expression through the activation of the transcription
factor peroxisome proliferator-activated receptor gamma (PPARγ) [101]. A benefi-
cial function of activators of PPARγ, such as rosiglitazone and lycopene, is to stim-
ulate the browning of WAT [102]. To improve the safety usage of these compounds,



304 G. N. Chaldakov et al.

several approaches were developed to increase their target-directed actions with new
drug forms as nanoparticles [103] or liposomes [104]. The adiponectin receptors
agonists adiporon and osmotin [105] might also be considered.

Sirtuins

These proteins encoded by the gene sir (silent information regulator) belong to
sirtuin (SIRT) family of nicotinamide adenine dinucleotide (NAD+)-dependent
deacylases which consists of seven members in mammals (SIRT 1–7) [106, 107].
Mice treated with sirtuin-activating compounds, such as resveratrol (in human clin-
ical trials) or with NAD+ precursors, improved their cardiometabolic health via
weight loss and improving insulin sensitivity [108–111]. Further, nicotinamide
phosphoribosyl-transferase is NAD biosynthetic enzyme, including in adipose tissue
[112].

Klotho

There are alpha-, beta- and gamma-Klotho, themost studied being alha-Klotho. They
are transmembrane proteins (the enzyme beta-glucuronidase) and in a secreted, blood
circulating form by ectodomain shedding of the membrane-bound form. Soluble
Klotho exerts a variety of metabotrophic effects in CMD, also aging [113–116].

Angiopoietin-Like Protein 4

Angiopoietin-like (ANGPTL) proteins are principal regulators of plasma lipid
metabolism by functioning as potent inhibitors of lipoprotein lipase [117]. New ther-
apeutic approaches include monoclonal antibodies and antisense oligonucleotides
targeted ANGPTL proteins as efficient therapeutic strategy for hypertriglyceridemia
and cardiovascular risk reduction [118].

Aquaporin 7

Aquaporin 7 (AQP7) is a water–glycerol transporter that is present in the plasma
membrane of adipocytes [74, 119]. It may regulate insulin sensitivity in obese
people [120, 121]. Experiments in mice indicate that ginsenoside Rb1, the most
active component of Panax ginseng, a traditional herbal medicine, can promote lipid
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transport and ameliorate obesity by upregulating AQP7 through the PPARγ pathway
[122].

Incretins

It is known that glucagon-like peptide-1 (GLP-1) is secreted from small intestine
enterocytes when food enters the duodenum. It is also synthesized by brain neuronal
cells. GLP-1 stimulates insulin secretion, reduces appetite, and protects β cells from
apoptosis. Taken together, GLP-1 is featured by an excellent metabotrophic profile.
Accordingly, there are already successful clinical trialswithGLP-1 receptors agonists
(liraglutide, exenatide, etc.) in patientswith T2DMand obesity, which also provide “a
hope for therapy of AD” [75, 76]. Emerging approaches for optimization of clinical
usage of GLP-1 agonists are in the direction of prolongation of action by micro-
spheres or nanocapsules [77]. A promising therapy approach for obesity combines
GLP-1 receptor agonists with GIPR (glucose-dependent insulinotropic polypeptide)
agonists (e.g. tirzepatide) [78–80].

Neprilysin

Amyloid precursor protein (APP), amyloid-beta (Abeta) peptide and tau hyperphos-
phorylation are the classical molecular signatures of AD.Noteworthy, it was reported
that APP expression is increased in adipocytes in obesity [123]. Among several
proteases involved in the proteolysis of Abeta peptide, neprilysin (neutral endopep-
tidase, NEP), a membrane-associated enzyme, appears to be the most important
Abeta-degrading enzyme in the brain. It was reported that human adipose tissue-
derived stem cells (ADSC) secrete exosomes carrying enzymatically active NEP.
When ADSC-derived exosomes were transferred into cultured nerve cells, it resulted
in a decrease in both secreted and intracellular Abeta levels [124]. These observations
indicate the therapeutic relevance of such extracellular vesicles for AD. In sum, (i)
both brain and adipose tissue have elevated APP levels in obesity, (ii) there is extra-
neuronal production of both APP and Abeta peptide, including in the adipose tissue,
and (iii) the administration of streptozotocin, a well-known experimental model for
type 1 diabetes, induces brain insulin resistance and cognitive alterations resembling
the status of AD patients [125]. Hence, an intriguing question emerges [49]: can
these AD-associated molecules spread from adipose tissue to the brain?



306 G. N. Chaldakov et al.

Conclusion

Manybasic and clinical studies have demonstrated that circulating and/or tissue levels
of MTF (metabotrophins, metabokines) are reduced in individuals with obesity and
related CMD. The scheme within the box below illustrates the possible involvement
ofMTF in the pathobiology and therapyof obesity viewed as aMTF-deficient disease.

In this connection, it is known that insulin resistance and hypercholesterolemia,
which are essential pathobiological signatures of obesity and T2DM, have negative
impact on cognitive functions [46–49, 63, 125]. Figure 16.1 illustrates our concept
of the potential significance of MTF for the pathogenesis of obesity-related CMD
and NDD which, particularly AD, might be considered neurometabolic diseases.

Since 2003, we have been “thinkingwhat nobody has yet thought about that which
everybody sees” with respect to the concept of MTF and its relevance for the cellular
and molecular mechanisms of obesity and related CMD and NDD.

Yet, we have to keep in mind Robert Frost’s poem The Secret Sits:

We dance round in a ring and suppose,

But the Secret sits in the middle and knows.

Future dance round on MTF signature in obesity may therefore cultivate a more
relevant thinking about how we can make these talented biomolecules working for
the improvement of physical and mental qualities of Homo sapiens’ life.

Fig. 16.1 Metabotrophic factors (MTF) on the cross-road of cardiometabolic diseases (CMD)
and neurometabolic diseases (NMD), particularly Alzheimer’s disease (AD). Credit for Nikifor N.
Chaldakov
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Chapter 17
New Therapeutic Agents
in Obesity-Related Cardiovascular
Disorders: Molecular and Cellular
Insights

Belma Turan and Deniz Billur

Abstract Several studies emphasized the impact of obesity in a healthy lifespan,
associationwith important health risks for humans, although some studiesmentioned
a decrease in mortality among not obese but overweight patients in intensive care.
Both clinical observations and experimental studies performed in systemic and
cellular levels, suggest a complex relationship between human obesity and chronic
diseases, such as type 2 diabetes (T2DM), hypertension, and cardiovascular diseases
(CVD). The harmfulmetabolic alterations, atmost, associatedwith visceral adiposity
are main contributors to those of above diseases. Of note, it has been also shown that
the most of obesity-related dysfunctions are due to the from dyshomeostasis in the
central nervous, besides adipose tissue accumulation in mammals. Despite specific
altered signaling mechanisms, the accumulation and deposition of fat are resulting in
a chronic energy imbalance, and thereby a high circulating level of free fatty acids in
tissues, whifh further leads to increase in body weight and several metabolic distur-
bances in organs. In general aspects, type 2 diabetes (T2DM), atherosclerosis, and
metabolic syndrome characterized by insulin resistance besides others are marked
syndromes associated with alterations inmetabolic and endocrine systems in obesity,
as well. New therapeutic agents in clinical approaches to overcome the CVD in obese
individuals are including dipeptidyl peptidase-4 inhibitors, glucagon-like peptide 1
receptor agonists, sodium-glucose cotransporter-2 inhibitors, β3-adrenergic receptor
agonists, and agents associated with weight loss. It is well-accepted that obesity is an
important syndrome leading to increases the risk of complications in several organ
systems. Therefore, there are several recent approaches to use combined therapies
to maintain the organ functions in obesity-related disorders.
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Introduction

Obesity is one of the biggest health problems of the current century and becoming a
worldwide epidemic syndrome. Even before the two-decade, the increase of obesity
among young-generation in developed countries can anticipate their next generation
and will become more obese than ever numbers [1–3]. Although the exact reasons
for the increasing prevalence of obesity are not known yet, experimental and clin-
ical studies documented the leading combination factors such as genetic predisposi-
tion, social factors, and feeding habits. Particularly, feedings with high carbohydrate
and/or high fat diet are leading to disturbance of energy balance in the body which
is further inducing over accumulation of adipose tissue. Over deposited adipose
tissue is basically underling the induction of obesity in humans. Not only obesity but
also even overweigthness are major risk factors for many chronic diseases, including
type 2 diabetes mellitus (T2DM), immunodeficiency, cardiometabolic disorders, and
other types of cardiovascular diseases [1, 3–12]. The findings of these studies have
documented that obesity-related CVDs are main complications of human obesity,
which are originating from comorbidity of several alterations such as coronary
artery diseases together with or alone hypertension. Of note, it is not clear whether
weight-loss can be able to reverse those syndromes in those individiuals, yet.

Additionally, the novel evidence is pointed out the associated between obesity
and COVID-19, due to more severe symptoms, at least, through attenuation in the
immune system activity besides chronic inflammation. Therefore, in the light of those
data, the authors reported that obesity is a risk factor for not only increased prevalence
of COVID-19 but also closely related with lethality among humans [13]. Almost the
most of already know documents strongly confirm that obesity is a medical condition
with complex pathophysiology, including various mechanisms, thereby underlying
several serious chronic organ dysfunctions, such as CVDs.

Several studies emphasized the impact of obesity in a healthy lifespan for humans
together with many insights to consider in the drug treatment of obese patients.
There are many insights to consider in the drug treatment of obese patients. For long
times, although there are great efforts for the development of antiobesity drugs and/or
chemical agents with the hope of its prevention, current clinical and experimental
findings strongly point out the controversies related to the benefit-risk balance of
them in that effort [14–17]. More interestingly, the progression of severe obesity and
its associated comorbidities urgently requires the development of novel prevention
and/or therapies for obese individuals. However, the cellular, biochemical andmolec-
ular mechanisms underlying and/or controlling obesity are not exactly known yet.
In these regards, recent studies are focused on anti-obesity drugs/chemical agents in
that concept, which will be able to directly or indirectly enhance signaling pathways
associated with induction of obesity [18–20]. In this chapter, we aimed to emphasize
and describe the current state of the obesity-associated organ dysfunction as well as
new drugs with anti-obesity properties and their possible side effects, particularly,
CVDs in obese/metabolic syndrome/diabetic patients with insulin resistance.
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Obesity-Related Dysfunctions: Discussions at Systemic
and Cellular Levels

Obesity, with a simple definition, means too much body fat based on your body
mass index. The complexity of obesity in healthy life arises due to events that are
a combination of causes and individual factors such as behavior (includes dietary
habits, physical inactivity, education, and skills) and genetics. Obesity is presently
a serious syndrome because it is also associated with weak mental health outcomes
and reduced quality of life. Obesity is also associated with one of the leading causes
of death worldwide, mainly including T2DM, cardiometabolic diseases, other types
of heart diseases, pulmonary dysfunctions, hypercoagulability, fat-liver diseases, and
osteoarthritis besides cancer (Fig. 17.1). However, worldwide documents are demon-
strating why obesity causes and/or exacerbates over 200 medical-disorders further
leading to worsening disease morbidity and mortality [9, 21]. On the other hand,
the pathology of obesity is not related with only one mechanism, on the contrary,
there are various reasons underlying the cause of obesity as mentioned in above para-
graphs. Notably, it should be added that not every obese individual will likely face
to these problems. However, the risk for obesity is highas long as one has a family
history related with those conditions.

As summarized in Fig. 17.1, among health risks of obesity and obesity-related
pathological conditions, there are several conditions such as T2DM, abnormalities
in metabolic, endocrine, and circulatory systems, which are further leading to more

Fig. 17.1 A summarized documents show that, among health risks of obesity and obesity-related
pathological conditions, there are T2DM, abnormalities in metabolic, endocrine, and circula-
tory systems are leading causes to further serious chronic diseases. Secondary diseases include
osteoarthritis, sleep apnea, cancer as well as psychological and social problems
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serious chronic diseases. More over, it should be considered the secondary diseases
associated with obesity such as osteoarthritis, sleep apnea as well as psychological
and social problems [4, 6, 11, 22]. Obesity is the second cause of preventable death
in the world after smoking [23]. The common sources of those symptoms in those
diseases are originating from dyshomeostasis in several individual and/or combined
signaling pathways [24]. For instance, obesity is characterized by dyslipidemia that
is associated with high levels of very-low-density lipoprotein (VLDL), cholesterol,
triacylglycerols, and total cholesterol, as well as associated with an increase in
small dense LDL particles, and lower high-density lipoprotein (HDL) cholesterol
levels [25]. As already known, all these changes can have important impacts on
CVDs. Despite specific altered signaling mechanisms, the main reasons, leading to
obesity-related organ dysfunctions, include accumulation and thereby deposition of
fat, thereby, resulting in a chronic positive energy-imbalance in the human body. One
of the underlying mechanisms of why fat deposition is further leading to symptoms
is due to an increase in adipose tissue that further results in higher circulating levels
of free fatty acids [26, 27].With another definition, the adipose tissue has a < aregard,
it has been mentioned about an adipose tissue remodeling in obesity including the
changes in the number and size of mature adipocytes, increases in the amount of
white adipose tissue, which are closely associated with metabolic complications and
insulin resistance, T2DM, CVD) [28]. The adipose tissue plays important role in the
cross-correlation between nutrition, metabolism, and immunity, while any inflam-
mation of adipose tissue has as a critical role in the association between obesity and
related metabolic complications. Adipose tissue, having active metabolic states, is
responsible to release of a large number of cytokines and bioactive mediators (i.e.
leptin, adiponectin, interleukin-6). Those can influence not only the control of body-
weight but also insulin resistance, T2DM, inflammation, and atherosclerosis [29–31].
In addition, there can be induced many morphological adaptations in cardiac both
structure and function of obese individuals [32]. Of note, those cytokines further
lead to the activation of signal transduction cascades, inhibiting insulin action in
several organs including heart. Supporting this statement, a stimulator role of IL-6
in the production of acute-phase proteins, such as C-reactive protein and fibrinogen
has been demonstrated in the liver, which are also important risk factors for CVDs
[33–35].

Besides, the alterations in morphology of fat andmuscle from the obese mammals
are closely correlated with the insulin resistance and other metabolic abnormalities.
In these regards, recent studies have demonstrated that muscle and adipose tissue
morphology are dramatically changed in obese patients. Those changes are basi-
cally hypertrophy in adipocytes, degeneration and necrosis in cells, macrophage
infiltration, and also muscle fat accumulation [36]. Under experimental condition,
we performed a morphological analysis of some tissues (heart, liver, kidney, and
brain) from a high-fat diet-induced obese rats (with a normal blood glucose level
and marked insulin-resistance). There were marked changes in those tissues such
as serious necrosis and increased collagen accumulation, which were also very
densed in the heart tissue (Fig. 17.2). We, particularly, observed macrovesicular
fat droplets in hepatocytes, sinüsoidal enlargements and necroinflammatory foci in
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Fig. 17.2 The light microscopy analysis of the heart from obese rats. Heart structure of the control
rat showed normal histological features (left inA andB), while in obese rat heart, therewas observed
necrosis (thin arrow, right in A), there was an increase in collagen fibers observed (with blue stained
fibers, right in B). H-E × 400, scale bars are given on the photomicrographs

the liver (Fig. 17.3a) and kidney (Fig. 17.3b, c). Furthermore, in the same group
of animals, there were stratum granulosum containing many cells with dark stained
pyknotic nuclei scattered as well as stratum granulosa layer and subgranular zone in
the hippocampus part of the brain (Fig. 17.4a), while there shrunken Purkinje cells
with dark cytoplasm and loss of detail of nucleus (Fig. 17.4b).

It is noteworthy about the complex and conflicting clinal outcomes on how
adipose tissue is an active participant in the regulation of physiologic and pathologic
processes, including immunity and inflammation. As a response to those regards,
cross-talks between immune cells and adipocytes can be one way to reply to those
considerations via consideration of the dysregulation of both innate and adaptive
immunity [6, 37, 38]. The summarized document gives great explanation howadipose
tissue produces several hormones (adipokines, leptin), inflammatory mediators, and
non-esterified fatty acids, which are further responsible from induction of chronic
inflammation in obese patients [38, 39]. Of note, a long term inflammation can lead
to the development of insulin resistance in obese patients. There are also acute effects
of obesity on inflammation as well as affected T-cells, which further lead to increased
susceptibility to infection in obese patients, as well. Overall, it appears that obesity is
associated with chronic inflammation and several impairments in immunity, which
further lead to organ dysfunction including CVDs.
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Fig. 17.3 Representative photomicrographs were taken from the histological preparations of the
liver and kidney of obese rats compared to those of controls. (a) Hematoxylin–Eosin staining of liver
sections from control rat (left), showing normal liver histology. Central vein (cv) and portal area
were seen in normal appearance. In Obese rat liver sections, macrovesicular fat droplets (arrowhead)
in hepatocytes, sinüsoidal enlargements, and necroinflammatory foci were seen, clearly (right).
Kidney sections stainedHematoxylin–Eosin (b) andMalloryAzan (c). Control rats exhibited normal
histological appearance (left). In the cortex of this group, glomerulus (G), proximal convoluted
tubules, (P), distal convoluted tubules (d) were observed. In obese rats, capillary dilatation (Asterix),
glomerular degeneration (convoluted arrow), and prominent interstitial fibrosis (star) markedly
appeared (left)
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Fig. 17.4 Representative photomicrographs were obtained from the hippocampus and cerebellum
from obese rats. (a) Each branch of the DG in the hippocampus consists of three layers; Stratum
molecular (SM), Stratum granulosum (SG), and Stratum Pleomorph (SP). SG in normal histology,
the small, closely-packed neurons of the SG have a limited amount of cytoplasm, and typical
euchromatic nucleus obtained in a control rat (left). In obese rats, SG containing many cells with
dark stained pyknotic nuclei, scattered as both the SG layer and subgranular zone (right). (b) The
cortex is layered into the outer molecular cell layer (ML), middle Purkinje cell layer (PL), and inner
granular cell layer (GL). In obese rat Purkinje cells (arrow) appear shrunken with dark cytoplasm
and loss of nuclear details (left). Control group finding is given in the right of the photomicrographs.
H-E × 400

In addition to the above documents, there are indications to consider obesity
with a high-impact event associated with genome stability. Besides inflammation,
oxidative stress is commonly occurring in obesity and can induce DNA damage
as well as inhibit DNA repair [40–42]. Interestingly, some studies have shown the
impact of reversibility of those changes and improvement of dietary habits on the
weight loss [43].

The Impact of Obesity on the Cardiovascular System

As discussed in the previous sections, excess fat accumulation in the body, at most,
through an imbalance between energy intake and consumption causes obesity in
mammals. The increasing prevalence of obesity is recognized to be associated and
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a major risk for a variety of alterations, mainly in metabolic and endocrine systems
[44, 45]. Excess body weight leads to a variety of metabolic changes together with
increases in the risk for prevelance of CVDs in mammals. In general, T2DM with
insulin-resistance, atherosclerosis characterized with high total cholesterol and/or
high levels of triglycerides, and metabolic syndrome (the combination of disorders
such as high blood glucose, blood pressure, and serum cholesterol and triglyceride
levels) are also marked markers in obesity-related syndromes [6, 46–50].

Noteworthy, the prevalence of CVDs is increasing worldwide with rises of obese
populations. Indeed, CVDs are the main cause of mortality while its rate continues
to rise with current lifestyle [51]. Considering the current available clinical data, one
can emphasize the occurence of obesity-related cardiomyopathy, characterized basi-
cally with increased blood-volume and cardiac-output parallel to ventricular hyper-
trophy and diastolic dysfunction [6, 46, 49, 52]. In addition to those alterations, there
are also cardiovascular complications associated with abnormal over fat deposition
with its direct effects via immune and endocrine systems and/or its indirect action
associated with metabolic syndrome [53]. Although some studies pointed out the
limitations related with the benefits of lipid-lowering strategies in obesity [54], there
are documents demonstrating the benefits of usage statins to the reduction of lipids
and thereby prevention of coronary plaque development in obese individuals [25].

It is noteworthy to take into consideration the coexisting disorders associated
with the most serious alterations in obese individuals, of which further leading to
organ dysfunction including CVDs. Yet, the reservation of the obesity associated
cardiac dysfunction with weight loss is under investigation although several clinical
reports mentioned its impact [55]. To clarify those disorders in induction of CVDs,
cellular level studies have been developed to show whether or not obesity is a direct
consequence of CVDs. In an early study [56], authors used obese Zucker-Diabetic-
Fatty rats, and examined the underlyingmechanismof cardiac dilatationwith reduced
contractility via analyzing themyocardial triacylglycerol level. They determined high
triacylglycerol level in the heart homogenates of those animals, being associatedwith
less expression level of fatty acid oxidative enzymes and their transcription factors as
well as lipoapoptosis followedwithmarkedly development of cardiac dysfunction. In
a later study with obese Zucker rats, the cardiac output was significantly depressed,
emphasizing the association between the inability of the heart to increase fatty acid
oxidation relative to the increased fatty acid availability and lipid accumulation [57].

An important process related with the development of obesity in the body is the
correlation between the content of the diet and the body intake of energy. In that
content, Fernandes and co-workers [58] studied the effect of a high-fat diet on heart
and aorta function in rats. They observed an increased oxidative damage in the aorta,
together with increased cyclooxygenase 2 expression and the increased numbers of
macrophages. Those changes were accompanied with increases in collagen fibers
with decreases in the number of positive α-actin cells and expression of matrix
metalloproteinase-2. Furthermore, they observed a marked decline in the antioxidant
capacity of hepatic cells and increase in the lipid peroxidation activity. In another
study, authors observed a depression in energy expenditure, β-oxidation, and adipo-
genesis together with adipose tissue accumulation, insulin resistance, high blood
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pressure as well as high serum cholesterol and triglycerides levels of diet-induced
obese rats [59]. Being in line with those results, our histological analysis of the heart
tissue from obese rats have shown some degenerations such as multifocal areas of
mononuclear cell infiltration and important vacuolation of cardiomyocytes in obese
rats (Fig. 17.5a). Moreover, there were also marked alterations in the aortas of those
animals such as increased thickness of tunica media, multifocal degeneration of
smooth muscle cells, and disorientation of elastic lamellae (Fig. 17.5b, c).

Fig. 17.5 Representative photomicrographswere obtained from the heart and aorta from obese rats.
(a)Multifocal areas ofmononuclear cell infiltration (thick arrow) andvacuolation of cardiomyocytes
(arrowhead) in the heart of the obese rat (left). Histological appearance of thoracic aorta stainedwith
Hematoxylin–Eosin (b) and Mallory Azan (c). Endothelial cells of control rats were lining on the
tunica intima (TI) (arrow).Most of themedial smoothmuscle cells (tailed arrow) of the tunicamedia
(TM) oriented horizontal to the lumen.Additionally, regularly arranged elastic lamellae (arrowhead)
were shown. Normal connective tissue contents were seen in the adventitia (Adv) (left). In obese
rats, increasing thickness of tunica media, multifocal degeneration of smooth muscle cells (tailed
arrow), and disorientation of elastic lamellae (arrowhead) were seen, clearly (right)
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Overall, either animal models or samples from clinical outcomes clearly show a
close association between cardiovascular complications and obesity in mammals.
Taken into consideration the limiting and divergent data related with obesity-
related CDVs, it should be reconsidered the important contributions of alterations in
myocardial ultrastructure besides changes in molecular levels.

Cardiac Consequences of the Electrophysiological
and Hemodynamic Changes Triggered by Obesity

The worldwide scientific consensus confirmed the obesity-related increases in the
risk factors for CVDs, further leading to heart failure. Furthermore, documents longer
than the two decades provided wide documents on epidemic proportions of obesity
worldwide, while its worldwide prevalence rate has increased rapidly since 1980
[60]. Among cardiovascular complications, hypertension, coronary heart diseases,
and stroke are main syndromes associated with obesity-induced disorders [6, 46–
50]. Clinical outcomes emphasized a complex combination of complications in
obesity-related CVDs, which are basically including ventricular hypertrophy, dias-
tolic dysfunction, and ventricular dilation [6, 46, 49, 52]. Among them, atrial fibril-
lation and pulmonary hypertension are also frequently observed alterations in obese
humans. Likely, elevated left atrial pressure, hypoxia and hypoventilation syndrome,
and/or chronic thromboembolism are observed complications in obese individuals as
secondary complications.Associatedwith the above findings, an early and interesting
study by Gustafsson and colleagues [50] was performed a retrospective analysis of
about 5,000 hospitalized congestive heart failure (CHF) patients with confirmed
obesity. They analyzed the interaction between the left ventricular systolic function
(LVSF) and obesity on prognosis in CHF. Their data showed that the risk of death
in the total population decreased steadily with increasing body-mass-index from the
underweight to the obese individuals while they mentioned an association between
increasing body-mass-index and a lower mortality in CHF. In addition to those find-
ings, since the induction of several cytokines and inflammatorymarkers are increased
in obese humans, their contribution to the cardiovascular outcome should be one of
the mechanisms into in body-mass-index associated CVDs [25].

There are also several clinical outcomes related to the alterations in the
myocardium of obese humans [61]. In those obese individuals, there is a marked
decrease in ventricular sufficiency as the primary pathophysiological abnormality
[62]. Besides, our analysis presented an important data, demonstrating markedly
increased collagen deposition and fibrosis in obese rat heart (Figs. 17.2 and 17.4).
Regardless of the underlyingmechanism of the heart failure in obese humans, known
data point out themicrovascular fibrosis in the heart tissue as themain contributor [63,
64], which, in turn, lead to abnormalities in proper cardiac capacity [65]. It should be
reconsidered that documents can stronglymark the cross-correlation between serious
CVDs and obesity, particularly obese children with high risk for obese adults [66,
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67]. Of note, obesity can increase cardiovascular morbidity and mortality, further
leading to not only arrhythmia and heart failure but also sudden cardiac death [68].
From those points, it is getting more attention to avoid obese overloaded populations
worldwide.

There is also an association between abnormal electrocardiogram (ECG) and
obesity [69]. Adverse effects of left ventricular (LV) function are characterized by
both diastolic and systolic dysfunction aswell as shortened ejection fraction, inwhich
there is an impact of LV remodeling in obesity-associated cardiac dysfunction. There
are also several experimental studies supporting the human findings to demonstrate
the contribution of obesity to cardiac electrical dysfunction. The electrical changes at
cellular levelswere demonstrated in the isolatedmyocardial cells fromobese samples
by using electrophysiological techniques, as well [70, 71]. Since the common types
of arrhythmias in obese patients are characterized with long-QT syndrome and/or
atrial fibrillation (at most associated with a decrease in the repolarization currents
and/or an increase in the depolarization currents). Also, clinical analysis has been
documented that there are increases in the outward K+-current and/or reduces in the
inward Ca2+-current which are underling the atrial fibrillation through acceleration
of atrial repolarization. Those changes are further promoting to induce arrhythmia in
obese humans. Under the light of already published findings, with the consideration
the roles of co-metabolic disorders on the electrophysiology of the myocardium in
obese mammals, one can first point out the main contribution of changes in several
types of ionic-currents of cells to the systemic cardiac dysfunction in those mammals
[55, 72, 73].However, there are a significant amount of inconsistent and contradictory
results on this topic. Therefore, it seems it is needed further studies to understand
the exact role of obesity on myocardial electrophysiology [74].

In the literature, there are many different animal model studies for generalized
obesity, which are aimed to clarify the associated mechanisms between cardiovas-
cular complications and obesity in mammals. Some of them are including diet-
induced obesity by feeding animals with either a high-fat or high-carbohydrate diet
whereas others are due to genetic mutations resulted in obesity as well as some trans-
genic animals with targeted mutations in cardiomyocytes. As an example of those
studies, Leopoldo and co-workers [75] investigated the cardiac remodeling in hyper-
caloric diet-induced obese rats by observing their echocardiographic indexes. Those
obese rats had severe heart dysfunction including mainly increases in left ventricular
mass and depressed systolic function, being parallel to an increase in myocardial
collagen content.

As mentioned in above paragraph, there is marked pathological cardiac remod-
eling characterized with significant systolic dysfunction and increased myocardial
stiffness in obesemammals. These pathological changes further induce severe cardiac
dysfunction, atmost, endingwith heart failure.More importantly, the severity of those
pathological remodeling in the heart is also gender dependent. Supporting this state-
ment, in an experimental study [76], authors demonstrated the marked differences
between male and female rats in terms of pathological remodeling in the heart. Even
in an early animal model study, Ricci et al. [77] examined how electrophysiological
characteristics of four ionic currents such as the L-type Ca2+-current, the transient
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outward K+-current, the delayed rectifier K+-current, and the Na+/Ca2+ exchange
current) were remodeled in isolated left ventricular myocytes from obese rats.

In order to demonstrate the contribution of pathological remodeling of ionic-
currents in cardiac dysfunction under insulin resistance, we fed male rats with a
high-carbohydrate diet and then to validate the induction of metabolic syndrome
(MetS), we determined their body weights, serum leptin and triglyceride levels, and
oxidative stress and antioxidant defense status. Those animals were overweight (but
not obese) and there were marked increases in both systolic and diastolic pressures,
and depressed contractile activity together with marked alterations in the ultrastruc-
ture of their left ventricle [78]. We also determined marked pathological remod-
eling in those animals at cellular level (in cardiomyocytes) such as Ca2+–overload,
at most due to leaky cardiac ryanodine receptors (RyR2) through alterations in the
phosphorylation of Ca2+-handling proteins [79]. There were also marked decrease
in the basal cAMP level, increased protein expression levels of phosphodiesterases
(i.e. PDE3, and PDE4) in those cardiomyocytes [80]. Interestingly, there was signif-
icantly shorten QT-interval (at least through a less cAMP-release) in the ECGs of
16-weekMetS rats (mimicing an early syndrome), being correlated with a depressed
cardiac output and an increased heart rate [81]. Furthermore, there was significantly
prolongedQT-interval anddepressed cardiac contractile functionwith a clear arrhyth-
mogenic activity in 28–30 weeks MetS rats [82]. These two different types cardiac
dysfunction point out the impact of body weight and the types of daily diet into
mammalian health. These findings are also indicating the contribution of co-factors
in the development of obesity as well as the importance of controlling obesity-
related comorbidities into our healthy life. Supporting these statement, considering
the close associationwith altered Ca2+-homeostasis and cardiac arrhythmias, a recent
article addressed the molecular changes of some proteins associated with both Ca2+-
handling and Ca2+-signaling together with their potential as novel therapeutic targets
for obesity [83].

The Role of Oxidative Stress in Obesity-Related
Cardiovascular Dysfunction

Oxidative stress has occurred when a critical balance between the generation of ROS
and the endogenous antioxidant capacity is disrupted as either systemic or cellular
level in biological samples. In obesity and/or diabetes, there are many and different
ROS sources, while several factors are affecting the excessive ROS production and
thereby the development of organ/tissue/cellular level complications including heart.
With a short and brief statement, excess ROS affects heart inducing dysfunction
through several ways such as pathological remodeling in myocardial Ca2+-handling.
That remodelingmainly in turns can underline underlies the occurrence of arrhythmia
and cardiac dysfunction, alone or together with remodeling in vasculature [84].
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Excess ROS also regulates multiple vascular cell functions. For instance, it affects
endothelial and smooth muscle cell growth, proliferation, and migration, angiogen-
esis, apoptosis, vascular tone, and genomic stability, further promoting vascular
diseases [85–89]. Increased ROS production associated redox-imbalance in cells
including cardiomyocytes occurs under many pathological conditions, including
diabetes, obesity andMetS. These disorders have cross-correlations and intersections
with a positive feedback loop associated with oxidative stress, leading to the devel-
opment of end-organ damage such as heart failure (Fig. 17.6). Mechanisms of redox-
induced regulation of cardiac function in obesity include several signaling pathways
besides increased oxidative stress as well as others correlated with increased oxida-
tive stress in organelles. In that regard, a generation ofmitochondrial ROS (mitoROS)
is closely associated with a depressed ATP level as well as an opening of mitochon-
drialATP-sensitiveK+-channels via an increase in cytosolicCa2+,which further leads
to cellular dysfunction, at most, associated with increased oxidative stress in cells
[90], including also cardiomyocytes [91]. Therefore, discovery of the novel oxida-
tive stress signaling pathways will have impacts on new therapeutic approaches with
novel chemical agents for the prevention and/or diagnosis of ROS-related diseases
in humans, particularly in obese patients.

Although there are several biomarkers for obesity-related oxidative stress diag-
nosis, the serum levels of malondialdehyde (MDA) and thiobarbituric acid reactive
substances (TBARS) arewell-known two parameters in obese individuals [92], while
they are mostly related to excess ROS production from accumulated adipose tissue
in the body [93]. Of note, studies emphasized an adipocyte mitochondrial dysfunc-
tion as one important way to increase ROS production in obesity [93]. There are
also several dysregulated metabolic parameters and complications in obesity and

Fig. 17.6 Association between redox-imbalance and obesity inmammalians. Excessive production
of ROS (i.e. increased oxidative stress) plays an important role not only in the development of
cardiovascular disorders but also development of several pathological conditions which further also
underlie the important risks for cardiovascular diseases, including hyperglycemia, hypertension,
dyslipidemia, and over sympathetic activity in mammalians
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they highly contribute to the amplification of oxidative stress. For note, taking into
consideration the leptin level alteration in obesity, for instance, an increased level of
leptin can promote inflammation and lipid peroxidation in biological cells. Conse-
quently, dysregulation of all these metabolic parameters can contribute to excess
ROS production leading to increases in oxidative stress in obesity [92].

New Therapeutic Agents in Obesity-Related Cardiovascular
Disorders

Dysregulation of both ROS and RNS levels and/or productions has an important
impact in the pathogenesis of most diseases, including cardiac dysfunction. Those
pathological stimuli trigger further a cascade of pathological events in cells although
some studies proposed those stimuli as the group of cardioprotective signaling
molecules, mainly in pre- and post-conditioning processes. Interestingly, some early
and recent studies, particularly obesity studies in animals, highlighted an important
anti-obesity and anti-diabetic effect of some selective beta-3 adrenergic receptor
(β3-AR) agonists [94–98]. Indeed, some studies summarized the beneficial effects of
some β3-AR agonists for the treatment of diabetes and obesity as increase lipolysis,
fat oxidation, energy expenditure, and insulin action. These observations further lead
to intensive research efforts directed at developing novel and more selective β3-AR
agonists especially for the treatment of T2DMand obesity in humans.However, in the
line of above results, authors treated either obese or non-insulin-dependent diabetic
rats with a β3-AR agonist and demonstrated its benefits on stimulation of brown fat
thermogenesis [95, 99]. These agonists particularly are in usage to overcome the
activated lipid metabolism as well as to increase thermogenesis and metabolic rate
in the brown adipose tissue, and thereby to reduce the body weight in obese samples.
Unfortunately, there were not enough and successful outcomes from human studies
to date.

To clarify the roles of β3-AR activation in myocardial contractility, we performed
some cell level studies in isolated rat ventricular cardiomyocytes. Both direct activa-
tion of β3-AR with its agonist and overexpression of β3-AR have shown emphasized
the important deleterious effect of β3-AR activation in cardiac remodeling under
hyperglycemia [100]. In addition, our data demonstrated the association between
β3-AR activation and NO-signaling via increases in cytosolic free Zn2+ level while
providing significant recovery in ER-stress. Therefore, how long and to which level
the β3-AR agonism would be friend or become foe remains to be a mystery.

Interestingly, studies pointed out the unexpected effect of anti-hyperglycemic
drugs such as inducing weight gain and accompany to increase risks for heart failure
[101]. This important finding seems to be related to the certain action of glucose-
lowering drugs to promote the accumulation of epicardial fat. In clinical trial studies,
authors have shown that thiazolidinediones reduced epicardial adipose tissue volume
and inflammation and the secretion of proinflammatory adipocytokines [102], and
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thereby contributing to reduce the risks for myocardial infarction [103]. However,
some clinical trials demonstrated their anti-natriuretic actionwhich leads to increases
in the risks for heart failure. Therefore, to treat the obese patients with those drugs
should have some caution. In those regards, our animal experiments on the treatment
ofMetS rats with thiazolidinediones (such as pioglitazone) provided slight but signif-
icant reduction in high blood glucose level and bodyweight as well asmarked cardio-
protection through inhibiting the increased Na+-influx in the ventricular cardiomy-
ocytes [104]. Interestingly, dipeptidyl peptidase-4 inhibitors also reduce the accu-
mulation of epicardial fat, and provided cardioprotection through leading decline
in cardiac fibrosis [55, 105, 106]. Similar to those studies, we treated MetS rats
with dipeptidyl peptidase-4 inhibitor sitagliptin and demonstrated its significant
cardioprotective effect due to recovery in vascular dysfunction through its role on
epigenetic regulation [107]. Another newest drug, glucagon-like peptide 1 (GLP-1)
receptor antagonist have reduced the accumulation of epicardial adipose tissue in
diabetic and obese patients [108], however, they could not be able to ameliorate
its anti-inflammatory properties [109]. Accordingly, these drugs have not be able
specifically to reduce the incidence of serious heart failure in clinical trials [110].
In later studies, authors mentioned that the cardiovascular safety and efficacy of
GLP-1 agonists in diabetic patients with high cardiovascular risk and those antago-
nists also provided benefits on the improvement of cardiovascular outcomes of these
patients [111, 112]. Furthermore, Sassoon et al. [113] examined the cardiovascular
effects of GLP-1 agonists in animals with obesity or MetS as well as humans. In
another study, authors also have shown the beneficial effects of GLP-1 activation
such as augmentation in cardiac output and improvement in cardiac efficiency after
myocardial infarction [114].

Even early studies have shown that there is a close association between obesity,
hemodynamic overload, and atrial and ventricular remodeling, while those have a
high risk for cardiovascular diseases besides other complications [115, 116]. Inter-
estingly, epidemiological studies reported that there was an association between
higher mortality rates and uncontrolled glycemic control, primarily through the use
of insulin, in patients with both T2DM and heart failure [116, 117]. Nevertheless,
few studies reported the beneficial effects of a non-diabetic drug sodium-glucose
cotransporter-2, SGLT2, inhibitor in diabeticswith chronic heart failure. The SGLT2-
selective inhibitors currently under clinical investigations for use as an anti-diabetic
agent and also confirmed by studies with diabetic animals [118]. Human study with
an SGLT2 inhibitor was performed by Zinman and co-workers, who demonstrated
its beneficial effects on cardiovascular morbidity and mortality in diabetic patients
with high cardiovascular risk (EMPA-REG OUTCOME Trial; 119]. However, the
mechanisms of that SGLT2 inhibition improves cardiovascular outcomes are not
fully understood. Accordingly, we examined the molecular mechanism of the bene-
ficial effect of a SGLT2 inhibitor, dapagliflozin, on cardiac dysfunction in insulin-
resistant and overweight MetS rats. Our data focused on its effect in mitochondrial
function in the hearts of those animals, and also demonstrated its marked cardiopro-
tective action through augmentation of cellular oxidative stress and in a manner of
insulin-independent ways [82].
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Since more than eighty percent of even highly motivated patients are unable to
achieve weight loss with dietary and lifestyle modifications alone, they prefer to
use some drugs and/or other agents. Sibutramine is a norepinephrine and serotonin
reuptake inhibitor and approved for weight management in patients. Sibutramine
induces an increase in energy expenditure with an impact on satiety [120, 121].
In addition in some patients, sibutramine increases blood pressure, via its sympa-
thomimetic effects [122]. In line with those experimental studies, a trial named
as The Sibutramine Cardiovascular Outcomes (SCOUT) evaluated the long-term
effects of sibutramine treatment combined with diet and exercise on the rates of
cardiovascular events with high cardiovascular risk [123]. In another study, its was
documented the cardiovascular risk–benefit profile of sibutramine through the clin-
ical outcomes [124]. Therefore, there is yet a contraindication of the use of this
antiobesity agent in patients. To understand whether sibutramine has benefits or
risks for the heart, we performed some in vitro experiments in isolated ventricular
cardiomyocytes from overweight and insulin-resistant MetS rats. Our unpublished
observations, performed in isolated ventricular cardiomyocytes, have revealed that
acute sibutramine treatment provided significant prolongations in action potential
duration, indicating a pro-arrhythmic action in a concentration-dependent manner,
at most, due to its reduction action on voltage-dependent K+-channel currents. In
conclusion, the safety profile of sibutramine seems to be not clear yet particularly in
cardiovascular outcomes, and the drug should not be prescribed for overweight/obese
patients with a high cardiovascular risk profile.

Concluding Remarks

As discussed in previous sections, the numbers of people having overweightness and
obesity are increasing worldwide, and already knowns (from both experimental data
and clinical observations) documented that those conditions are mostly depending
on excess or abnormal fat accumulation into the body, further leading to increases
in risk factors for disturbances in our health. The amount of body fat is generally
estimated with the body mass index (BMI). Obesity is strongly linked with several
chronic diseases such as diabetes, hypertension, cardiovascular diseases, as well as,
mood disorders and physical disabilities.

Recently, there is a wide discussion on the topic of the obesity paradox (an inverse
correlation between the risk of obesity-related disease and increased survival in obese
patients) althoughobesity is associatedwith illness status and appears to be associated
with lower mortality but increases the risk of complications in several organ systems
[6, 125]. However, more recent data in hospitalized patients or patients with chronic
illnesses showed a relationship between BMI and mortality, with overweight and
moderate obesity being associatedwith lowermortality comparedwith a normal BMI
or more severe obesity. However, it is yet under investigation whether the obesity
survival paradox represents a real protective effect of adipose tissue [126]. Indeed,
in some obese individuals, the high BMI may be related to an increased muscle mass
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or they may have a more advantageous fat distribution that is not associated with
metabolic co-morbidities. Also, adipose tissue may function as a fuel source and
provide energy and lipid-soluble nutrients during highly catabolic states [127, 128].
In summary, clinical observations suggest that a metabolically benign adipose tissue
phenotype exists and may explain the paradoxically low risk of certain diseases in
some but not all obese individuals.
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Chapter 18
Role of the Synchronization of Circadian
Clock by Meal-Timing in Obesity
and Type 2 Diabetes

Daniela Jakubowicz, Shani Tsameret, Zohar Landau, and Julio Wainstein

Abstract Obesity and diabetes are increasing worldwide in epidemic proportion.
Most alarmingly, is that in the last three decades, no country has successfully
succeeded in reducing obesity and diabetes rates, therefore “unless the strategies
for combating this epidemic are changed,” both obesity and diabetes will increase
exponentially in the years to come. Most of the metabolic processes involved in
glucose and energy metabolism, i.e., β-cell secretory function, insulin sensitivity,
muscular glucose uptake, and hepatic glucose production, display daily oscillation
and are controlled by the circadian clock, to anticipate the recurring feeding-fasting
cycles and to optimize metabolic efficiency in the appropriate temporal sequence.
Growing evidence shows that meal timing not aligned with the light/dark cycle,
like skipping breakfast, overeating at night, or snacking all day, including at hours
assigned to sleep, lead to asynchrony and disruption of circadian clock gene expres-
sion andmetabolic and appetite disturbances. It has been suggested, that the circadian
misalignment and mistimed meals, typical of the modern society exposed to a 7/24
activity schedule, is the underlying cause of the vertiginous rise of obesity and T2D.

This reviewwill focus on the recent studies reporting thatmeal timing alignedwith
the circadian clock, by shifting most calories and carbohydrates to the early hours
of the day, through resetting the synchrony of the circadian clock gene expression,
may improve glucose and energy metabolism and appetite regulation, resulting in
more efficient weight loss, better glycemic control and reduced appetite, thereby
preventing obesity and hyperglycemic relapse.
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Introduction

Obesity is increasing worldwide in epidemic proportion [1]. As it is was predictable,
the obesity epidemic resulted in diabetes epidemic, with 9.3% of adults, almost 430
million diabetics worldwide [2]. Diabetes epidemic has further severe health impli-
cations, many life-threatening conditions, and increased morbidity and mortality [2].
Most alarmingly, in the last three decades, no country has successfully succeeded
in reducing obesity and diabetes rates [1, 2]. Therefore, “unless the strategies for
combating this epidemic are changed,” both obesity and diabetes will increase
exponentially in the years to come.

Meal Timing not Aligned with the Circadian Clock, Increase
the Risk of Obesity and Type 2 Diabetes (T2D)

The prevalence of irregular eating patterns, “out of phase”with the external light/dark
cycle, like eating at abnormal night-time hours among shift workers, skipping break-
fast or snacking all day, have increased over the past decades in the Western society,
in parallel with obesity and T2D epidemics [3–6]. Circadian misalignment in partic-
ular skipping breakfast and overeating in the evening are directly associated with
weight gain, insulin resistance, increased risk for developing metabolic syndrome,
obesity, T2D [3–6], and increased cardiometabolic risk [7]. Moreover, in T2D, the
omission of breakfast is associated with significant increase in HbA1C and all-day
postprandial hyperglycemia, even without overeating in the evening, [6]. Further,
it has been suggested that the disruption of the circadian clock, is essential in the
pathophysiology of obesity and T2D [8].

Circadian Regulation of Metabolism

The circadian clock has approximately 24 h periodicity and plays a critical role in
generating circadian rhythms. Like in the plants which obtain energy through photo-
synthesis during the daytime, and nocturnal animals forage for food at night, many
living organisms, including humans, have developed an intrinsic circadian clock that
enables the expression of appropriate metabolic processes, (i.e., β-cell secretion,
muscular glucose uptake, hepatic glucose production) at the appropriate time of the
day [8, 9]. The circadian clock anticipates the recurring feeding-fasting cycle and
optimizes the metabolic efficiency in an appropriate temporal sequence [10–13]. The
meal-timing pattern has a critical influence on the clock gene oscillatory expression.
Meal timing disruption or misalignment within the circadian rhythms, like skipping
breakfast or snacking at night, promotes asynchrony of clock gene expression and
metabolic disturbances, i.e., weight gain, hyperglycemia [13]. In contrast, greater
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intake in the morning than in the evening has a resetting effect on clock gene oscilla-
tion [14–16], and is associated with beneficial effects on weight loss, glycemia, and
appetite control, independent of total energy intake [15–26].

Central and Peripheral Clocks

The circadian rhythms are driven by the central or master clock, consisting of a group
of clock genes localized in the suprachiasmatic nuclei (SCN) of the hypothalamus,
and peripheral clock genes disseminated throughout the body [8–10, 27, 28]. The
central clock in SCN is synchronized to the light inputs, and coordinate the peripheral
clocks to the light/dark cycle, through neuronal pathways, behaviors such as sleep–
wake cycle, feeding/fasting cycle, core body temperature, and hormonal rhythms,
i.e., melatonin, ACTH, and cortisol [8–10] (Fig. 18.1).

Although the central clock coordinates the clock genes in the peripheral tissues
(i.e., adipose tissue, liver, β-cells, a-cells, liver, gut, muscle) [29], they are mostly
entrained by food cues, i.e., the daily time of food intake or food availability, allowing
to anticipate the secretion of metabolic hormones and enzymes before food intake,
at a specific time of the day [10, 11, 30–35]. Noteworthy is that the first meal of the

Fig. 18.1 Central and Peripheral Clock Genes. In this illustration is shown a central clock in
the SCN, and some examples of peripheral clock disseminated throughout the body i.e., in the liver
regulating the hepatic glucose output, in the stomach controlling the ghrelin secretion, and insulin
secretion in β-cells, GLP-1 in the intestinal L- cells, leptin and adiponectin in the adipose tissue
and the glucose uptake in the muscular cells. We may observe that the central clock is activated
by the light (light/dark cycle), while the peripheral clocks are entrained by the time of food intake
(eating/fasting cycle). Both, stimuli, the food intake, and the light should occur in synchrony



340 D. Jakubowicz et al.

day, i.e., breakfast, exerts more powerful resetting effect on the clock network than
other meals, underscoring the damage caused by the absence or delayed breakfast
on the clock regulation of metabolism [15, 36–38].

Molecular Mechanism of the Circadian Clock-Driven
Metabolism

The circadian clock molecular mechanism is identical in central and peripheral
clocks—consist of self-sustained transcriptional feedback loops. The transcriptional
activators, locomotor output cycles protein kaput (CLOCK), and the brain andmuscle
Arnt-like protein 1 (BMAL1), act as positive elements [28–30]. The CLOCK:BMAL1
heterodimer, associated with SIRT1 deacetylase, drives the transcription of five
repressor encoding genes, three period genes (PER1, PER2, PER3), and two cryp-
tochrome genes (CRY1 and CRY2). The resulting PER and CRY proteins interact
to form PER:CRY dimers in the cytoplasm. These dimers are translocated back
to the nucleus after ~24 h, to stop and repress their own CLOCK:BMAL1 induced
transcription, thus generating a cycle of transcription that recur every 24 h [9, 28, 30].

In a secondary regulatory loop, CLOCK:BMAL1 heterodimer mediates the tran-
scription of the repressor REV-ERBα nuclear receptor and one promoter gene, the
retinoic acid receptor-related orphan receptor (RORα), maintaining further the circa-
dian (~24 h) oscillatory function of the clock, andmany other clock-controlled genes,
like PPARγ coactivator 1α (PGC-1α), AMPK and SIRT1 [9, 28].

In the peripheral tissues, theCLOCK:BMAL1 driven transcription ofPERs, CRYs,
REV-ERBs, and RORs clock genes, along with PGC-1α and SIRT1 and other tran-
scriptional elements, promote downstream the expression of several proteins encoded
by tissue-specific clock-controlled output genes. This relays the clock information
to the cellular processes and circadian secretion and activity of most enzymes,
hormones, and transport systems involved in glucose and lipid homeostasis. BMAL-
1, RORα, and SIRT1 positively regulate the circadian β-cells insulin secretion [31,
33–35], insulin sensitivity [39], muscular GLUT4 activity, and glucose uptake [32].
BMAL1 activity has been also associatedwith β-cell replicative capacity and survival
[8].

BMAL-1 andRORα integrity is also necessary for circadian secretion of glucagon-
like peptide-1 (GLP-1) in the intestinal L-cells [40], while, BMAL-1, RORα, and
PGC-1α expressed in the adipose tissue, regulate the nocturnal lipolysis [9, 41]. The
expression of REVERBα and RORα, SIRT1 and PGC-1α, in the liver, modulates the
circadian expression of the gluconeogenic enzyme phosphoenolpyruvate carboxyki-
nase (PEPCK) [42], and the rhythms of hepatic glucose 6-phosphatase (HG6-P) in the
glycolysis pathway [42, 43]. In addition, BMAL1, CRY2, CRY1 and PER2, through
posttranslational regulation of cAMP signaling, suppress the glucagon-stimulated
hepatic glucose production [44], and coordinating the nocturnal oscillation of hepatic
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glucose output, namely glycogenolysis in the first part of night and gluconeogenesis
in the second part, before waking up [44, 45].

Clock Controlled Metabolic Oscillation

The food is assimilated and processed differently when is ingested in the morning
versus in the evening. The thermic effect of food, β cell responsiveness, insulin
sensitivity, and muscular glucose uptake, all are enhanced in the morning hours
compared to afternoon or evening [10, 11, 34, 46–50]. Therefore, humanmetabolism
is optimized for food intake in the morning (i.e., breakfast) while the evening and
nighttime are optimal for fasting and sleep [3, 11, 24, 41, 48]. As a result, postprandial
glycemia displays a clear circadian pattern showing maximal glucose elevation after
identical meal consumed in the afternoon and evening compared to the morning,
in healthy [14, 22, 34, 42, 47, 48] and in T2D individuals [16, 24]. Moreover, low
glycaemic index foods are of less value in glycaemic control, if are consumed in
the evening versus in the morning [49], suggesting that food consuming late in the
day has a detrimental metabolic impact irrespective of glycaemic index. Even the
consumption of sweets, i.e., baked cake, in the breakfast or after lunch (15:30), has
no detrimental effects on glycemic control, in contrast, the consumption of sweets
in the evening at 19:30 (post-dinner), not only triggers significantly higher glycemic
response but also worsens the glycemic response to the following day’s breakfast
[50].

Synchrony Between Central and Peripheral Clocks

For the functionality of the circadian system, the individual clocks must be correctly
synchronized one to another and to the external environment [14]. This coordi-
nation between the central pacemaker and peripheral clocks is achieved when the
feeding/fasting cycle is aligned with the light/dark cycle [11–14]. Therefore, both
stimuli, “light”, and “food” should occur simultaneously “in synchrony”. Since
breakfast, has a powerful resetting effect on the clock network, the temporal synchro-
nization of breakfast and the light in the morning, is critical, for the achievement of
metabolic homeostasis [15, 36–38].

In Fig. 18.2, is shown how the synchrony between breakfast and light, “turns-on”
the clock gene machinery in the early morning. This, further regulate the clock-
controlled output genes relaying the clock information to the tissue-specific down-
stream proteins and the circadian function of the cellular processes, such as insulin
secretion, muscular glucose uptake, hepatic glucose production, etc. [10, 28, 30].
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Fig. 18.2 Synchronization between central and peripheral clock genes. In the above illustration
we can observe that the breakfast in syncwithmorning light “turns on” the clock, activatingCLOCK:
BMAL1 complex, which promote the transcription of PERs and CRYs clock genes. The resulting
proteins PER (P) and CRY (C) form PER: CRY (C-P) dimers in the cytoplasm, and then return
to the nucleus after ~ 24h to repress CLOCK: BMAL1, thus maintaining the ~ 24h cycle of the
clock. At the same time, CLOCK: BMAL1 driven transcription of PERs, CRYs, REV-ERBα, and
RORα genes, along with PGC-1α and SIRT1, promote the transcription of tissue-specific “clock-
controlled genes.” These tissue-specific genes regulate downstream targets’ expression, relaying the
clock information to cellular processes such as circadian β- cell insulin secretion and sensitivity, the
circadian GLP-1 response, muscular glucose uptake, and hepatic glucose production. As a result,
the glucose response after identical meals is significantly higher in the evening versus in themorning

Effects of Asynchrony Between Clocks

Eating and sleeping out of synchrony, by delaying the first meal of the day or by
increasing meal frequency, with macronutrients evenly distributed across the day,
including at hours assigned to sleep [11–16, 36–38, 51–53], promote the uncou-
pling or desynchronization of the peripheral clocks from the central pacemaker and
disrupted circadian clocks regulation of the metabolic processes. This may result in
altered thermogenesis, weight gain, increased lipids, fatty liver, and hyperglycemia
[11–16, 36–38, 51–53]. In Fig. 18.3,weobserve howmisalignment between the hours
of eating and sleeping, lead to disrupted clock gene regulation leading to deficient
β cell secretion and hyperglycemia, deficient GLUT 4 activity, muscular glucose
uptake, increased hepatic glucose output, enhanced adipogenesis, and reduced lipol-
ysis, alteration of GLP-1 secretion and of glucose and lipid intestinal absorption
[11].
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Fig. 18.3 Shown above is a schematic representation of circadian alignment between central
and peripheral clocks (left panel) versus misalignment (right panel). Bright light exposure
during the daytime, food intake during the daytime, and sleeping during the biological night promote
circadian alignment between the central and peripheral clocks. Conversely, light exposure or food
intake in the evening or at night, or sleeping during the daytime, misaligns the two clock systems
and leads to metabolic dysfunction. The disruption of clock gene regulation lead to deficient β

cell secretion and hyperglycemia, deficient muscular glucose uptake, increased hepatic glucose
production, increased adipogenesis, decreased lipolysis, alteration ofGLP-1 secretion and alteration
of glucose and lipid intestinal absorption. “Reproduced and adapted with permission” [11]

In fact, we recently showed that the omission of breakfast led to alteration of
the metabolic clock gene expression in both healthy and individuals with T2D [15].
The absence of breakfast, down-regulated the mRNA expression of AMPK and of
the pivotal metabolic clocks genes (i.e., BMAL1, PER1, RORα), resulting in higher
glycemic response anddeficient insulin andGLP-1postprandial secretion after subse-
quentmeals [15]. This shows, that just one day omission of breakfast adversely affects
clock and clock-controlled gene expression, and was correlated with an increase of
the postprandial glycemic response in both healthy and T2D [15].

Clinical and epidemiological studies have indicated as well, that late meals are
associated with obesity and T2D [6, 21, 22]. Likewise, a diet intervention not aligned
with the circadian clock by shifting calories and CH to later hours of the day, is
associated with less weight loss and higher overall glycemia among obese [21, 22]
and inT2D [18, 23, 24].
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Beneficial Effects of the Synchronization Between Clocks

In contrast, to circadian misalignment, eating in synchrony with the circadian clock
by shifting more calories and especially CH to earlier hours of the day (i.e., high
energy and CH breakfast), and reducing energy and CH consumption in the evening
hours, facilitate weight loss, and improve glycemic excursions, and also reduces
hunger and craving in obese and in T2D, compared to the inverse pattern, i.e., high
in energy and CH dinner and reduced breakfast [16, 18, 21–24].

In an acute study in T2D, it was found, that high energy and CH breakfast
versus omission of breakfast, led to significant improvement of postprandial glucose,
insulin, and GLP-1 response after subsequent isocaloric lunch and dinner [25]. We
also reported in healthy and in T2D, that high energy and CH breakfast versus
omission of breakfast, led to up-regulation of clock genes (BMAL1, PER1, PER2,
CRY1, RORα, AMPK and SIRT1) mRNA expression only in the day when the break-
fast was consumed. This resetting effect on clock genes in “YES” breakfast day,
was associated with the reduction of overall glycemia after following meal [15],
suggesting that enhanced clock gene expression, driven byhigh energy andCHbreak-
fast, might be the underlying mechanism of the improvement of overall glycemia
when most of calories and CH are shifted to the early hours of the day [24–26].

More recently in T2D patients treated with insulin, we explored during three
months, the effects of either one of two isocaloric diet intervention (DI) with different
meal timing and distribution.As it is shown in Fig. 18.4, one of the twoDIwas aligned
to the circadian clock, with 3 meals a day consisted of high energy and CH breakfast
and low in energy and CH dinner (3Mdiet), the other DI was the traditional diet
with 6 small meals with energy and CH evenly distributed along the day without any
temporal alignment to the rhythms imposed by the circadian clock [16]. Compared
to the traditional diet (6Mdiet), the 3Mdiet led to a significant resetting effect in
the oscillatory expression of the clock genes involved in insulin secretion, glucose
uptake, and hepatic glucose production, namely BMAL1, CRY1, PER2, RORα and to
the increase of daily SIRT1 levels [16]. This upregulation of clock gene expression
in the 3Mdiet was associated with a significantly more efficient reduction of HbA1c,
weight loss fasting glucose and glycemic excursion assessed by continuous glucose
monitoring (CGM). The results are shown in Fig. 18.5. Notably, the reduced overall
glycemic excursions in 3Mdiet, were also significantly reduced during the nocturnal
segment (00:00 to 06:00), suggesting a reduced nocturnal hepatic glucose production
and improved hepatic insulin sensitivity in the DI aligned to the circadian clock
[45]. The time spent in the normal glucose range was also significantly increased in
3Mdiet compared to 6Mdiet, while the percentage of time spent in hyperglycemia
was significantly reduced [16].

Importantly the titration of total daily insulin dose resulted in a significant decrease
in insulin requirement by 27.5 units only in the 3Mdiet (Fig. 18.5). In addition, we
found that the appetite and craving scores, for all kinds of foods, but especially for
sweets, were all significantly reduced only in the 3Mdiet. This improves significantly
the adherence to the diet intervention as we already shown in a previous study [21].
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Fig. 18.4 Mealtime and distribution of the 3Mdiet and 6Mdiet. CH, carbohydrates of
daily carbohydrate intake; E, energy of the daily caloric intake; : 3Mdiet; : 6Mdiet. The
(3Mdiet)consisted on high energy and CH breakfast, medium sized lunch and low energy and
low CH dinner with total of ~ 150 gr of daily CH content in which 50% of daily CH was consumed
at breakfast (before 9:30), 40% at lunch (before 15:00) and 10% of CH at dinner not later than 20:00.
This diet was compared with isocaloric six meal diet (6Mdiet), with 3 meals and 3 snacks,as model
of meal timing not aligned to the circadian clock, with same calories and CH content,but uniformly
distributed across the day, with 23% of daily CH intake at breakfast, 23% at lunch and 23% in the
dinner and 3 snacks each one with 10% of daily CH intake, including one snack at 22:00. The partic-
ipants of 6Mdiet, were instructed to consume breakfast: between 8:00-10:00,lunch: 13:00-15:00,
dinner:18:00-20:00, and three snacks at 11:00, 17:00 and at 22:00.“Reproduced and adapted with
permission” [16]

Based on these results, we can assume that meal timing aligned to the circadian
clock by shifting most calories and CH to the early hours of the day, upregulated the
oscillatory mRNA expression of the pivotal clock genes, associated with improved
β cell insulin secretion and sensitivity, less β cell apoptosis, enhanced GLUT4 and
muscular glucose uptake, suppression of hepatic glucose production, less adipogen-
esis and enhanced lipolysis, with improved control of appetite and craving impulses
[16]. The upregulation of clock gene expression might be the underlying mechanism
of the beneficial effect on weight loss, glycemic control, and appetite, achieved with
a DI aligned to the circadian clock.

Reduction of Appetite and “Food-Craving” Should Be
a Major Target of Diet Intervention

Obesity is associatedwith impaired inhibitory control over food intake [54].Although
dietary restriction often results in initial weight loss, the majority of obese and obese
T2D patients, cannot maintain for the long term the weight-loss strategies, and fail
to maintain their reduced weight, over time [54–57]. Most weight-loss diets result in
persistent compensatory metabolic changes, including reduced energy expenditure,
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Fig. 18.5 Bodyweight,HbA1c, glucose levels, TDID, hunger, and cravings at baseline, 2weeks
(wk), and 12 weeks of 3Mdiet and 6Mdiet. A: Weight loss. B: HbA1c. C: Fasting glucose. D:
Twenty-four–hour mean glucose. E: Nocturnal (0000–0600 h) mean glucose. F:TDID. G: Hunger
scores. H: Mean daily craving scores. Values are mean± SE. *Significant difference within groups
compared with baseline, P < 0.05; #significant difference between groups, P < 0.05. : 3Mdiet :
6Mdiet “Reproduced and adapted with permission” [16]

increased appetite, food craving, anddecreased postprandial ghrelin suppression [54–
59]. Proposed predictors of weight regain after weight loss include the increase of
these subjective appetite scores, especially increased food cravings [55–59]. There-
fore, long-term strategies to counteract these adverse effects on appetite are needed
to facilitate the maintenance of weight loss and diabetes control over time. These
strategies may include the change of meal timing and macronutrient distribution.
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Conflicting Circadian Rhythms of Hunger and Craving

Many recent studies show the advantage, of meal timing schedule aligned with the
circadian clock by shifting more energy and CH to early hours of the day, and
reducing energy and CH, in the afternoon and evening, to achieve weight loss and
glycemic control [7, 16, 17, 22]. However, and paradoxically, the diurnal variation
of appetite and craving scores, show the inverse oscillation, with higher hunger and
food reward impulses, in the evening hours, which appears to be in conflict with the
recommended meal timing [17, 60]. Hunger and craving scores are at the lowest in
the morning hours (8–10 a.m.) and the highest scores are found in the afternoon (4
p.m. to 6 p.m.) [17, 38, 60]. Craving for sweets is slightly dissociated from hunger,
increasing throughout the day and peaking in the late afternoon and early evening,
around 7 p.m. [16, 56, 59]. Indeed, obese and diabetics are typically not hungry,
not ravenous, and have minimal hedonic impulses upon waking up, consequently,
breakfast is typically the smallest meal of the day, while in the evening when the
high energy and CH consumption is associated with weight gain and higher glycemic
responses, is the time when those obese and obese with T2D, perceive more hunger
and hedonic impulses, especially for sweets [16, 21, 60]. Further, the omission of
breakfast appears to have additive effects, further increasing the appetite and reward
responses (i.e., carb-craving) in the evening [17].

The Effect of High Energy and CH Breakfast on Hunger
and Food-Craving

As the reduction of hunger and especially carb-craving is critical for the achievement
of adequate weight loss and glycemic control over time, we reported both, in obese
and in obese with T2D, that compared with low energy and low CH breakfast. a DI
consisting of high energy and CH breakfast including small sweet i.e., chocolate,
is more effective for weight loss [16, 18, 21–23], for reduction of overall glycemic
excursions [16, 22, 23], and for the prevention of weight regain [21]. The high energy
and CH breakfast, also led to significant ghrelin suppression and increased postpran-
dial GLP-1 responses, which was associated with increased satiety and reduced
mean daily and postprandial hunger VAS scores after breakfast lunch, and dinner,
suggesting a day-long effect of high energy and CH breakfast [21–26]. Further, the
high energy and CH breakfast diet, significantly ameliorated the desire for sweets
and carb-craving in the afternoon and evening [16, 21–26]. Notably, the reduction
of the craving for sweets was more significant between 4 p.m. and 7 p.m. [16], when
the craving for sweets is at its highest level [58–60] (Fig. 18.5). As proposed predic-
tors of poor adherence to the diet, and of weight regain include increased subjective
appetite scores, especially increased hunger and craving for sweets [58, 59], the
significant reduction of hunger, cravings in the afternoon, places the high energy and
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CH breakfast diet as adequate strategy for the achievement of sustained weight loss
and diabetes control [16, 21].

The effectiveness of the high energy and CH breakfast diet, which also has high
protein content, is in line with previous studies showing that dietary proteins are
the most satiating of the macronutrients in conditions of both energy restriction and
energy balance [61]. Meal timing also appears to influence its satiating properties.
Specifically, protein consumed at breakfast (compared to lunch or dinner) lead to
greater initial and sustained feelings of fullness, increased satiety, and reduced levels
of the appetite-regulating hormones such as ghrelin [21, 62].

Moreover, the daily addition of a carbohydrate-rich snack (i.e., sweet) to the
breakfast in the high energy and CH breakfast diet, has been shown to reduce the
snack’s reward value decreasing cravings for sweets, bread, snacks, and fast food in
the evening [63, 64]. Furthermore, it was shown that the addition of chocolate in the
breakfast has a powerful resetting effect on the clock genes expression, which might
be an additional underlying mechanism by which the high energy and CH breakfast
diet, significantly reduces the craving for sweets [64].

Conclusions

Circadian clock regulation of glucose and energy metabolism requires coordina-
tion and alignment between the central clock in the SCN, which is entrained
to light signals, with the peripheral clock genes, i.e., β-cells, muscle, liver, etc.,
mostly entrained to the hour of food intake and food availability. This synchro-
nization between the central pacemaker and peripheral clocks is achieved when the
feeding/fasting cycle is aligned with the light/dark cycle. Therefore, both stimuli,
“light”, and “food” should occur simultaneously “in synchrony”. Since breakfast,
has the most powerful resetting effect on the clock network, the alignment between
breakfast and the light, in the morning is critical, for the achievement of metabolic
homeostasis. Growing evidence shows that a meal timing aligned with the circadian
clock, with most of the daily calories and CH assigned to the early hours of the day
i.e., high energy and CH breakfast and reduced in energy and CH consumption at
dinner and in the late hours of the day, leads to upregulation of clock genes expression
and synchrony within the clocks, and is associated with more efficient weight loss,
reduced overall glycemic excursions along with reduced appetite and craving scores.
Since high energy and CH breakfast, upregulate and synchronize the mRNA expres-
sion of pivotal clock genes, involved in β-cell insulin secretion, muscular glucose
uptake, hepatic glucose production, nocturnal lipolysis, and appetite regulation, it
can be assumed, that upregulation of clock genes expression might be the underlying
mechanism of the beneficial effect on weight loss, glycemic control, and appetite
when the meal timing is aligned to the circadian clock.
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Chapter 19
Methylglyoxal and Its Role
in Obesity-Associated Heart Failure
with Preserved Ejection Fraction
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Abstract Heart failure (HF), including early-onset HF with preserved ejection frac-
tion (HFpEF) is a common cause of morbidity and frequent hospitalizations in
obese individuals. Diagnosis of HFpEF remains challenging due to its heteroge-
neous phenotype. To date, the molecular causes for the early-onset decrease in
myocardial energetics, increase in global longitudinal strain, dysregulation of the
endothelial cells in the coronary vasculature, myocardial fibrosis and inflammation
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remain poorly understood. This paucity of information is the primary reason for a lack
of specific pharmacologic agents to treat HFpEF. There is now considerable evidence
indicate that accumulation of the reactive α-dicabonyl species, methylglyoxal (MG)
is the underlying cause for a diverse array of cardiac defects including myocyte and
endothelial cell dysfunction, coronary microvascular leakage, inflammation, micro-
ischemia and fibrosis. Here we review how MG is synthesized and degraded, the
consequence MG accumulation, and present new data showing elevated MG levels
in plasma of obese patients with and without HF.

Keywords Obesity · Heart failure · Glycolysis · Methylglyoxal · Endothelial
cells · Microvascular leakage · Inflammation · Fibrosis · Inflammation

Introduction

Obesity, defined as body-mass-index of ≥30 kg/m2, has risen exponentially during
the past few decades and is now a major cause of poor health in many countries [1,
2]. More than 13% of the world’s 7.8 billion people are obese, with rates amongst
women significantly higher than that in men (15% of women and 11% of men)
[3]. In North American and Middle Eastern populations, more than 40% of indi-
viduals are obese [4]. Socioeconomic factors, race and ethnic disparities contribute
to higher obesity rates amongst Hispanics/non-Hispanic blacks (47%) in the USA
compared to non-Hispanic whites (38%) and Asians (13%) [5]. Chronic obesity is
the underlying cause for an expanding array of diseases, including type 2 diabetes
mellitus (T2DM), chronic kidney disease, non-alcoholic fatty liver disease, hyper-
tension, several different types of cancers and heart failure (HF) [1]. An apparent
“beneficial effect” of obesity has also been reported. Studies have found that indi-
viduals with BMI between 30 kg/m2 and 35 kg/m2 (class I obese) with coronary
heart disease that underwent percutaneous coronary intervention were more likely to
have favorable outcomes compared to normal or underweight individuals [6]. This
favorable prognosis was not seen in class II (BMI = 35 to < 39 kg/m2) and class
III (>40 kg/m2) obese individuals. However, Hainer and Aldhoon-Hainerová indi-
cated that this “obesity paradox” is due to a lack of the discriminatory power of BMI
to differentiate between lean body mass and fat mass [7]. The direct and indirect
medical and non-medical costs of obesity worldwide is estimated to be more than
$2 trillion USD [1, 8].

Shortness of breath (dyspnea), fatigue, chest discomfort and edema of the lower
extremities are common characteristics of heart failure (HF) in obese individualswith
Type 2 diabetes mellitus (T2DM) [9–12]. There is also a higher incidence of HF in
postmenopausal women [13]. These symptoms arise from structural and functional
impairments in thefilling and ejection of blood from the left ventricle of the heart [14].
HF can be subdivided into early-onset HF with preserved ejection fraction (HFpEF)
and later-stage HF with reduced ejection fraction (HFrEF). In HFpEF, the fraction
of blood ejected remains unchanged (>50%), but the filling rate and extensibility
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of the left ventricle is compromised, i.e., impaired relaxation of the left ventricle
during diastole. In HFrEF, the volume of blood expelled from the left ventricle
per contraction is reduced, i.e., ejection fraction is reduced, < 50%. Recently, the
European Society of Cardiology (ESC) also introduced HF with mid-range ejection
fraction (HFmrEF) to define those patients with ejection fraction between 40–50%
[15]. However, the phenotype of patients with ejection fractions between 40–50% is
not yet fully defined, as some studies have found they exhibit clinical profiles similar
to HFrEF including a higher risk of sudden cardiac death, while others have reported
a closer resemblance to HFpEF, including impaired diastolic relaxation [16].

HFpEF is a major cause of early-onset morbidity, frequent hospitalizations, and
healthcare costs in individuals with chronic obesity [14, 17]. This condition is chal-
lenging to diagnose due to heterogeneity in its phenotype. Metabolic syndrome,
type 2 diabetes mellitus (T2DM), pulmonary hypertension and renal insufficiency
are usually present in patients with HFpEF [14]. However, it is not clear whether
pulmonary hypertension and renal insufficiency are primary causes of HFpEF or
occur secondary to the impaired diastolic function [18]. Clinical studies targeting the
RAASwhich is effective in patients with HFrEF, including I-PRESERVE (Irbesartan
inHeart Failurewith PreservedSystolic Function), CHARM-Preserved (Candesartan
in Heart Failure: Assessment of Reduction in Mortality and Morbidity), TOPCAT
(spironolactone), PARAGON-HF, (sacubitril-valsartan and valsartan), and DIG-PEF
(Digitalis Investigation Group, preserved ejection fraction) have shown only modest
ability to decrease hospitalization rates and slow HFpEF in obese individuals [19–
25]. This is likely because of themultitude of contributing pathobiologicmechanisms
within cardiomyocytes, the coronary vasculature, and the surrounding tissues. Clin-
ical trials to investigate whether sodium-glucose co-transporter 2 (SGLT2) inhibitors
are effective to treat HFpEF is ongoing [26]. Emerging data from several laborato-
ries including ours indicate that accumulation of the cytotoxic α-oxoaldehyde species
methylglyoxal (MG) is a contributing cause for the decreased myocardial energetics,
endothelial dysfunction microvasculature leakage, inflammation and fibrosis seen in
HFpEF [27–30]. Here we discuss generation and degradation of MG in mammalian
cells, the consequenceMG accumulation, and provide original data showing elevated
MG in plasma of obese patients with and without HFpEF.

Methylglyoxal

Synthesis

Methylglyoxal (MG, Fig. 19.1, also known as 2-oxopropanal and pyruvaldehyde)
is the most reactive of the endogenous α-oxoaldehydes generated in mammals [31–
34]. This reactive dicarbonyl species is generated principally from the spontaneous
breakdown (non-enzymatic) of the glycolytic triose intermediates, glyceraldehyde 3-
phosphate (G3P) and dihydroxyacetone phosphate (DHAP) during the biochemical
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Fig. 19.1 Schematic representation of the main metabolic pathways involved MG production. MG
is formed mainly by the spontaneous breakdown of the glycolytic intermediates, glyceraldehyde-3-
phosphate (G3P) and dihydroxyacetone phosphate (DHAP), but smaller amounts are also formed
also from the metabolism of lipids and proteins. The last enzymes in the enzymatic pathway are
numbered 1: phosphoglucose isomerase, 2: acetonemonooxygenase, 3: vascular adhesion protein-1,
and non-enzymatic (spontaneous) pathways are labeled NE

processes that converts glucose into pyruvate (glycolysis), Fig. 19.1 [34]. About
0.1% of the glucotriose flux is converted into MG [35]. Smaller amounts of MG are
also produced from the spontaneous break down of glucose, metabolism of glucose
via the sorbitol pathway (polyol pathway), enzymatic degradation of triacylglycerol,
proteins (amino acids) and fatty acids (enzymatic breakdown of malondialdehyde in
the cytoplasm by phosphoglucoisomerase), and the degradation of glycated proteins
[31, 36, 37]. In healthy individuals, MG concentrations in plasma typically ranges
between 60 – 250 nM and 1- 5 μM in tissues [38–40].

The majority of MG generated inside healthy cells is reversibly bound to the
arginine, lysine and cysteine residues of proteins, with about 1% existing as the
free unhydrated, monohydrated, or dihydrated form [40, 41]. Free and reversibly
bound forms of MG are also in constant equilibrium with each other. Free MG also
readily exchange between cellular and extracellular compartments including juxta-
posed cells with a half-life cell membrane permeability of < 15 min [31]. Physiolog-
ical levels of MG play important roles in regulating cell proliferation, differentiation
[41]. Additionally, MG plays an important roles in regulating non-REM sleep and
anxiety through its actions as an agonist at GABAA receptors [42–47]. Studies have
suggested that MG may also serve a hormesis role; a favorable biological response
to low-dose exposure of a stressor compound [48, 49].
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Degradation

Because supraphysiologic level of MG is cytotoxic, cellular accumulation of MG is
tightly regulated. Inside cells, free MG rapidly forms a hemithioacetal with reduced
glutathione [50]. This MG-GSH hemithioacetal is then rapidly degraded by the
dual-enzyme glyoxalase system present in the cytoplasm of every cell to produce
D-lactic acid and regenerate the reduced glutathione in two sequential reactions
(Fig. 19.2, middle). In the first step, glyoxalase-I, (GLOI, EC4.4.1.5, Glo1, also
known as lactoylglutathione lyase) converts the MG-GSH hemithioacetal into S,
D-lactoylglutathione. In the second step, the S, D-lactoylglutathione is degraded
by glyoxalase-II (GLOII, EC3.1.2.6, Glo2) in the presence of H2O to D-lactic acid
and reduced glutathione [31, 32]. Glo1 is the rate-limiting step for the detoxifica-
tion of MG and the rate of MG degradation depends on the amount of free GSH
present inside cells. This degradation mechanism continuously reduces the amount
free and by extension the amount of MG reversibly bound to amino acid residues
inside cells. D-lactate which is metabolized in mammalian tissues by mitochon-
drial D-lactate dehydrogenase, can be also used as a surrogate indicator of MG flux
[51]. Other enzymes, including aldehyde dehydrogenases family (ALDHs) and the

Fig. 19.2 Pathways involved in the degradation of methylglyoxal in mammalian cells. MG is
degraded principally via the glyoxalase system which consists of two enzymes glyoxalase-1 (Glo1)
and glyoxalase-2 (Glo2). In the first step, theMG-GSH hemithioacetal formed is used as a substrate
by Glo1 to form S, D-lactoylglutathione. Glo2 in the presence of water then catalyzes the transfor-
mation of S, D-lactoylglutathione into D-lactate and GSH.MG is also degraded by aldose reductase
and D-lactaldehyde dehydrogenase with the enzymes using NADPH and NADH as co-factors and
with higher Kms’
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aldoketo reductases (AKR) family, particularly aldose reductase isoform AKR1B3
in mice, AKR1B4 in rats, and AKR1B1 in humans also degrade MG, albeit with
Kms’ several orders of magnitude higher than that of Glo-1 and with other cofactors
including NADPH and NADP (Fig. 19.3) [31, 52]. However, the relative contribu-
tion of ALDHs and AKRs toMG detoxification depends on their cellular expression.
Therefore, ALDHs, and AKR are of relevance for the detoxification of MG when
the highly efficient glyoxalase system becomes compromised.

Fig. 19.3 Pathways by which elevated MG contribute to heart failure (HF) with preserved and
reduced ejection fractions. Elevated MG can dysregulate microvascular endothelial cells leading to
increasedmicrovascular permeability (arising from decreased expression of tight junction proteins),
immune cell infiltration, inflammation and fibrosis. These changes can simultaneously occur in the
microvasculature of heart, lungs and kidneys
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Glyoxalase-1

The human glyoxalase 1 gene (GLO1) is located in chromosome 6 (6p21.3-p21.1)
between HLA and the centromere [53]. This region is a hotspot for functional copy
number variation (CNV), also known as copy number polymorphisms, and can give
rise to as much as four-fold higher expression of Glo1 [54, 55]. Thornalley and
colleagues reported that the prevalence ofGLO1 copy number increase in the human
population is approximately 2%[56].Gene cloning showed that humanGLO1-coding
regions consists of 12 kb with introns separating five exons. There are two different
genetic variants of GLO1 at position 111 that results in glutamate to alanine substi-
tution and three allozymes of Glo1 [31]. Mouse Glo1 is located in chromosome 17
at locus 17a3.3, approximately 3 cM from the Ss locus of the H-2 histocompatibility
region [57, 58].

The activity of Glo1 is regulated both at the transcription and post translational
levels [31, 57, 59–61]. The promoter region of humanGLO1 has a functionally oper-
ative regulatory insulin-response element (IRE), a metal-response element (MRE)
and an antioxidant response element (ARE) [31, 61, 62]. Binding of the anti-oxidant
transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) to the ARE
region of GLO1 induces expression of Glo1 [31, 62, 63]. Thus, activators of Nrf2
will induce expression ofGlo1 [63, 64].Under hypoxic conditions binding of hypoxia
inducible factor 1α (HIF-1α) toARE suppressesGlo1 expression, hence a reasonwhy
hypoxia inducesMG stress. Ranganathan et al., also reported a two-fold reproducible
increase in reporter activity of Glo1 with insulin and ZnCl2 treatments, indicating
a functionally operative insulin response element (IRE) and metal response element
(MRE) [61].

Glo1 activity is also regulated by post-translational modifications. N-terminal
acetylation at alanine 2, a vicinal disulfide bridge between cysteine residues 19 and
20 (mouse and human), mixed disulfide with glutathione on cysteine 139 (mouse
and human), phosphorylation at Thr 107 (mouse and human) and NO modifica-
tions at Cys-139 have been identified and shown to modulate the activity of Glo1
[31, 65]. Morgenstern and colleagues showed that phosphorylation at Thr 107 by
Ca2+/calmodulin-dependent kinase II delta (CaMKIIδ) enhances the catalytic effi-
ciency ofGlo1 and blunt formationMGadducts [66].However, TNF-α induced phos-
phorylation of Glo1 at Thr 106(7) by protein kinase A (PKA) decreases the ability of
Glo1 to degrade MG. de Hemptinne and colleagues reported that NO modification
and phosphorylation of Glo1 at Thr 106(7) also suppresses TNFα-induced NF-kB-
dependent reporter gene expression [67]. NO-modification and glutathionylation at
Cys139 inhibit the ability of Glo1 to metabolize MH-GSH hemithioacetal. However,
N-acetylation and the oxidation of Cys19 and 20, do not impact Glo1 activity.

GSH which is crucial for the formation of MG-GSH hemithioacetal is synthe-
sized by two ATP-dependent sequential reactions; ligation of L-glutamate and L-
cysteine by γ-glutamylcysteine ligase (GCL; EC 6.3.2.2), and the addition of glycine
to γ-glutamylcysteine by glutathione synthetase (GSS; EC 6.3.2.3) [68]. Glutathione
reductase (EC1.8.1.7) also knownas glutathione-disulfide reductase (GSR) catalyzes
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the reduction of oxidized glutathione (GSSG) to the reduced glutathione (GSH),
needed for maintaining the reducing environment inside cells. Like Glo1, GCL, GSS
and GSR expression are under regulatory control by the anti-oxidant transcription
factor, Nrf2. We earlier reported reduced GSH levels in diabetic myocytes [68, 69].
A reduction in the GSH pool will lead to reduced rate of formation of the MG-
GSH hemithioacetal. The inflammatory condition induced by increased adiposity
also reduces expression of Glo1. The combination of a reduction in GSH and Glo1
will result in accumulation of MG.

Elevated MG is also a potent inducer of mitochondria reactive oxygen species
(ROS), by decreasing the activities of complexes I, II, and V of the electron trans-
port chain. MG-induced increase in ROS will further deplete the GSH pool inside
cells. We showed that increasing expressing Glo1 in cardiac cells using the promoter
of the inflammation-induced protein endothelin-1, after induction of diabetes but
before the onset of HF prevented down regulation of GSH [30, 70]. Several mech-
anisms are likely responsible for the preservation of GSH. First, by having suffi-
cient amount of Glo1 inside cells, there is no buildup of MG-GSH hemithioacetal
that traps GSH. Instead, the MG-GSH hemithioacetal is converted by Glo1 to the
S-D-lactoylglutathione and the latter is degraded by Glo2, recycling the GSH. It
should be noted that Glo2 expression is regulated by a separate set of transcrip-
tion factors including p63 and p73, steroid hormones, androgen receptor and phos-
phatase and tensin homologue (PTEN)/phosphoinositide 3-kinase (PI3K)/protein
kinaseB (AKT)/mammalian target of rapamycin (mTOR) signaling [71–74]. Second,
lowering MG will attenuate mitochondria ROS production, thereby “freeing up”
GSH. Third, lowering MG will upregulate the ARE-Nrf2 pathway and expression
of γ-glutamylcysteine ligase and glutathione reductase, leading to an increase in
synthesis of new GSH [68].

Effects of MG Accumulation

Studies have reported increased MG levels in plasma of patients and tissues
and plasma of animals with inflammatory conditions including obesity, diabetes,
end-stage renal disease, neuro degenerative disorders, infections, and cancers [31,
62, 75–80]. This increase in MG is arising from both increases in MG synthesis and
reductions in MG degradation. As shown in Fig. 19.1, an increase in MG production
can arises from multiple sources including glycolysis, polyol pathway, and degra-
dation of triacylglycerol, fatty acid and amino acid metabolism. It can also arise
from reductions in expression of GSH and Glo1. In addition to reversibly reacting
with arginine, lysine and cysteine residues on proteins, at supraphysiologic levels,
MG also irreversibly react with nucleophilic sites of proteins, phospholipids, and
DNA to form adducts. Studies have identified the MG adducts, hydroimidazolones
(MG-H1, MG-H2 andMG-H3), argpyrimidine, tetrahydropyrimidine (THP), N ε-(1-
carboxyethyl)lysine (CEL) and 1,3-di(Nε-lysino)-4-methyl-imidazolium on arginine
and lysine residues of proteins. Carboxymethyl/carboxyethyl adducts have also been
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identified on the nitrogen atoms on the head groups of select basic phospholipids. The
cross-link adduct 2-ammonio-6-((2-[(4-ammonio-5-oxido-5-oxopentyl)amino]-4-
methyl-4,5-dihydro-1H-imidazol-5-ylidene)amino)hexanoate (MODIC) formed
between arginine and lysine residues with the same or different proteins have also
been reported. Imidazopurinones, 6,7-dihydro-6,7-dihydroxy-7-methylimidazo-
[2,3-b]purine-9(8)one and 6,7-dihydro-6,7-dihydroxy-6-methylimidazo-[2,3-
b]purine-9(8)one (MGdG) are the primary products formed when MG reacts with
DNA [31, 81–83]. Cleaved peptides containingMG adduct, in particularMG-H1 and
N ε-(1-carboxyethyl)lysine can serve as agonist for the receptor of AGEs (RAGE)
to activate a number of cellular process including pro-inflammatory pathways to
exacerbate inflammation [31]. We earlier showed that not all adducts formed on
long-lived proteins negatively impact their functions [70]. Some adducts may have
no functional consequence, suggesting that some proteins may serve to scavenge
reactive carbonyl species. Cell have two primary degradation mechanisms; lyso-
somes and proteasomes. Lysosomes degrades extracellular damaged proteins via
endocytosis, phagocytosis and autophagy using an array of proteases. Proteins that
are extensively modified by MG are resistant and have slower degradation rates in
lysosomes. The proteasome generally degraded intracellular misfolded or damaged
proteins that adversely affect cellular functions. They undergo poly-ubiquitination
and degradation via the 20S core proteasome that contains the proteolytic activ-
ities of the 26S proteasome. However, studies have shown that AGE-modified
proteins, including MG-modified proteins are resistant against the 20S proteasome
degradation [31, 84–86].

To date, no enzymes have been identified in mammalian cells that can degrade
MG adducts after they are formed on proteins. The Parkinson disease protein 7 also
known as DJ-1 was initially thought to have deglycase activity by hydrolyzing the
hemithioacetals and hemiaminals formed whenMG reacted with the thiol and amino
groups of proteins. However, in a recent report, Andreeva et al., reported that the
hemithioacetal formed betweenMGand reduced glutathione apparent spontaneously
decomposes with a half-life of 12 s and this was mistakenly viewed as deglycase
activity of DJ-1 [87].

Effects of Elevated MG on the Function of Vascular
Endothelial Cells

Coronary atherosclerosis (CA) is a well-known cardiovascular disease (CVD) in
obese individuals, especially in thosewithT2DM[88]. Thismacrovascular pathology
has been extensively studied, and arises from oxidation and accumulation of lipids,
foamcell formation, and inflammation that lead to atheromatous plaques in the intima
of the arterial walls [89]. Migration and proliferation of smooth muscle cell from the
media into the intima and the formation of a fibrous caps also occurs. The impacts
of obesity on the coronary microvasculature of the heart are less well studied.
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The coronary microvasculature is the system of small blood vessels that trans-
port nutrients to and remove waste from the heart. They also regulate vascular
tone and perfusion pressures in the heart. The smallest of these blood vessels are
called capillaries [90, 91]. Arterioles and meta-arterioles which contain two to four
layers of circumferentially arranged smoothmuscle cells (SMCs) that transport nutri-
ents to capillaries. Post capillary venules that transport waste from tissues usually
have larger internal diameters than arterioles and contain 1–2 layers of SMCs [90,
91]. The endothelium is a highly specialized, single layer of cells lining the lumen
of these microvessels. Endothelial cells (ECs) within the microvasculature regu-
lates vascular tone and perfusion pressures by synthesizing and releasing vasodi-
latating substances including nitric oxide, prostacyclin, carbon monoxide, and vaso-
constricting substances (endothelins, thromboxane A and the endothelium-derived
constrictor factor) that regulate the contractile status of vascular SMCs [92–94]. ECs
of capillaries are surrounded by pericytes and allow for the diffusion of solutes from
the blood into the tissues and vice versa take place [90, 91]. The ECs in post capillary
venules also aid in transvascular transport of plasma proteins and immune cells from
the blood into tissues by synthesizing adhesion molecules (e.g., platelet endothe-
lial cell adhesion molecule-1 PECAM-1, vascular cell adhesion protein 1, VCAM,
and vascular adhesion protein-1, VAP-1). ECs in arterioles and downstream of post
capillary venules express large amounts of tight junction (TJ) proteins to prevent
para-and trans-cellular passage of substances and immune cells from the blood into
myocardium [95].

MG is a potent endothelial cell toxin. ECs have a relatively lower Glo1 content
compared to juxtaposed SMCs [96]. Earlier we showed that bathing arterioles of
anesthetized control rats withMG for 30min, attenuated the ability of the endothelial
nitric oxide synthase (eNOS)-activating ligand adenosine diphosphate to vasodilate
these arterioles, akin to that seen in diabetes [96]. Interestingly, bathing arterioles
from control rats withMG did not have any effect on the ability of the SMCs relaxing
agent nitroglycerin to vasodilate these vessels. Others have suggested that this may
be due in part to MG decreasing phosphorylation of eNOS at Ser1177, which causes
eNOS to switch fromgeneration ofNO to the generation of superoxide anion [97].We
also show that chronic exposure of ECs toMG decreases expression of tight junction
proteins [96]. We also showed that increasing expressing Glo1 in ECs using the
promoter of the inflammation-induced protein endothelin-1, shortly after induction
of diabetes, prevented the loss of vasodilation of arterioles to ADP challenge [96].
Whether MG generated by ECs are diffusing into SMCs and becoming degraded
or MG production in SMCs is being upregulated and this MG diffusing out and
dysregulating ECs remains to be delineated.
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Elevated Levels of Methylglyoxal in Obese Patients
with and Without Type 2 Diabetes Mellitus and Heart
Failure

The human heart contains several different cell types; cardiac myocytes (one third),
smoothmuscle and endothelial cells of the coronary vasculature, fibroblasts and other
connective tissue cells, mast and immune system-related cells and cardiac stem cells
[98] and dysregulation of any of these cells could impair myocardial function. In
the non-disease of the heart (healthy), myocytes obtain 85% of their ATP from β-
oxidation of fatty acids and the remaining 15% from aerobic glycolysis. ECs and
SMCs obtain ~75–80% of their ATP from anaerobic glycolysis and the remaining
25–20% from aerobic glycolysis [99–102]. Since there are ~2 X more ECs and
SMCs in the heart than cardiomyocytes, and anaerobic glycolysis affords ~15 X less
ATP molecules per molecule of glucose, the glucose demand in ECs and SMCs is
greater than that of cardiac myocytes [98, 102, 103].

During insulin resistance and/or diabetes, conditions typically present in individ-
uals with chronic obesity, G6PDH-mediated entry of glucose into the pentose phos-
phate pathway is attenuated, lowering production of the primary intracellular reduc-
tant, NADPH [104, 105]. Accumulation of ROS including superoxide anions will
result in DNA strand breaks and activation of polyADP-ribose polymerase (PARP1).
Activated PARP1 ribosylates and reduces the activity of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), the enzyme that converts glyceraldehyde-3-phosphate
(G3P) to 1,3-bisphosphoglycerate (1,3BPG) resulting in the build-up of G3P [106,
107]. Increased degradation of G3P will increase MG production. The inflammation
associated with insulin resistance and diabetes and increased MG production will
downregulate Nrf2 and Glo1. Excess glucose also induces arginase activity, which
consumes the NO-precursor arginine and uncouples the NO generating from eNOS
activation [104]. Impairment in the function of ECs will lead to dysfunction of the
coronary microvasculature of the heart.

Studies have reported increased MG and D-lactate in sera of obese adults. [108].
A low calorie diet and Roux-en-Y gastric bypass also reduced plasma MG in obese
women with T2DM, indicating that elevated MG is associated with obesity [109].
Recently, Schalkwijk and colleagues found that elevated plasma MG level during
fasting and post-oral glucose tolerance test were associated with [110]. Thornalley
and colleagues earlier showed that a co-formulation consisting of the Nrf2 acti-
vators trans-resveratrol and hesperetin improved glycemic control, and vascular
inflammation and function in healthy overweight and obese individuals by inducing
expression of Glo1 [111], emphasizing that accumulation of MG is contributing to
vascular inflammation. Chronic elevation in MG will impair the function ECs in the
coronary microvasculature of the heart resulting in microvascular leakage, micro-
ischemia, immune cell infiltration into the myocardium, inflammation and fibrosis
[30], (Fig. 19.3). The function of ECs in the macrovasculature of the heart may also
be negatively impacted, leading to the development of arteriosclerosis [89]. Accu-
mulation of MG will also result in irreversible post-translational modification and
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dysregulate cellular proteins including those in the mitochondria leading to deceased
ATP production and cardiac dysfunction [70, 112]. The ECs of the vasculature of
the kidneys and lungs will also be negatively impacted, which could help explain the
deficits in pulmonary and renal functions in individuals with HFpEF (Fig. 19.3).

Here we add to the body of literature showing elevated levels of MG in plasma of
male obese individuals with without T2DM and HFpEF relative to non-obese male
controls. These de-identified samples (twenty five per group) were collected from
the Veteran’s Administration Hospital, Omaha, NE and from the Diabetes Clinic,
University of Nebraska Medical Center. Age, weight, body mass indices (BMI),
HbA1c, ejection fraction, HOMA-IR, C-reactive protein and glomerular filtration
rate were obtained. Plasma MG levels were determined using the derivatization
procedure recently optimized in our laboratory [30, 113]. A calibration curve was
generated using commercially available 2-methylquinoxaline, the product formed
between MG and o-phenylenediamine for quantitation.

In this cohort, the mean age of obese individuals was not significantly different
from control (47.10 ± 2.70 years and 47.64 ± 2.26, p > 0.05). Mean age of obese
individuals with T2DM, and T2DM and HFpEF were older (59.00 ± 1.51 and 61.40
± 1.80 years, p < 0.05), Fig. 19.5a. Weight, BMI, and HbA1c of obese individuals
with andwithout T2DMandT2DMHF are also shown in Figs. 19.4b, c, d). Nearly all
obese patients in this study were of class II (<35 kg/m2 BMI < 40 kg/m2). HOMA-IR
(insulin resistance), and plasma levels of C-reactive proteins were higher in obese
individuals with T2DM and HFpEF (Figs. 19.5a, b). Glomerular filtration rate was
reduced in obese individuals with T2DM and HFpEF (Fig. 19.5c). Percent ejection
fraction in all patient groups were >50%, although it was lower in obese individuals
with T2DM and HF (Fig. 19.5d). MG levels were 4X higher in obese individuals
compared with non-obese individuals of similar ages and persisted in obese indi-
viduals with and without T2DM and HFpEF (Fig. 19.5e). These data suggest that
plasma MG levels increase with obesity and persist thereafter. A persistent increase
in plasma MG will impair the function of ECs of the coronary micro-vasculature
(and macro), negatively impacting vascular permeability, perfusion pressures and
the development of arteriosclerosis.

Conclusion

This review is intended to introduce readers to the most potent and reactive α-
oxoaldehyde species generated in mammals (including humans), namely methyl-
glyoxal (MG) and its role in the development of heart failure with preserved ejec-
tion fraction (HFpEF). Data is also provided showing MG is elevated in plasma of
obese patients with HFpEF. The primary source of MG in mammals is glycolysis,
although smaller amounts are generated from other sources included lipid oxidation.
In healthy cells, this MG reversibly binds to exposed arginine, lysine and cysteine
residues on select proteins inside cells. During inflammatory conditions including
obesity (adipose tissue is an inflammatory organ) and diabetes, MG levels increase
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Fig. 19.4 General characteristics of patients used in the study. Panels A-D show physical charac-
teristics including age, weight and body-mass indices and HbA1c, in non-obese controls, class II
obese, class II obese with type 2 diabetes mellitus (T2DM) and class II obese with T2DM and heart
failure Data shown are mean ± SEM for n = 25 patients per group. *denotes significantly different
control, # denotes significantly different from obese

in plasma (including humans shown in Fig. 19.5) in part from increased synthesis
and reduced degradation. Accumulation of MG results in irreversible binding of
MG to basic residues on proteins, lipid and DNA which can impair cellular func-
tion. MG produced by one cell can diffuse and negatively impact the function of
juxtaposed cells. Thus, it stands to reasoning that increasing expression of Glo1
and/or the enzymes that synthesizes GSH, including GCL and GSS should blunt
accumulation of MG and attenuate dysregulation of ECs seen during inflammation
conditions. However, it should be pointed out that expression of Glo1, GCL and GSS
are regulated by the anti-oxidant transcription factor Nrf2. The Nrf2 expression is
downregulated under inflammation conditions. Thus, stimulators of Nrf2 may have
only transient benefits if the underlying inflammatory conditions is not suppressed.
Earlier, we used the promoter of the inflammation-induced protein endothelin-1 in
an adeno-associated viral (AAV) vector to increase expression of Glo1 in SMCs and
myocytes in diabetic rats (that have underlying inflammation) and showed that this
strategy attenuated ECs dysregulation and HFpEF. Interestingly, increasing Glo1
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Fig. 19.5 Parameters measured in patients of this study. Panels A-E show HOMA-IR, C-reactive
protein, glomerular filtration rate, ejection fraction and plasmaMG levels, respectively, in non-obese
controls, class II obese, class II obese with type 2 diabetes mellitus (T2DM) and class II obese with
T2DM and heart failure. Data shown are mean ± SEM for n = 25 patients per group. *denotes
significantly different control, # denotes significantly different from obese

only modestly lowered blood glucose levels. However, it should be pointed out that
although AAV may become integrated into the DNA of cells, a specific helper virus
is needed for long term replication. Additionally, AAV effects may be rapidly diluted
in rapidly dividing or replenishing cells, including ECs.
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Chapter 20
Marine Derived Bioactives to Combat
Obesity: Potential Mechanisms of Action

Indrayani Phadtare, Hitesh Vaidya, and Sukhinder Kaur Cheema

Abstract Obesity is a complex disease caused by an interaction of genetic, dietary,
lifestyle, and environmental factors. The prevalence of overweight and obesity is
rising at an alarming rate worldwide, and is becoming a major public health concern.
Obesity is associated with several metabolic disorders, such as diabetes, hyperten-
sion and cardiovascular diseases. Etiology of obesity involve multiple biochemical
and physiological pathways such as dyslipidemia, increased oxidative stress, and
inflammation; thus, a single target treatment is not beneficial towards managing this
disease. Natural sources, such as marine products/foods that contain a number of
bioactive molecules, may act in a synergistic way to increase bioavailability and/or
action on multiple targets/organs to offer advantages over a single target treatment
for obesity. Marine derived bioactives have attracted great attention in the recent
years for their anti-obesity effects by targeting dyslipidemia, oxidative stress and
inflammation. Thus, there is a need to develop marine based products, which are a
rich source of natural bioactive molecules, as nutraceutical and functional foods, to
target obesity and related complications.

Keywords Dyslipidemia · Inflammation · Cytokines ·Marine bioactives ·
Oxidative stress · Obesity

Introduction

Obesity infers a huge economic burden on the already outstretched health systems in
many countries.According to the 2016 report of theWorldHealthOrganization,more
than 1.9 billion adults (18 years and older) were designated as overweight worldwide,
and over 650 million of themwere obese [1]. In 2018, Statistics Canada reported that
63.1% adults in Canada were obese or overweight [2], and the estimated economic
burden of obesity in Canada range from $4.6 to $7.1 billion annually. Obesity is a
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complex multifactorial chronic disease associated with excessive body fat accumu-
lation caused by an imbalance between energy intake and expenditure. Apart from
genetic factors, environmental and socio-economic factors are also major contribu-
tors of obesity. Clinical observations confirm there is not a single molecular mecha-
nism responsible for obesity; however, majority of the molecular changes that cause
obesity lead to dyslipidemia and insulin resistance (IR) as a common outcome [3–5].
Thus, themajority of the therapeutic treatments for obesity are targeted towards IR, or
the causes of IR such as inflammatory cytokines, oxidative stress and dyslipidemia.
Dietary habits and lifestyle are alsomajor contributors to obesity [6]; global strategies
are thus focusing on restricting calorie intake and increasing physical activity to target
obesity [7]. Besides dietary modifications, intervention with natural products have
shown beneficial effects under obese conditions [8, 9]. A recent study found a direct
association between lower levels of omega (n)-3 polyunsaturated fatty acids (PUFA)
in erythrocytes and obesity [10]. Similarly, observational and randomized controlled
clinical studies have shown that seafood-based diets, or an intake ofmarine n-3 PUFA
has beneficial effects in weight management and dyslipidemia [11]. The anti-obesity
effects of marine based macroalgae as well as seaweed are also documented [12–15].
These studies highlight the potential importance of dietary inclusion of marine based
foods/supplements for the prevention of obesity. The current chapter focuses on the
mechanisms of action of marine derived bioactive molecules, and their potential to
be utilized as functional food or nutraceutical products for the prevention and/or
treatment of obesity as a safer strategy, compared to drugs.

Pathophysiology of Obesity: Dyslipidemia, Oxidative Stress,
and Inflammation

Obesity is a metabolic disorder, which is associated with a number of health condi-
tions such as IR, type-2 diabetes, hypertension, obstructive sleep apnea syndrome,
non-alcoholic fatty liver disease and dyslipidemia [16]. There is not a single molec-
ular mechanism responsible for obesity, but multiple events lead to the outcome
of obesity (Fig. 20.1). Dyslipidemia is the primary observation for obesity; it has
been suggested that BMI (BodyMass Index) is directly related to lipid abnormalities
in obese patients [17, 18]. Approximately, 60–70% of patients who are obese are
dyslipidemic, while 50–60% of patients who are overweight are dyslipidemic [19].
The hallmark of dyslipidemia in obesity is elevated fasting and postprandial circu-
lating triglycerides (TG) levels, in combinationwith elevated low-density lipoprotein
(LDL)-and low high-density lipoprotein (HDL)-cholesterol levels [20]. The possible
reasons for an increase in circulating TG levels in obesity are either due to an increase
in the release of TG from adipose tissue, or due to lipolysis of TG-rich lipoproteins
within circulation [21].

Adipose tissue is a primary organ responsible for storing excess calories in the
form of neutral lipids, whereas under nutrient deficit conditions, adipose tissue
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Oxidative stress 
ROS production 
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Weight Gain 
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Fig. 20.1 Pathways associated with the pathophysiology of obesity. Obesity is associated with
dyslipidemia, chronic inflammation and oxidative stress, causing insulin resistance and an increase
in fat accumulation. TG, Triglycerides; LDL, Low-density lipoprotein; HDL, High-density lipopro-
tein; IL-6, Interleukin-6; TNF-α, Tumor necrosis factor-α; IL-1β, Interleukin-1β; ROS, Reactive
oxygen species

supplies energy to other tissues through lipolysis [22]. Preadipocytes are converted
to mature adipocytes through the process of adipogenesis and fat storage. Perox-
isome proliferator-activated receptor-gamma (PPAR-γ) is the master regulator for
the process of adipogenesis [23], regulates fat storage as TG, and maintains energy
homeostasis [24]. Previous reports have shown that PPAR-γ gene expression is
significantly reduced in obese subjects, while upregulating PPAR-γ gene expression
increases adipogenesis and improves IR [25]. PPAR-γ also regulates the gene expres-
sion of adiponectin, as well as glucose transporter type-4 (GLUT-4) in adipocytes,
thus is responsible for insulin sensitivity. Adiponectin is a potent adipokine, which
is also known as the fat burning hormone as it increases β-oxidation of fatty acids;
adiponectin levels are inversely related with BMI [26] and IR [27]. An increase in
PPAR-γ gene expression also improves IR by increasing adiponectin levels [28].
GLUT-4 is a transporter protein responsible for the uptake of glucose. GLUT-4
protein expression, as well as its translocation to the surface of the cell membrane is
insulin dependent, hence in the state of IR such as in obesity, the function of GLUT-4
is impaired. In obese subjects, the protein expression of GLUT-4 is decreased, which
may be an early marker for obesity [29].

Adipocytes accumulate lipids via one of the two processes. Adipocytes take up
dietary lipids from circulation in the form of free fatty acids, which are stored as TG
with the help of the enzyme diacylglycerol O-acyltransferase (DGAT)-2 [30]. The
second process involves de novo lipogenesis process within the adipocytes them-
selves [31]. The major regulator for de novo lipogenesis in adipose tissue is sterol
regulatory element binding protein-1 (SREBP-1) [32]. The downstream regulator
genes for lipogenesis includes acetyl-CoA carboxylase (ACC)-1, fatty acid synthase
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(FAS), stearoyl-CoA desaturase (SCD) and DGAT [31]. De novo lipogenesis is
increased in the adipose tissue in obese subjects [31], therefore, lipogenic genes
are considered as important targets to develop treatments against obesity [33].

Adipocytes release the stored fat in energy deficient conditions as free fatty acids
to the circulation by the process of lipolysis. The major regulators for this process are
hormone sensitive lipase (HSL) and adipocytes triglyceride lipase (ATGL) [34]. Both
enzymes are regulated by insulin signaling via the central and peripheral systems.
Human studies have shown that in obese individuals, lipolysis is significantly reduced
compared to lean healthy subject [35, 36]. Insulin inhibits HSL and ATGL to reduce
lipolysis; these enzymes play important role in weight loss program in overweight
and obese individual [37].

In response to an increase in energy intake, adipose tissue undergoes dynamic
remodeling, which may include an increase in fat cell size (hypertrophy), and/or an
increase in fat cell numbers (hyperplasia) or both [38]. Due to excessive fat storage
and adipocytes remodeling, adipose tissue experiences an increase in oxidative stress
and increase production of reactive oxidative species (ROS). Findings from obese
individuals have shown that obesity is coupled with altered redox state and increased
metabolic risk [39]. Karbownik-Lewinska et al. [40] reported that overweight or
obese subjects have higher lipid peroxidation levels in the serum, compared to normal
weight individuals. At cellular level, ROS activates PPAR-γ gene expression, which
is responsible for an increase in adipogenesis and fat accumulation [38, 41, 42].

Adipose tissue also produces and releases a variety of adipokines and cytokines
(anti- or pro-inflammatory cytokines), including leptin, adiponectin, resistin, and
visfatin, as well as interleukin (IL)-4, interferon (IFN)-γ, tumor necrosis factor
(TNF)-α, IL-6, and others [43]. An increase in oxidative stress (increase in ROS)
in adipocytes is associated with decreased levels of adiponectin mRNA expres-
sion [44]. A decrease in adiponectin levels due to oxidative stress has been corre-
lated with an increase in the secretion of inflammatory cytokines such as IL-6 and
TNF-α [45, 46]. Furthermore increased hypertrophy in obesity attracts immune
cells and macrophage infiltration to adipose tissue [47]. Resident immune cells and
macrophages together cause a further increase in chronic inflammation via increasing
inflammatory cytokine production, thereby inducing adipocytes dysfunction and IR
[48, 49].

Nutrition and Obesity

Nutrition transition as a result of urbanization and affluence is considered as the
major cause for the obesity epidemic [50]. Diet and dietary factors (e.g., fatty acids,
antioxidants) influence dyslipidemia, oxidative stress and inflammatory state [51–
54]. Nutrients are capable of directly interacting with the regulation of gene expres-
sion to impact metabolic pathways [55]. Clinical studies have shown evidence that
fried food consumption predisposes individuals to obesity [56]. Moreover, replacing
saturated fat with PUFA showed a significant reduction in obesity and cardiovascular
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disease [57]. Interestingly, marine foods are high in PUFA, along with the presence
of other nutrients and bioactive component such as saponins, carotenoids and phytos-
terols that are shown to possess anti-obesity effects. The following sections focus on
marine derived bioactives as potential therapeutic agents to target obesity associated
dyslipidemia, oxidative stress and inflammation.

Prevention of Obesity Associated Dyslipidemia by Marine
Derived Bioactives

Abnormalities in lipidmetabolismare commonlyobserved in obese patients, showing
an increase in circulating TG and a decrease in HDL levels. A major contributor to
dyslipidemia in obesity is delivery of free fatty acids to the liver from adipose tissue,
IR and a pro-inflammatory state. Fish oil is a rich source of n-3 PUFA, especially
eicosapentaenoic acid (EPA) anddocosahexaenoic acid (DHA) [58], andhas acquired
a significant interest to target obesity [59, 60]. Fish oil improves IR [61, 62], dyslipi-
demia [63], reduce pro-inflammatory mediators [64], lower body weight gain [65],
and reduce obesity-related impediments. Research in humans has confirmed that
supplementing n-3 PUFA significantly improved dyslipidemia by reducing TG and
cholesterol levels [63]. The possible molecular mechanisms for decreasing TG levels
are by inhibition of DGAT-2, increased plasma lipoprotein lipase activity, decreased
hepatic lipogenesis, and increased hepatic β-oxidation [66]. Animal based studies
have also confirmed that n-3 PUFA supplementation reduce fat accumulation by
downregulating lipogenesis and stimulating lipid oxidation [67–69].

Other commercially valuable aquatic species such as blue mussels (BM) and sea
cucumber (SC) that survive on phytoplanktons are a rich source of n-3 PUFA, and
other bioactive such as polysaccharides, phytosterols and carotenoids that are known
to induce several health benefits [70, 71]. We have previously shown that treating
3T3-L1 pre-adipocytes with methanolic extracts from BM and SC reduced lipogen-
esis and fat accumulation by inhibiting PPAR-γ gene expression [72]. Others have
also shown similar anti-adipogenic effects of BM due to inhibition of PPAR-γ gene
expression [73]. We further found that BM and SC methanolic extract significantly
reduced TG accumulation by inhibiting lipogenic genes such as SREBP-1 and ACC-
1 in 3T3-L1 cells [74]. In a follow up study using C57BL/6 mouse model, we found
that supplementing BM and SC freeze dried powder in an obesogenic diet prevented
weight gain, and dyslipidemia by reducing plasmaTGand cholesterol levels [75–78].
Recently, Chang et al. [79] also reported that BMwater extract significantly decreases
abdominal adipose tissue weight and plasma cholesterol levels in mice. These find-
ings suggest that BM and SC may target obesity related metabolic complications to
provide health benefits.

Shrimp is another marine species that is rich in phospholipids, n-3 PUFA and
carotenoids such as astaxanthin (ASTX) [80, 81]. Supplementing shrimp extracts in
a high fat diet to LDL-receptor knockout mice was found to elicit potent anti-obesity
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effects by significantly reducing weight gain and decreasing plasma TG and choles-
terol levels. Shrimp extract/oil is rich in ASTX (3,3’-dihydroxy-beta, beta-carotene-
4,4’-dione) that possesses a unique structure compared to other carotenoids due to
the presence of hydroxyl and keto groups at both ends (Fig. 20.2) [82]. This unique
chemical structure brings distinctive features, such as the ability to be esterified, and
amore polar configuration compared to other carotenoids [82]. ASTX exists in either
free form or is conjugated with protein, or esterified with one or two fatty acids i.e.,
monoester or diester form, which stabilizes the molecule [83]. In recent years, ASTX
gained significant amount of attention as a potential nutraceutical due to a number of
suggested health benefits. Antioxidant potential of ASTX is suggested to be 10 times
higher than other carotenoids such as zeaxanthin, lutein, canthaxanthin, β-carotene,
and ASTX is almost 100 times more potent antioxidant than vitamin E and C [84].
Supplementing ASTX in a high-fat and high-cholesterol diet increased hepatic LDL-
receptor, decreased 3-hydroxy-3-methylglutaryl CoA reductase (HMG-CoA reduc-
tase) and SREBP-2 activity, which was associated with lowering plasma cholesterol
levels in mice [85]. The authors further reported a decrease in TG levels, which was
due to a significant increase in the mRNA expression of carnitine palmitoyltrans-
ferase 1 (CPT1), suggesting that the TG lowering effect of ASTX might be due to
increased fatty acid β-oxidation in the liver [85]. Jia et al. [86] have also shown that
the possible hypolipidemic effects of ASTX is by functioning as a PPAR-γ antag-
onist and PPARα agonist that leads to lower plasma TG levels and improves fatty
acid β-oxidation. These findings indicate that ASTX could be used as a functional
food/nutraceutical to target obesity related lipid disorders.

Seaweed, also known as a microalgae, has shown benefits against dyslipidemic
condition associated with obesity and IR [87]. Fucoxanthin is a major carotenoid
present in seaweed. Studies have shown that potent lipid lowering effects of seaweed
are due to the presence of fucoxanthin [88–90]. Research using 3T3-L1 pre-
adipocytes showed anti-obesity effects of fucoxanthin by inhibiting PPAR-γ gene
expression, and a significant reduction in TG accumulation in adipocytes [91]. In
an animal-based study, fucoxanthin supplementation to a high fat diet significantly
prevented the increase in serum TG and cholesterol levels, which was due to a
decrease in SREBP-1, ACC-1 and FAS gene expression. These authors also reported
that fucoxanthin increases β-oxidation by increasing CPT-1 mRNA expression [92].

Fig. 20.2 Planar structure of Astaxanthin. R1, R2 = H, represents free ASTX; R1 or R2 = fatty
acid, represents monoesterified ASTX; R1 and R2 = fatty acid, represents diesterified ASTX;
ASTX, astaxanthin
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Fig. 20.3 Possible mechanisms by which marine derived bioactives target dyslipidemia associ-
ated with obesity. Marine derived bioactives target dyslipidemia by improving insulin resistance,
decreasing adipogenesis, lipogenesis and lipolysis, along with increasing β-oxidation in adipocytes,
as well as decreasing TG synthesis in liver. TG, Triglycerides; FFA, Free fatty acids

Thus, marine based products such as fish oil, BM, SC, shrimp/shrimp oil enriched
with ASTX, and seaweed provide a clear evidence to prevent dyslipidemia by
inhibiting lipogenesis and adipogenesis. The pathways/mechanisms bywhichmarine
derived bioactives target dyslipidemia are summarized in Fig. 20.3. It will be impor-
tant to consider developing nutraceuticals/functional foods around these marine
products and marine derived bioactives as potential therapeutic strategies to target
dyslipidemia associated with obesity.

Prevention of Obesity Associated Oxidative Stress by Marine
Derived Bioactives

Oxidative stress is a result of the disparity between the ROS production and the
availability of antioxidants or radical scavengers. Under physiological conditions,
the elevated levels of ROS can oxidize biomolecules, and in turn, can directly or indi-
rectly damage different tissues/organs. Elevated levels of glucose and lipids, such as
in obesity, can contribute as an excess source of energy substrates to metabolic path-
ways in adipose and non-adipose cells, that can ultimately raise ROS generation [93].
Usually, the cells are guarded from the damaging effects of ROS by intracellular and
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extracellular defenses, in particular antioxidant enzymes such as, superoxide dismu-
tase (SOD), catalases, lactoperoxidases, and glutathione peroxidase (GPX). When
ROS production overpowers antioxidant capacity, the resulting oxidative stress plays
a part in the progression of several pathological conditions [94]. Studies have shown
that biomarkers of oxidative damage are higher in obese individuals, and are directly
linked to the body fat percentage, serum LDL oxidation and TG content [95]. On
the other hand, antioxidant defense markers are reduced in individuals with obesity
[96, 97]. Therefore, besides pharmacological strategies, other approaches such as
reducing oxidative stress in obesity by dietary modifications and interventions with
natural products are highly encouraged. Evidently, diets rich in certain nutrients such
as n-3 PUFA, vitamins, and phytochemicals reduce oxidative stress in obese individ-
uals [98, 99]. Other marine sources such as fish/fish oil, BM, SC, shrimp/shrimp oil
have also gained a significant attention due to their potential to reduce oxidative stress
and related complications [60, 100]. Marine sources are rich in naturally-occurring
bioactive antioxidants that have the potential to reduce oxidative stress and exert
anti-obesity effects [100].

Fish andfishoil basedEPAandDHAsupplements reduceoxidative stressmarkers,
such as malondialdehyde (MDA), which is a product of the peroxidation of PUFA
in individuals with obesity [101]. Previously, our laboratory has shown that BM
from Newfoundland and Labrador is a valuable source of phospholipid enriched
n-3 PUFAs [74]. It has been shown that BM water extract increased the activity
of SOD and decreased the degree of lipid peroxidation, thereby reducing oxida-
tive stress in high fat diet induced obese rats [102]. Besides fish and BM, SC is
also a promising group of marine invertebrates that contains a diverse spectrum
of bioactive compounds. SC decreases serum and hepatic ROS, free fatty acids, and
reduces oxidative stress in high-fat and fructose diet fed C57BL/6 J obesemice [103].
Furthermore, these authors concluded that the antioxidant effects of SC are due to
the presence of glycosphingolipids [103]. A recent study stated that Northern shrimp
oil contains a high content of n-3 PUFA and antioxidants[104] that reduce oxidative
stress [105]. Nair et al. [80] showed that adding shrimp oil to high fat high fructose
diet reduced oxidative stress inmale obese rats. Shrimp contains a significant amount
of ASTX that has attracted attention in the recent years as a safe alternative to treat
obesity [106]; ASTX increases the gene expression of hepatic antioxidant enzymes,
and decreases myeloperoxidase and nitric oxide synthase activities, thereby reducing
oxidative stress in high-fat and fructose diet induced obese mice [107]. Moreover,
ASTX supplementation (5 and 20 mg once daily for 3 weeks) decreased levels of
oxidative stress biomarkers by reducing lipid peroxidation and elevating the activity
of the antioxidant defense system inoverweight andobese individuals [108]. Seaweed
is another promising natural source of antioxidants [109]. Since obesity is associated
with increased oxidative stress, marine derived bioactives and marine products may
provide a natural protection against oxidative stress and provide benefits under obese
conditions as proposed in Fig. 20.4.
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Fig. 20.4 Possible mechanisms by which marine derived bioactives target oxidative stress associ-
ated with obesity. Marine derived bioactives reduce obesity related oxidative stress by inhibiting
ROS production, antioxidant depletion and oxidative stress related biomarkers. ROS, Reactive
oxygen species; MDA, Malondialdehyde

Prevention of Obesity Associated Inflammation by Marine
Derived Bioactives

Chronic low-grade inflammation under obese conditions results in increased levels of
proinflammatory cytokines. However, it is not fully understood howobesity precisely
activates inflammation. It has been proposed that excess fat in adipocytes stimulates
intracellular stress, leading to the activation of inflammatory signaling cascade [110,
111].Another approach implies that the overloadof fat in adipocytes elevates the infil-
tration of macrophages. This progression may lead to the consequent differentiation,
and activation of cytotoxic T-cells that can cause onset and development of inflam-
matory signaling cascades [112]. Chronic inflammation is associated with secretion
of free fatty acids and inflammatory cytokines, such as IL-6, IL-1β and TNF-α [113].
Marine derived bioactives have shown the potential to reduce inflammation and asso-
ciated complications arising in obesity. For example, fish oil supplements prevent
obesity associated inflammation in humans [114]. Fish oil supplements showed a
decrease in the mRNA expression of IL-18 and IL-1β in adipose tissue of obese
individuals, and also showed a decrease in circulating IL-18 levels [114]. Moreover,
plasma n-3 PUFA status inversely relates with inflammatory cytokines to show a
decrease in adipocytes IL-6, IL-8 and TNF-α levels in humans with obesity [115].
Chang et al. [79] reported that BM water extract significantly decreases proinflam-
matory cytokine levels (TNF-α and IL-1β) in osteoarthritis rats under obesity condi-
tion [79]. Apart from fish and BM, SC have also shown protective effects with
respect to obesity associated inflammation [116]. Previously, we have shown that
the freeze-dried powder of SC when given along with a high fat diet significantly
reduced plasma inflammatory cytokines such as IL-6 [75]. SC derived saponins and
liposomes also protected adipose tissue inflammation by reducing pro-inflammatory
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cytokine release and macrophage infiltration in high fat diet induced C57BL/6 J
obese mice [78]. Likewise, shrimp oil has the potential to prevent inflammation and
associated comorbidities. Santos et al. [80] have shown that shrimp waste extract
that is enriched with ASTX shows anti-inflammatory effects by inhibiting TNF-α
secretion. Nair et al. [80] found that supplementing shrimp oil along with high fat
high fructose diet reduced chronic inflammation in male obese rats. Additionally,
reports have suggested that ASTX, a predominant carotenoid from shrimp oil, when
supplemented along with high fat high fructose diet lowers TNF-α and IL-6 levels,
thereby reducing inflammation in obese mice [107, 117]. Marine algae/seaweed has
also shown anti-inflammatory and antioxidant properties. Seaweed supplementa-
tion mitigates chronic inflammation by reducing inflammatory cytokines in long-
term high fat diet induced C57BL/6 J obese mice [118]. Park et al. [119] studied
the cellular and molecular mechanism underlying the anti-inflammatory proper-
ties of fucoidan, a sulfated polysaccharide from seaweed. These authors found that
the anti-inflammatory properties of this compound are related to the inhibition of
cyclooxygenase-2 and pro-inflammatory cytokines (TNF-α and IL-6) [87]. Overall,
the chronic inflammation in adipose tissues due to the increase in inflammatory
cytokines is the primary cause of IR and adipocytes dysfunction in obesity. Marine
derived bioactives and marine products have the potential as nutraceutical/functional
foods to prevent obesity associated inflammation as summarized in Fig. 20.5.

Fig. 20.5 Possible mechanisms by which marine derived bioactives target inflammation associated
with obesity. Marine derived bioactives reduce obesity related low grade chronic inflammation
by downregulating pro-inflammatory cytokines, as well as reducing macrophage infiltration and
hypertrophy of adipocytes. FFA, Free fatty acids
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Summary and Conclusions

Obesity is associated with metabolic disorders, such as chronic low-grade inflamma-
tion, IR, altered lipid metabolism and increase oxidative stress; thus, treatment for
obesity requires a multi-target approach. Marine derived bioactives are attracting
attention as promising sources to prevent/treat obesity. Marine species contain
bioactives such as astaxanthin, fucoxanthin, saponin, phytosterol and n-3 PUFA
that act through multiple pathways to control obesity. Fish oil enriched with n-3
PUFA decreases plasma TG levels, improves IR, decreases inflammatory cytokines,
and prevents oxidative stress. Blue mussels and sea cucumber are also rich in n-
3 PUFA, phytosterols, saponins, and other bioactives that decrease lipogenesis,
inhibit inflammatory cytokines, and prevent oxidative stress. Shrimp oil contains
n-3 PUFA and is a rich source of astaxanthin, which is a highly potent antioxidant.
Seaweed is enriched with fucoxanthin, which has been shown to decrease inflamma-
tory cytokines, inhibits lipogenesis and adipogenesis. Thus, there is a strong scien-
tific evidence that marine products and/or marine derived bioactives target various
metabolic disorders associatedwith obesity, thus have the potential to combat obesity.
Nutraceutical and functional foods industry should consider developingmarine based
therapeutic strategies to target obesity as these are safer alternatives when compared
to pharmaceuticals/drugs.
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Chapter 21
Bitter Melon in Combination with Diet
Modification and Regular Exercise Can
Prevent and Treat Obesity
and Hypertension Cost-Effectively

Carlin Hanoman, Jaipaul Singh, Khemraj Rupee, Sunil Rupee,
Abdullah Adil Ansari, Emanuel Cummings, and Shalini Behl

Abstract Chronic diseases (CDs), including hypertension, obesity and diabetes, are
responsible for a large number of global deaths annually. This is due to current life
style habits, including sedentary life style, smoking, excess alcohol intake, sugar and
fast-food consumption, genetic factors, stress and others. This study investigated the
effect of daily consumption of bitter gourd/melon (Momordica charantia) combined
with life style changes to reduce body weight, systolic and diastolic blood pressure
(SDBP), blood glucose and lipid levels in the body. The study recruited 32 obese
male (16) and female (16) subjects with an average age of 42 years (±4.5 years) and
the majority of them had secondary education. They were divided into four groups
(4 men and 4 women per group). Group 1 (diet only) was asked to reduce daily food
intake and avoided snaking or binging for 6 weeks. Group 2 (diet and bitter melon)
did the same as group 1 but combined with the consumption of 20 g of bitter melon
juice (vol/weight) daily for 6 weeks. Group 3 (diet, exercise and bitter melon) did
the same as group 1 but combined with daily exercise involving walking, stretching
or bicycle riding or a combination for 30 min plus the consumption of 20 g of bitter
melon daily for 6 weeks. Group 4 (diet and exercise) did the same as group 1 plus
daily exercise involving walking, stretching or bicycle riding or a combination for
30 min Initially, at week 1 the subjects were weighed and their height and SDBP
taken. Blood samples were taken for the measurements of fasting blood glucose
(FBG), HBA1c, total cholesterol and triglyceride. Their BMI and blood pressure
were measured weekly over 6 weeks and another blood sample for each subject was
taken at the end of week 6 for analysis as in week one for comparison. The results
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showed that all four interventions were associated with marked decreases in BMI
but with little or no change in HBA1c and FBG compared week 1 with week 6.
However, significant (p <0.05) decreases were observed in SDBP, total cholesterol
and triglyceride comparingweek 1withweek 6. It is concluded that life style changes
including dieting, regular exercise and daily intake of bitter melon can help to reduce
blood pressure and lipids and the weight of obese subjects leading to a better quality
of life.

Keywords Obesity · Diet · Hypertension · Exercise · Bitter melon · Chronic
diseases

Introduction

The World Health Organization [1] identified chronic non-communicable diseases
(NCDs) or chronic diseases (CD) as cardiovascular (heart and blood vessels) diseases
(CVDs), stroke, overweight and obesity, cancer, chronic respiratory diseases (CRD),
cerebrovascular disease, kidney failure, dental diseases, diabetes mellitus (DM) and
a few others [2]. CVDs are further classified into heart failure or cardiomyopathy,
hypertension, atherosclerosis, coronary artery diseases (CAD), arrhythmias, sudden
cardiac death (SCD) and others [3, 4]. Chronic diseases are often viewed to affect
old people primarily but at this moment in time, they affect children as young as
12 years of age. Moreover, chronic diseases are among the most common, costly
and preventable of all health problems, and they represent a growing burden for
society globally [5]. They are recognized as a growing international socio-economic
and public health and social care problems, accounting for over 36 million of the
57 million deaths worldwide in 2008 [6]. Currently, it is estimated that NCDs kill
41 million people each year, equivalent to 71% of all deaths globally. Moreover, 15
million people die from NCDs, especially during their working age, between 30 and
69 years and over 85% of these are premature deaths, especially in low- and middle-
income countries throughout the world [1, 3, 5]. Figure 21.1 shows some of the
major risk factors for obesity, a major NCD, and they include smoking, environment
factors, genetics, alcohol intake, high level of stress, physical inactivity, unhealthy
diets composed with excessive fats and sugar, constant snaking and binging (over
eating and unhealthy eating patterns), few calories expended, family structure, socio-
economic problems, no psychological intervention, some medications and health
conditions including hormone imbalance, lack of knowledge in self-care, parental
and birth weights not enough sleep, hypothyroidism, insulin resistance, polycystic
ovary syndrome, Cushing’s syndrome and others [4, 7, 8]. Detection, screening and
treatment of NCDs, as well as palliative care, are key components to reduce NCDs
and/or to prevent premature deaths. Metabolic risk factors for NCDs include hyper-
tension, overweight and obesity, hyperglycaemia and hyper-lipidemia [1, 2]. The
WHO predicted that the proportion of the burden of NCDs is expected to increase to
75% by the end of 2020 [6].



21 Effect of Bitter Melon on Obesity and Blood Pressure 391

Fig. 21.1 Flow diagram illustrating some of themajor risk factors in the development of overweight
and subsequently, obesity in the body

Obesity has become a public global health problem.More than 13% of the world’s
7.8 billion people (11% of men and 15% of women) are obese, defined as having
a body-mass-index of >30 kg/m2. In the current climate of health and nutrition, the
global trend is that more than 50% of the world’s population will be obese or over
weight by 2030 [3, 5]. InNorthAmerica, severalAsian, European andMiddleEastern
Countries, >30% of adults are obese. Obesity, with high fat and high sugar diets, is a
risk factor for type 2 diabetes mellitus (T2DM), hypertension and early-onset heart
failure with preserved ejection fraction that leads to frequent hospitalizations and in
some cases SCD [9].

Obesity is also a major cause of such comorbidities as dementia, cancer, chronic
pain and bullying [1, 2, 4, 5]. Similar to DM, obesity is a major NCD and it is
also a major global health problem currently affecting more than 700 million adults
and more than 2 billion people are overweight. Both obesity and overweight are



392 C. Hanoman et al.

defined as an abnormal excessive fat accumulation in the body leading to diabetes,
cancer, hypertension and heart diseases over time [3, 5]. What is now worrying is
that children as young as 8–12 years of age are obese due to excessive body weight?
Comparing current time with 1975, overweigh has more than triple in number [7].
Obesity and over-weight are due to an imbalance between calories (fatty food) intake
and expenditure combined with sedentary life style. Many people are too lazy to
participate in physical activities. Obesity is defined as having a basal metabolic
index (BMI) of 30 and over [3, 5]. Overweight is when the BMI is between 25 and
29 and normal weigh is when the BMI is between 20 and 24, whereas under body
weight is when the BMI is less than 18 [3–5]. Obesity is now deemed as a major
NCD leading to risk of chronic conditions, reduced quality of life and subsequently,
to premature sudden cardiac death [1, 3, 5, 6]. Obesity and overweight vary between
genders, ethnicity and economic status and both disorders are preventable depending
on the individual [10].

In Guyana, there is a growing epidemic of NCDs, including obesity, diabetes
and hypertension, cancer and others among its population. This is due to the effects
of globalization, increased urbanization, alcoholism, smoking, physical inactivity,
unhealthy diet, population ageing, behavioural, and the inadequacies of existing
health and social care promotion, early disease diagnosis and prevention andmanage-
ment efforts. The Ministry of Public Health (MPH) reported that in 2016, NCDs
accounted for over 60% of deaths amongst males and over 70% of deaths amongst
females [11].

In recent years, scientists have been looking for cures of this overweight and
obesity pandemic problem. Figure 21.2 shows some of the major factors which
can help in reducing the weight of our body including daily exercise, eating less
and more slowly, avoid constant snaking and binging, consume less alcohol and
soft drinks rich in sugar, change life style habits generally, join a weight watcher’s
group, seek psychological intervention, educate yourself on the danger of over eating
and the long-term complications of obesity-induced complications, take medication
and surgery for weight loss, get hormonal treatment, browning white fat cells in
the body, use of complementary medications and others. Research work in our and
other laboratories have shown that bitter melon/corilla (Momordica charantia) can
be used effectively in reducing blood sugar thereby treating diabetes [12–13] and
obesity [13–14]. This study now investigates the hypothesis that bitter melon can
also be used to reduce body weight gain and high blood pressure when combined
with diet modification and exercise in a cost-effective manner.
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Fig. 21.2 Flow diagram showing some of the major factors which can help in reducing the weight
of our body thereby either preventing the development of obesity or helping to treat the disease

Methods

Recruitment of Patients

Thirty two male and female subjects (16 males and 16 females) were recruited from
newly diagnosed overweight or obese patients who had no other illness and not on
any medication and who visited our clinic for treatment according to established
investigative trial/study methods. The subjects signed a consent form to participate
in the study at their own will and they could withdraw at any time if they wanted.
Following recruitment, the subjects were explained thoroughly about their obesity or
overweight and also about the experimental protocol which was designed to last over
a period of six weeks. They were also given a questionnaire comprised of twenty five
questions on obesity to complete based on knowledge of self-care. The thirty-two
subjects were divided into four groups of eight subjects (4 males and 4 females) per
group. Group 1 (diet only) was asked to reduce daily food intake, including sugar
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and fats, and avoided snaking and binging for a period of 6 weeks. Group 2 (Diet
and bitter melon) did the same as group 1 but in addition to the consumption of 20 g
of bitter melon either as a juice (vol/weight) or eat it as a salad raw once or twice
daily before meals over 6 weeks. Group 3 (diet, exercise and bitter melon) did the
same as group 1 but combined with daily exercise involving walking, stretching or
bicycle riding or combination for 30 min daily) and consumption of 20 g of bitter
melon daily either as a juice (vol/weight) or eat it raw as a salad before meals either
once or twice per day for 6 weeks. Group 4 did the same as group 1 but combined
with daily exercise involving walking, stretching or bicycle riding or combination
for 30 min daily). At the start of the study at week 1 and up to the end of the study
at week 6, all the subjects were weighed and their height taken as well as their
systolic and diastolic blood pressure (SDBP) on a weekly basis. A small volume of
fasting blood was taken from each subject for the measurements of fasting blood
glucose (FBG), HBA1c, total cholesterol and triglyceride at the start at week 1
and at the end of the study at week 6. The BMI was calculated from the weight
and height following weekly measurements. Blood pressure was measured using
a digital sphygmomanometer on a weekly basis over the six weeks. Fasting blood
glucose (FBG), HBA1c, total cholesterol and triglyceride were measured using our
clinical laboratory auto-analyser.

Preparation of the Bitter Melon Juice

The unripe green fruits ofM. charantia were obtained from the local supermarket or
picked directly from the tree (Fig. 21.3a). They washed, cut sagitally (long-way) and
subsequently cleaned of internal tissues and cut into small pieces (Fig. 21.3b, c) [15].
Approximately, one kilogram of chopped green fruit was liquidized in 1000 ml of
drinking water for 5–10 min using a blender at room temperature. Once settled into
a green juice, it was poured into a container and stored for use (Fig. 21.3d). Subjects
were given 20 ml daily either one or twice (10 ml per time) daily (vol/weight),
equivalent to 20 ml/20 g.

Statistical Analysis of Data

Statistical data analysis was done using the Statistical Package for Social Sciences
(SPSS) and ANOVA. The data collected were compared according to the assigned
groups. Data are expressed as mean± standard error of the mean (SEM). A value of
p <0.05 is taken as statistically significant.
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Fig. 21.3 Original photographs showing the bitter melon on the tree (a), cut long-way, cleaned of
while tissues (b) and cut into small pieces (c) for blending into a green juice (d)

Ethical Clearance

The project had ethical clearance from the University of Guyana (UG) and UCLan
Ethics Committees. A written informed consent was obtained from each participant
after given written and oral information about the study.

Results

Time Course of Weight Loss

Figure 21.4 shows the time-course effect of (a) diet alone, (b) diet combined with
daily intake of 20 g of bitter melon, (c) diet, exercise and daily intake of 20 g of
bitter melon and (d) diet and daily exercise on BMI in obese subjects over a period
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(a) Diet alone                                                       (b) Diet and bitter melon 

(c) Diet, exercise and bitter melon                              (d) Diet and exercise
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Fig. 21.4 Time-dependent effect of a diet alone, b diet and daily intake of 20 g of bitter melon
daily, c diet, daily exercise and intake of 20 g of bitter melon and d diet and daily exercise on BMI
over a period of 6 weeks in obese subjects. Data are mean ± SEM and n = 8 for each measured
parameter. Note that all four interventions reduced BMI markedly over 6 weeks compared week 1
at the start of the experiment

of 6 weeks compared to week 1 at the start of the study. The data show that all two
interventions (diet and exercise) in life style changes, combined with bitter melon,
can markedly reduce body weigh gradually in a time-dependent manner comparing
week 1 with week 6. Typically, body weight was reduced by 5.39%, 5.48%, 8.30%,
and 9.33% for diet alone, diet and exercise, diet and bitter melon and diet, exercise
and bitter melon, respectively over the six weeks of the study.
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Time Course of High Blood Pressure Measurement

Systolic Blood Pressure

Figure 21.5 shows the time–course effect of (a) diet alone, (b) diet combined with
daily intake of 20 g of bitter melon, (c) diet, exercise and daily intake of 20 g of bitter
melon and (d) diet and daily exercise on systolic blood pressure (SBP) in obese

(a) Diet alone (b) Diet and bitter melon

(c) Diet, exercise and bitter melon                  (d) Diet and Exercise
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Fig. 21.5 Time-dependent effect of a diet alone, b diet and daily intake of 20 g of bitter melon,
c diet, daily exercise and intake of 20 g of bitter melon and d diet and exercise on systolic blood
pressure (SBP) in obese subjects over a period of 6 weeks. Data are mean ± SEM and n = 8 for
each measured parameter. Note that all three interventions reduced SBP markedly over 6 weeks,
compared week 1 at the start of the experiment. Note that SBP was significantly (p <0.05) reduced
in week 6 compared to week 1, at the start of the study



398 C. Hanoman et al.

subjects over a period of 6 weeks compared to week 1 at the start of the study. The
data show that all two interventions (diet and exercise) in life style changes combined
with bitter melon can markedly reduce SBP gradually in a time- dependent manner
from elevated levels to normal values. Typically, SBP was reduced significantly (p
<0.05) by 25.38%, 18.70%, 22.665% and 24.66% with diet and exercise, diet alone,
diet in combination with better melon and diet and, exercise in combination with
better melon, respectively over the duration of the study, comparing week 6 with
week 1.

Diastolic Blood Pressure

Figure 21.6 shows the time-course effect of (a) diet alone, (b) diet combinedwith daily
intake of 20 g of bitter melon, (c) diet, daily exercise and 20 g intake of bitter melon
and (d) diet and exercise on diastolic blood pressure (DBP) in obese subjects over a
period of 6 weeks compared to week 1 at the start of the study. The data show that the
two interventions (diet and exercise) in life style changes, combined with daily bitter
melon intake, can markedly reduce body DBP gradually in a time-dependent manner
from elevated levels to normal value. Typically, DBP was decreased significantly (p
<0.05) by 14.89%, 16.66%, 17.20% and 17.52% for diet and exercise, diet alone,
diet and bitter melon and diet, exercise and daily bitter melon intake, respectively
over the duration of the study comparing week 6 with week 1.

Measurements of Age, Gender and Blood Biomarkers

Table 21.1 shows the mean (±SEM) age, gender and levels of such blood biomarkers
such as HBA1c, fasting blood glucose (FBG), total cholesterol and triglyceride for
the 8 subjects (4 males and 4 females) in each of the four different intervention
groups namely, diet alone, diet and daily exercise in combination with bitter melon
intake, diet and daily intake of bitter melon and diet and exercise at week 1 at the
start of the study and on week 6 at the end of the study for comparison. The results
show that the subjects were in their working years of age. The majority of them had
secondary education. Moreover, their HBA1c and FBG only reduce very slightly
for each intervention. In contrast, four interventions reduced blood total cholesterol
and triglyceride, but with significance (p <0.05) in the presence of diet, exercise and
bitter melon, diet with bitter melon and exercise and diet and exercise.
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(a) Diet alone (b ) Diet and bitter melon  

(c) Diet, daily exercise and  bitter melon       (d) Diet and Exercise
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Fig. 21.6 Time–dependent effect of a diet alone, b diet and daily intake of 20 g of bitter melon,
c diet, daily exercise and intake of 20 g of bitter melon and d diet and exercise on diastolic blood
pressure (DBP) over a period of 6 weeks in obese subjects. Data are mean ± SEM and n = 8 for
each measured parameter. Note that all four interventions reduced DBP markedly over 6 weeks
compared week 1 at the start of the experiment. Note also that that DBP was significantly (p <0.05)
reduced in week 6 compared to week 1, at the start of the study

Discussion

Both overweight and obesity, due to an imbalance between calories intake and
imbalance, are becoming major health problems affecting almost two billion people
globally at present, with almost 700 million obese [3, 5]. They are responsible for
abnormal or excessive fat accumulation in the body leading to impaired health. If left
untreated, obesity can lead to diabetes (diabesity)which is amajor cause of death from
cardiovascular diseases (CVDs) [16]. Overweight, obesity, diabetes andCVDs are all
classified as non-communicable diseases (NCDs) or chronic diseases [1, 6, 17]. In the
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olden days, it was classified as an old person disease, but recently children as young as
12 years of age are becoming obese and subsequently suffering from type 2 diabetes
mellitus (T2DM) [18]. Chronic diseases such as obesity, diabetes and CVDs are very
common nowadays and they are mainly due to intake of energy-dense foods rich in
fats and associated with little or no physical activity. Moreover, they are very costly
and preventable of all health problems representing a growing burden to mankind
in both developing and developed countries worldwide and accounting for over 36
million of the 57 million deaths worldwide in 2008 [1, 3, 4, 6, 19]. The present study
was designed to investigate a cost-effective and non-pharmacological way in tackling
the overweight, obesity and hypertensive health epidemic problems in Guyana, a low
income country in South America, by testing the impact of diet modification alone,
diet modification and daily intake of 20 g of bittermelon (Momordica charantia), diet
modification with daily exercise and intake of bitter melon (Momordica charantia)
and diet modification and exercise in newly diagnosed obese subjects.

Over eating high calorie diets is the main cause for overweight and subsequently,
obesity leading to diabesity andCVDs [16–19]. There are also a small number people
who have a hormonal-induced metabolic disorder which can also cause obesity [4].
During eating, many people never feel filled and satisfied and as such they continue
to eat excessively, including constant binging and snaking. The main treatment or
preventative measure for overeating is to eat less or dieting in addition to the surgical
intervention or bariatric surgery whereby the size of the stomach is reduced [20]. For
many people without will power, this is not possible unless they educate themselves
on obesity self-care and obtaining psychological intervention for adherence to food
intake, just like exercise [21]. Quality of food also plays a major role in the devel-
opment of obesity. It is now the norm that fast foods can induce obesity whereas
the Mediterranean-style diet rich in olive oil, vegetables and fish can help in the
reducing the weight of the body [22]. The results in this study have shown that daily
reduction of food intake, including no snaking and binging, reduction in sugar and
fast food consumption and intake of more vegetables low in calorie can markedly
reduce BMI, systolic and diastolic blood pressure, total cholesterol and triglyceride
comparing week 6 at the end of the experiments with week 1. Dieting had little or no
significant effect on HBA1c and fasting blood glucose level but reduced cholesterol
and triglyceride levels but not to significantly level through to 6 weeks of exper-
iments compared to week 1. These data are in total agreement with other similar
studies [18].

Bitter melon or corilla (Momordica charantia) originated from India and the plant
was taken to different parts of the world including China, South East Asia, Africa,
the Caribbean and South and Central America by Indians during colonization. Bitter
melon has been used by many people globally as a plant remedy to treat obesity,
diabetes, hypertension, heart attacks and strokes, cancer, reducing blood cholesterol
and triglyceride and many other debilitating conditions [12–15]. Bitter melon is low
in calories but high in fibre. It contains approximately 2 g of fibre in each 94 g. It
can also promote the burning of fats in the body thereby leading to weight loss [13].
The results of this study have shown that when bitter melon was combined with
diet modification there were marked decreases in BMI, systolic and diastolic blood
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pressure, total blood cholesterol and triglyceride levels in the subjects after 6 weeks
of the intervention compared to week at the experimental period. Combination of
bitter melon with diet modification had little or no effect on HBA1c and fasting
blood glucose (FBG) over the experimental period. Bitter melon with dieting seems
to exert a slightly better beneficial effect compared to diet modification alone. Bitter
melon is rich in minerals especially calcium and sodium, vitamins, particularly C,
phenolic compounds, saponins and triterpenes, glycosides, a plant–like insulin and
anti-oxidants, all of which help in reducing the weight of the body by enhancing
glucose and fat metabolism utilizing different mechanisms and in some cases, the
different compounds act synergistically to exert their beneficial effects [16, 23, 24].
These results are in total agreement with other similar studies [25, 13, 26, 27],
highlighting the evaluation of the various extracts ofM charantia in their therapeutic
potentials in obesity, diabetes and the metabolic syndrome.

Daily physical exercise is a powerful cost-effective physiological tool to prevent
a number disorders and diseases in the body including overweight, obesity, diabetes,
cancer, cardiovascular and respiratory diseases, stress, mental illnesses and others
[21, 28, 29]. Regardingweight loss, physical activity does help to increase the number
of calories the body uses for energy leading to a small reduction in body weight. It is
also well known that the higher the intensity of the physical activity then there will
be high weight loss due to calorific deficit more so when the obese subjects adhere to
the physical activity [28]. In addition to weight loss, daily exercise can reduce stress
and improve cardiorespiratory fitness especially when it is combined with dietary
modification [29, 30]. The results of this study have revealed that combining diet
modification with daily exercise and intake of bitter melon can help to reduce BMI,
systolic and diastolic blood pressure as well as blood cholesterol and triglyceride, but
with little or no effects of HBA1c and fasting blood glucose. The data further reveal
that a combination of dieting with daily exercise and bitter melon intake seems to
induce a small enhancing beneficial effect, similar to dieting and bitter melon intake
when compared to diet modification alone. It is well established that combining diet
modificationwith daily physical exercise is the bestmethod forweight loss, especially
in obese subjects who are insulin resistant, a serious public health problem [6, 31].
The results from the present study have now shown that the addition of bitter melon
consumption to exercise and dieting can even exert a better cost-effective health
benefit in treating obesity, blood pressure and blood cholesterol and triglyceride
levels. Regarding exercise alone, it has to be performed at a moderate intensity such
as brisk walking for at least 30 min daily to obtain the full benefit [32–33]. Moreover,
further benefits can be gained from these interventions, especially if the obese subject
is given some form psychological training or intervention to facilitate adherence to
the measured parameters [29, 34].

It is now well known that obesity is a major contributing risk factor for cardiovas-
cular diseases via to the release of several pro-inflammatory mediators [4]. The fluc-
tuation in the levels of thesemediators and adipocytokines released by the adipocytes
further leads to cardiovascular dysfunctions [35]. The increase in the risk of CVDs
and mortality caused by obesity is due to increasing levels of atherosclerotic plaques
in the arteries and blood vessels leading to the heart [36]. It is also known that
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flavonoids are polyphenolic compounds which occur naturally in nature and they
can be used in a cost-effective way to treat obesity. In this study, the small reduc-
tion in weight of the obese subjects may be due to the polyphenolic anti-oxidant
compounds present in bitter melon [37].

Obesity, Hypertension and Sudden Cardiac Death (SCD)

There is a close association between obesity and such comorbidities as diabetes
and hypertension which often precede the development of structural changes in
the myocardium, fibrosis, apoptosis, hypertrophy, remodelling of the myocardium,
diastolic and systolic dysfunctions, coronary artery diseases CAD, arrhythmias and
subsequently SCD [38–39]. SCD in the young obese population normally happens in
individuals without a known cardiac history [40]. Moreover, chronic obese patients
have been shown to be more susceptible to increased risk of SCD. In turn, this is now
becoming a major concern and challenge for clinicians and health services globally,
especially since the prevalence of obesity has been increasing steadily in both devel-
oped and developing countries. In previous times, over weight and obesity used to
be prevalent in high income countries such as those in North America, Europe, some
parts of Asia, Australia and other parts of the world. More recently, over weight and
obesity are becoming more prevalent in low income countries all over the world.
The most worrying social care and health problems for National Health Services
worldwide are that children as young 12–15 years of age are becoming obese. Both
obesity and DM share some of the same main risk factors such inactivity, genetics,
smoking, excess alcohol consumption, regular snaking and binging (over eating)
and diets rich in sugar and fats [40, 41]. Most obese patients are hypertensive, pre-
diabetic and diabetic and most of them tend to experience obstructive sleep apnea
due to their excessive weight, increased liver size and metabolic syndrome [2, 4]. All
of these pathological parameters are well-known risk factors for CVDs, arrhythmias
and SCD. It is now evident that structural, functional and metabolic factors modulate
and influence the risk of SCD in the obese population [41]. Obesity exerts numerous
haemodynamic changes on the cardiovascular system (CVS) including enhanced
cardiac output and diastolic filling pressures, both of which result in LV hypertrophy
and dilatation. Moreover, obesity can elicit adverse electrical changes in the heart
such as prolongation of the QRS and increase in QT intervals on the electrocar-
diogram (ECG), and also an enhancement in QT dispersion. Interestingly, the late
potentials on signal averaged ECG are also more common in obese compared with
lean individuals. Obesity, as a preventable disease, seems to induce adverse structural
and electrical insults on the myocardium creating substrates that are susceptible to
SCD [42].

The question which now arises is: how does obesity elicit cardiac dysfunction and
how can bitter melon, combined with diet modification and exercise prevent this?
Obesity-induced damage to the heart via the production of excess lipids, oxidized
LDL particles and free FAs which activate the inflammatory process in the body
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triggering the development of cardiac dysfunction. Inflammation is responsible for
the steps towards the development of atherosclerosis, from early endothelial cell
dysfunction to the late atherosclerotic plaque formation causing complications. All
these pathological processes are related to obesity, insulin resistance (IR) anddiabetes
[31]. During obesity–induced diseased processes in the heart, fatty tissues release
adipocytokines which in turn induces IR, endothelial cell dysfunction, hypercoag-
ulability and systemic inflammation. Together, these pathophysiological conditions
facilitate the process of atherosclerosis in the heart.Moreover, inflammatory adipocy-
tokine such as TNF-α rises to very high levels in visceral obesity. In turn, the heart
releases excess C-reactive protein (CRP) which acts as an insult leading to enhanced
risk of ischaemia, myocardial infarction and peripheral vascular disease. In turn,
these pathophysiological states facilitate atherosclerosis, ischaemic heart disease,
angina pectoris arrhythmias and SCD [4, 43]. Bitter melon is rich in vitamins, anti-
oxidants, cations, proteins, fibres, phenol and several other components [44, 13, 23,
24]. Daily consumption of bitter melon as a salad or as a juice is able to reduce lipids
and triglycerides in obese, diabetic and hypertensive patients [13, 37, 45]. Regarding
diet modification, the less food we consume then it is less likely we will become
obese unless there is a medical problem. Exercise, on the other hand, is universally
known as the panacea of life which can prevent many diseases [28–31].

Prior to the start of this study, each obese subject was given a basic questionnaire
based on knowledge of obesity, causes and links to diabetes and CVDs. Surpris-
ingly, the results revealed that over 90% of the subjects had very good knowledge
and understanding about obesity, it causes, long-term adverse effects to our body
and obesity self-care, but they were still obese. This interesting finding suggests that
people do not seem to have the will power over their eating habits irrespective that
excess food intake can damage the body over time. As such, the best way forward
in controlling obesity is to provide psychological intervention in order to achieve
adherence to eating habits and the quality of food to consume. A similar study was
done using psychological intervention to adhere to daily exercise in newly diag-
nosed type 2 diabetic patients with tremendous success and in delaying long–term
complications due to the diabetes [21].

Summary

Figure 21.7 is a flow diagram summarising the relationship between the risk factors
for obesity which can lead to sudden cardiac death. The risk factors induce increased
levels of lipids and triglycerides in the body resulting inweight gain and subsequently
obesity which can induce diabetes, cardiovascular diseases and sudden cardiac death.
Bitter melon intake combined with dieting and regular physical activity can prevent
and possible, treat the development of these adverse effects due to the risk factors. In
summary, the results of this study have clearly demonstrated that daily reduction in
diet intake combined with daily exercise and intake of bitter melon can help to reduce
the weight of obese subjects, their blood pressure, total cholesterol and triglyceride
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Fig. 21.7 Flow diagram summarising the relationship between the risk factors for obesity which
can lead to sudden cardiac death and how bitter melon combined with diet and physical activity (PA)
can help in combating the adverse effects due to the risk factors. CVD = cardiovascular diseases;
CAD= coronary artery disease; HTN= hypertension; SCD= sudden cardiac death; PA= physical
activity

levels at least for 6 weeks, as demonstrated in the study. These cost-effective and
non-pharmacological interventions must be continued for a longer period of time in
order to obtain better beneficial effects leading to a better quality of health and life
for the patients.
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