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Preface

Overweight and obesity are defined as abnormal or excessive fat accumulation that
may impair health. Although obesity is preventable, according to the World Health
Organization the global incidence of obesity has alarmingly nearly tripled since
1975. It is a global epidemic. Indeed, in 2016, more than 1.9 billion adults were
overweight and 650 million of those were obese. The fundamental cause of obesity
and overweight is an imbalance between caloric intake and expenditure. It is evi-
dent that the global trend has been moving towards an increased intake of
energy-dense foods that are high in fat, coupled with a decrease of physical activity
due to the increasingly sedentary lifestyles of the general population.

The risk of occurrence of obesity-induced health complications increases
exponentially as body mass index increases. Accordingly, this book has compiled
comprehensive information and new insights into the biochemistry and patho-
physiology of the increase in the risk of obesity-associated non-communicable
diseases—many of which increase the risk for premature death or can lead to
serious chronic conditions that reduce the quality of life.

This book brings together an outline of the link between obesity and the onset of
many adverse health conditions including diabetes (metabolic dysregulation), car-
diovascular disease, mental health disorders, cancers, sleep disorders, liver and
kidney disease and musculoskeletal disorders. The development of these diseases
may be consequences of obesity-induced changes in cellular functioning in
response to a pro-inflammatory environment, endocrine/metabolic dysfunction,
activation of the autonomic nervous system, oxidative stress and impairment of
several signal transduction pathways. Furthermore, we dedicate a section on some
preventative strategies to combat obesity and related health complications.

While the major focus of this book is on the health consequences of obesity in
adulthood, this book will also highlight the increase in obesity prevalence among
children. This is of a major public health concern as obesity-related diseases not
previously seen in children and adolescents are now of common occurrence.

The contributors to this book are international leading experts on obesity and
associated health complications and highly knowledgeable within their respective
areas of investigation. This book is also uniquely positioned to provide
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comprehensive perspectives on the biochemistry and pathophysiology of the effects
of obesity. There are 19 chapters in 4 different parts in this book, comprising of Part
I: General Aspects of Obesity and Health Complications (3 chapters); Part II:
Metabolic Disturbances and Inflammation due to Obesity (5 chapters); Part III:
Neurological and Visceral Complications due to Obesity (7 chapters) and Part IV;
Strategies for the Prevention of Obesity-Induced Complications (4 chapters). Each
section underscores the multifactorial nature of co-morbid conditions and
complications.

A key intent of this volume is also to highlight the compendium of adverse
consequences of obesity to human health and to provide current understanding
of the cellular and biochemical mechanisms of obesity-induced health complica-
tions that will be of value not only to healthcare professionals, but will stimulate
and motivate biomedical researchers and scientists to discover ways to prevent the
epidemic of obesity and associated adverse health outcomes. Furthermore, this
book will serve as a highly useful multidisciplinary resource for medical students,
fellows, residents, and graduate students.

In summary, this monograph covers a broad range of topics related to the
mechanisms of obesity-induced health complications. We hope that readers will
understand and appreciate that obesity is significantly linked to increased risk and
occurrence of lethal and non-lethal diseases and complications. Furthermore, the
underlying message presented in the monograph is that the cause of obesity-related
disorders is multifactorial and understanding the complexity and the full spectrum
of the mechanisms involved may contribute to the development of novel inter-
ventions for the prevention and treatment of Obesity associated co-morbidities.

Winnipeg, Canada Paramjit S. Tappia
Bram Ramjiawan

Naranjan S. Dhalla
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Chapter 1
Prevalence, Consequences, Causes
and Management of Obesity

Paramjit S. Tappia and Danielle Defries

Abstract Obesity is a growing global health problem and is well-recognized to be
a major contributing factor for increased risk of several non-communicable diseases
including cardiovascular disease, diabetes and cancer in both the developed and
developing world. This development is multi-factorial, but an increasingly seden-
tary lifestyle coupled with unhealthy dietary practices are key risk factors. Effective
interventions for weight management would therefore not only be seen to reduce
the epidemic of obesity, but also to lessen the risk for obesity-related morbidities.
This article will briefly describe some factors that can cause obesity. Since men and
women are different in their fat mass and distribution profile, and that ethnic groups
are disproportionately affected by obesity, it is conceivable that disparities also
exist in the occurrence of obesity and the consequential development of
non-communicable diseases. Although the major adverse health outcomes due to
obesity are mentioned, the influence and the role of sex, specifically women’s
health, and ethnicity in the increased risk as well as development of obesity-induced
health complications will also be discussed.

Keywords Obesity � Non-communicable diseases �Women’s health � Ethnicity �
Weight management

P. S. Tappia (&)
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Introduction

A healthy body weight is dependent on age and development phase of an individual
that is both achievable and sustainable. A healthy body weight would also be
associated with normal blood pressure, normal glycemia and circulating lipid levels.
The genetic makeup, family history of body type as well as good eating habits and
physical activity are additional factors that can influence healthy body weight. The
body mass index (BMI) is a well-established method for assessing healthy body
weight, however; this ratio does not measure body fat and it is simply a measure of
weight to height. On the other hand, body composition is an optimal tool for
determining health risk. In this regard, several techniques have been developed,
including underweight weighing, the BODPOD, which is an Air Displacement
Plethysmograph (ADP) that uses whole-body densitometry to determine body
composition (fat vs. lean). Similar in principle to underwater weighing, the
BODPOD measures body mass (weight) using a very precise scale, and volume by
sitting inside the BODPOD; the bioelectrical impedance analysis (BIA), which is a
commonly used method for estimating body composition, in particular body fat and
muscle mass. In BIA, a weak electric current flow is sent through the body and the
voltage is measured to calculate impedance of the body. Lean tissue, which is >70%
water, is a good conductor of electrical current, whereas fatty tissue, which is
hydrophobic and low in water, is not. Thus, an increase in body fat is associated
with increased electrical resistance combined with a skinfold thickness measure for
subcutaneous fat.

A healthy body fat level in men is considered to be between 12 and 18% (3% is
essential for insulation and to protect vital organs). For males, a body fat level of
>25% would be considered as obese. For women, a healthy body fat level falls
between 20 and 25% (12% is considered essential for normal reproductive func-
tion), whereas a body fat level between 30 and 35% in women is categorized as
obese. Men and women are different in their fat mass and distribution pattern
(Fig. 1.1). It should be noted that body fat distribution is determined by genetics
and that the level of subcutaneous fat is positively correlated to increased risk of
obesity, which is more common in women than men, whereas visceral fat is pos-
itively correlated to risk of obesity in men than women. In addition, a waist cir-
cumference of >102 cm in men and >88 cm in women is linked to an increase risk
of obesity. In this regard, a CT scan would be used to determine levels of visceral
fat, but it can also be readily estimated by measuring the waist circumference.

According to the World Health Organization (WHO) [1], worldwide obesity has
nearly tripled since 1975. In 2016, more than 1.9 billion adults, 18 years and older,
were overweight. Of these over 650 million were obese. Nearly 39% of adults aged
18 years and over were classified as overweight in 2016, and 13% were obese. It is
noteworthy that most of the world’s population live in countries where being

4 P. S. Tappia and D. Defries



overweight and obese has a higher mortality rate than malnutrition. It was reported
that 41 million children under the age of 5 were overweight or obese in 2016.
Furthermore, over 340 million children and adolescents aged 5-19 were overweight
or obese in 2016. Most importantly, obesity is preventable. Being overweight and
obese is a global epidemic that has been associated with a number of chronic
diseases including hypertension, heart disease, diabetes and cancer [1–5].
Figure 1.2 shows the extent of the problem across the globe. It can be seen that
obesity is a global concern affecting both developing and developed nations.
Indeed, obesity is the most prevalent non-communicable disease in the 21st century.
This chapter will briefly describe some factors that can cause obesity and the
disparities that exist in its occurrence and consequent development of
non-communicable diseases. In addition, the impact of obesity in women and the
role of ethnicity in the increased risk as well as development of obesity-induced
health complications will also be discussed.

Higher total 
fat with lower- 
body 
accumulation

Central fat 
accumulation 
with higher 
visceral fat

Fig. 1.1 Fat mass and
distribution pattern in men
and women. 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
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Energy Balance and Development of Overweight or Obesity

Energy expenditure is fuelled by the conversion of caloric energy from macronu-
trients to metabolic energy in the form of ATP. Energy balance occurs when caloric
intake matches energy expenditure. When energy is consumed in excess of energy
requirements, the extra is stored for later use. However, there is a limited capacity to
store excess dietary carbohydrate as glycogen, and there is no storage form for
excess protein. When glycogen stores are full, remaining carbohydrate must either
be oxidized or metabolized to triglycerides and stored in adipose tissue. Similarly,
excess protein remaining after synthesis of body proteins and non-protein
nitrogenous compounds must either be oxidized, converted to glucose, or con-
verted to triglycerides. In both situations, excess carbohydrate and protein is con-
verted to triglyceride if immediate energy needs are satisfied. Adipose tissue has an
unlimited capacity for triglyceride storage, and can increase to accommodate excess
energy by increased sized of adipocytes or synthesis of new adipocytes from adi-
pose progenitor cells [6]. Thus, increases in body weight during times of excess
energy intake occur predominantly through expansion of white adipose tissue [7].

Sustained positive energy balance, where energy intake is consistently higher
than expenditure, increases the risk of becoming overweight or obese. Several
factors can contribute to this imbalance including family history, physical inac-
tivity, and adverse social and behavioral patterns. However, it should be mentioned
that such imbalance is necessary in pregnancy, infancy and childhood as well as
time of growth. On the other hand, a negative energy balance, where energy intake

Fig. 1.2 Global distribution of obesity in 2016. Percentage of adults aged 18+ years of age who
are defined as obese based on their BMI. A BMI � 30 is defined as obese. body mass. Source
WHO, Global Health Observatory
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is less than energy expenditure results in weight loss. Such a situation would be
desirable under conditions of being overweight or obese, but would be undesirable,
for example, during illness and anorexia.

Regulation of Energy Balance

Energy balance is controlled by the central nervous system and involves several
intricate neural pathways, systems, and regions of the brain. Of these regions, the
hypothalamus is considered principal in the homeostatic regulation of energy bal-
ance in response to peripheral energy stores and energy availability. The melano-
cortin system, consisting of agouti-related protein (AgRP)/neuropeptide Y (NPY)-
expressing neurons and proopiomelanocortin (POMC)/cocaine and amphetamine
regulated transcript (CART)-expressing neurons located in the arcuate nucleus,
receives information regarding energy status via circulating hormones and relays
this information to effector neurons in other areas of the hypothalamus that control
energy intake and expenditure [8–10]. Although several hormones interact with this
system, the two with the most influence are leptin and ghrelin. Leptin, a hormone
produced by adipocytes in proportion to their size, promotes satiety and energy
expenditure by activating POMC/CART neurons and inhibiting AgRP/NPY neu-
rons [11]. Ghrelin, produced by endocrine cells in the stomach, triggers hunger and
food intake by stimulating AgPR/NPY neurons [12]. Leptin signaling in the
hypothalamus also increases energy expenditure through downstream effects on the
sympathetic nervous system, heart rate, blood pressure, and brown adipose tissue
thermogenesis [13]. Altered production and signaling of both leptin and ghrelin
have been implicated in the development and maintenance of obesity [14]. Other
hormones involved in regulation satiety and food intake include insulin, peptide
YY, cholecystokinin, and glucagon-like peptide-1.

In addition to homeostatic regulation, hedonic mechanisms influence food
intake, and can be powerful enough to override homeostatic regulation and promote
energy intake in the absence of physiological hunger. Food cues, including the sight
and smell of food, food advertisements, or triggered memories associated with
pleasurable food experiences can elicit psychological and physiological responses,
such as cravings, salivation, and hormone secretion, which enhance the desire to
consume food and promote eating [15]. In the brain, the endocannabinoid and
opioid systems within the nucleus accumbens reinforce the hedonic effects of food
by stimulating dopamine release and triggering the reward system in response to
enjoyable food [16]. Over-activity of the endocannabinoid system is thought to
contribute to overeating and weight gain. However, recent research points to
divergent effects of this system, with endocannabinoids also having a potential
inhibitory effect on feeding behaviors [17].
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Components of Energy Expenditure

Total energy expenditure (TEE) consists of basal energy expenditure (BEE),
activity-induced energy expenditure (AEE), and diet-induced energy expenditure
(DEE). BEE is the minimum energy required to sustain fundamental metabolic
processes, including breathing, ion transport, and cardiovascular function, and
constitutes anywhere from 60 to 75% of TEE [18]. Due to stringent measurement
methods needed to accurately determine BEE, resting energy expenditure (REE) is
used to estimate BEE, with REE being approximately 5–10% higher than BEE.
REE is often expressed as resting metabolic rate (RMR), a measure of energy
expenditure per minute. The two major factors accounting for variability in RMR
are body size and body composition [18], with larger body size and higher lean
body mass (brain, muscle, liver, blood, body fluids) proportional to RMR. Because
of this, males generally have a higher RMR compared to females. Aging reduces
RMR due to age-related loss of skeletal muscle mass, and can account for a 2–5%
reduction in RMR for every decade after age 30 years [19]. Caloric restriction
reduces RMR, with very low energy intake reducing RMR by as much as 10–20%
[20]. Conversely, pregnancy, elevated body temperature caffeine, nicotine and
thyroid hormone can increase RMR.

AEE is the most variable component of energy expenditure, with estimates
ranging from 15–30% of BEE. However, given that AEE is a reflection of lifestyle,
occupation, exercise duration and intensity, an accurate estimate is difficult to make.
Energy expended for unintentional exercise is called non-exercise activity ther-
mogenesis (NEAT). Generally, NEAT accounts for the majority of the energy
expended for physical activity and varies enormously depending on an individual’s
daily activities [21]. Interestingly, high levels of spontaneous physical activity and
therefore high NEAT appears to be protective against developing obesity [21].

Although food is consumed to yield energy, approximately 10% of TEE is
required to digest, absorb, metabolize, and store nutrients derived from food [22].
This energy requirement, DEE, is also known as diet-induced thermogenesis due to
the slight increase in body temperature observed for several hours after eating. DEE
increases with meal size and is dependent on macronutrient composition, with
dietary carbohydrate producing the highest DEE and dietary fat producing the
lowest [23].

Genetic and Lifestyle Factors Affect Body Weight

It is estimated that genetic factors account for 40–75% of variation in BMI [24],
with genome-wide association studies identifying more than 300 genes linked to
BMI, waist-to-hip ratio, and adiposity [25]. Patterns and traits related to time spent
in physical activity and sedentary behaviour are also influenced by genetic factors
[26]. Several theoretical concepts have been developed to explain the genetics of
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obesity. Set point theory suggests that body weight is genetically determined, and
internal genetically-determined mechanisms defend against changes in weight [27].
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 than people who do not express this gene [24]. While such energy
economy was evolutionarily advantageous during times of energy scarcity, energy
thriftiness has become a disadvantage in the current environment where energy is
readily available. Other proposed theories include the alternative thrifty hypothesis,
the drifty genotype hypothesis, the climate adaptation hypothesis, and the aggres-
sion control hypothesis [28–31]. Recent studies confirm that genetically predis-
posed individuals are indeed at greater risk for higher BMI, and that genetic
predisposition combined with environmental factors has contributed to increasing
incidence of obesity. However, BMI has increased for both genetically predisposed
and non-predisposed individuals, implying that environmental factors may have a
larger influence on the development of obesity than genetic factors [32].

An obesogenic environment is one where the availability, affordability, acces-
sibility, and marketing of food, combined with lack of opportunities for physical
activity and social norms surrounding food and physical activity, promotes excess
energy intake, sedentary behavior, and weight gain [33]. Most environmental fac-
tors that contribute to the increased incidence of obesity have developed in response
to a changing occupational landscape, societal norms, technological advances, and
altered family dynamics. Historically, urban design has favored motorized trans-
portation at the expense of active transportation, such as walking or cycling [34],
and travel from suburban areas into the city for work often does not make active
transportation feasible. Modern occupations are less physically demanding than in
the past, with job-related energy expenditure now 100 kcal/day lower than in the
past 50 years [35].

Changes in the amount and type of foods consumed also contribute to the rising
incidence of obesity. Increasingly large portion sizes (both at home and restaurants)
and value-size pricing have modified perceptions of normal and acceptable amounts
to consume at an eating occasion [36–38]. Available portion size is directly related
to the amount of food consumed at an eating occasion, and over-eating at one meal
does not lead to compensatory reduction in food intake at future meals [36].
Interestingly, propensity to overeat in response to large portions does not appear to
be affected by BMI, sex, dietary restraint, or socioeconomic status [39].

Convenience and fast foods, while time-saving and less expensive than unpro-
cessed foods, are more energy dense, processed, and lacking in micronutrients [40].
Ultra-processed foods, defined as commercial foods produced from minimal or no
whole food ingredients, have become increasingly prevalent and popular due to
their ease of preparation, appealing taste, and extensive marketing. These foods
tend to be more energy dense and higher in added sugars, salt, and artificial
flavourings, colors, and preservatives compared to minimally processed foods [41].
Sales of ultra-processed foods have significantly increased over the past 30 years
while those of unprocessed or minimally processed foods have gradually declined
[42, 43], with energy intake from ultra-processed foods currently comprising up to
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60% of total energy intake in U.S. adults [44]. Strong observational data supports
the hypothesis that consuming ultra-processed foods has contributed to the high
rates of excess weight and abdominal obesity in countries such as the U.S.A,
Canada, the UK, Brazil, France, and Spain [45–49]. In a recent in-patient feeding
study, participants consumed more calories when given ad libitum access to
ultra-processed diet compared to ad libitum access to an diet composed of unpro-
cessed foods, despite the two diets being matched for daily presented calories,
sugar, fat, and macronutrients [50]. Additionally, participants on the ultra-processed
diet gained weight, while those on the unprocessed diet lost weight, suggesting a
direct role for consumption of ultra-processed foods on weight status.

Health Complications Due to Obesity

While 30 years ago the global focus was to combat childhood malnutrition and how
to feed an increasing global population, today there is an additional challenge of
managing obesity and concomitant non-communicable health complications [51].
There are several health complications that can develop as a consequence of being
overweight or obese (summarized in Fig. 1.3). Since being obese increases the risk
for developing hypertension and hypercholesterolemia, the risk for heart disease
and occurrence of a stroke is elevated. Most individuals with type 2 diabetes are
overweight or obese. Although diabetes and high blood pressure are the most
common causes of chronic kidney disease, recent studies suggest that even in the
absence of these risks, obesity itself may promote chronic kidney disease. Cancers
of the colon, breast (post-menopausal women), endometrium (the lining of the
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Fig. 1.3 Adverse health complications associated with obesity
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uterus), kidney and esophagus have also been reported to be linked to obesity.
Furthermore, some studies have reported an association between obesity and can-
cers of the gallbladder, ovaries, and pancreas. The incidence of gallbladder disease
and gallstones are known to be more common in overweight and obese individuals.
Osteoarthritis is a common joint condition that most often affects the knee, hip, or
back.

With an excessive bodyweight, there is added pressure on joints, which
degenerates the cartilage at a faster rate. On the other hand, gout, which is a
condition that also affects the joints is caused by deposition of excessive uric acid
crystals and is prevalent in overweight individuals. Sleep apnea is a breathing
condition associated with being overweight that can lead to a brief interruption in
normal breathing during sleep. In fact, sleep apnea can increase the risk for heart
disease and stroke. Non-alcoholic fatty liver disease (NAFLD) due to fat accu-
mulation in the liver causes liver injury. Fatty liver disease may lead to severe liver
damage, cirrhosis, or even liver failure. Taken together, it is evident that under-
standing the cause of excessive weight gain as well as implementing measures that
can prevent or treat it can result in a sustained weight reduction and normalization
that would subsequently reduce the risk for obesity induced health complications.

Since the prevalence of being overweight and obesity among men and women
varies greatly, more women are obese than men. Indeed, more than 2 of 3 women in
the US are overweight or obese. 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 [52]. Severe
obesity is more prevalent in women than men worldwide, and obesity

Fig. 1.4 Prevalence of obesity in adult females in 2014. The share of adult women defined as
obese, measured as the percentage of women with a BMI value >30. Source Prevalence of weight
categories in females, NCD Risk Factor Collaboration
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pathophysiology and the resultant obesity-related disease risks differ in women and
men. Although the underlying mechanisms are largely unknown, pre-clinical and
human studies indicate that ovarian hormones may play a major role [53]. The
underlying mechanisms are largely unknown. Pre-clinical and clinical research
indicate that ovarian hormones may play a major role. Figure 1.4 shows the share of
the global prevalence of obesity by women.

Consequences of Obesity in Women

Bodyweight is a major issue for women, however ethnicity and race as well as
socioeconomic status can also have an effect on weight levels—which further affect
the health status of the woman [54]. Central obesity seems to have a stronger impact
in African-American women than general adiposity as measured by BMI [55].
There has been a global increase of obesity in women that are of reproductive age
that has resulted in infertility/reduced fertility as well as an increase in the time
taken to conceive [56, 57]. In addition, the development of obesity associated
co-morbidities (i.e. type 2 diabetes and hypertension) increase the risk of adverse
outcomes for both mother and child. Indeed, children of obese gravida are at a
greater risk for the development of cardiometabolic disease in childhood and
throughout adulthood [58].

Obese pregnant women are at a greater risk of premature pregnancy loss,
increased risk of congenital fetal malformations, delivery of large for gestational
age infants, spontaneous and premature birth, and stillbirth [59, 60]. During late
stage of pregnancy the risk for gestational diabetes and pre-eclampsia are increased.
Women with obesity can also experience difficulties during labor and delivery, and
are more at risk of post-partum hemorrhage. With respect to long-term health
complications in obese women, weight retention after delivery, and difficulties in
subsequent pregnancy can occur [56]. It should be mentioned that aside from the
physical complications of obesity, obesity has negative psychological consequences
particularly in women including impaired body image, low self-esteem, eating
disorders, stress, depression and poor quality of life [61]. In addition, it is inter-
esting to note that emotional problems such as depression, anxiety, and stress are
associated with an increase in BMI during pregnancy have also been reported to
occur [62]. It is evident that women with obesity need support to lose weight before
they conceive, and to minimize their weight gain in pregnancy to reduce the risk of
complications for both mother and offspring [56]. It should also be noted that
polycystic ovary syndrome is a common endocrine disorder that results in poly-
cystic ovaries and is often seen concomitantly with obesity [63]. This condition also
represents an increase in the risk in the development of cardiovascular, metabolic
syndrome and diabetes.

It is known that there are large variations in obesity and breast cancer rates
worldwide and across racial/ethnic groups, however; most studies evaluating the
impact of obesity on breast cancer risk and survival have been conducted in
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non-Hispanic white women in the US or Europe [55]. Since there are differences in
tumor hormone receptor subtype distribution, obesity prevalence, and risk factor
profiles, among women of different racial/ethnic groups, it would be expected that
differences also exist in breast cancer risk. Indeed, obesity and a sedentary lifestyle
may be two important modifiable risk factors for breast carcinoma and thus may
have a significant public health impact in women from various racial and ethnic
backgrounds [64]. Despite the paucity of data, current evidence suggests a stronger
adverse effect of obesity on breast cancer risk and survival in women of Asian
ancestry. For African Americans and Hispanics, the strength of the associations
appears to be more comparable to that of non-Hispanic whites, particularly when
accounting for subtype and menopausal status [55]. In the US, African American
women are more likely than non-Hispanic European women to be obese and to be
diagnosed with triple-negative breast cancer [65]. With respect to other specific
women’s health issues during obesity, despite extensive research examining adi-
posity (BMI), a weak positive correlation has been observed between the risk of
ovarian cancer, the most fatal gynecological cancer, and adiposity [66].

The prevalence of obesity is rapidly increasing in the US, particularly among
women. Approximately 60–70% of hypertension in adults may be directly attrib-
uted to obesity. In addition, maternal obesity is a major risk factor for hypertensive
disorders during pregnancy [67]. The underlying mechanisms for the association
between obesity and cardiovascular disease (CVD) risk are multifactorial, but
activation of the sympathetic nervous system is one significant contributing factor.
Sex may influence the association between hypertension and sympathetic overac-
tivity in obese people. Chronic hyperinsulinemia due to insulin resistance, high
plasma levels of leptin, and obstructive sleep apnea may be responsible for sym-
pathetic overactivity in obesity-related hypertension [67]. It is pointed out that
weight gain in women in mid-life is related to an increase in central fat distribution
as a consequence of diminishing levels of estrogen [68]. Central obesity results in
dysglycemia, dyslipidemia, hypertension and CVD. Since CVD is the leading cause
of death in postmenopausal women, the importance of weight management cannot
be overstated.

Ethnic Differences in Obesity-Related Disease

Strategies for the treatment and prevention of obesity-related health complications
may need to understand and address ethnic related differences in the occurrence of
co-morbidities due to obesity as well as lifestyle factors that predispose ethnic
groups to obesity [69]. Indeed, ethnic minorities are disproportionately affected by
overweight and obesity that increases the risk for adverse health outcomes in-
cluding CVD and diabetes [70].

An association between vitamin D status and obesity and obesity-induced
co-morbidities has been proposed [71]. In this regard, ethnic minorities have higher
rates of vitamin D insufficiency, which is correlated to obesity-related chronic

1 Prevalence, Consequences, Causes and Management of Obesity 13



diseases i.e. type 2 diabetes, CVD and metabolic syndrome. There is a high
prevalence of obesity in American Indians of all ages and in both men and women
[72] that has been linked to high rates of complications including type 2 diabetes,
hypertension, dyslipidemia and respiratory problems. Such observations have been
attributed to a high-fat, high-calorie diet coupled with a sedentary lifestyle. NAFLD
has been reported to exist in approximately 30% of the world’s population [73].
Epidemiological studies have concluded that ethnicity plays a role in complications
and treatment response. The highest NAFLD prevalence is observed in Hispanic
populations, exhibiting a worse disease progression. Interestingly, it has been
reported that the Hispanic American population is at higher risk for obesity as well
as diabetes and end-stage renal disease [74]. In contrast, African-Caribbean exhibit
the lowest risk, with less severe steatosis and inflammation, lower levels of
triglycerides, and less metabolic derangement, but conversely higher prevalence of
insulin resistance. The prevalence of NAFLD in Asian cohorts is considered to be
of epidemic proportions in these populations [73].

As already mentioned in the previous section, obese women experience higher
rates of infertility and other pregnancy complications. Obese women have a lower
chance of pregnancy following in vitro fertilization (IVF), which also appear to be
related to racial/ethnic background. In this regard, compared with normal-weight
women, failure to achieve a clinical intrauterine gestation is significantly more
likely among obese women overall, normal-weight and obese Asian women,
normal-weight Hispanic women, and overweight and obese Black women. Among
women who do conceive, compared with normal-weight women, failure to achieve
a live birth is significantly more likely among overweight and obese women overall,
and among overweight and obese Asian women, overweight and obese Hispanic
women, and normal-weight and obese Black women. Although weight loss should
theoretically be the first line of therapy for obese women, other lifestyle factors,
such as regular physical exercise, elimination of tobacco use and alcohol con-
sumption, and stress management, may be of more immediate benefit in achieving
conception [60].

South Asians are at higher risk than white Caucasians for the development of
obesity and obesity-related non-communicable diseases, including insulin resis-
tance, the metabolic syndrome, type 2 diabetes and coronary heart disease
(CHD) [75]. Rapid nutrition and lifestyle transitions have contributed to accelera-
tion of obesity-related non-communicable diseases in South Asians. Differences in
determinants and associated factors for obesity-related non-communicable diseases
between South Asians and White Caucasians include body phenotype (high body
fat, high truncal, subcutaneous and intra-abdominal fat, and low muscle mass),
biochemical parameters (hyperinsulinemia, hyperglycemia, dyslipidemia, hyper-
leptinemia, low levels of adiponectin and high levels of C-reactive protein), pro-
coagulant state and endothelial dysfunction. Higher prevalence, earlier onset and
increased complications of type 2 diabetes and CHD are often seen at lower levels
of BMI and waist circumference in South Asians than white Caucasians.

Imbalanced nutrition, physical inactivity, perinatal adverse events and genetic
differences are also important contributory factors. Other differences between South
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Asians and white Caucasians include lower disease awareness and health-seeking
behavior, delayed diagnosis due to atypical presentation and language barriers, and
religious and sociocultural factors. All these factors result in poorer prevention, less
aggressive therapy, poorer response to medical and surgical interventions, and
higher morbidity and mortality in South Asians. During 2011 and 2012, more than
a third of the US population was obese [76]. Significant racial and ethnic variations
exist in the prevalence of obesity and diabetes. Generally, non-Hispanic blacks and
Mexican Americans appear to be at higher risk for developing obesity as well as
diabetes as compared to the non-Hispanic white population for both adults and
children [76].

Although the prevalence of chronic kidney disease (CKD) is similar or slightly
less in Hispanics than non-Hispanic whites, the prevalence of end-stage renal
disease is almost 50% higher in Hispanics compared to non-Hispanic whites [77]
that may be related to the greater prevalence of obesity in the US Hispanic pop-
ulation. It should be mentioned that since blood pressure is strongly related to body
weight, the control of obesity is a key component in the prevention and control of
hypertension [78]. Given the high prevalence of obesity in the African American
population, especially among women [79], interventions for weight reduction
would be highly beneficial as even a modest weight loss can not only prevent or
reverse blood pressure elevations, but would also be seen to reduce the risk of
obesity induced CVD, diabetes and hyperlipidemia [78].

Approaches for Obesity Management and Weight
Reduction

Management of obesity as a chronic disease focuses on improving physical health,
mental health, and overall wellbeing [80]. While preventing further weight gain
may be the first goal of obesity management, weight reduction is indicated to
improve obesity-related conditions such as hypertension, dyslipidemia, and type 2
diabetes. The first approach to obesity management focuses on lifestyle changes
aimed at reducing energy intake and increasing physical activity to achieve fat loss
[81]. Although seemingly straightforward, success of such lifestyle interventions
relies heavily on behavioural change, which can be hampered by factors such as
lack of time for physical activity or meal preparation, societal, social and family
pressures, emotional state, physical limitations or injuries, socioeconomic status,
limited knowledge on nutrition and physical activity, and lack of motivation [82].
Lifestyle interventions are more likely to be effective if individualized, with a
patient’s personal barriers considered before making specific dietary and exercise
recommendations. Factors such as successful initial weight loss, lower starting
BMI, better mental outlook at the start of weight loss, being male, and older age
have been linked to higher adherence to and success with lifestyle interventions
[83]. Maintaining initial weight loss can be challenging and often difficult for
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patients, with many experiencing cycles of weight loss and weight re-gain.
Therefore, attention should be given to ensuring weight loss goals, and the methods
used to achieve them, are realistic and sustainable. Specific lifestyle factors asso-
ciated with sustained weight loss include one hour of physical activity per day,
consuming a low calorie, low fat diet, eating breakfast regularly, consistency in
weekly eating patterns, and self-monitoring of body weight [84, 85]. If weight loss
can be maintained for 2 to 5 years, the likelihood of longer-term success, even after
10 years, significantly increases [84].

Very low energy diets (VLED) are the most aggressive form of caloric restric-
tion used in obesity management, limiting caloric intake to 450–800 kcal per day.
Because the volume of food associated with such a low caloric value is small,
commercially available products fortified with vitamins and minerals are often used
to prevent micronutrient deficiencies with this dietary approach. VLED should be
undertaken with medical supervision to monitor micronutrient status, and also to
adjust medications used for treating co-morbidities as they improve with weight
loss. Initially weight loss may be significant with VLED. However, adherence to
such a low energy diet can be challenging for patients and their usefulness for
long-term sustained weight loss has been questioned. A recent systematic review
and meta-analysis suggests that, if coupled with adequate support and behavioural
programs, VLED can be well-tolerated and used more widely than is currently
practiced [86]. Additional concerns regarding severe caloric restriction include loss
of fat free mass, metabolic adaptations, and reduction in energy expenditure
accompanying rapid and drastic weight loss that can oppose sustained weight loss
[87]. However, fat free mass can be maintained with VLED with adequate protein
intake and resistance exercise [88].

When lifestyle strategies alone are insufficient to elicit weight loss, comple-
mentary therapies may be initiated. Pharmacological agents for obesity manage-
ment are generally only prescribed for patients with a BMI of � 30 kg/m2, or
� 27 kg/m2 in the presence of one or more weight related co-morbidities, such as
hypertension, dyslipidemia, or type 2 diabetes. Weight loss medications that were
commonly prescribed for weight loss in the past, such as fen-phen and sibutramine,
have been withdrawn from the market due to increased risk of serious cardiovas-
cular complications [89, 90]. Five anti-obesity medications are currently approved
by the American Food and Drug Administration, each with differing mechanisms of
action: Orlistat (Xenical, Ali), Lorcaserin (Belviq), Phentermine/topiramate
(Qsymia), Naltrexone/bupropion (Contrave), and Liraglutide (Saxenda). All of
these medications induce weight loss (average of 5–10 kg lost) and are associated
with improved cardiometabolic risk factors [91].

Orlistat, the oldest of these approved drugs, is available in a non-prescription
version known as Ali, and both versions work by inhibiting pancreatic lipase and
digestion of dietary triglycerides (TG). Undigested TG move through the intestinal
tract and cause the side effects commonly reported with this medication, including
abdominal pain, oily discharge, inability to hold or sudden urge to have a bowel
movement, increased number of bowel movements, and malabsorption of fat sol-
uble vitamins. The remaining four approved anti-obesity medications act on the
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central nervous system and/or neuroendocrine pathways to regulate energy intake
and expenditure. Prescribing these newer medications in combination at lower
doses can maximize effectiveness while minimizing side effects of each [82, 92].
These medications have favourable safety profiles, but have been associated with
side effects including dry mouth, paresthesia, constipation, insomnia, dizziness, and
dysgeusia, nausea, headache, and increased lipase enzymes [93].

The most effective medical intervention for sustained weight loss is bariatric
surgery. Although specific eligibility criteria may vary, generally patients with a
BMI >40 kg/m2 or >35 kg/m2 with co-morbidities such as type 2 diabetes, dys-
lipidemia, hypertension, sleep apnea or renal disease are eligible for this inter-
vention [94]. The ultimate outcome of bariatric surgery is to reduce the size of the
stomach, with different surgical procedures achieving this via different methods.
The most commonly performed bariatric procedures are gastric banding, sleeve
gastrectomy, and gastric bypass. Gastric banding involves surgically placing an
adjustable and removable band around the upper stomach to create a small stomach
pouch, while sleeve gastrectomy creates a small stomach pouch by surgically
removing a large portion of the stomach. In Roux-en-y gastric bypass, the stomach
is permanently divided to make a small pouch, which is then attached directly to the
jejunum, and the remaining portion of the stomach and duodenum are bypassed.
Each of these surgeries reduces stomach capacity and the amount of food that can
be eaten, thereby reducing caloric intake. However, changes to circulating gas-
trointestinal hormones and the gut microbiome may also contribute to restoration of
energy homeostasis, weight loss, and improvements in cardiometabolic risk factors
observed after these surgical procedures [95, 96].

Bariatric surgeries carry risks common to any surgery. However, these surgeries
have additional complications including abdominal hernias, stretched stomach
pouches, gallstones, and dumping syndrome, where premature gastric emptying of
hyperosmolar stomach contents into the small intestine leads to nausea, weakness,
sweating, faintness, and diarrhea [97]. Due to the malabsorptive nature of these
surgeries, nutrient deficiencies can be common, and supplementation is vital for
these patients [98]. Deficiencies in calcium and vitamin D, combined with changes
in gastrointestinal hormones, circulating adipokines, and decreased mechanical load
from weight loss can compromise bone health [99]. Anemias are also a common
complication of bariatric surgeries due to an increased susceptibility to vitamin B12,
folate, and iron deficiencies. In addition, bioavailability of oral medications may be
impacted by bariatric surgery and medication doses must be closely monitored in
the immediate post-surgery period [100]. As a result of the magnitude and speed of
weight loss post-surgery, REE and the REE to fat free mass ratio may decrease,
hindering sustained weight loss [101], which may account for the plateau or
increase in weight that is often observed after the initial weight loss post-surgery
[102, 103]. As such, lifestyle interventions are an important adjunct to surgery if
weight loss is to be sustained.
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Conclusions

It is evident that obesity and its related co-morbidities have become major threats to
world health. Greater risks for adverse health complications occur during obesity
are associated with ethnic backgrounds and sex differences. Effective strategies are
required for obesity prevention and treatment that will also reduce the burden of
obesity associated non-communicable diseases. Indeed, to be effective, educational
and environmental interventions are required that are culture and gender specific.
Although weight loss is the first line of therapy, there are of course, other lifestyle
factors including regular physical activity and stress management that can reduce
obesity and associated health complications and the global epidemic of obesity.
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Chapter 2
Adipocytes Under Environmental
Assault: Targets for Obesity?

Shalini Behl and Jaipaul Singh

Abstract In the recent years, there has been a tremendous concern over the pos-
sible health threat posed by endocrine-disrupting chemicals (EDCs). These are
mostly synthetic chemicals found in various materials such as organo-chlorinated
pesticides, industrial chemicals, plastics and plasticizers, fuels, heavy metals,
additives or contaminants in food, and personal care products. These chemicals are
present in the environment and are with widespread use. Human exposure to EDCs
occurs via ingestion of food, dust and water, via inhalation of gases and particles in
the air, and through the skin. Data from several animal models, human clinical
observations, and epidemiological studies converge to implicate their association
with altered reproductive function in males and females, increased incidence of
breast cancer, abnormal growth patterns and neuro-developmental delays in chil-
dren, disruption of adipocyte function, as well as changes in immune function. The
EDCs exert their insulting effects by interfering with hormone biosynthesis,
metabolism, or action resulting in a deviation from normal homeostatic control or
reproduction. The mechanisms of EDCs involve divergent pathways including (but
not limited to) estrogenic, anti-androgenic, thyroid, peroxisome
proliferator-activated receptor c, retinoid, and actions through other nuclear
receptors; steroidogenic enzymes; neurotransmitter receptors and systems; and
many other pathways that are highly conserved in wildlife and humans. Emerging
data from in vitro as well as in vivo models suggest new targets (i.e. adipocyte
differentiation and mechanisms involved in weight homeostasis) of abnormal pro-
gramming by EDCs, and provide strong evidence to support the scientific term
‘obesogen’. The emerging idea of a link between EDCs and obesity expands the
focus on obesity from intervention and treatment to include prevention and
avoidance of these chemical modifiers. Because expansion of the adipocyte pool is
critical for safely storing excess lipid, an understanding how these signaling axes
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can be altered by EDCs is critical in appreciating how environmental contaminants
might contribute to the development of metabolic diseases.

Keywords Adipose � Obesity � Metabolic syndrome � Endocrine disruptors

Introduction

The human body is regarded as one of the prodigies that is very well equipped with
self defense mechanisms, thereby prevailing the existence of the Homo sapiens
through evolution. However, with the increasing amounts of toxins that are being
released in the environment, even human bodies go through some dramatic side
effects.

Obesity is a complex, multifactorial disease and the worldwide prevalence of
obesity had more than doubled since 1980. Being overweight and obese in humans
are increasing in both developed and developing countries and they are rapidly
becoming a worldwide public health concern [1]. In 2010, the World Health
Organization estimated that >700 million people worldwide will have obesity and
nearly 2 billion people will be overweight by 2020 [2]. The current figure is 700
million with 39% men and 40% women who are obese, which represents around
13% of the world’s population. What is more worrying is that the prevalence of
childhood obesity is also increasing, and it is a strong risk factor for adult obesity.
Obesity, being a multi-factorial disorder, can lead to a number of co morbidities,
including type 2 diabetes mellitus, cancer, gall bladder disease, sleep apnea, high
blood pressure, insulin resistance, inflammation, breathlessness, the metabolic
syndrome, nonalcoholic fatty liver disease and gestational diabetes mellitus [3].
Although, this increase in obesity is generally attributed to changes in diet,
sedentary life style, low physical activity and genetic predisposition [4], complex
endocrine and other chemical signaling mechanisms exist which change resting and
non‐resting energy expenditure to promote constant weight in a person [5, 6].

In spite of several research studies that have been carried out to make sure that
the understanding of the pathogenesis and therapy of diseases can be improved, it
appears that only 10% of the diseases are caused by human genes and the rest are
the repercussions of the environmental exposures. With increase in human demands
over time, the amount of industrial pollutants released in atmosphere has also been
increased, thereby exposing humans to more contaminations now than ever.
Although the human body is capable enough to excrete water-soluble pollutants, the
same is not true for lipid soluble pollutants. Besides, there are numerous fat-soluble
compounds which tend to accommodate in the body’s adipose tissue, where they
may continue to exist for an indefinite duration of time [7].

Any foreign chemical that enters the living human body tends to trigger a
reaction. This interaction between xenobiotics (the foreign chemical bodies) and the
living systems proceeds in several phases. The first phase, also known as the
exposure phase, is initiated at the time when a living organism is exposed to foreign
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substances. This may later be taken up or rejected by the living organism. The next
phase is where the distribution of this foreign chemical substance throughout the
organism takes place. Following the delivery, metabolism takes place as facilitated
by enzymes and is subject to chemical changes which may or may not nullify the
exogenous substance. The former mentioned phases are categorized as “toxicoki-
netics” whereas the following phase is “toxicodynamic”. In this phase, the inter-
action happens between the chemical, its constituents and the constituents of the
living organism. Correspondingly, an additional phase is subject to taking place
where pathological or functional changes may occur. In addition, the metabolism of
glucose and cholesterol is also affected by the environmental toxins. Moreover, it
also interferes with adipokine secretion and hence induces insulin resistance and
cell multiplication. Thus, this implicates in the pathogenesis of cardio-metabolic
and malignant diseases [8].

Adipose Tissue and Adipogenesis

Adipose tissue is an areolar connective tissue that regulates and maintains body
temperature, attaches the skin, and shields internal organs. It is further sub-divided
into two types namely brown adipose tissue (BAT) and white adipose tissue
(WAT). While WAT serves as the reservoir of energy, where triglycerides are
stored in large lipid droplets, BAT mainly serves in the regulation of body tem-
perature and energy expenditure [9]. It is now a well-accepted fact that mes-
enchymal stem cells (MSCs) act as precursor cells to proliferate and undergo
differentiation to become mature adipocytes. The process of differentiation of the
fibroblast like pre-adipocytes into mature lipid-laden, insulin-responsive adipocytes
is known as adipogenesis [10].

The adipocyte life cycle starts with differentiation of adipocytes from either
committed embryonic stem cells or mesenchymal stem cells. This includes a growth
phase followed by growth arrest, clonal expansion, and a complex sequence of
changes in gene expression leading to storage of lipid and finally death [11].

Once triggered to mature, pre-adipocytes proliferate and undergo growth arrest
followed by a round of cell division known as clonal expansion. These cells then
commit to differentiate into mature adipocytes. This process is accompanied by a
dramatic increase in expression of adipocyte-specific genes. Several adipokines,
hormones, enzymes, nutritional and environmental factors influence adipocyte life
cycle contributing to overall adipose tissue growth and development.

Differentiation of pre-adipocytes into adipocytes involves a comprehensive
network including a number of transcription factors responsible for the expression
of key proteins that induce mature adipocyte formation. This highly regulated
transcriptional cascade begins with re-entry of growth arrested pre-adipocytes into
the cell cycle where they undergo several rounds of mitosis. This initial phase is
known as mitotic clonal expansion (MCE) and is accompanied by the transient
expression of C/EBP-b and C/EBP-d. These transcription factors subsequently
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stimulate transcription of PPAR, which in turn can activate C/EBP-a. PPAR-c and
C/EBP-a exist in a positive feedback loop to propagate differentiation and induction
of late adipogenic genes including aP2 and FAS in the terminal differentiation
phase [12].

Modulation of Adipocyte Metabolism by Various Endocrine
Disruptors

Endocrine-disrupting chemicals (EDCs) are exogenous chemicals or mixtures of
chemicals that interfere with any aspect of endogenous hormonal signaling,
affecting not only production, release, and transport of hormones, but also their
cellular metabolism, binding action, and elimination [13, 14]. They have been
shown to significantly alter the function (gene expression, hormone secretion) of
white adipose tissue as well as adipose tissue mass (adipocyte number and/or
volume). Figure 2.1 shows the effect of endocrine disrupting chemicals on the
adipose cells. Adipose cells may either increase in number or size.

Fig. 2.1 Effect of endocrine
disrupting chemicals on the
adipocytes
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EDCs are heterogeneous, rapidly growing group of natural, or man-made
chemical compounds, including synthetic chemicals used as industrial solvents,
plastics, plasticizers, fungicides, pesticides, heavy metals, and pharmaceutical
agents [13, 15]. Figure 2.2 shows the ubiquitous presence of endocrine disrupting
chemicals.

Bisphenol A

Bisphenol A (BPA) was first synthesized in 1891 and was discovered to be
estrogenic in 1936 [16]. It is used in a wide array of manufacturing, food packaging,
toys, and plastic manufacturing industry for various applications, such as lining of
plastic containers [17], and aluminum cans [18], receipt paper [19–21], and some
dental sealants [22]. BPA exposure has been linked to a wide range of negative
health effects, including an increased risk of miscarriages, obesity, and cancer [23].
Furthermore, BPA is known to accumulate in fat, with 50% of breast adipose tissue
from women containing BPA [24]. It has been known to rapidly metabolize to

Fig. 2.2 Diagram showing various sources that may release/act as endocrine disrupting chemicals
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non-bioactive forms and has a short half-life of approximately 4–5 h in adult
humans, with lower metabolic rates in the fetus and infants [25, 26]. Measurements
of bioactive or free BPA in human serum is controversial at present, with some
documenting nanograms per milliliter quantities in samples using
contamination-free conditions [21, 25, 27], whereas others report that ordinary
exposures result in picograms per milliliter levels or lower [28]. Although relevant
internal exposure remains a critical issue that is still unresolved, it is noteworthy
that industrial exposures, vulnerable populations, and individual variations in
metabolism and susceptibility must be taken into consideration. Considerable and
compelling evidence has been presented in both animals [29–34] as well as humans
[35, 36], showing an association between increase in weight gain and body fat after
developmental exposure with BPA.

Perinatal exposure of mice to BPA has been shown to increase adipose tissue
mass, raises serum cholesterol level and may predispose to the development of
metabolic syndrome [31, 37, 38]. A series of studies conducted in animal models
highlighted that exposure to BPA in either adult animals [39, 40] or in utero [37],
resulted in the development of insulin resistance. In vitro studies conducted on
cultured pre-adipocyte cell lines, treatment with BPA ranging between 0–100 lg/ml
for two days early in differentiation was reported to accelerate differentiation [41, 42]
via a PI3 K-dependent pathway. Enhanced adipogenesis was observed in cells
treated with either BPA alone or in combination with 5 lg/ml of insulin.

Dioxins

2,3,7,8-Tetrachlorodibenzo-p-dioxins (TCDDs) are released into the environment
primarily as an unwanted by-product of manufacturing processes, such as incin-
eration and burning of fossil fuels. Volcanic eruptions and forest fires also con-
tribute to the overall environmental burden of dioxins. They may be formed during
the chlorine bleaching process used by pulp and paper mills, and as a by-product
from the manufacture of certain chlorinated organic chemicals, such as chlorinated
phenols [43]. Ingestion of contaminated food is the main source of dioxin exposure
in human and animal populations [44–47]. These compounds are highly resistant to
both chemical as well as biological degradation and thereby, pose a significant
degree of bioaccumulation and environmental persistence [48]. Reduction in pol-
lution levels and stricter emission standards and regulations in developed countries
has nevertheless led to a significant decline in TCDD exposure over the past
decades. The current TCDD body burden of citizens in these countries is estimated
to be approximately two parts per trillion-lipid adjusted (ppt), down from an esti-
mated 20 ppt in the early 1970s [49].

TCDDs are widespread environmental contaminants and potent endocrine dis-
ruptor [50, 51]. These organic pollutants are hypothesized to have a either direct or
indirect role in the pathogenesis of metabolic disorders, including obesity, meta-
bolic syndrome, and diabetes [52–54]. A number of experimental studies support a
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link between TCDD exposure and metabolic alterations. Its exposure has been
associated with wasting syndrome in rodents fed a normal diet [55], and with
accelerated weight gain in mice fed a high-fat diet [56]. Both in vivo as well as
in vitro studies have shown effects on glucose homeostasis following TCDD
exposure. These include reduced glucose uptake in adipose tissue, liver, and pan-
creas; altered glucose tolerance; and impaired insulin secretion [57–60]. Studies on
mice models have shown exposure to TCDDs is associated with increased serum
triglycerides, cholesterol, and blood pressure and with earlier onset and greater
severity of atherosclerosis [61].

Several epidemiologic studies have been conducted to establish a link between
exposure to TCDDs and other dioxin-like compounds with metabolic syndrome. An
increased risk for diabetes has been reported in Vietnam veterans [62, 63], phe-
noxyherbicide production workers [64] and Yucheng accident cohort members
[65], but not in Great Lakes sport fish consumers [66], Finnish fishermen and their
wives [67], young U.S. adults [68], or elderly Swedish adults [69]. Higher risks
among women than men were reported in the Yucheng cohort [65], but few studies
have had sufficient power to examine the risk of diabetes in women separately.
Recent cross-sectional studies also suggest a positive association of dioxin-like
compounds with metabolic syndrome and its individual components [70–72].

Phytoestrogens

Phyto-oestrogens are naturally occurring plant-based compounds that are struc-
turally and/or functionally similar to mammalian oestrogens and their active
metabolites. Among the several phyto-oestrogen classes, the most widely studied
and hormonally active are the isoflavones and coumestans. Isoflavones are abun-
dantly present in soya beans, legumes, berries, wine, grains, nuts and soya-fortified
foods [73]. Naturally, Isoflavones are found as biologically inactive glycoside
conjugates containing either glucose or carbohydrate moieties. The unconjugated
from (aglycone) is the bioactive form. Among the soy-based foods, fermented soya,
such as tem-peh or miso, typically contains higher aglycone levels. Once the iso-
flavones are consumed, they are rapidly metabolized and absorbed in the body.
They enter the systemic circulation predominantly as conjugates with limited
bioavailability and bioactivity, leaving only a tiny fraction of the ‘free’ bioactive
form in systemic circulation. Typically, metabolites are less bioactive than the
parent compounds but equol, a metabolite of daidzein, is a notable exception [74]. It
appears that only 30–50% of individuals are capable of bio-converting daidzein to
its more oestrogenic metabolite equol with vegetarians and individuals of Asian
descent being most likely [75, 76]. Some of the factors that can purportedly con-
tribute to inter-individual differences with regard to the production and absorption
of isoflavones are age, genetics, gut physiology, diet and health status, particularly
the use of antibiotics.
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One of the increasing concerns with regard to the use of phytoestrogens is its
possibility to interfere with the organizational role of estrogen in the developing
brain and reproductive system. Experiments on various animal models with
manipulation of estrogen during specific critical windows of development
throughout gestation and early infancy, have been shown to lead to a myriad of
adverse health outcomes including malformations in the ovary, uterus, mammary
gland and prostate, early puberty, reduced fertility, disrupted brain organization,
and reproductive tract cancers [77–81].

Notably, soya has been shown to impact reproductive healthy in women. The
suppression of circulating steroid hormone levels and attenuation of the
pre-ovulatory gonadotropin surge have been repeatedly observed. In one
meta-analysis, it was concluded that isoflavone intake moderately increases cycle
length and suppresses luteinizing hormone and follicle-stimulating hormone levels
[82]. A clinical case-report conducted in 2008, reported three women (aged 35–
56 years) experiencing a suite of symptoms related to excessive soya intake (esti-
mated to exceed 40 g/d), including abnormal uterine bleeding, endometrial
pathology and dysmenorrhea, all of which resolved when soya intake was dis-
continued or reduced [83].

Intake of adult soya has shown to impact mood and anxiety-related behaviors
[84]. In human subjects, nearly all studies along these lines have focused on
post-menopausal women and evidence for improvement of mood is minimal and
sporadic [15]. Results across animal studies are mixed and sex-dependent with
females generally shows decreased anxiety compared to males who show height-
ened effects [85, 86]. This pattern tends to abrogate or reverse expected sex dif-
ferences in assessments of anxiety-related behaviors [87] and appears to involve
the neuropeptides and vasopressin.

Pesticides

Since the discovery of DDT in 1939, numerous pesticides (organochlorides,
organophosphates, carbamates) have been developed and used extensively world-
wide with few guidelines or restrictions to kill unwanted organisms in crops, public
areas, homes and gardens, and parasites in medicine. Humans are exposed to
pesticides due to their occupations or through dietary and environmental exposure
(water, soil, air). For several years, there have been concerns about the impact of
environmental factors on the occurrence of human pathologies. The World Health
Organization (WHO) has reported that roughly three million pesticide poisonings
occur annually, resulting in 220,000 deaths worldwide [88]. In some cases, it has
been suggested that diseases such as cancer, allergies, neurological disorders and
reproductive disorders may be connected to pesticide exposure.

Pesticides may interfere with the pro-synthesis, transport, metabolism and
elimination of hormones, thereby decreasing the concentration of natural hormones.
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For instance, the thyroid hormone synthesis can be inhibited by several pesticides
including amitrole, cyhalothrin, fipronil, ioxynil, maneb, mancozeb,
pentachloronitro-benzene, prodiamine, pyrimethanil, thiazopyr, ziram, zineb
[89–91].

The pesticides have also been shown to disrupt reproductive and sexual devel-
opment. These effects seem to depend on several factors, including gender, age,
diet, and occupation with age in particular being one of the most sensitive. Human
foetuses, infants and children show greater susceptibility compared to healthy adult
subjects [92–94]. Much of the damage occurs during the stages of gametogenesis
and the early development of the foetus [94–96]. The role of pesticides on fertility
has also been well- documented [97].

Several previous studies have reported that the exposure to pesticides may affect
spermatogenesis, leading to poor semen quality and reduced male fertility.
Furthermore, an increasing number of epidemiological studies tend to link envi-
ronmental exposure to pesticides and hormone-dependent cancer risks. Increased
levels of pesticides have been found in fat samples from women with breast cancer
[98]. This increases the risk of breast cancer by four folds [99]. One of the major
studies conducted in Spain between 1999 and 2009 shows that among a total of
2,661 cases of breast cancer reported in the female population, approximately 2,173
(81%) were observed in areas of high pesticide contamination [100].

A link between pesticide exposure and prostate cancer has also been observed.
Several epidemiological studies have consistently demonstrated a higher risk in
agricultural populations than in the general population [13, 101, 102]. For instance,
in a multi-site case-control study conducted in five rural areas of Italy, a signifi-
cantly higher rate of prostate cancer was found in farmers who are routinely
exposed to pesticides. These observations are consistent with other studies in the
USA and Sweden where the farmers and commercial pesticide applicators had
slightly and/or significantly higher rate of prostate cancer than the general popu-
lation [103, 104].

Apart from humans, at environmental level, wildlife remains vulnerable to the
endocrine disrupting effects of pesticides. The relation between pesticide exposure
and endocrine disruption have been largely noted in invertebrates [105–109],
reptiles [81, 110–113], fish [114–116], birds [114, 117–120] and mammals
[121–124]. Most of these studies show that pesticides, in particular organochlorine
pesticides, affect the reproductive function. A study on Daphnia magna has shown
that endosulfan sulphate disrupts the ecdysteroidal system (regulating processes
such as molting and embryonic development) and juvenile hormone activity (reg-
ulating the sex ratio) of crustaceans [125, 126]. Another example is the influence of
linuron on reproductive hormone production, testosterone production in rats being
significantly reduced after in utero exposure to linuron, whereas progesterone
production was not affected [127].

2 Adipocytes Under Environmental Assault: Targets for Obesity? 31



Polychlorinated Biphenyls

These are persistent organic pollutants (POPs) that are consumed because of their
bioaccumulation through the food chain. They are man-made synthetic chemical
mixtures, which were widely used in industry and their exposure to humans remains
ubiquitous because of improper disposal and bioaccumulation in the environment.
POPs can accumulate at high levels in adipose tissue and might be a contributing
factor to the onset of cardiovascular, endocrine, and metabolic diseases [128, 129].
Data supporting the association between polychlorinated biphenyls and metabolic
disease continue to be reported, and a survey conducted by NHANES reported an
association between waist circumference and BMI in individuals with detectable
levels of persistent organic pollutants [130].

Phthalates

Phthalates are esters of phthalic acid and are a class of chemicals that are mainly
used as plasticizers to impart flexibility, transparency and durability in plastic
materials. These compounds are found in a variety of household and consumer
products such as adhesives, paints, packaging, children’s toys, electronics, flooring,
medical devices, personal care products, air fresheners, dietary supplements,
pharmaceuticals and textiles [131, 132]. Exposure to humans is via oral ingestion,
inhalation, and dermal contact. Lately, a number of phthalates have been docu-
mented to possess endocrine-disrupting properties based on their ability to interfere
with normal reproductive function and hormone signalling. Several epidemiologi-
cal studies have been conducted to investigate the relationship between phthalates
exposure in human and health outcomes, including hormonal regulation of steroid
and thyroid hormones, reproductive effects, pregnancy, precocious puberty, obesity
and infertility [133, 134].

Either diethylhexylphthalate, or its metabolite monohexylphthalate has been
reported to be linked with obesity in both animal as well as human models
[135–137]. Prenatal and neonatal exposure to these compounds in pregnant mice
was reported increase body weight, number and size of adipocytes, and activation
of PPAR-c in male offspring, suggesting its sexually dimorphic effect. In another
study, exposure to diethylhexylphthalate in utero and during lactation showed
increased weight gain, which persisted into adulthood [138]. Both of these studies
were linked to behavioural changes in offspring through four generations sug-
gesting that early-life exposure to at least some obesogens might exert permanent
and transgenerational effects. A probable reasoning for these changes may be the
epigenetic modification of imprinted genes, thereby, implicating the potential for
trans-generational epigenetic inheritance.
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Cigarette Smoke and Nicotine

Several epidemiological studies, conducted to examine the effects of maternal
smoking during pregnancy on body weight of offspring during childhood or
adulthood, have shown a positive and probable causal association between maternal
smoking and increased risk of obesity or overweight in offspring. This conclusion is
based on the very consistent pattern of overweight and/or obesity observed in
children whose mothers smoked during pregnancy, along with findings of obese
offspring from laboratory animals exposed to nicotine during pregnancy [128]. This
consistent association between maternal smoking during pregnancy, low birth
weight, and increased risk of overweight and/or obesity in offspring has been
widely reported in the literature. Moreover, evaluation of literature in several
meta-analyses indicated a 50–64% increase in obesity due to smoking during
pregnancy [139–142].

Concluding Remarks

A number of man-made synthetic chemicals such as pesticides, plasticizers,
antimicrobials, and flame retardants currently used in a variety of industrial and
agricultural applications are leading to widespread contamination of the environ-
ment. Even though their intended uses are beneficial, effects on human health are a
global concern. These so-called endocrine-disrupting chemicals (EDCs) are sub-
stances of exogenous origin that exert various endocrine functions in specific doses,
including hormonal synthesis/transportation and adverse health effects in an
organism and their descendants. They can disrupt hormonal balance and result in
developmental and reproductive abnormalities. While the unbalance between
calorie intake and expenditure is thought to be the most common cause of obesity,
emerging in vitro, in vivo, and epidemiological studies link human EDCs exposure
with obesity, metabolic syndrome, and type 2 diabetes. A number of studies are
available showing a large variety of compounds to be epidemiologically correlated
with the occurrence of obesity and type 2 diabetes. However, detailed mechanistic
information on how these organic pollutants interfere with adipocyte metabolism is
lacking. Presently available data is sparse and fragmented. However, more research
efforts on the interaction of compounds with beta-cell function and/or mass in
animal models at human relevant concentrations are needed to further evaluate the
hypothesis that environmental pollutants can be additional risk factors for obesity
and diabetes development. Targeting adipocyte biology may help to elucidate the
underlying pathways that regulate beta cell function and reveal key regulator and
signaling genes and molecules targeted by and susceptible for xenobiotic chemicals.
Multigenerational studies in animal and human models with long-term exposures at
low doses will definitely ameliorate risk assessment of such endocrine disrupting
chemicals. Simultaneously, more targeted epidemiological research and awareness
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should be undertaken and broadened towards the general population. In-depth
information on different exposure scenarios and effect levels of these chemicals in
the popular media can help individuals to act on a precautionary principle to reduce
exposure of themselves and their children ahead of any regulatory actions and
therefore have some degree of self-determination in their own exposure to such
toxins.
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Chapter 3
Obesity and Its Complications
Pathogenesis

Isabella So and Hariom Yadav

Abstract Obesity became an epidemic public health problem and continuously
increasing every year. For the longest time, the pathologic framework for obesity
had been simple: caloric intake is greater than the energy output, which by far still
true, however, the underlying reasons for increased energy intake and reduced
energy expenditure remain largely unknown. Emerging data indicate that obesity
can be oftentimes secondary to an underlying pathology, which can be due to
genetics, inflammation, microbiome dysbiosis, metabolism, drugs and several other
reasons. In this chapter, we described the pathology of obesity and underlying
factors are linked or contributing in its progression.

Keyword Obesity � Diet � Nutrition � Microbiome � Genes � Life style �
Inflammation � Comorbidities � Diabetes � Cancer � Arthritis � Drugs

Introduction

In the present climate of health and nutrition, global trends indicate that by 2030,
almost 50% of the world’s adult population will be considered overweight or obese
[1]. The rising costs of obesity to the healthcare systems are compounded by
accompanying comorbidities such as Type 2 Diabetes, cardiovascular disease,
dementia, cancer, and chronic pain. These comorbidities put the population at risk
for reversing the improvements in life expectancy in the last 50 years, especially
when examining the model of the United States. The US’s rising BMI levels, which
are already the highest of any other country, have led to slowed rates of
improvement in mortality by 23%, compared to an average 2.21% slowed rate seen
in other countries [2].
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Perhaps what makes obesity the deadly condition that it is are its accompanying
comorbidities that further decrease mortality in patients. Obesity has a known
association with several diseases that affect different organs and systems. Type 2
Diabetes (T2D) has long been established as comorbidity of obesity, due to the
mechanism of insulin resistance development [3]. While the association is clear, the
physiological link between cardiovascular disease (CVD) and obesity is not as
explicit, however may be due to higher concentrations of visceral fat leading to
higher rates of cardiac inflammation. Cancer has a known association with obesity,
especially cancers of gallbladder, esophagus, thyroid, kidney, uterus, colon, and
breast. The underlying mechanisms of all cancer due to obesity are not always clear,
although may be largely attributed to chronic inflammation. For uterus and breast
cancers, it is hypothesized to be due to elevated estrogen levels synthesized from fat
tissue in obese women [3]. Chronic pain’s relationship to obesity is hypothesized to
be due to many differing metabolic components, such as C-reactive protein, an
inflammatory mediator, and leptin, an energy-regulating hormone dispensed by
adipocytes. Osteoarthritis is a non-inflammatory arthritis that mostly affects
weight-bearing joints such as the spine, hip, knee, and ankle [4]. Obesity’s role in
osteoarthritis is a direct one in which increased weight leads to increased
mechanical force on these joints, becoming a leading cause of disability. Dementia
and other neuropsychiatric processes’ causal connection from obesity has been
documented by many, but the mechanism remains largely unclear.

The classic understanding of obesity is an increased caloric intake relative to
energy expenditure. Consequently, when the Body Mass Index (BMI) reaches
30.0 kg/m2 or higher it is considered obesity, which is characterized by the accu-
mulation of excess fat in adipose tissues. However, obesity can also occur sec-
ondary to medications, disease, and other dysregulation of the body. For instance,
lifestyle and diet contribute to and control the balance between caloric intake and
output. Genetics and epigenetics can predispose individuals to different tendencies
in storing adipose tissue or driving appetite. The microbiome of the gastrointestinal
system can alter the immunologic and absorptive ability of the gut. And, while
many illnesses can cause large shifts in metabolism leading to higher adiposity,
many pharmacological drugs can enact those similar effects. Figure 3.1 summarizes
several factors that can contribute to the development of obesity and conversely
several conditions that obesity can lead to.

This chapter will break down and further discuss the commonly known mech-
anisms in obesity, examine the comorbidities, and analyze strides made in present
day diagnoses and treatments. It is important to acknowledge that different eti-
ologies for obesity exist from person-to-person, and in this way treatments must be
considered on an individual level.
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Common Mechanisms Involved in Obesity Pathology

There are many mechanisms involved in the pathology of obesity, and many that
contribute to complications of obesity. Of these, the most significant are lifestyle,
inflammation, microbiome dysbiosis, and genetic mutations.

Physical Activity and Diet

Examining a patient’s lifestyle as a cause for obesity mainly accounts for physical
activity and diet. In general, physical activity and diet are the first behavioral factors
that are modified in the initial treatment of obesity or pre-obesity. A sedentary
lifestyle leads to a lower probability of utilizing physical activity or exercise to lose
or maintain weight. This occurs by lowering energy expenditure and expediting
age-related loss of lean mass, coactively resulting on fat weight gain. In a 6-year

Fig. 3.1 Obesity has a two-way relationship with several factors, all of which also must be in
balance with each other for prevention
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study following 50,277 women with a BMI <30 free from diagnosed cardiovascular
disease, diabetes, and cancer, it was found that 2 hr increments per day in
TV-watching was associated with a 23% increase in obesity, and 2 hr increments
per day sitting at work was associated with a 5% increase in obesity (Fig. 3.2).
However, for every 1 hr daily spent brisk walking, there was a 24% reduction in
obesity [5].

Furthermore, the total energy expenditure (TEE) is a sum of the basic compo-
nents of the resting metabolic rate (RMR), thermic effect of feeding (TEF), and
physical activity (PA). Physical activity is a particularly important component of
energy balance, and its deficiency is associated with higher rates of chronic diseases
and reduced life expectancy. In an analysis of the 57 million deaths in 2008,
physical inactivity was determined to cause 9% (5.3 million cases) of all premature
mortality, and found that physical inactivity was on par with the risk factors
established with smoking [6].

Similarly, diet is an important determinant of an individual’s tendency towards
overweight or obesity. The international food supply since the 1970s has shifted the
average diet towards increased caloric intake, increased carbohydrates and refined
fats, increased glycemic index, and increased portion sizes at each meal.
Specifically, between 1962 and 1990, vegetable oils caused a 10–13% global
increase in fat availability, with an overall decrease availability of fruits, fiber, and
other complex carbohydrates [7]. These high levels of dietary fats poorly affect
metabolism, but furthermore change gut epithelial permeability, ultimately com-
promising macronutrient absorption, inflammation, and microbiome flora [8].
Similarly, the decrease in fiber means a decrease in bowel motility, intestinal
absorption, colonic microbiota, and fermentation.

A randomized study evaluating 20 inpatient adults in 2 separate ad libitum diets
(“ultra-processed” and “whole food”) matching calories, energy density,

Fig. 3.2 The variable changes in obesity risk based on daily activities [5]
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macronutrients, sugar, sodium, and fiber for 14 days each demonstrated a 508 ±

106 kcal/day increase in energy intake and 0.9 ± 0.3 kg gain in weight for the
ultra-processed diet [9]. These observations under the ultra-processed diet were
accompanied by an increased consumption specifically of carbohydrates (280 ±

54 kcal/day) and fat (230 ± 53 kcal/day). The data suggest that removing
ultra-processed foods, which are enhanced by their palatability and convenience,
can effectively prevent obesity [9].

Stress/Sleep

Psychological stress plays many indirect and direct roles on the development of
obesity over time. Stress impacts decision-making capacity and self-regulation.
Obesity itself, while it might be the result of stress, can also trigger further a cycle
of stress and weight gain. Stress also causes the release of glucocorticoids, which
cause physiological changes in the hypothalamic-pituitary-adrenal axis, impacting
reward-processing in the brain and can lead to “emotional eating” [10]. When stress
becomes chronic or develop to the state of a mental illness such as depression or
anxiety, these poor eating behaviors may become more consistent and result in
constant caloric excess. The HUNT-2 study, which assessed 65,648 adults between
20 and 89 years of age for their waist-hip ratio (WHR), found that WHR, which is
associated with abdominal obesity, was elevated in a dose-response pattern with
both anxiety and depression, with the highest prevalence of anxiety and depression
occurring in individuals with a WHR above the 95th percentile [11].

Similar to and derived from stress, sleep duration and quality impact the
development of obesity and its complications. Sleep is an important component of
neuroendocrine function, and consequently of glucose metabolism as well. Glucose
control and release at night depend on the deeper stage of non-REM sleep, when
brain glucose utilization decreases and parasympathetic activity increases [12].
Leptin, another hormone that is released by adipocytes and enterocytes, is known to
signal satiety and energy balance to the brain. Ghrelin acts in an opposite way,
promoting hunger. Both leptin and ghrelin interact with the arcuate nucleus to
modulate food intake, and are both observed to be affected by sleep restriction. In a
short-term view of the effect of sleep on hunger hormones, one study observed 12
young (mean age 22 ± 2 years) lean (BMI 23.6 ± 2.9 kg/m2) men who slept four
hours per night for two days after sleeping ten hours per night for two days [13].
After the two days with four hours of sleep, there was an 18% decrease in leptin and
a 28% increase in ghrelin[13].

Inflammation

Obese people have higher low chronic low-grade inflammation. This inflammation is
not only seen in the circulation levels but also often seen in the metabolically
important organs such as liver, brain, pancreas, and adipose tissue. As a result, the
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body undergoes a dysregulated immune system, which is often seen as the con-
nection between obesity and its metabolic and vascular complications. Additionally,
this can cause the increased risk of cancer and infectious disease in obese patients. It
is estimated that 3.6% of all new cancer diagnoses are due to excess adiposity [14].

Adipose tissue is the body’s method of maintaining physiologic homeostasis
through lipids as a long-term energy reservoir. During obesity, overnutrition occurs
with excess caloric intake or reduced caloric expenditure, and adipose tissue enlarges
and expands to adapt to higher demands of energy storage. The classic signs of
adipose inflammation are the enlarged adipocytes which turn apoptotic, are then
surrounded by macrophages, and appear as crown-like structures. These interactions
between adipocytes and the immune cells lead to enhanced pro-inflammatory fac-
tors, affecting peripheral target tissues and thereby inducing insulin resistant and
hyperinsulinemia, hyperglycemia, hyperlipidemia, and vascular injury [14].
However, the precise mechanism(s) and source of triggering this chronic inflam-
mation are not known, and warranted the further research. Inflammation is a natural
response for bacterial antigens, hence microbes living in and around our body
(microbiome) can contribute in the induction of low grade inflammation of the obese
people.

Gut bacteria can instigate obesity- and insulin-resistance (IR)-associated
inflammatory state through lipopolysaccharide (LPS; a component of gram-
negative bacterial cell-wall), which triggers inflammation by binding to toll-like
receptor-4 (TLR-4) complex at the surface of innate immune cells. Deletion of
TLR-4 prevents high-fat diet (HFD)-induced IR, suggesting that TLR-4 is impli-
cated in metabolic diseases. HFD-induced obese mice demonstrate fewer gut bifi-
dobacteria and eubacteria and increased circulating LPS levels. In humans, a
similar-grade endotoxemia associated to IR, and a high-fat-high-carbohydrate meal
induces significant elevations in postprandial plasma LPS, hinting that endotoxemia
might play a pathological role in obesity-associated inflammatory state and that the
food ingestion may affect plasma endotoxin levels [15].

Microbiome Dysbiosis

Emerging research suggest that the gut of obese people harbor an abnormal (dys-
biosis) microbiome. The intestinal microbiome is made up of the numerous and
diversified microbial species in the gastrointestinal tract. In the context of obesity-
related complications, gut microbes are known to influence host metabolism by
means of signaling pathways with effects on inflammation, fat deposition, and
insulin resistance [16]. The major roles played by the intestinal microbiome
include: (1) resistance to infection from pathogens through direct competition for
nutrients and adhesion sites, and production of antimicrobial substances; (2) in-
creased proliferation and differential of the epithelial layer for mucosal surface
maintenance; (3) increased development of lymphoid tissue via dendritic cell
maturation and lymphocytic differentiation of B and T cells; and (4) production of
energy from non-digestible dietary starches [17].
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The majority of microorganisms in the adult gut fall under two bacterial phyla, the
gram-negative Bacteroides and the gram-positive Firmicutes. Under anaerobic
conditions, species belonging to these geni will produce short-chain fatty acids
(SCFAs). SCFAs such as acetate (2 carbons) and butyrate (4 carbons) can be utilized
by colonocytes to induce secretion of glucagon-like peptide (GLP-1) and peptide
YY (PYY). These hormones play a major role in gut homeostasis by increasing
nutrient absorption from the intestinal lumen. However, the person-to-person
composition differs greatly depending on genetics, age, diet, geographic location,
and medication. Dysbiosis occurs when there is an imbalance in the ratio between
beneficial and pathogenic bacterial species, and can be induced by these external
factors. Gut dysbiosis is known to instigate obesity and T2D. For example,
energy-rich diets and obesity involve increased intestinal Firmicutes-Bacteroidetes
ratio in rodents and humans. Likewise, T2D patients have altered gut microbiota
with reduced butyrate-producing genera (e.g., Roseburia, Subdoligranulum,
Clostridiales) wherein metformin-treatment reduces/reverses changes in Firmicutes
population [15].

In one of our studies, we used leptin-deficient (Lepob/ob) mice alongside C57BL/
6J control mice fed on identical diets in order to perform comparative and correl-
ative analyses of the gut microbiome composition, gut permeability, intestinal
structural changes, tight junction-mucin formation, cellular turnover, and stemness
genes. We discovered that associated with the obesity-induced mice were increased
cell death, increased intestinal permeability, changes in villi/crypt length, and
decreased expression of tight junctions and mucus synthesis, in conjunction with
dysbiotic gut microbiome signature [18].

Genetic Mutation

While several environmental and social factors such as sedentary lifestyles, con-
sumption of high-calorie foods, and urbanization have been most heavily empha-
sized as the causes for obesity, there has been considerable evidence based on twin,
adoption, and family studies that indicates 40–70% of BMI variation occurs due to
genetic factors [19]. In general, specific genetic syndromes such as Prader-Willi and
Bardet-Biedl are recognized for dysmorphic characteristics and developmental
dysfunction that result in obesity. However, more recently, monogenic defects have
been pinpointed as important causes of obesity.

Monogenic defects typically occur from the disruption of the signaling pathways
for leptin and melanocortin. They can result from genetic mutations in the locus of
leptin, leptin receptor, proopiomelanocortin (POMC), or other downstream enzymes
and neuropeptides of leptin [20]. It has been suggested that the genetic contribution
in obese patients is due to multiple genes amplifying an effect, meaning that obesity
is a “polygenic” disease state. In a study taking 1,924 T2D patients and 2,938
population controls for 490,032 autosomal single nucleotide polymorphisms
(SNPs), the strongest association made with obesity and BMI was consistently found
with variants of the FTO (fat mass and obesity) gene on chromosome 16 [20].
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Additionally, “epigenetic theory” plays a role in the increased risk of diabetes and
obesity. Unregulated elevated consumption of fat and sugar by pregnant women may
spur epigenetic changes during embryo development in a child, increasing suscep-
tibility to diabetes in the next generation [21]. Pollution is similarly believed to be
involved during the pregnancy and development phase.

Secondary to Primary Disease

Polycystic Ovary Syndrome (PCOS) is identified by ovarian cysts, irregular men-
strual periods, hirsutism, infertility, acne, and obesity due to dysregulation of
androgen secretion resulting in functional ovarian hyperandrogenism [22]. The
American College of Obstetrics and Gynecology reports that about 80% of women
with PCOS are obese [23]. Hyperinsulinemia is associated with direct hypothalamic
outcomes that can favor disordered gonadotropin secretion. In a study where obese
mice have a selective knockout of the insulin receptor in the pituitary, the result was
normal gonadotropin secretion and improved fertility, providing a possible bridge
between the insulin receptor and PCOS [24].

Cushing’s Syndrome (CS) is a primary adrenal gland disease caused by excess
cortisol secretion, a rare disease affecting approximately 1 per million in the U.S. It
can be identified clinically by hypercortisolism, diabetes, hypertension, sudden
weight gain, and central obesity [25]. In a study examining the frequency of CS in
150 obese patients with no specific clinical symptoms of CS, 9.33% of patients
were found to have CS, suggesting that patients with obesity should be screened for
CS [26].

Hypothyroidism is characterized by an underactive thyroid gland unable to
produce enough thyroid hormone, resulting in symptoms associated with a slowed
metabolism. In a study assessing 27,097 individuals with a BMI >30 kg/m2,
hypothyroidism correlated with higher BMI and higher prevalence of obesity
regardless of smoking status [27].

Diagnosis and Treatment of Obesity

The initial diagnosis of obesity begins with a calculation of the BMI to evaluate the
degree of excess weight on a patient. The classification that BMI � 30 kg/m2

indicates obesity is a recommendation based on risk of cardiovascular disease
(CVD) adopted by the National Institutes of Health (NIH) and the World Health
Organization (WHO) [28]. Furthermore, within the diagnosis of obesity, there are
three more sub-classifications, on a scale of I to III:

• Class I—30.0 to 34.9 kg/m2

• Class II—35.0 to 39.9 kg/m2

• Class III—� 40 kg/m2 (also referred to as severe, extreme, or massive obesity).
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However, the calculated risks associated with these different BMIs are deter-
mined for Caucasian, Hispanic, and black populations. They are shifted in Asian
and South Asian populations, where a lower threshold for BMI can be associated
with the same risk, due to a higher tendency for body fat percentage at the same
BMI compared to white individuals [29]. In conjunction with BMI, waist mea-
surement aids in assessing obesity at the level of the abdomen. Increased cardio-
vascular and metabolic risk can be found at a waist circumference of � 40 in
(102 cm) in men and � 35 in (88 cm) in women [30]. This measurement provides
more information regarding risk that might not be apparent with BMI alone.
Abdominal obesity, also known as central or visceral adiposity, is associated with
an increased risk for heart disease, diabetes, hypertension, dyslipidemia, and non-
alcoholic fatty liver disease [31]. Moving forward into management of obesity
begins with evaluating the patient for the cause. Analyzing their history, physical
examination, and measurements for fasting glucose, thyroid hormones, liver
enzymes, and fasting lipids will aid in determining the appropriate intervention.

Treatment

BEHAVIORAL: Lifestyle management is a first-line treatment that modifies eating
and physical activity behaviors with low risk of harm or financial incapacitation. In
a study pairing pharmacotherapy intervention with high-intensity behavioral
counseling, 60–65% of patients lost 5% or more of their initial weight in the span of
one year [32]. Some cornerstones of behavioral therapy include self-documentation
of food intake, physical activity, and weight, which can all be facilitated by
smartphone applications and other electronic devices.

DIET: The known baseline mantra for diet modification for weight loss is that
energy intake must be less than energy expenditure. It is important to monitor the
chosen diet for nutritional deficiencies such as vitamin D and iron, which are
common when choosing the route of calorie repletion [33]. In a study assessing 811
overweight patients assigned to one of four diets (low-fat, average protein; low-fat,
high-protein; high-fat, average-protein; high-fat, high-protein), particular diets may
have demonstrated differences in weight loss at 6 months, but by the end of the
24 month study, there were no significant differences between diets [33]. However,
the main issue found with dietary methods of weight loss is the high likelihood of
regain and/or binge eating. For instance, the regimen for very low calorie diets
(VLCDs) is a 400–800 kcal per day often in the form of shakes and other liquids,
and can induce 15–25% loss of the initial weight in the first 16 weeks. This weight
loss is twice the amount of other typical low-calorie diets, however it is expensive
to maintain and 35–50% of individuals will regain the weight in the 1–2 years
following [34]. Ultimately, the overall success of a diet depends on adherence and
financial availability of an individual, and not one specific diet’s ratio, with the
exception that it requires a caloric deficit, will dictate the patient’s progress.
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MEDICATIONS: The choice to begin drug therapy for obese patients varies
among physicians, and it is only executed after failure to lose weight with the initial
lifestyle and diet intervention.

Orlistat is the oldest of the drugs used for long-term obesity treatment, approved
in 1999. It acts as a gastric and pancreatic lipase inhibitor that induces fat malab-
sorption, leading to weight loss. Orlistat causes the excretion of 30% of all ingested
fat through the stool. Due to this consistent fat loss, there are increased risks of
hyperoxaluria and oxalate nephrolithiasis as well as fat-soluble vitamin malab-
sorption [35]. A study analyzed 1,111 patients taking 120 mg TID vs. placebo and
found that the mean change in body weight after one year was 7.9–9.4 kg, and that
more patients avoided weight regain in the maintenance phase than those on pla-
cebo [36].

Phentermine-Extended Release Topiramate is a drug combination approved in
2012 by the FDA that acts as a carbonic anhydrase inhibitor. The mechanism of
action causing weight loss is not known, but it is known that carbonic anhydrase is
an enzyme present in mitochondria and involved in gluconeogenesis and lipoge-
nesis [35]. Perhaps because this drug was first approved in 1996 as an antiepileptic,
the adverse effects of phentermine-topiramate include insomnia, reversible memory
loss, attention disturbance, anxiety, and headache, alongside other common effects
such as paresthesia, dry mouth, and constipation.

Lorcaserin works as a selective serotonin 2C receptor agonist. It activates the
pro-opiomelanocortin (POMC) neural system, increasing satiety and decreasing
hunger. Lorcaserin’s most common adverse effects are headache, nausea, consti-
pation, dizziness, fatigue, xerostomia, and dry eyes. A 52-week study randomized
subjects to lorcaserin or placebo with heavy behavioral modification, lowering
caloric intake 600 kcal below estimated requirements and requiring physical activity
30 min per day. At least 10% change in weight was achieved in up to a 22.6% of
patients receiving lorcaserin, compared to a 9.7% of those on placebo [37].

Naltrexone-bupropion is a combination drug utilizing the dopamine and nore-
pinephrine reuptake inhibition of bupropion alongside the opioid receptor antago-
nism of naltrexone. The POMC neural system in the arcuate nucleus of the
hypothalamus release alpha-melanocyte-stimulating hormone (MSH) and
beta-endorphin. Alpha-MSH is responsible for the appetite-suppression, while
beta-endorphin induces auto-inhibitory feedback by activating opioid receptors
[35]. Adverse effects include symptoms such as constipation, headache, vomiting,
dizziness, and insomnia. The CORI study tracked subjects over 56 weeks who were
randomized to 32 mg and 16 mg doses in naltrexone-buproprion or placebo sup-
plemented by a 500 kcal deficit meal plan, and found that up to 48% and 39% of
subjects lost more than 5% of their body weight with naltrexone-bupropion 32 mg
and 16 mg respectively, compared to a 16% of patients on placebo. Additionally,
there were improvements in waist circumference, insulin resistance, and triglyc-
erides in naltrexone-bupropion as compared to the placebo [35].

Liraglutide was initially a drug to manage T2D at a lower dose, but is now
approved to treat chronic weight management. As an analog of GLP-1, liraglutide
acts as an incretin hormone that is released from L-cells in the small intestine and
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colon to regulate appetite physiologically [35]. It is taken daily by subcutaneous
injection, and are associated with the adverse effects of transient nausea and
vomiting. During the 56-week SCALE Maintenance study, subjects who had
already successfully lost over 5% of their body weight during an 1200–1400 kcal/
day meal plan for 4–12 weeks were randomized to liraglutide 3 mg or placebo. The
liraglutide group lost an additional 6.2% of weight compared to 0.2% for the
placebo group, and 81.4% of the liraglutide subjects maintained weight loss
compared to 48.9% of those on placebo [38].

SURGERY: There are three primary forms of bariatric surgery performed
(Fig. 3.3). The Roux-en-Y gastric bypass ensures that 95% of the volume of the
stomach and duodenum are reduced by anastomosing the Roux limb of the jejunum
to the upper fundus, which leads to restricted food intake. Vertical-sleeve gas-
trectomy removes about 70% of the stomach to accelerate gastric emptying [32].
Laparoscopic adjustable banding is the least invasive, placing an inflatable silicone
band around the fundus of the stomach to reduce the gastric volume to approxi-
mately 30 ml [32]. In a study assessing 205 patients (101 having undergone sleeve
gastrectomy, 104 gastric bypass), they found a higher likelihood of gastric reflux
worsening after sleeve gastrectomy (31.8%) as compared to gastric bypass (6.3%).

Fig. 3.3 Diagram of bariatric surgical options. Image adopted from—Walter Pories, M.D. FACS
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However, with 61.1% of sleeve gastrectomy patients and 68.3% of Roux-en-Y
gastric bypass patients losing excess BMI, there was no significant difference in loss
of excess BMI between the two procedures at 5 years of follow-up after the surgery
[39]. Another study with 245 patients in each of the primary three bariatric surgeries
concluded with similar results, but also noted that the adjustable gastric band had a
higher likelihood of complication, and that corrective or revisional surgery was
required in 21% of adjustable gastric band patients as compared to 9% of sleeve
gastrectomy patients [40]. Current limitations of these surgeries are the high initial
costs, risks of complications, and weight regain.

Conclusions

If the prevalence of obesity continues to increase at the same rate as it has in the last
four decades, then the poor health outcomes of individuals will only continue to
worsen, with new diseases expected to follow as well. At this time, the best
long-term action and prevention includes precision nutrition and exercise programs.
While the exact mechanistic views of obesity are still not clear, we can observe
many different pathophysiologies that result in overweight. With financial and
health burdens rising, it is critical now for healthcare workers to identify and
prevent prevalent signs and factors of obesity in their patients to improve outcomes
for all.
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Chapter 4
Extracellular Vesicles and Circulating
miRNAs—Exercise-Induced Mitigation
of Obesity and Associated Metabolic
Diseases

Patience Oluchukwu Obi, Benjamin Bydak, Adeel Safdar
and Ayesha Saleem

Abstract Obesity is a progressive chronic disease that is defined by increased
adiposity and dysregulated blood lipid and glucose profiles. This, coupled with
insulin resistance and hypertension, leads to the development of the metabolic
syndrome in obese patients. Furthermore, obesity correlates strongly with an ele-
vated risk and progression of a number of different cancers. Endurance exercise is a
gold standard method for rescuing obesity and the associated metabolic dysfunc-
tion. Physical activity stimulates fat loss, evokes metabolic adaptations and induces
browning of white adipose tissue. The ‘brown’ fat depots are thermogenically
active, thereby facilitating energy expenditure and weight loss. New evidence
suggests that the systemic effects of exercise are mediated by extracellular vesicles
(EVs). These are released from all cell types, and contain canonical myokines that
are shed from skeletal muscle, as well as a plethora of other molecular cargo
including miRNA, mRNA, DNA, metabolites and proteins. Pro-metabolic
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myokines include proteins, as well as miRNAs that are linked to rescuing obesity
and associated metabolic syndrome. Circulating miRNAs have been shown to be
useful biomarkers of pathological conditions including obesity, cancer and the
metabolic syndrome. EVs and their enclosed molecular cargo offers a viable ther-
apeutic target for future studies designed to mimic exercise and recapitulate the
beneficial effects of exercise in obese subjects.

Keywords Exercise � Extracellular vesicles � Exosomes � Obesity � Metabolic
syndrome � Diabetes � Cancer � Browning of fat � Myokines � miRNA

Introduction

Epidemiological data demonstrate that a sedentary lifestyle coupled with excessive
caloric intake results in the emergence of chronic metabolic diseases and associated
co-morbidities, such as type 2 diabetes mellitus (T2DM), obesity and cardiovas-
cular diseases [1]. In 2015, the approximate prevalence of diabetes in Canada was
3.4 million, or roughly 9.3% of the population. This is predicted to rise to 5 million
or 12.1% of the population by 2025, a 44% increase in 10 years [2].

Physical activity induces pro-metabolic health and rescues obesity and T2DM.
Remarkably, the pro-metabolic beneficial adaptations of exercise are observed not
only in the exercising muscle, but also in non-exercised tissues such as brain, liver,
pancreas, and fat illustrating the fascinating systemic effects of physical activity.
Indeed, exercise is a positive physiological regulator of metabolic health and the
first line of therapy for metabolic diseases. Physical activity has been shown to
reduce disability scores and mortality, improve glucose control and insulin sensi-
tivity in obese and T2DM populations [3]. Consequently, the World Health
Organization (WHO) has adopted a global strategy to increase physical activity in
order to mitigate the prevalence and economic burden of chronic diseases such as
obesity.

Obesity and the Metabolic Syndrome

Obesity

Obesity is a medical condition generally defined using the body-mass index (BMI),
obtained by dividing weight in kilograms by height in meters squared, that provides
an estimation of excess weight relative to height. BMI can be broken down into five
different categories: underweight (BMI of <18.5), normal weight (BMI of 18.5–
24.9), overweight (BMI of 25–29.9), and obese (BMI of � 30). The obesity cat-
egory can be further compartmentalized into three grades of severity: grade 1 (BMI
of 30–34.9), grade 2 (BMI of 35–39.9), and grade 3 (BMI of >40) [4].
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Obesity can be caused by many factors. Lifestyle-related factors include meal
portion sizes, sedentary activity levels, as well as poor sleeping patterns [5]. Genetic
factors also play a role in the development of obesity, with heritability accounting
for 40–70% of variance in adiposity, although only 30% of observed variance in
BMI is said to be due to genetic variance [5–7]. This range of genetic influence
indicates that lifestyle factors play a large role in the obesity epidemic. Finally,
maternal and developmental factors such as gestational obesity and perinatal
environmental exposure can also influence the likelihood of developing obesity [5].

Maintaining mitochondrial health is integral to promoting optimal energy gen-
eration and local cell function. Mitochondrial dysfunction refers to a loss in
mitochondrial function, content and biogenesis. Production of reactive oxygen
species (ROS) due to inflammation associated with obesity contributes to the
development of mitochondrial dysfunction that characterizes obesity [8]. The
increase in oxidative stress promotes further inflammation creating a postive
feedback loop which exacerbates the pathology. Mitochondrial dysfunction in
obesity can also be due to excessive calorie and nutrient consumption, which
promotes cellular apoptosis. Impaired mitochondrial function in adipocytes sub-
sequently promotes insulin insensitivity, which over time can lead to the devel-
opment of T2DM. Cardiomyocyte mitochondrial deterioration, normally associated
with aging, has been reported in obese patients under 55 years of age [9]. This
suggests that obesity may induce premature aging in cardiomyocytes and could
potentiate impaired cardiovascular function in obese individuals. Obesity is asso-
ciated with a wide range of systemic effects, and has been illustrated to be a risk
factor for several diseases such as T2DM, cardiovascular disease, renal insuffi-
ciency, respiratory disorders, musculoskeletal disorders, and cancer. Furthermore,
obesity is characterized by insulin resistance, hypertension, dyslipidemia, that leads
to the development of the metabolic syndrome [8, 10, 11].

Metabolic Syndrome

Metabolic syndrome is classified by abdominal obesity, dyslipidemia (high
triglyceride and cholesterol levels with low high-density lipoprotein
(HDL) content), hyperglycemia, and hypertension (Engin, 2017; Han and Lean,
2016). The National Cholesterol Education Program (NCEP) has mandated specific
criteria for the diagnosis of metabolic syndrome. A waist circumference � 102 cm
(40 in) in men or >88 cm (35 in) in women; triglyceride levels � 1.7 mmol/L
(150 mg/dl); HDL cholesterol levels <1.03 mmol/L (40 mg/dl) in men or <1.29
mmol/L (50 mg/dl) in women; blood pressure � 130/85 mmHg; and a fasting
plasma glucose level � 6.1 mmol/L (110 mg/dl) [7].

There are several factors involved in the onset of metabolic syndrome. Like in
obesity, lifestyle factors such as a high calorie and cholesterol-rich diet in combi-
nation with a sedentary lifestyle, especially during childhood, play a substantial role
in the development of the metabolic syndrome. Additionally, smoking and alcohol
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consumption, and adult weight-gain are also contributing risk factors. Interestingly,
genetic variance in fat distribution and insulin resistance can affect how an indi-
vidual responds to lifestyle factors that predispose them to developing metabolic
syndrome [7].

Existing evidence supports a chronic inflammatory state in metabolic syndrome
is associated with increased levels of pro-inflammatory cytokines and inflammation
markers [5]. Adipose tissue is comprised of a heterogenous population of cells
including pre-adipocytes, adipocytes, stromal cells, eosinophils, and macrophages.
Both adipocytes and stromal cells induce inflammatory cytokine release, such as the
tumour necrosis factor alpha (TNF-a), from adipose tissue [10, 12]. The dysregu-
lation of adipokines (cytokines released from adipose tissue) such as TNF-a and
interleukin 6 (IL-6) is associated with systemic metabolic dysfunction [11]. These
pro-inflammatory cytokines also promote the development of hepatic insulin
resistance [12]. Additionally, individuals with high abdominal adiposity with nor-
mal weight exhibit higher amounts of TNF-a and a greater overall pro-atherogenic
profile than individuals with a higher BMI and lower abdominal obesity [13]. This
indicates that abdominal obesity and waist circumference are primary contributors
to the overall inflammatory state associated with metabolic syndrome, and that
individuals who may be slightly overweight with relatively high abdominal obesity
are still at risk of negative systemic effects.

Metabolic syndrome is known to increase the risk of developing cardiovascular
disease, T2DM, cancer and all-cause mortality [7]. Chronic lipolysis due to
increased adipose tissue mass potentiates higher levels of plasma free fatty acids
travelling to the liver. This, in combination with inflammatory cytokines, can
trigger insulin resistance and eventually prediabetes if left untreated [10]. TNF-a is
associated with cancer and insulin resistance, and IL-6 has been linked with breast
and lung tumours, as well as cancers of the liver, prostate, and cervix [10]. TNF-a
antagonists have been shown to decrease fasting glucose levels in obese patients
[14], indicating that the pro-inflammatory state associated with metabolic syndrome
can further alter glucose homeostasis. Similarly to the metabolic syndrome, obesity
is also linked to other metabolism-related pathologies such as cancer.

Obesity and Its Link to Cancer

Almost 1 in 2 Canadians can expect to be diagnosed with cancer at some point, with
an overall mortality rate from cancer of 1 in 4 [15]. Although an estimated 206,200
new cancer cases were diagnosed in 2017, overall mortality rates of cancer have
been declining since 1988. Cancer prevalence in Canada is reflected in its overall
costs to society. From 2005 to 2012, total public expenditures on cancer care in
Canada rose from $2.9 billion to approximately $7.5 billion, respectively [16].
These costs, which more than doubled over a seven year period, are primarily due
to hospital care expenditures and physician care [16].
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Unfortunately, obesity is linked to increased cancer risk and cancer develop-
ment. Specific cancers associated with obesity include breast cancer in
post-menopausal women, colon cancer in men, esophegeal, endometrial, gall
bladder, renal cancer and adenocarcinomas to name a few [17]. Given the obesity
epidemic, and that cancer is predicted to be the leading cause of death in the United
States by 2030 [18], it is important to delineate the underlying mechanistic link
between the two.

While the relationship between obesity and cancer is strong, the underlying
cellular pathways that connect the two have yet to be fully established. A calorie
rich diet is purported to be a driving cause for both obesity and colorectal cancer [5,
17]. Additionally, dysregulated hormonal signalling such as high levels of circu-
lating estrogen can induce cancer cell growth [19]. Obesity is characterized with
higher levels of circulating insulin, which potentiaties the release of growth factors
such as the insulin like growth factor-1 (IGF-1) from the liver, and also mediates
insulin resistance. Both insulin and IGF-1 are correlated with an elevated risk of
cancer and cancer-induced mortality [20, 21]. The increased adipose tissue mass in
obesity promotes the release of proinflammatory adipokines, leading to sustained
chronic inflammation. Higher levels of adipokines such as leptin and IL-6 are
associated with an elevated risk of several types of cancer, with leptin being linked
to colon and breast cancer in particular [17, 22]. Leptin also suppresses the
expression of a beneficial adipokine called adiponectin that inhibits cancer cell
growth, proliferation, and its expression is inversely linked to cancer risk [23].
Elevated plasma IL-6 and TNF-a levels are associated with a higher risk of col-
orectal adenomas, which can become cancerous [17]. Higher ratios of collagen:
adipose tissue in breast tissue are also associated with hightened rates of breast
cancer [17]. Moreover, research shows that obesity can also facilitate development
of cancerous malignancies from pre-cancerous conditions. Chang et al. [24]
reported that overweight and obese individuals with monoclonal gammopathy of
undetermined significance (MGUS) were more likely to progress from MGUS to
multiple myeloma than their non-overweight or obese counterparts.

Concomitantly, with rising rates of obesity, recent studies demonstrate that the
incidence of obesity-related cancers has increased in 20–49 year olds. Obesity-
related cancers, such as breast, colon and rectal, kidney, endometrial, thyroid,
gastric cardia, meningioma, and ovarian cancer all have peak incidence rates in
populations over 50 years old [25]. However, all of the aforementioned cancers
have shown increases of at least 5% in 20–54 year olds, with thyroid cancer and
meningioma showing 23.9% and 16.8% new cases, respectively [25]. These
increases in cancer rates in young people indicate that overweight and obesity may
be contributing to increased rates of cancers in young people that are generally only
seen in older populations.

The economic and health burden associated with obesity and related
metabolism-related disorders such as the metabolic syndrome and cancer warrants
urgent therapeutic intervention. A vast array of pharmacological drugs and inter-
ventions for treatment of obesity and its associated pathologies are available, with
varying degrees of success depending on disease state, personal, lifestyle and
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genetic factors. However, one of the most effective, and most economically viable
therapeutic option for treatment of obesity is physical activity.

Exercise as Frontline Therapy for Obesity and Metabolic
Syndrome

Systemic Effects of Exercise

Exercise is a fundamental part of human life and is defined as engaging in struc-
tured physical activity in order to improve or maintain fitness [26]. Physical
inactivity and a sedentary lifestyle has been associated with an increased risk of
developing non-communicable diseases such as obesity, coronary heart disease,
cancers, stroke, T2DM, liver disease, and Alzheimer’s disease [27]. The effects of
exercise have been investigated by a plethora of studies that together suggest sig-
nificant potential therapeutic effects of exercise in mitigating the development and
progression of these chronic diseases. In fact, a systematic review of longitudinal
exercise studies reported a negative correlation between physical activity and
chronic diseases over time [28]. It is likely that the pleiotropic effects of exercise are
mediated in part by exercise-induced systemic adaptations evoked in various organ
systems in the body such as the brain, heart, skeletal muscle, and adipose tissue.

Exercise-Induced Protective Effects in Brain

Previous research has illustrated that exercise prevents the decline of cognitive
functions associated with age [29, 30], improves neurogenesis [31], and promotes
memory enhancement [32]. Low levels of the anti-inflammatory cytokine IL-10
have been linked to aging and neuronal damage [29]. Exercise up-regulates IL-10,
and brain-derived neurotrophic factor (BDNF), associated with neurogenesis, in the
brains of aged rodents [29, 30]. Exercise has been shown to slow the progression of
Alzheimer’s disease by eliminating amyloid-beta peptide (the main driver of the
disease), suppress cholinergic neuronal cell death, and improve the quality of life of
patients with Alzheimer’s [33–35]. In Parkinson’s disease, resistance exercise
decreased the production of nitrogen and reactive oxygen species [36], improved
tremor [37] and reduced musculoskeletal deficiencies [38]. Furthermore, exercise
mitigated the loss of mitochondrial function and content, and reduced apoptotic
signaling in aged rats, albeit the magnitude of the changes was lower in aged
compared to young animals [39]. Physical exercise has also been found to rescue
metabolomic alterations in the brains of a transgenic mouse model of accelerating
aging, the Polg mice [40]. In fact, five months of exercise ameliorated
age-associated mitochondrial and physiological dysfunction in Polg mice, induced
systemic adaptations and prevented premature mortality [41–43].
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Pro-metabolic and Cardiovascular Fitness Associated with Exercise

Endurance exercise is associated with a reduced risk of developing coronary heart
disease, hypertension and stroke [44–46]. Exercise-induced induction of antioxi-
dant and nitric oxide levels, and reduction of pro-inflammatory cytokines underlie
its protective effect on preventing coronary heart disease [27]. Physically active
individuals reportedly have lower triglyceride, cholesterol, and blood pressure
levels, improved insulin sensitivity, glucose tolerance and favorable lipoprotein
profiles [47, 48]. These adaptations help improve cardiovascular fitness, and also
promote the protective effect of exercise on preventing and treating obesity and
T2DM. Exercise induces weight loss and a reduction in body mass index (BMI) in
obese patients [49–51]. It stimulates the uptake of glucose to the skeletal muscle by
increasing the levels of GLUT4 mRNA and protein in an insulin-independent
manner [52, 53], thereby rescuing glucose and insulin insensitivity in obese and
T2DM patients. Moreover, exercise reduces the levels of hemoglobin A1c
(HbA1c), a risk factor associated with T2DM [54]. Another study investigated the
effects of the presence or absence of endurance exercise (aerobic and resistance
training) in T2DM patients receiving standardized medications. It was observed that
patients that underwent endurance exercise compared with sedentary controls did
not need medications after a while, cementing the significant potential of exercise to
serve as a therapy for T2DM [55, 56]. Additionally, physical activity has been
shown to reduce the risk of cancer. In breast cancer patients, physical activity
increases the overall survival rate after treatment [57]. Chronic exercise also
modulates systemic inflammation [58, 59], and reduces growth factors that promote
cancer growth.

The systemic beneficial adaptations that accrue with regular exercise training
have been linked with the role of skeletal muscle functioning as an endocrine organ
(Fig. 1). Research over the past decade has conclusively shown that contracting
muscle releases a myriad of factors including proteins, lipids, mRNA species and
DNA metabolites, that play a pivotal role in evoking pro-metabolic adaptations in
distal tissues.

Muscle as an Endocrine Organ

Skeletal muscle has been identified as an endocrine organ because it can produce
cytokines (referred to as myokines), and is able to communicate with other tissues
either in an autocrine, paracrine or endocrine manner [43, 60, 61]. Examples of
myokines include IL-6, IL-1b, IL-10, IL-15, TNF-a, toll-like receptor-4 (TLR-4),
irisin, meteorin-like protein (METRNL), and BDNF. Several of these myokines
possess anti-inflammatory properties, and have been shown to mediate the pro-
tective effects of exercise against Alzheimer’s, specific cancers, obesity, T2DM and
cardiovascular disease [60, 62, 63]. IL-6 is the most common myokine, and pos-
sesses anti-inflammatory properties. Exercise induces an increase in circulating
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levels of IL-6, which in turn down regulates the production of pro-inflammatory
myokines, such as IL-1, TNF-a and TLR-4, and the up regulates the production of
anti-inflammatory myokines such as IL-10 [64–66].

Apart from the skeletal muscle, exercise can also have an effect on adipose tissue
[67]. Endurance exercise can induce the browning of white adipose tissue (WAT),
and this has been associated with reduced risk of T2DM and obesity [60, 68]. The
browning of WAT creates a subset of fat cells (called beige or brite cells) that are
more metabolically active. An increase in the thermogenic activity of beige cells

Fig. 1 Endurance exercise modulates the underlying mechanisms that contribute to the
development of the metabolic syndrome and obesity. Recent work has illustrated that contracting
skeletal muscle confers protective physiological benefits on distal non-exercise tissues such as
browning of white adipose cells by releasing myokines. Many of these myokines have been found
inside extracellular vesicles (EVs) that mediate cell-to-cell communication. The role of EVs and
their enclosed cargo, particularly miRNA species in the treatment of obesity and related
pathologies is an exciting new avenue of research
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enhances fuel oxidation, and the total energy expenditure of the body [67]. The
myokines that are primarily involved in the induction of WAT browning upon
exercise are irisin and METRNL.

Irisin

Irisin was first discovered and characterized by Bostrom et al. [68] in transgenic
mice that showed that increased expression of peroxisome proliferator-activated
receptor gamma coactivator (PGC-1a) induced the expression of the membrane
protein fibronectin type III domain-containing protein 5 (FNDC5) in the skeletal
muscle. This membrane protein FNDC5, a precursor of irisin, was cleaved to form
irisin, which was then released into the circulation. The transgenic mice were
reported to have brown adipocytes within their WAT, and this increased after
endurance exercise. Irisin is encoded by the FNDC5 gene, although the presence of
irisin in humans has been debated. Some studies have reported an inability to detect
the protein, possibly as the antibodies used in the enzyme-linked immunosorbent
assay (ELISA) kits lacked specificity [69], or due to the difference in the start codon
of FNDC5 gene in human and rodents, being ATA and ATG, respectively [70].
However, a recent study that used mass spectrometry-based analysis reported that
irisin is present in humans and is mainly translated from the ATA-codon [71].
Human exercise studies have also shown that endurance exercise increased the
levels of plasma irisin [67, 71]. Cumulatively, these reports suggest that endurance
exercise increases the circulating concentration of irisin in both mice and humans.
During exercise, irisin secreted by the skeletal muscle leads to induction of WAT
browning by increasing the mRNA expression of uncoupling protein 1 (UCP1), a
marker of fat cell browning [68]. The increase in UCP1 increases energy expen-
diture, normalizes glucose handling and rescues obesity.

Meteorin-Like Protein (METRNL)

METRNL was first identified by Rao et al. [72], as a circulating factor released
from muscle of mice that overexpress PGC-1a4, a spliced isoform of PGC-1a,
involved in the regulation of energy expenditure and hypertrophy in the skeletal
muscle. METRNL over expression through adenoviral, recombinant protein, or
vector transfection-mediated methods, evokes a concomitant increase in the whole
body energy expenditure via enhanced thermogenesis. In contrast, blocking
METRNL prevents the cold-induced browning of WAT. Both animal and human
studies have shown that resistance exercise and cold stimuli significantly increase
circulating concentrations of METRNL [67, 73]. During exercise, METRNL is
secreted by both the skeletal muscle and adipose tissue. High levels of circulating
METRNL promote an up-regulation of genes involved in the browning of WAT,
and anti-inflammatory cytokines. Adipocytes contain a heterogeneous population of
different immune cell types including eosinophils, macrophages, mast cells etc.
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METRNL induced an accumulation of eosinophils in the WAT, which triggered the
secretion of IL-13 and IL-4. This, in turn, stimulated the activation of M2 mac-
rophages that are known to be involved in stimulating thermogenesis, and
improving glucose homeostasis [72–74].

Other Myokines Involved in WAT Browning

Other myokines that are involved in the browning of WAT include myostatin,
fibroblast growth factor-21 (FGF-21) b-aminoisobutyric acid (BAIBA) and lactate
[67]. Myostatin has been shown to inhibit the growth and differentiation of skeletal
muscle cells [75]. Studies showed that myostatin-knockout mice exhibit a reduction
in the accumulation of fat, an increase in muscle mass, and browning of WAT
mediated by the up-regulation of UCP1 and PGC-1a genes [76–78]. These studies
suggest the importance of myostatin inactivation as a viable anti-obesity therapeutic
target. FGF-21 is involved in the metabolism of lipids and browning of WAT by
recruiting irisin [79, 80]. METRNL-induced expression of BAIBA in both mice and
humans post-exercise is associated with UCP-1 mediated browning of WAT [81].
Lactate is commonly considered a metabolic waste product, as it is the end product
of anaerobic glycolysis, and its plasma levels increase correspondingly with
increasing exercise intensity. However, lactate has also been identified as a mole-
cule that can transmit signals particularly from skeletal muscle to other tissues such
as heart, brain, and liver [67, 82]. Studies in human and mice have shown
lactate-dependent induction of WAT browning occurs by increasing the expression
of UCP1 and FGF-21 [83].

Altogether, it is clear that exercise-induces release of myokines from skeletal
muscle into the circulation. These secreted factors evoke pro-metabolic systemic
effects that underpin exercise-mediated rescue of pathophysiological conditions
such as obesity and T2DM. Myokines released into the blood can be labile to the
environment. This necessitates their release in protective secretory vesicles termed
extracellular vesicles.

Extracellular Vesicles and Exercise

Extracellular vesicles (EVs) are lipid membrane-bound structures that are derived
from prokaryotic and eukaryotic cells, and play an evolutionary conserved integral
role in cellular communication. EVs can be found in most biological fluids
including blood, cerebrospinal fluid, saliva, urine, synovial fluid, breast milk, and
amniotic fluid [1, 84]. EVs contain different types of biochemical messages, an EV
signature that differs based on the cell type of origin, and on physiological con-
ditions. The EV signature is complex consisting of an array of molecular cargo
components including proteins, lipids, DNAs, and RNAs, that facilitate intercellular
cross talk. The protein cargo of EVs includes CD81, CD63, CD37, major
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histocompatibility complex class II (MHC II), P-selectin, glycoproteins, integrins
and DNA-binding histones among others. The lipid content includes phos-
phatidylcholine, gangliosides, sphingomyelin and diacylglycerol to name a few.
The RNA cargo includes messenger RNA (mRNA), transfer RNA (tRNA),
microRNA (miRNA) and ribosomal RNA (rRNA) species [85]. Several compre-
hensive encyclopedias documenting the growing list of EV molecular cargo exist.
These include EVpedia: http://student4.postech.ac.kr/evpedia2_xe/xe/index.php?
mid=Home, Vesiclepedia: http://microvesicles.org/, and Exocarta: http://exocarta.
org/. EVs are involved in the regulation of number physiological processes
including coagulation [86], immune response [87] and cancer progression [84]
among many others.

There are three common types of vesicles, classified based on their size, density,
and origin. These include exosomes, microvesicles (MVs) and apoptotic bodies
(ABs). Exosomes are small cup-shaped vesicles (20–200 nm in diameter and 1.13–
1.19 g/mL in density) formed from intraluminal vesicles (ILVs) that are created by
the inward pinching of the endosomal membrane. ILVs are packaged within
multi-vesicular bodies (MVBs) that fuse with the plasma membrane, and release
ILVs as exosomes into the extracellular space. MVs are cup-shaped vesicles (100–
1000 nm in diameter), also called ectosomes because they are formed by the direct
outward budding of the plasma membrane [87]. ABs are the largest of the EVs
(500–5000 nm in diameter, 1.16–1.28 g/ml density), and are formed by plasma
membrane blebbing, often observed during the process of apoptosis [84, 88].

Several studies have suggested the possibility of exercise to induce EVs secre-
tion from cells, allowing for the transfer of essential signaling molecules between
tissues and cells. Safdar et al. suggested that exercise induces the release of
exerkines (myokines released upon exercise), which are enclosed in exosomes [1].
The study also proposed the potential role of these exercise-induced exosomes in
treating obesity and T2DM [1]. Whitham et al. reported that exercise-induced the
secretion of exosomes and other small vesicles (which contained several myokines)
in both human and murine plasma [89]. The study also showed that some of these
proteins were transferred via inter-tissue communication to recipient tissues and
cells during exercise. Bei et al. [90] found an increase in the plasma EVs in human
after exercise. In mice, the authors observed an approximately 1.85-fold increase in
serum EVs after three weeks of swimming. This study also showed the protective
role of exercise-induced EVs against ischemic injury and suggested exercise-
induced EV administration as a viable therapeutic strategy myocardial injury.
Guescini et al. observed an increase in EVs and muscle-specific miRNAs in the
plasma after acute aerobic exercise in human subjects [91]. Oliveira et al. recently
reported EV concentration significantly increased after an acute bout of treadmill
exercise in rats [92]. This occurred in tandem with changes in EV RNA cargo: 12
miRNAs and one tRNA were differentially expressed.
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EV Cargo: Role of miRNAs

miRNAs are small single-stranded non-coding RNA molecules about 18–24
nucleotides in length that are able to interfere with the translation and degradation
of mRNAs by specific complementary binding [93–95]. miRNAs act as regulators
of transcriptional and post-transcriptional gene expression, and have been found
enclosed within exosomes and EVs. The transfer of EV-miRNAs to recipient cells
that take up the EVs, is a highly conserved means of communication between cells
and was first described by Valadi et al. [96]. This was supported by other studies
that followed after [97–99]. Together these reports showed that miRNAs were
transported via exosomes from the donor cells to the recipient cells, and this genetic
exchange resulted in reduction and inhibition of several disease conditions. Uptake
of EV-miRNA by cells can occur through different mechanisms such as phago-
cytosis, clathrin-mediated endocytosis or micropinocytosis. After being transported
to target cells, miRNAs regulate the expression of target genes in the cell [100].
EV-miRNAs are potentially beneficial, however, they have been linked to some
pathological processes including cancer and cardiovascular diseases, and they act as
biomarkers for these diseases [93, 94, 101]. Recent studies reported that the miRNA
content in EVs of breast and colorectal cancer cell lines were about 5–30% of all
RNA cargo [102, 103]. Chen et al. [104] reviewed the role of miRNA-200, -17, -
155, -146a, and -210 in lung pathologies. EV-miRNAs also hold considerable
potential in stimulating skeletal muscle differentiation and development [105].

Cumulatively, endurance exercise induces an increase in the release of EVs into
circulation in both human and rodent models. The EVs released contain myokines,
including proteins and miRNAs that are differentially expressed with physical
activity. While some studies have investigated the role of different exercise inten-
sities, more work is warranted to carefully delineate the effect of exercise type,
intensity, duration, time and recovery period post-exercise to distill the role of
contractile activity on EV release and concentration. Furthermore, extensive
research into EV molecular cargo such as miRNA species is required to fully
decipher their role as circulating biomarkers in physiological and pathophysio-
logical conditions.

Circulating miRNA as Diagnostic Markers

Cell-free miRNAs are highly exposed and can be easily accessible to circulating
nucleases (RNAases), which can degrade them. Circulating miRNAs (c-miRNAs)
have adopted two mechanisms to protect against degradation by nucleases: for-
mation of specific HDL-binding protein complexes or enclosure within EVs [106].
c-miRNAs have a strong potential of being used as non-invasive diagnostic
biomarkers, and have already been linked with a number of diseases such as
obesity, cancer and metabolism.
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miRNAs Associated with Obesity

An increase in plasma EVs with obesity due to enhanced release from adipose
depots, in tandem with several c-miRNAs linked to obesity have been reported
[107]. Xie et al. [108] conducted the first study to illustrate the miRNAs that were
induced during adipogenesis (miRNA-30, -103, -143, and -422b) showed an
inverse pattern of expression in obesity. Ortega et al. [109] reported higher levels of
c-miRNA-140-5p, -142-3p and -222, and lower expression of miRNA-532-5p, -
125b, -130b, -221, -15a, - 423-5p, and -520c-3p species in obese patients.
Furthermore, other studies have also shown differential and deregulated expression
profiles of c-miRNAs in obesity [110–112]. Recent studies have associated
miRNA-335 and -33 with inflammation and fat accumulation in obesity [113, 114].
Suppressing miRNA-33 mitigates insulin resistance, whereas genetic ablation of
miRNA-335 promotes obesity and insulin resistance. A recent review by
Ortiz-Dosal et al. [107] comprehensively explored the differential expression pro-
files of c-miRNAs associated with obesity, and investigated the potential target
genes and metabolic pathways involved. The authors identified enhanced levels of
22 c-miRNAs, suppression of 9 c-miRNAs and dysregulation of two c-miRNAs in
obesity. Further studies are required to thoroughly decipher the role of c-miRNAs
as diagnostic and therapeutic markers in obesity.

miRNAs Linked with Metabolic Syndrome

Metabolic syndrome is linked to pathological conditions such as obesity, diabetes,
cancer, cardiovascular disease and nonalcoholic fatty liver disease (NAFLD). It is
characterized by hypertension, impaired lipid and glucose profile and oxidative
stress. Alterations in circulating miRNA-23a, -27a, -130, -195, -197, -320a, and -
509-5p have been associated with metabolic syndrome and are considered to be
potential biomarkers for insulin resistance and obesity [115–117]. Others such as
miRNA-192, -375, and -15b are increased in type 1 and type 2 diabetic patients
[118, 119]. An up-regulation of c-miRNA-18a-5p, -34a-5p, -135a-5p, -195-5p, -
320-3p, -674-3p, and -872-5p were observed in chronically stressed rats [120].
Alterations in miRNA-130a, -195, and -92a have been associated with high blood
pressure in hypertensive patients [117]. A report linked overexpression of circu-
lating miRNA-1, -21, -133a, and -208 with myocardial infarction [121].

miRNAs Associated with Breast Cancer

Several studies have identified differential expression profiles of c-miRNAs in
breast cancer, and their distinct roles in breast cancer initiation and progression.
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A miRNA analysis in 76 breast cancer patients and 10 healthy controls revealed that
circulating miRNA-21, -125b, -145, and -155 are associated with breast cancer
[122]. Another study reported that increasing or decreasing miRNA-21 levels,
enhanced or suppressed breast cancer growth, respectively [123]. A genome-wide
miRNA analysis in 13 breast cancer patients and 10 healthy controls, reported a
significant increase in miRNA-222 was associated with breast cancer [124].
Circulating miRNA-200a and -200c were found to facilitate breast cancer pro-
gression [125, 126]. Others reported that c-miRNA-221 and -155 levels were
enhanced in triple-negative breast cancer and linked with poor prognosis.
Abrogation of c-miRNA-221 and -155 inhibited cell proliferation, angiogenesis and
tumor growth, and induced apoptosis [127, 128]. Another recent study suggests that
circulating miRNA-21, -190, -200b, and -200c could be potential prognostic
markers for metastatic breast cancer [129]. This illustrates the potential role of using
c-miRNAs as diagnostic markers of breast cancer, and identifies the transcripts that
can be targeted in anti-cancer therapeutic approaches.

miRNAs Linked with Exercise

Endurance exercise training also evokes differential expression profiles of some
c-miRNAs. Several miRNAs such as miRNA-1, -133a, -133b, -206, -208, -208b, -
378, -486, and -499 are specific to the skeletal muscle, and have been labelled
myomiRs [130–134]. Several of these myomiRs are differentially expressed fol-
lowing physical activity, and have been linked to aging, cancer and other patho-
logical states. Expression of myomiRs miRNA-1, -133a, -133b, and -206 is
decreased after an acute bout endurance exercise in mice and human. Russell et al.
reported miRNA-1 and -29b were enriched, and miRNA-31 suppressed after a short
term (10 days) of endurance exercise [135]. A recent study reported alterations in
miRNA-21, -16, -93 and -222 levels after 8 weeks of strength and high intensity
endurance training in male athletes [136]. It is evident that c-miRNA and myomiR
expression levels are regulated with physiological and pathological stimuli. Many
of these miRNA transcripts are associated with obesity, cancer, metabolic syndrome
and exercise. Given that miRNAs play a crucial rule in regulating translation and
gene expression, more work is required to fully understand the regulation and role
of c-miRNAs, particularly in the context of EV-miRNA cargo. This could lead to
the development of therapeutic interventions to treat obesity and associated meta-
bolic dysfunction, as well as other diseases.
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Future Directions and Conclusions

Obesity is a growing problem, associated with several short-term and long-term
metabolic and cardiovascular complications. In addition, there is evidence sug-
gesting that excess adiposity during childhood influences growth patterns, and
increases risk of obesity and metabolism-related disorders in adulthood [137].
Treatment strategies to treat obesity are multidisciplinary, and include behavioural,
physical activity, dietary, pharmacological, and surgical options. Recent evidence
has demonstrated that WAT can change its phenotype to a brown-like adipose
tissue known as beige/brite adipose tissue. This transition is characterized by an
increase in thermogenic capacity mediated by UCP1 [138]. Induction of a ther-
mogenic gene program, and browning of WAT has been implicated in reducing
adiposity and insulin resistance following endurance exercise. Given that browning
results in thermogenic and metabolically active fat depots, browning of WAT is an
attractive therapeutic target for treating obesity [139].

An exercise-based approach to treat obesity is potentially represented by use of
myokines that induce browning of WAT. Previous studies have shown that various
exercise-responsive myokines, including irisin, FNDC5, and METRNL, positively
modulate the browning of WAT. In addition to proteins, c-miRNAs act as
molecular instigators of muscle-fat crosstalk that promote WAT browning in
response to endurance exercise. Many of the exercise-responsive myokines (both
proteins and miRNA species) have been found in EVs that are released from muscle
upon physical activity. It is likely that exercise induces browning of WAT using
both proteins and miRNA species contained within EVs, in addition to modulating
other systemic changes that help mitigate obesity (Fig. 1). Further research inves-
tigating the efficacy of isolated exercise-induced EVs as a therapeutic strategy for
obesity is warranted. However, it is important to note that specific issues must be
addressed when conducting EV-based research. The International Society for
Extracellular Vesicles (ISEV) has proposed Minimal Information for Studies of
Extracellular Vesicles (“MISEV”) guidelines for the EV field in 2018 [140]. In
particular, isolation strategies for EVs are variable and can differ based on exper-
imental conditions. To ensure reliability, rigour and reproducibility of results,
standard experiments must be performed according to MISEV guidelines before
strong conclusions can be made regarding EV-induced therapeutics in obesity and
associated pathologies.
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Chapter 5
Obesity and Diabetes: Pathophysiology
of Obesity-Induced Hyperglycemia
and Insulin Resistance

Gaurav Gupta, Ridhima Wadhwa, Parijat Pandey,
Sachin Kumar Singh, Monica Gulati, Saurabh Sajita, Meenu Mehta,
Avinash Kumar Singh, Harish Dureja, Trudi Collet, Kavita Pabreja,
Dinesh Kumar Chellappan and Kamal Dua

Abstract Insulin resistance along with type 2 diabetes (T2D) is some of the
complications of obesity. Insulin resistance occurs due to the increased discharge of
fatty acids, lipids, and other advancing factors, by the adipose tissue, leading to a
myriad of complications. Several other substances namely glycerol, enzymes,
inflammatory factors, and hormones are also involved in the overall mechanism. At
the point when resistance towards insulin occurs, along with abnormally func-
tioning b-cells, the overall burden of the inability to control elevated glucose levels
in the blood ensues. Anomalies in b-cell are thus more critical in the development
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of T2D and its related symptoms. This information is encouraging investigation of
the molecular and hereditary basis of the ailment and new ways to deal with its
management and avoidance.

Keywords Obesity � Insulin resistance � Diabetes � b-cells � Genetic

Introduction

Overweight and obesity are characterized by an overabundance gathering of fat
tissue to an extent that weakens both physical and psycho-social wellbeing and
health. Obesity is viewed as a wellbeing catastrophe in both developing and
developed nations [1, 2]. The number of fat people worldwide has achieved 2.1
billion, prompting a blast of obesity-related medical issues related to increased
morbidity and mortality [3]. Obese people develop resistance to the cellular
activities of insulin, described by a disabled capacity of insulin to repress glucose
yield from the liver and to advance glucose take-up in fat and muscle. Insulin
obstruction is a key etiological aspect for causing a type 2 diabetes mellitus
(T2DM), which has achieved pandemic extents: In the United States, nearly 6% of
the current adult populace is diagnosed with this illness [4, 5]. An extra 41 million
individuals are prone to be diabetic; with a constellation of resistance to insulin,
dyslipidemia and hypertension, which makes the more complicated situation at
increased risk for cardiovascular morbidity and mortality [6, 7]. Positive lifestyle
changes, while desirable, has demonstrated to be hard to accomplish [8, 9].
Accordingly, a better understanding of the mechanisms at a molecular level
underlying insulin resistance will be required to battle the pestilences of T2DM that
are strengthened by obesity-linked insulin resistance.
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Incidence

During the last decade, diabetes has become a serious global public health issue and
its prevalence has increased dramatically. Diabetes is also one of the major disablers
causing additional burden to the existing healthcare scenario. IDF (International
Diabetic Federation) predicts that between 2010 and 2030, there will be over 98%
jump in diabetics in Africa alone. This will be one of the highest incidence rates in
the world. Over 7% of the total diabetics in the world live in Africa. This translates
to a whopping 28 million cases. IDF also estimated that by 2030, 366 million
deaths worldwide will be due to diabetes [10–12]. The most rapid increase in
childhood and adult diabetes is experienced by Mexico, which is now second in
Latin America and sixth in the world. Diabetes has been a leading cause of mor-
tality in Mexico since 2000. The overweight and obesity prevalence is approxi-
mately 70% in Mexico, which is second after the United States [13–15]. Obesity is
the main target for “Global Action Plan for the Prevention and Control of
non-communicable disease 2013–2030” [16].

Physiologic Actions of Insulin

Insulin is the main hormone of glucose homeostasis; it invigorates influx of glucose
into muscle, synthesis of glycogen in the liver and muscle, and deposition of fat in
adipose tissues (Fig. 5.1). Other vital activities of insulin incorporate the
improvement of protein synthesis, cell survival and development, aversion of
protein catabolism, and anti-inflammatory effects. Insulin-like growth factor
(IGF-1) can carry on like insulin, delivering the equivalent valuable effects [17, 18].
Obesity-related T2DM is confirmed by expanded glucose levels in the blood, which
result from raised glucose generation in the liver (gluconeogenesis and
glycogenolysis) and diminished glucose take-up by muscle [19, 20]. In obesity-
promoted T2DM or any pathologic condition related with diminished insulin work,
hyperglycemia together with the constricted anabolic and anti-inflammatory
impacts prompts muscle protein loss i.e. muscle squandering, increased chances
to infection, and higher inflammatory response [21, 22].

Pathophysiology

Pathogenesis of Obesity-Induced Hyperglycemia

One of the most prevalent disorders in the overweight and obese population is
diabetes type II. It also accounts for the age-related disorder. The risk of diabetes is
related to lifestyle, genetic makeup, and aging. These factors are responsible for
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hyperglycemia, b cell insulin secretion and tissue sensitivity towards insulin.
Classically, diabetes type 2 in obesity is explained by insulin resistance and then
hyperglycemia leading to b cell death [23, 24]. Insulin resistance occurs from
genetic and environmental factors. The hepatic insulin resistance leads to hyper-
glycemia and diabetes [25]. High plasma insulin causes caloric overload and
accumulation of fat in the hepatocytes. This, in turn, results in the failure in glucose
production by the liver along with insulin resistance. In addition, it also results in
the infiltration of liver fats and lipids which in turn results in the overexpression of
b cells, which impedes insulin secretion leading to an eventual rise in the levels of
plasma glucose. These elevated plasma sugar levels trigger insulin secretion
increasing the rate of hepatic lipogenesis. This, in turn, connects the liver cycle to
pancreatic cycle [26]. This has been defined as the insulin resistance in the muscles
or otherwise called the twin hypothesis as can be seen in Fig. 5.2.

Pathogenesis of Obesity-Induced Insulin Resistance
and Hyperglycaemia

Adipose tissues are insulin sensitive and stores triglycerides via differentiation of
preadipocytes to adipocytes, increased glucose and fatty acid uptake from

Fig. 5.1 Physiological function of insulin
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circulation and restrict lipolysis [27]. This occurs by signalling activated by
phosphorylation of the insulin receptor leading to binding of PI3K to SH2 domain
which can be seen in Fig. 5.3. This generates a secondary messenger for the acti-
vation of phosphatidylinositol-(3,4,5)-triphosphate-dependent serine or threonine
kinase resulting in glucose transport 4 translocation to the plasma membrane [28].
This is responsible for increased glucose uptake. Furthermore, MAPK also has an
indirect metabolic role with anti-lipolytic effect, whereby activates PI3K to stim-
ulate cyclic AMP to reduce fatty acid release from adipocytes [29]. Free fatty acids
(FFA) and adipokines from adipose tissues are associated with insulin dysfunction
[30]. Thus, FFA and their metabolites activate protein kinases while inhibits nuclear
factor j B kinase b. This has also been reported by Haus and his colleagues, that
saturated FFA levels in the plasma are high in obese with diabetes type 2 and causes
resistance towards insulin by proinflammatory factors like TNFa [31]. Obesity not
only elevates lipolysis but also accumulates macrophages in adipose tissues asso-
ciated with insulin resistance in obese [32]. Several pro-inflammatory proteins such
as IL-18, IL-6, leptin, plasminogen activator inhibitor (PAI)-3 etc. are activated and
anti-inflammatory proteins like TNFa, secreted frizzled-related protein 5 (SFRP5)
are downregulated which correlates to obesity and metabolic dysfunction [33].

Fig. 5.2 Role of muscle, liver, and pancreas in obesity-induced diabetes type 2
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Pathogenesis of Obesity-Induced b-Cell Dysfunction

The progressive decline in b-cell function due to obesity accounts for 86% of youth
which is reflected by insulin-producing b-cells to systemic insulin resistance [34].
Obese normoglycemic individuals have elevated b-cell mass and function because
of increased glucose and lipid levels [34]. This raised level of nutrients leads to
enhanced metabolic activity by b-cells, this successively leads to hyperinsulinemia.
Further, prolonged exposure instigates oxidative stress to b-cells [35]. The pan-
creatic b-cells respond to glucose is dependent on intracellular and extracellular
ROS/RNS. This causes an increase in glycolytic flux which stimulates oxidative
phosphorylation and ATP production, with increased release of superoxide (O2

−)
anion from electron transport chain. Further, pentose phosphate cycle glucose is
converted to a pentose, NADPH is produced from NADPH oxidase (NOX) leading
to elevated O2

− which forms H2O2 in the b-cells. Elevated ROS/RNS results in
reduced ATP production, DNA damage and advanced glycogen end product
(AGEs) [36]. Thus chronic hyperglycaemia causes oxidative stress, and inflam-
mation leading to changes in gene expression responsible for impaired secretion of
insulin and apoptosis.

The presence of high saturated fats during circulation competes with glucose for
metabolism and tissue uptake. This causes glucolipotoxicity to the beta cells.
Genetic variation in the insulin resistant pathways are affected by high body mass
indices (BMI) which further attributes to glucose-stimulated insulin secretion
(GSIS) due to short exposure of free fatty acids (FFA) [37]. Thus, excessive insulin
secretion results in fat storage contributing to obesity. While prolonged exposure
compromises glucose metabolism, diminished insulin biosynthesis, dysfunction and

Fig. 5.3 Insulin signaling in adipose tissue
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loss of b-cells. Also, chronic exposure of FFA hinders Ca2+ channels which cor-
respond to increased fat in the islet and intra-pancreatic fat deposits affecting b cell
function [38]. Islet inflammation due to metabolism overload also adversely affects
the b cell. This recruits immune cells and local synthesis of cytokines leading to b
cell dysfunction and insulin resistance [38]. FFA increases palmitic acid in muscles
and nuclear factor of j chain polypeptide gene enhancer for B cells (NFjB) escorts
insulin resistance because of b cell death [39].

Current Pharmacotherapy for Obesity-Associated Diabetes

Resistance towards insulin along with altered lipid metabolism are the most com-
mon co-morbidities associated with obesity. Paradoxically, some anti-diabetic
drugs lead to weight gain after prolonged use. These include sulfonylureas like
glibenclamide, glipizide, glimepiride and glyburide, insulin, thiazolidinediones like
pioglitazone, meglitinides like nateglinide and repaglinide. Body weight gain
increases the risk of diabetes, hypertension and cardiovascular diseases. Hence, the
use of some anti-obesity medications in obese diabetic patients is recommended for
control of weight, improvement of glycemic control and a decrease in the level of
triglycerides [40, 41].

There are six major drugs that are approved by the FDA to reduce obesity in
diabetic patients [8]. These include drugs like phentermine, orlistat, extended
release (ER) phentermine formulation, lorcaserin, naltrexone as a sustained release
(SR) formulation, bupropion as an SR formulation and the injectable version of
liraglutide. While orlistat works through a reduction in the absorption of fat, the rest
of them act through CNS pathway either by reducing appetite or enhancing satiety.
Phentermine is s sympathomimetic amine which is contraindicated in patients
suffering from cardiovascular diseases, hypertension, hyperthyroidism or glaucoma.
The limited use of phentermine is attributed to these contraindications as most of
these conditions happen to be the comorbidities of diabetes [42, 43].

Orlistat is a pancreatic and gastric lipase inhibitor which is contraindicated in
patients suffering from malabsorption syndrome or cholestasis. The common
adverse effects reported are flatulence, bloating and diarrhea. In a clinical trial
involving subjects with abnormal glucose tolerance, the risk of occurrence of T2D
was reported to be reduced by 45% when correlated to the group that acted as a
placebo [14]. Orlistat is reported to reduce A1C by *0.3–0.5% when it was used
along with oral antidiabetic drugs or any type of insulin [44, 45].

Combination therapy with phentermine/topiramate, a sympathomimetic amine,
anorectic and an antileptic drug has been used to achieve weight loss among diabetic
patients. It is contraindicated to patients suffering from glaucoma or hyperthyroidism.
The findings from the SEQUEL trial revealed that, over the period of 2 years, subjects
with T2D showed a 9% loss in their weights, in relation to a 2% loss in their weights
among the subjects in the group that acted as the placebo [46, 47]. An added advantage
of the therapy is the decreased levels of lipids, decreased blood pressure and an
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elevated level of cardio-metabolic markers, to an extent that many patients were
reported to decrease or completely discontinue hypertension and diabetes therapy. In
prediabetic patients, the incidence of T2D is reported to be on a decline by 76%when
correlated with the group that acted as the placebo. Another clinical trial reported that
patients with T2D showed a reduced 9.4% of baseline weight and 1.6% A1C, com-
pared to a reduction of 2.7% in terms of weight loss along with 1.2% of A1C levels in
the group that served as the placebo [45]. The common adverse effect is peripheral
neuropathy, which again is a limiting factor since neuropathy is one of the common
comorbidities in both types of diabetes.

Lorcaserin is a 5-HT2c receptor agonist. The drug is advised to be administered
at a dosage of 10 mg twice a day. It is reported that there was a loss in the baseline
bodyweight in subjects treated with this particular drug which was recorded to be
up to 5%. These subjects also managed to achieve an improved level of A1C. The
values reported were 0.9–1.0% which was correlated to a weight loss percentage of
1.5%. The report also suggested that there was a 0.4% improvement in the levels of
A1C from the group that served as a placebo [48, 49]. In another report, subjects
with prediabetes who were overweight, when subjected to a management plan
involving lorcaserin demonstrated a 38% reduced risk of developing T2D compared
to the subjects that were administered the placebo drug [50, 51]. The drug is
contraindicated in pregnancy and cannot be recommended in gestational diabetes.
Common reported adverse drug events to include headache, dizziness, fatigue, dry
mouth, constipation, upper respiratory tract infections, and hypoglycemia.

Naltrexone/bupropion combination therapy includes opioid antagonist and
aminoketone antidepressant. Naltrexone is recommended at a dose of 8 mg while
bupropion at 90 mg. Pre-clinical studies suggest that the combination increases
activity in the pro-opiomelanocortin neurons in the hypothalamus. This is reported
to be due to a decrease in the auto-inhibitory effects of b-endorphins resulting from
naltrexone. This, in turn, leads to reduced hunger and food consumption [52]. There
are a number of randomized and controlled phase 3 clinical trials that have
demonstrated a substantial loss in the body weights and recovery of other
co-morbid conditions that are connected with overweight and obesity. Results of
one of the trials indicate that the patients treated with the combination therapy for
one year showed a reduction of 5.9% of initial body weight and 0.6% A1C as
compared to a reduction of 2.2% weight and 0.1% A1C in the placebo group [53].
Common side effects include nausea, constipation, headache, vomiting, dizziness,
dry mouth and diarrhea [54].

Liraglutide is well known as a drug that acts like glucagon-like peptide-1
(GLP-1). The drug functions as an agonist which is employed in the management of
obesity or overweight associated T2D. Among the existing therapies and antidia-
betic drugs, liraglutide serves as the single therapy which is used for the symptoms
associated with obesity. The usual route of administration of liraglutide is through
the subcutaneous route. The drug is administered as an injection through pen
equipment. In a 20-week, phase 2, clinical trial, the use of liraglutide was found to
result in substantial weight loss [55, 56]. Phase 3 trials of one-year durations
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showed corroborated findings which demonstrated the continued reduction in the
weights of the subjects through a period of at least one year. The mean loss in the
subject weights was at 56 weeks [57]. The reports revealed that liraglutide follows a
dose-dependent reduction in the subject weights. Another clinical trial in which 846
diabetic patients were involved, who were selected by randomization, were sub-
jected to either liraglutide therapy or a placebo. The findings suggested that the
subjects who received liraglutide at 3 mg lost a huge 6.0% from their baseline body
weight. In comparison, the weight loss was at 4.7% in the liraglutide group that
received 1.8 mg. The weight loss was estimated to be 2.0% in subjects that received
the placebo [58, 59]. Some of the common side effects of the drug were observed to
be nausea, diarrhea, constipation, vomiting, and headache.

Another approach to management of obesity-related complications is that of the
co-administration of probiotics and prebiotics (synbiotics). There are certain syn-
biotics that are clinically proven to reduce blood glucose levels, hypertension, and
body weight. Commonly used synbiotics include Inulin with Lactobacillus lactis,
Bifidobacterium bifidium, B. longum (1.5 � 109 CFU/g each) [17] and Inulin with
L. sporogenes (1 � 107 CFU) [60].

Future Perspectives

Obesity is becoming a major threat to human health and has become an epidemic
globally. The problem is associated with many life-threatening conditions including
type 2 diabetes mellitus (T2DM), cardiovascular diseases, dyslipidemia, certain
types of cancer and hypertension. Obesity-associated T2DM and insulin resistance
(IR) are prevalent all around the world. Both hyperglycemia and T2DM develop
when the pancreas fails to produce an increased demand for insulin as a result of
insulin resistance (IR). IR can develop and may vary at different stages of the
development of puberty. In most cases, IR may resolve with the end of puberty
which further reduces the chances of post-puberty hyperglycemia [9, 61].
Generally, T2DM can be characterized by both IR and the insufficiency of pan-
creatic beta-cell.

Obesity is being considered as a key risk factor for developing T2DM as it
decreases the sensitivity of organs towards insulin. The major factor associated with
decreased functioning of beta cells (responsible for secretion of insulin for facili-
tating glucose uptake into organs like brain, muscle, adipose tissue, and liver) and
IR is saturated fats. As the hyperglycemia persists, these increased saturated fats
create a glucolipotoxic state in the body by increasing oxidative stress that is
harmful to pancreatic beta cells, this further leads to a reduction in insulin formation
and secretion resulting into compromising both function and structure of beta cell
[62–64].

The problem has gained special concern due to some recent reports which have
reported an approximate drop of 15 years in average life expectancy drops when
T2DM develops in adolescents and may lead to chronic complications by the age of
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40. The increase in the rates of obesity in recent years has become a costly public
health issue. Many epidemiologic studies have reported the link between T2DM
and obesity [13, 65]. Once established, obesity is not easy to reverse. Thus, pubertal
obesity may be in particular detrimental, for this, early interventions, prior to
puberty, may be most helpful in preventing the development of T2DM and its
complications [66, 67].

Physical activity can be very effective in preventing or delaying the onset of
T2DM and in improving the blood glucose level. Children who have a family
history of obesity can increase their insulin sensitivity by including physical activity
in their routine, independent of, lifestyle or level of fitness. Though, in a study of
T2DM youth named TODAY, it was observed that even an intensive lifestyle
intervention with physical activity was not really enough to decrease treatment
failure when associated with anti-diabetic drug metformin. The results concluded
that once established, T2DM in youth, dietary and exercise changes are very dif-
ficult to make [13, 68]. Another study, the Dietary Intervention Study in Children
(DISC) determined the effects of high fiber, low-fat diet given during adolescent
age. The results observed improved glycemic control as well as blood pressure [69].

Researchers are also working on identifying compounds which can be useful in
obesity-induced hyperglycemia and IR. In this connection, a study was conducted to
evaluate the effects of freeze-dried jaboticaba peel powder on a number of metabolic
parameters in a model of diet-induced obesity. The plant was found to be effective to
reduce insulin resistance, as evidenced in the insulin tolerance test, and subsequently
confirmed by improved signal transduction through the insulin receptor. Curcumin,
the major constituent of turmeric has been reported to have anti-hyperglycemic and
insulin sensitizer effects. Thereby, researchers are evaluating the effects of curcumin
on hyperglycemic state and insulin resistance in related disorders such as diabetes
[70, 71]. Another study conducted especially on postmenopausal women reinforces
the hypothesis that a selective modulation of estrogen receptor a activation factor-2
(ER a AF-2), represented a crucial step toward the development of an optimized
therapeutic approach to overcome the rising risk of abdominal obesity, metabolic
syndrome, and T2DM in this group [72, 73].

Many clinical trials are also undergoing which are evaluating these risk factors
and the possible preventive measures for this. Details of which are shown in
Table 5.1.

It can be concluded that obesity is associated with hyperglycemia as well as
insulin resistance. Therefore, it is important to take preventive steps and control
weight gain at early stages of life. For this, we should understand that reducing
caloric intake is more effective at achieving initial weight loss than only increasing
exercise. The dietary changes alone have been observed to be more effective than
physical activity alone. Physical activity remains important for maintaining weight
loss but should not be the primary focus of behavioral change for weight loss.
Patients on insulin should increase glucose monitoring when starting a new exercise
regimen to avoid hypoglycemia during or after exercise. In addition to promoting
patients’ healthy lifestyle changes, managing medications play an important role for
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Table 5.1 List of clinical trial on various drugs for the treatment of obesity-induced diabetes

NCT number Title Acronym Status Phases URL

NCT00029848 Obese patients with
Type 2 diabetes

RIO-Diabetes Completed Phase
3

https://
ClinicalTrials.
gov/show/
NCT00029848

NCT02811484 Efficacy of
Exenatide-LAR
and Dapagliflozin
in overweight/
obese,
insulin-treated
patients with Type
2 diabetes

Dexlar Withdrawn Phase
4

https://
ClinicalTrials.
gov/show/
NCT02811484

NCT01667783 Improving diabetes
through lifestyle
and surgery

IDeaLS Completed Phase
2|
Phase
3

https://
ClinicalTrials.
gov/show/
NCT01667783

NCT00934570 Activity and
Metformin
intervention in
obese adolescents

REACH Completed Phase
4

https://
ClinicalTrials.
gov/show/
NCT00934570

NCT03087032 Liraglutide-bolus
versus
Glargine-bolus
therapy in
overweight/obese
Type 2 diabetes
patients
(LiraGooD)

LiraGooD Recruiting Phase
4

https://
ClinicalTrials.
gov/show/
NCT03087032

NCT00504673 Comparison of
insulin detemir
Versus insulin
NPH on weight
change in
overweight and
obese with Type 2
diabetes

PREDICTIVE Completed Phase
3

https://
ClinicalTrials.
gov/show/
NCT00504673

NCT00478972 Japanese study
with rimonabant in
obese Type 2
diabetic patients on
diet and exercise

SOLO Terminated Phase
3

https://
ClinicalTrials.
gov/show/
NCT00478972

NCT00478595 Japanese study
with rimonabant in
obese Type 2
diabetic patients
with oral
anti-diabetic drug

SYMPHONY Terminated Phase
3

https://
ClinicalTrials.
gov/show/
NCT00478595

(continued)
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Table 5.1 (continued)

NCT number Title Acronym Status Phases URL

NCT02963922 Effect and safety of
liraglutide 3.0 mg
in subjects with
overweight or
obesity and Type 2
diabetes mellitus
treated with basal
insulin

SCALEâ€
Insulin

Completed Phase
3

https://
ClinicalTrials.
gov/show/
NCT02963922

NCT00546325 REASSURE: The
effect of
rimonabant on
HbA1c in
overweight or
obese patients with
Type 2 diabetes not
adequately
controlled on 2 oral
antidiabetic agents

REASSURE Completed Phase
3

https://
ClinicalTrials.
gov/show/
NCT00546325

NCT01403571 Effectiveness and
safety of Salba on
weight loss in
overweight
individuals with
Type 2 diabetes

LOSS Completed Phase
2

https://
ClinicalTrials.
gov/show/
NCT01403571

NCT02372630 The effect of
Linagliptin on
inflammation,
oxidative stress and
insulin resistance
in obese Type 2
diabetes subjects

1971 Active, not
recruiting

Phase
4

https://
ClinicalTrials.
gov/show/
NCT02372630

NCT03552757 A research study
investigating how
well Semaglutide
works in people
with Type 2
diabetes suffering
from overweight or
obesity

STEP 2 Active, not
recruiting

Phase
3

https://
ClinicalTrials.
gov/show/
NCT03552757

NCT00520182 Dietary
interventions in
Type 2 obese
diabetic patients in
the community

DIPAC Unknown
status

Phase
3

https://
ClinicalTrials.
gov/show/
NCT00520182

NCT00454597 Effect of the
Omentectomy on
the hyperglycemia
and the resistance

Omentectomy Completed Early
Phase
1

https://
ClinicalTrials.
gov/show/
NCT00454597

(continued)
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clinicians in treating patients with type 2 diabetes and obesity. Clinicians should
consider altering the diabetes medication regimen and using weight loss medica-
tions for these patients.
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Chapter 6
Obesity and Osteoarthritis: Are
Adipokines Bridging Metabolism,
Inflammation, and Biomechanics?

Vera Francisco, Clara Ruiz-Fernández, Jesús Pino, Antonio Mera,
Miguel Angel Gonzalez-Gay, Francisca Lago, Rodolfo Gómez
and Oreste Gualillo

Abstract Osteoarthritis (OA) is a highly prevalent debilitating and painful
pathology derived from progressive degeneration of articular joints. Obesity has
long been recognized as a significant and potentially preventable risk factor for OA
incidence, progression, and disability. Biomechanical loading, together with
metabolic and inflammatory imbalances of the joint, strongly contributes to obesity-
induced OA pathophysiology. Adipose-tissue derived cytokines—adipokines—
have demonstrated roles in modulating pro/anti-inflammatory and anabolic/
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catabolic joint balance, with implications in cartilage and bone homeostasis.
Mechanical stress may lead to considerable increases in proinflammatory mediators
within the joint. Therefore, adipokines emerged as potential candidates to link
mechanical, metabolic and inflammatory components of obesity-induced
osteoarthritis. Herein we summarize the biology of adipokines in joint tissues,
highlighting their implications in the dysregulation of joint homeostasis and, thus
OA pathogenesis. Many of the aspects of the adipokine network remain largely
unknown and further insights into the intimate mechanisms of adipokines activity
will be of great relevance to develop disease-modifying osteoarthritis drugs,
especially for obese patients.

Keywords Adipokines � Mechanical load � Inflammation � Obesity �
Osteoarthritis

Introduction

Obesity, the greatest public health problem in western countries, has reached epi-
demic proportions, being still rising in developing countries. Besides representing
itself a disabling factor, obesity is strictly associated with other high-incident
chronic pathologies, like cardiovascular diseases, type 2 diabetes or arthritis dis-
eases [1]. For long, obesity-focused researches have aimed the identification of risk
factors, preventive measures, and treatments. However, public health policies
centered on physical activity and diet have demonstrated to be largely ineffective.
Additionally, pharmacological approaches have not provided any safe and
long-term therapies [1]. Therefore, a deeper understanding of the development of
obesity-associated pathologies is needed.

Osteoarthritis (OA) is a painful, debilitating and progressive degenerative dis-
ease of the entire joint. It is characterized by molecular (abnormal joint tissue
metabolism) anatomic, and/or physiologic derangements, which include cartilage
degradation, osteophyte formation, bone remodeling, joint inflammation, and loss
of normal joint function [2]. The prevalence of OA significantly increases with age,
with a radiographic diagnostic in over 70% of above-65 individuals [3].
Although OA is the most common arthritis form with a high socio-economic
impact, currently available treatments demonstrate low efficacy, are frequently
associated with adverse effects, and as far to reach disease remission [4]. Moreover,
articular cartilage lacks self-healing capacity and OA seems to comprise a group of
pathologic processes with a common endpoint, but with a multifactorial
etiopathogenesis, such as genetic, molecular and environmental factors, particularly
biomechanical stress [3]. Therefore, OA therapy is challenging and deeper
knowledge on molecular players contributing to disease onset and development will
certainly open new therapeutic routes.

At physiologic conditions, joints are subjected to several loads that, under normal
circumstances, have no adverse effects on joint tissues, and are even protective [5].
In obesity, a well known modifiable risk factor of OA incidence, progression and
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disability [6], increased mechanical loading and “wear-and-tear” stresses have been
initially pointed as the main mechanism for the development of obesity-associated
OA [7]. However, there is increasing evidence for a multifactorial, systemic link
between OA and obesity [8]. White adipose tissue (WAT) is no longer recognized as
a simple energy depot, but as an active and inflammatory organ responsible for the
production of pleiotropic molecules—adipokines [9]. This new family of proteins
has emerged as crucial player in the pathophysiology of immune/inflammatory
diseases, including osteoarthritis [10, 11]. Here, we summarize the adipokines
biology within the joint, highlighting their role as molecular linkers between
metabolism, inflammation, and biomechanics, with implications in the dysregulation
of joint homeostasis and, thus OA pathogenesis. Understand the adipokine network
and the intimate mechanisms of adipokines activity in OA, may represent innovative
therapeutic strategies to develop disease-modifying osteoarthritis drugs, especially
for obese patients.

Mechanical Loading and Inflammation

Inflammation has a significant role in altered loading models of OA. After a
traumatic injury, the levels of pro-inflammatory cytokines, namely interleukin (IL)-
1 and tumor necrosis factor (TNF)-a, were transiently augmented in chondrocytes
and articular cartilage [12]. Moreover, mechanical stress induced nitric oxide (NO),
prostaglandin E2 (PGE2) and IL-6 secretion [13, 14], while fluid shear stress
increased proteoglycan synthesis in chondrocytes [15, 16]. Of note, only chon-
drocytes embedded in their own ECM, but not that one’s embedded in an agarose
matrix, show similar increases of pro-inflammatory factors with stress [14, 17, 18],
indicating a crucial role for native ECM. In synoviocytes, mechanical stretch also
enhances the expression of pro-inflammatory mediators, like cyclooxygenase
(COX)-2, PGE2, and IL-1b [19], while in osteoblasts it increases IL-6, COX-2, and
IL-8 expression [20]. Altogether, these findings evidenced that altered biome-
chanical loading is associated with inflammation within the joint that may even-
tually lead to OA pathogenesis.

Obesity, Biomechanics, and Osteoarthritis

Significant evidence demonstrated that obesity alters gait and joint biomechanics.
Accordingly, obese individuals walk slower, with shorter and wider steps, and
demonstrated longer stance durations compared with normal-weight subjects [3].
These changes can affect the load-bearing regions of the articular cartilage. Under
physiological conditions, chondrocytes maintain a homeostatic equilibrium
between the catabolic and anabolic processes, leading to the slow turnover of the
cartilage extracellular matrix (ECM). An imbalance in chondrocyte metabolism
towards catabolic processes leads to the progressive cartilage degeneration. This
shift is influenced by soluble mediators, such as growth factors and cytokines, local

6 Obesity and Osteoarthritis: Are Adipokines Bridging … 101



matrix composition, and biophysical factors, including mechanical stresses [3].
An altered joint loading, either single (acute impact event) or repetitive (cumulative
contact stress), can lead to OA pathophysiology by altering the composition,
structure, metabolism, and mechanical properties of joint tissues, in particular
cartilage and subchondral bone [3]. Impact load augments tissue hydration and
cellular activity and leads to subchondral bone remodeling and ECM splitting [21],
all features of early OA. Moreover, joint instability in OA animal models increase
hydration, collagen disruption, and matrix turnover followed by a decrease in the
tissue stiffness in tension, compression, and shear [3]. Furthermore, an increase of
both articular cartilage and synovial fluid biomarkers correlated with joint histo-
logical damage was verified [3].

Although mechanical loading is an important factor relating to obesity and OA,
there are cumulative data pointing to a systemic link between these pathologies [8].
A small reduction of body weight (5 kg), and in particular body fat (2.4%) is
associated with an over 50% decrease in the OA risk or progression [22].
Furthermore, epidemiological studies verified that the risk of developing hand OA,
a non-weight bearing joint, is about twofold in obese patients, compared with
normal-weight subjects [23]. Furthermore, extreme obese animals due to impaired
leptin signaling (leptin-deficient (ob/ob), or leptin receptor-deficient (db/db) mice),
demonstrated similar incidence rates of knee OA compared to controls [24]. These
findings suggest that adipose-tissue derived factors, could have an important role
linking obesity and OA.

Leptin

Leptin, from the Greek root leptos, meaning “thin”, is a 16 kDa non-glycosylated
cytokine-like hormone of 146 amino acids encoded by the obese gene and pre-
dominantly produced in WAT [25]. Leptin was initially described as a neuroen-
docrine regulator of weight homeostasis by inducing anorexigenic neuropeptides
and suppressing orexigenic factors on hypothalamic nuclei but also stimulates
thermogenesis and energy expenditure by modulating insulin activity and lowering
blood glucose levels [26, 27]. Thus, the central leptin resistance, due to the
impairment of leptin transportation, signaling and targeting specific neural circuits,
is proposed as the primary risk factor for obesity [26]. Leptin exerts its biological
activity through activation of leptin receptors (Ob-R or LEPR), which are found
with at least six alternative splicing forms, including a long isoform (Ob-Rb), four
short isoforms (Ob-Ra, Ob-Rc, Ob-Rd and Ob-Rf) and a soluble isoform (Ob-Re)
[26, 28]. The long form receptor Ob-Rb has the full intracellular domain that allows
the transduction of leptin signal through JAK and STAT signaling pathways [29].
Additionally, Ob-Rb could also activate ERK1/2, p38 MAPK, JNK, PKC, and
PI3 K pathways [26]. Suppressor of cytokine signaling-3 (SOCS-3) and protein
tyrosine kinase 1B (PTP1B) acted as negative regulators of leptin signaling [26,
28]. Leptin receptors are widely expressed in peripheral tissues and thus, leptin is
considered a pleiotropic hormone implicated in several physiologic processes,
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namely insulin secretion, bone metabolism, and immune responses (both innate and
adaptive) [30]. Consequently, this hormone has been considered as a potential
linker between obesity and OA. Accordingly, obese individuals have enhanced
levels of leptin—hyperleptinemia, and higher OA prevalence [31].

Although WAT is the major source of leptin, IPFP and synovial membrane (or
synovium) also synthesized leptin, being its synovial fluid (SF) concentration
equivalent, or even higher than in serum, which indicates a local production of leptin
during OA or factors affecting its clearance [32, 33]. In fact, OA cartilage and
osteophytes demonstrated increased synthesis and secretion of leptin when compared
to normal cartilage [34]. Accordingly, the SF and serum leptin levels in OA patients
were higher compared with controls and a gender-specific correlation has been
described [35, 36]. Of note, the expression of suppressor of cytokine signaling-3
(SOCS-3), a negative regulator of leptin signaling, is decreased in the cartilage of
obese OA patients [37], and the expression of leptin and Ob-Rb is significantly
increased in the advanced defective area of OA cartilage compared to adjacent intact
regions [36]. Serum leptin has also been associated with radiographic severity in OA
patients, particularly in females [38, 39]; however, there are conflicting results [40].
Nevertheless, the ratio of SF to plasma leptin has been pointed as a more suitable
biomarker than plasma leptin alone to evaluate the knee OA severity [41].

Most of the previous data revealed a pro-inflammatory and catabolic action for
leptin in cartilage metabolism by acting alone or in synergy with other
pro-inflammatory mediators, therefore contributing to OA pathophysiology [30,
42]. Leptin could augment IL-8 and IL-6 production in fibroblast-like synoviocytes,
being involved Ob-Rb, JAK2, insulin receptor substrate-1 (IRS-1), PI3K, Akt,
NF-kB, and AP-1 signaling pathways [43, 44]. Leptin also regulates the production
of pro-inflammatory factors by immune cells [30]; namely, it induces IL-6, IL-8,
and CCL3 expression in CD4+ T cells from OA patients, but nor from healthy
individuals [45]. Furthermore, leptin induces Th1 phenotype and could increase
leukocyte and monocyte infiltration into the joint by up-regulation of VCAM-1,
thus promoting and perpetuating inflammation in OA joints [30, 46]. In human and
murine chondrocytes, as well as in cartilage explants, leptin, in synergy with IL-1 or
IFN-c, induced the expression of pro-inflammatory factors, such as NO, NOS2,
PGE2, COX-2, IL-6 and IL-8 [47–50]. It was demonstrated that JAK2, PI3K,
MEK1, ERK1/2, p38 MAPK, and JNK were involved in leptin-regulated NOS2
expression [47–50].

Leptin can also promote OA-associated cartilage destruction by directly induc-
ing the expression of MMPs. In particular, it augments MMP-1, -3, and -13
expression in human OA cartilage, likely through activation of NF-jB, protein
kinase C (PKC), and JNK signaling pathways [51]. Whereas in bovine cartilage,
leptin, alone or in combination with IL-1, promotes cartilage collagen release as
well as MMP-1, and 13 expression, via STAT1, STAT3, STAT5, MAPK, Akt, and
NF-jB pathways [43]. In vivo, injection of recombinant murine leptin in knee joints
of rats, augments the expression of ADAMTS-4, and -5, MMP-2, and 9, cathepsin
D and collagen II, while basic fibroblast growth factor (bFGF) is decreased [52].
Nevertheless, there are some studies describing a protective action of leptin in OA
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by exerting anabolic functions in articular cartilage through induction of growth
factors expression, such as transforming growth factor (TGF)-b and insulin-like
growth factor (IGF) [35]. Altogether, these data indicated that leptin may have a
dual effect on OA development. Likely, augmented catabolic and pro-inflammatory
activity together with impaired anabolic and anti-inflammatory functions may lead
to an overall detrimental effect of leptin. Therefore, further investigation addressing
this metabolic balance of leptin in OA would be important [43].

MicroRNAs (miRNAs), small single-stranded non-coding segments of RNA, are
increasingly recognized as regulatory molecules involved in pathologic processes,
including OA, inflammation, and obesity. The levels of miR-27, which directly
targets the 3’-untranslated region of leptin, were found to be diminished in OA
chondrocytes and the injection of miR-27 lentiviral overexpression vector in OA
rats resulted in decreased levels of IL-6 and -8, as well as MMP-9 and -13, therefore
suggesting a protective action of miR-27 in OA, likely through leptin targeting [53].

Besides synoviocytes and chondrocytes, osteoblasts are also significant leptin
targeted cells. OA subchondral osteoblasts produce twofold leptin and Ob-Rb
compared to normal ones, which could contribute to osteoblast proliferation and
differentiation. Implicated mechanisms included the modulation of alkaline phos-
phatase (ALP), osteocalcin (OC), collagen type I and TGF-b1 production (os-
teoblasts metabolic markers), as well as ERK1/2 and p38 MAPK pathways [54].
Likewise, leptin also induced the proliferation of nucleus pulposus cells, leading to
a cell cluster formation and proliferation of fibro-cartilaginous tissue [55].
Considering that intervertebral disc degeneration (IVDD) appears like OA relatively
to increased cell proliferation, it was hypothesized that leptin could induce OA
synoviocytes and osteoblasts proliferation, therefore contributing to osteophyte
formation [43]. Moreover, chondrogenic progenitor cells (CPCs), seed cells crucial
to cartilage homeostasis and replacement of damage tissue, change their differen-
tiation pattern in the presence of leptin. In particular, this adipokine reduces CPC
migratory ability and chondrogenic potential, while it induces CPC senescence and
osteogenic transformation [56].

Based on these results, upregulated levels of leptin may be a risk factor for OA
pathophysiology by influencing a pro-inflammatory environment, cartilage cata-
bolic activity, as well as cartilage and bone remodeling. Hence, leptin has been
indicated as a sensitive biomarker for predicting OA severity, pain and cartilage
damage [57].

Adiponectin

Adiponectin (also called Acrp30, GBP28, apM1, or AdipoQ) is a 244-residue
protein, structurally homologous to collagen type VIII and X, and complement
factor C1q, that is encoded by ADIPOQ gene located on chromosome 3q27, a locus
correlated with diabetes and cardiovascular disease susceptibility [58]. Several
adiponectin molecular forms could be found, including globular (gAPN),
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full-length (fAPN), low MW (LMW), medium MW (MMW), high MW (HMW),
and serum albumin bonded LMW (Alb-LMW) adiponectin [58, 59]. All of them
have different biological activities that are mainly mediated by two specific adi-
ponectin receptors: AdipoR1, mainly found in skeletal muscle, and AdipoR2,
predominantly present in liver. The signal transduction of adiponectin receptors
involves the activation of AMPK, PPAR-a and PPAR-c [58]. Additionally,
T-cadherin has also been identified as a receptor for high molecular adiponectin
multimers [60]. In morbidly obese patients, circulating adiponectin levels tend to be
low and augmented with weight loss and treatment with thiazolidinediones (PPAR
agonists), which enhance insulin sensitivity [60, 61]. Accordingly, adiponectin has
been described as an endogenous insulin sensitizer by stimulation of fatty acid
oxidation and glucose uptake in the muscle, and reduction of glucose synthesis in
the liver [60]. Furthermore, there is increasing evidence revealing the importance of
adiponection in inflammation-related pathologies, such as cardiovascular disease,
type 2 diabetes, metabolic syndrome, rheumatoid arthritis and OA [58], likely due
to modulation of immune system. In particular, adiponectin inhibited proinflam-
matory responses by polarizing macrophages M1 to M2, Th1/Th17 to Th2/Tregs,
and inhibiting TLR4-mediated NF-jB activation [62].

Based on both clinical and experimental data, adiponectin have implicated in the
pathophysiology of OA. However, the exact effect of adiponectin in OA, whether
protective or not, is still contradictory. It was verified that serum and plasma adi-
ponectin levels were augmented in OA patients compared to healthy controls [63],
but some studies showed that the difference is not statistically significant after age,
gender, and BMI adjustments [43]. Furthermore, adiponectin levels were associated
with OA radiological severity and erosive OA, being until considered an OA
biomarker [57], while other studies reported no association [64]. Remarkably, SF
adiponectin levels were almost 100 times lower than those in plasma, and have been
positively correlated with aggrecan degradation markers, whereas negatively cor-
related with radiographic disease severity and knee OA pain [43]. Moreover, the
percentages of hexamer and HMW adiponectin forms per total adiponectin are
lower in SF than plasma, whereas the trimer form is higher [43]. Additionally, it
was demonstrated that total adiponectin, rather than HMW, was positively asso-
ciated with knee OA, while negatively correlated with radiographic progression in
hand OA [43]. These data indicated the importance of considering the different
adiponectin isoforms when evaluating it as a marker for OA risk, activity or
progression.

Within the joint, adiponectin could be expressed by synoviocytes, IPFP, osteo-
phytes, cartilage and bone tissues [32]. Moreover, AdipoR1 and AdipoR2 are dif-
ferentially expressed in OA chondrocytes compared with normal counterparts [65,
66]. Regarding adiponectin activity in the joint, it could downregulate
IL-1b-induced MMP13 expression and to upregulate TIMP-2 in human chondro-
cytes, clearly revealing a chondroprotective action in OA progression by exerting
anabolic and anti-inflammatory roles. However, most of the studies established
adiponectin as a catabolic and pro-inflammatory mediator in OA. Accordingly,
adiponectin serum levels or released by OA cartilage are positively associated with

6 Obesity and Osteoarthritis: Are Adipokines Bridging … 105



degradation biomarkers, such as cartilage oligomeric matrix protein (COMP),
MMP-3, and -13, and mPGES [43]. In OA cartilage and human primary chondro-
cytes, adiponectin augmented NO, NOS2, IL-6, IL-8, MCP-1, MMP-1, -3, -9, and
13 [67]. Moreover, in human and murine chondrocytes, adiponectin increased
VCAM-1 expression, thus enhancing and perpetuating cartilage-degradation in
inflamed OA joints [46]. In OA synoviocytes, adiponectin dose-dependently
increased PGE2 production [68] and augments the expression of NOS2, IL-6,
MMP-1, -3, and MMP-13 via AdipoR1/5’-AMPK, MAPK, and NF-jB signaling
pathways, exerting inflammatory and matrix degradation functions during OA [43].
Additionally, adiponectin also induces ICAM-1 expression in human OA syn-
oviocytes, through liver kinase B1 (LKB1)/CaMKII, AMPK, c-Jun, and AP-1
pathways, with subsequent monocyte adhesion to OA synoviocytes [43].

Adiponectin also induced osteoblast proliferation and differentiation, through a
dose- and time-dependent increase of ALP activity, osteocalcin, and type I collagen
production, as well as matrix mineralization [69]. AdipoR/JNK pathway seems to
mediate the adiponectin action on osteoblast proliferation, while AdipoR/p38 sig-
naling is involved in adiponectin-induced osteoblast differentiation [69].
Nevertheless, there are contradictory results demonstrating the inhibition of
osteoblasts proliferation and promotion of apoptosis by adiponectin [70]. It was
evidenced that mechanical loading augments adiponectin and its receptors in
skeletal muscle, while exercise increase serum adiponectin in high-fat-sedentary
rats compared to controls, with potential effect in preventing bone loss [71].
Therefore, these results indicated that adiponectin altered bone metabolism and
biomechanical properties. But, further studies will be of relevance to clarify the
exact action of adiponectin in joint cartilage and bone metabolism, and its contri-
bution to OA pathogenesis. Of note, the different adiponectin isoforms have
demonstrated diverse biological effects [43]. As total adiponectin has demonstrated
contradictory activities in OA, further evaluation of the relative contribution of each
isoform to inflammatory response and matrix degradation in OA joint will be highly
valuable [72].

Lipocalin-2

Lipocalin-2 (LCN2; also known as neutrophil gelatinase-associated lipocalin, 24p3,
p25, migration-stimulating factor inhibitor, human neutrophil lipocalin,
a-1-microglobulin—related protein, siderocalin or uterocalin) is a glycoprotein
encoded by a gene located at the chromosome locus 9q34.11 [73]. It circulates as a
25 kDa monomer, a 46 kDa homodimer or in a covalent complex with MMP-9,
thus blocking MMP-9 auto-degradation [74]. Given the presence of hydrophobic
ligand binding pocket, the members of the lipocalin family also bind and transport
steroids, fatty acids, LPS, iron, and in the case of LCN2, siderophores. LCN2 binds
at least to two surface receptors: LCN2 receptor (also called SLC22A17, 24p3R, or
NGALR), a brain-type organic cation transporter that binds mouse LCN2; and
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megalin (also known as LRP2, or glycoprotein GP330), a multiligand scavenger
receptor that binds human LCN2 [11]. Originally identified in human neutrophil
granules and mouse kidney cells, LCN2 is mainly produced by WAT, but is also
expressed in immune cells, liver, spleen, and chondrocytes [73]. LCN2 actions
include induction of apoptosis in hematopoietic cells, modulation of inflammation
and metabolic homeostasis, being evidenced as important player in obesity-related
diseases [73]. Moreover, LCN2 have been revealed as a sensor of mechanical
loading, inflammatory status and catabolic stimuli of the joint, with possible
involvement in OA pathophysiology [43].

LCN2 was widely described as a regulator of immune system. In particular, it
binds to enterobactin, a Gram-negative bacteria siderophore responsible for iron
transport into the cell. Consequently, bacterial iron stores depletion occurs and a
bacteriostatic effect is observed [73]. These LCN2 properties have been implicated
in gastrointestinal tract protection against pathogens [75]. Moreover, key inflam-
matory transcription factors, including NF-jB, STAT1, STAT3, and C/EBP, have
been shown to transactivate LCN2 expression, indicating this adipokine as
inflammatory regulator [76, 77]. Recently, E74-like factor 3 (ELF3), a transcription
factor induced by inflammatory cytokines, was identified as LCN2 expression
regulator in human chondrocytes [77]. Accordingly, LCN2 plays anti-inflammatory
actions in regulating M1/M2 macrophage polarization via NF-jB/STAT3 loop
activation [78], while, in adaptive immunity, LCN2 was described to induce human
leukocyte antigen G (a tolerogenic mediator) on CD4+ T cells, and to up-regulate
Treg cells expansion in healthy individuals [73]. Supporting the role of LCN2 in
immune system response, plasma LCN2 concentrations have been correlated with
several inflammatory and metabolic parameters [67].

In obese patients, LCN2 expression is augmented and could be reversed by
thiazolidinediones treatment [79]. LCN2 levels were also elevated in OA synovial
fluid and cartilage [73, 80], thus suggesting a possible involvement in OA devel-
opment. In fact, LCN2 affected cartilage degradation by blocking MMP-9
auto-degradation and by reducing chondrocyte proliferation [67]. At the same
time, IL-1b, LPS, dexamethasone, adipokines (leptin and adiponectin), and
osteoblast conditioned medium (paracrine stimulation), increased LCN2 expression
in chondrocytes [73, 81]. Of note, NO promote LPS-mediated LCN2 expression in
chondrocytes, suggesting a feedback loop regulating its expression [82].
Furthermore, LCN2 expression could be induced by glucocorticoids, alone or in
combination with IL-1, via corticoids receptors, PI3 K, ERK1/2 and JAK2 path-
ways [83] in chondrocytes. In osteoblasts, the absence of mechanical loading
induced LCN2 expression, likely contributing to bone metabolism through stimu-
lation of pro-osteoclastogenic factors, receptor activator of NF-jB ligand and IL-6,
and inhibition of the anti-osteoclastogenic factor, osteoprotegerin [73]. In these
cells, the LCN2 expression is also increased by inflammatory cytokines (TNF-a and
IL-17) [73].

Altogether, these results indicated LCN2 responsiveness to inflammation and
mechanical load within the joint, leading to alterations in cartilage, subchondral
bone and bone-cartilage crosstalk underlying OA pathogenesis. Nevertheless,
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recently, it was verified that LCN2 overexpression in chondrocytes did not affect
the expression of cartilage matrix molecules or matrix-degrading enzymes [84].
Moreover, LCN2 overexpression in mouse cartilage did not cause OA pathogen-
esis, and LCN2 KO mice showed no alteration in cartilage destruction, in the
destabilization of the medial meniscus-induced OA model [84]. Although LCN2
can contribute to OA pathophysiology, it appears to be not sufficient by itself to
induce OA cartilage destruction in mice. Further studies are demanded to fully
clarify the role of LCN2 in OA development in humans.

Progranulin

Progranulin [PGRN; also known as acrogranin, granulin-epithelin precursor (GEP),
proepithelin, GP88, or PC-cell-derived growth factor] is a cysteine-rich secreted
glycoprotein encoded by the GRN gene, located on chromosome 17q21.32 [85]. It
is a 68–88 kDa protein that can undergo enzymic proteolysis originating small
homologous subunits—granulins or epithelins [86]. Evidence that PGRN is inter-
nalized through endocytosis suggests the existence of a PGRN cell surface receptor.
However, a unique PGRN receptor has not yet been identified. By now, some types
of cell surface receptors for PGRN, but not for individual granulins, have been
proposed: sortilin, which mediates extracellular PGRN uptake and extracellular
levels in CNS [87, 88]; death receptor 3, which is involved in several inflammatory
disorders [89]; EphA2, a member of the large family of Ephrin receptor tyrosine
kinases [90]; and TNFR1 and TNFR2 (TNF receptors), which have been correlated
with PGRN anti-inflammatory activity [91]. TNF-a demonstrated a higher affinity
to TNFR1, ubiquitously expressed and trigger of proinflammatory signaling path-
ways, than for TNFR2, mainly expressed in hematopoietic cells and related to
anabolic responses [91]; while PGRN exhibited comparable affinity to both
receptors, being higher than TNF-a [91]. Taking account these observations, a
minimal engineered PGRN-protein atsttrin was developed as TNF/TNFR signalling
antagonist [91]. A wide range of cells was reported to express PGRN, including
epithelial cells, macrophages, chondrocytes and adipocytes. Recently identified as
an adipokine, PGRN has been implicated in inflammation, obesity and rheumatic
diseases, being a potential therapeutic target and biomarker in inflammatory dis-
eases [85].

As an anti-inflammatory protein, PGRN also suppresses the production of
CXCL9 and CXCL10,through the TNFR1 pathway [89, 92]. Moreover, PGRN
induced Treg populations and IL-10 production [89, 92]. On the other hand, PGRN
can be degraded by several proteinases, like MMP-9, -12 and -14, ADAMT S7,
elastase, and proteinase-3, generating granulins, which have pro-inflammatory
activity [89, 92].

Recent studies reveal that PGRN is implicated in OA pathogenesis. OA patients
present higher expressions of PGRN in cartilage, synovial and IPFP samples [93].
PGRN expression is also elevated during chondrocyte differentiation in vitro [93].
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Moreover, aged PGRN-KO mice develop OA-like phenotype and both recombinant
PGRN and PGRN-derived atsttrin could effectively prevent the OA onset and
progression [89]. In OA, PGRN also exhibits anti-inflammatory properties by
promoting anabolic metabolism via TNFR2, and by inhibiting IL-1b-mediated
catabolic metabolism (suppression of NOS2, COX-2, MMP-13 and VCAM-1)
through TNFR1 binding. By blocking TNF-a mediated NF-jB activation, PGRN
inhibited MMPs and ADAMTS expression, and thus, cartilage degradation [89,
93]. Additionally, PGRN is involved in chondrocytes differentiation and prolifer-
ation as well as in endochondral ossification of growth plate during development
[94]. Confirming the protective role of PGRN in OA, intra-articular injection of
mesenchymal stem cells expressing recombinant atsttrin, prevented the progression
of degenerative changes in a surgically induced preclinical OA mouse model [95].
Furthermore, intra-articular injection of etanercept (a fusion-soluble TNFR2 protein
that inhibits TNF-a and has therapeutic activity in rheumatoid arthritis patients)
blocks PGRN binding to TNFR2 and causes a more severe joint destruction in a
preclinical OA mouse model [86]. Hence, PGRN identification and atsttrin devel-
opment as TNF-a/TNFR pathway antagonist, may lead to new therapeutic inter-
ventions for OA.

Conclusions

There are several factors that contribute to obesity-induced degeneration of joint
tissues and subsequent development of OA (Fig. 6.1). Obesity, one of the primary
risk factors for osteoarthritis, is associated with a state of low-grade chronic
inflammation. Both local and systemic pro-inflammatory mediators and cytokines
have been evidenced as key players in the progressive degeneration of joint tissues
and OA development. Furthermore, mechanical stress of the joint (abnormal,
altered or injurious loading) locally augmented the expression of pro-inflammatory
factors, which could, at least in part, lead to an imbalance towards catabolic pro-
cesses. However, the precise relationship between biomechanical factors and
inflammation are not yet fully understood and further studies are necessary.

The data summarized here indicated that dysfunctional white adipose tissue
together with interactions between joint mechanical overloading and local and/or
systemic inflammation may prompt the pathogenesis and the development of os-
teoarthritis. In this context, adipokines, pleiotropic molecules synthesized and
up-regulated by adipocytes as well as by chondrocytes and other cell types from the
joints (including immune infiltrating cells), are evidenced as crucial promoters and
sustainers of inflammatory and degradative processes associated with joint home-
ostasis unbalance and OA development. Nevertheless, many aspects of the adipo-
kine network, especially the interplay between inflammatory paths and mechanical
and metabolic processes in the cartilage and bone, remain largely unknown.
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Doubtless, further insights into the intimate mechanisms regulating peripheral and
central adipokines activity might be of great relevance for future osteoarthritis
therapeutic strategies.
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Chapter 7
Understanding the Initiation
and Progression of Diet-Induced Obesity
and Associated Pathophysiology:
Lessons Learned from a Rat Model

David A. Hart, Walter Herzog, Jaqueline L. Rios, Raylene A. Reimer
and Kelsey H. Collins

Abstract In human populations, the development and progression of obesity and
its consequences on host systems is complex. Risk for obesity can reside in an
individual’s genome, in epigenetic modifications, and in dietary and activity level
variables. In addition to host system factors, the diet can also influence the gut
microbiota leading to alterations to the host and such alterations can contribute to
pathophysiological sequelae in the host. In order to better understand the impact of
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diet on obesity development, our group has studied the consequences of a high-fat/
high-sucrose (HFS) diet on physiological systems of Sprague-Dawley male rats
over short term and long term exposure to the diet. Medium (12 weeks) to long
term (28 weeks) exposure to the diet leads to development of knee, shoulder, and to
a lesser degree, hip damage, alterations to some skeletal muscles, development of
insulin resistance and type 2 diabetes, development of features of systemic meta-
bolic syndrome, fatty liver disease, and alterations to the vitreous humor of the eye.
Very short time exposure (days to 4 weeks) leads to early, but fluctuating changes
to serum cytokine profiles, changes to some skeletal muscles, and the onset of knee
joint damage. Alterations to the gut microbiota are evident following medium to
longer term exposure to the diet, but not during the shorter time frame. Exposure of
rats on the HFS diet to either a modest exercise protocol or an oligofructose
prebiotic initiated at the same time as the HFS diet is initiated, completely pre-
vented development of joint damage at 12 weeks. Thus, the development of obe-
sity, and at least some of its pathophysiological sequelae in this model, are
modifiable by low cost, minimally invasive interventions. Such findings provide an
opportunity to determine whether some of the consequences of exposure to the HFS
diet develop in parallel or serially, and to identify potential points in the process that
are reversible. Current studies are focused on addressing such questions.

Keywords Obesity � Metabolic syndrome � Skeletal muscle � Joint integrity �
Gut microbiome � Insulin resistance � Diet-induced obesity � Genetic models �
Rat models � Exercise � Prebiotics

Background

The issue of obesity and its consequences has taken on renewed importance due to
the prevalence of the condition, particularly in Western and developed nations [1].
In many such environments, the current incidence of obesity is greater than 35%
[1]. For many countries, the emergence of obesity as a critical negative factor in the
health and well-being of their populations has largely occurred over the past
40 years or so, with a continuing rise in incidence over that period of time. Also of
concern is the rising rate of obesity in childhood and adolescence [2].

For many individuals with obesity, direct and indirect consequences of obesity
pose severe risk for loss of health and quality of life. The former includes diabetes,
cardiovascular disease, accelerated loss of cognition, respiratory diseases, hyper-
tension, liver disease, joint diseases, sarcopenia, and loss of ocular integrity. The
relationships between these risks for disease, cause and effect relationships, and
why some individuals have higher risk for some of the consequences than others,
have been difficult to ascertain due to the heterogeneity of Homo sapiens, as well as
time-related factors, such as the length of time an individual has lived with obesity,
the extent of the metabolic derangement, and likely, their chronological age. Thus,
some forms of obesity may be related to, or the result of, genetics [3], epigenetics
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[4], age-related factors (menopause in females, andropause in males) [5], other
sex-related factors, activity levels [6, 7], and diet considerations [8, 9]. By some
accounts, there are more than 200 genetic contributors to obesity [10], a number
which may be staggering to unravel to better understand the mechanisms under-
pinning the condition. However, such genetic, and likely transgenerational inheri-
tance of epigenetic contributors, are risk factors and many of them are not
manifested unless other variables come into play, such as environmental factors.
This conclusion is based on the fact that inheritance of genetic risk is likely a slow
process, plausibly taking millennia, and potentially serving survival advantage
during the evolution of Homo sapiens when food insecurity was more common.
While epigenetic alterations leading to enhanced risk for obesity may have a
shortened time frame compared to genetic risks, they likely do not account for the
rapid and continuing rise in the prevalence of obesity over the past 40 years,
referred to by some [1, 11, 12] as an epidemic. Thus, environmental factors may be
influencing these increases in obesity incidence on a background of genetic and
epigenetic heterogeneity.

As dissection of such relationships in humans is limited from a number of
perspectives (i.e. heterogeneity, ethics, etc.), many researchers have turned to
preclinical models to gain insights regarding intrinsic and extrinsic factors leading
to obesity induction and progression, and the associated pathophysiological
responses.

Rodent Models

To better understand the interplay between genetics and epigenetics variables and
environmental factors, rodent models offer several advantages, including genetic
manipulation, assessment of epigenetic modifications induced by environmental
stressors, variation in nutrition via defined diets, invasive procedures can be used,
the sequences of pathophysiological responses can be assessed, the effectiveness of
defined interventions can be assessed, and models with defined genetic back-
grounds can be used for the studies. However, one cannot lose sight of the fact that
such advantages of some preclinical models (i.e. those with highly restricted genetic
backgrounds) may also limit the effective translation of the findings to a hetero-
geneous human population.

Established mouse models have taken advantage of spontaneous genetic muta-
tions, such as a lack of the leptin gene [13], or the leptin receptor gene [14], as well
as other mutations or genetic modifications in specific metabolic pathways [15]. In
addition, inbred mice have also been used with obesity-inducing diets containing
high fat or high fat plus high sucrose to better mimic some of the attributes of
Western diets consumed by many humans [16]. In addition, inbred mice exposed to
an obesity-inducing diet have had obesity and its associated pathophysiology
positively, albeit limitedly, impacted by interventions, such as a defined exercise
program [17]. However, many of the studies in the literature using mouse models
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have focused on well-established obesity, and not the inductive phases of the
disease to better understand the sequence of events and the temporal aspects of the
biological systems impacted. Furthermore, many reports focus on a specific host
target system (i.e. bone adaptations; cartilage damage; muscle repair complications)
rather than taking an integrated systems biology approach [8].

Available rat models can also exhibit defined genetic [18, 19] or epigenetic
alterations [20], and can also offer the advantage of not being completely inbred to
better understand variation and commonalities in response to changing environ-
mental factors such as diet. Furthermore, different obesity-inducing diets have been
used with rat models (i.e. high fat or high fat-high sucrose) to assess the host
systems affected [8]. Again, most studies have assessed the effects of the diet using
longer exposure to the diet resulting in established (8–12 weeks) or chronic (24–
26 weeks) obesity. Furthermore, nearly all studies, either mouse or rat have used
sexually mature or adult animals for the studies. Few studies were focused on
addressing the induction of childhood obesity in spite of the fact that in humans this
is a relevant population that is growing rapidly, and one that has significant
implications for long term health risks [21].

Thus, rodent models offer the opportunity to assess a number of aspects of
obesity induction, and the effectiveness of both surgical [22] and non-surgical
interventions [23–26] on modifying specific components of the pathophysiological
consequences of obesity.

Characterization of Pathophysiological Responses
to Diet-Induced Obesity in Sprague-Dawley Rats

Rodent models have provided a number of insights into obesity onset and pro-
gression. Some of the mouse models are genetic in nature, and therefore represent a
specific subset of alterations that result in obesity [27]. Alternatively, other models
use modified diets to induce obesity, either as high fat diets [28] or diets containing
high fat and high sugar [8]. Furthermore, some of the rodent models use inbred
strains of mice, such as the ob/ob mouse, which offer some advantages, but also
some disadvantages as extrapolation of the findings to more genetically heteroge-
neous populations is problematic.

Constitutive genetic models (i.e. not inducible using a drug, like doxycycline or
tamoxifen) also can exert their impact from the time of birth, and therefore, the
young animals are influenced by the mutations from birth through lactation,
weaning, puberty, and maturation. Thus, the metabolic alterations associated with
the genetic mutations, such as leptin or leptin receptor expression/function, from the
time of birth and their consequences could influence growth, establishment of
normal hormonal relationships when going through puberty, and the functional
relationship with the gut microbiota. Of note, inducible systems, like the Cre/Lox
inducible genetic recombination system, can allow for temporal control of the

120 D. A. Hart et al.



induction of a genetic defect of interest, allowing for normal growth and devel-
opment of the animal [29]. This is another key tool from which genetic features can
be probed in the case of obesity.

In contrast, dietary alterations can be initiated in either male or female rodents
when the animals are young (weanlings) or when more mature after puberty onset
and following skeletal maturity (mice), or maturation (rats). Thus, such models offer
the advantage of being able to study host and microbiota responses at an early age,
at maturity, or during aging ± menopause equivalency. Bearing in mind that a
variety of genetic and epigenetic contributors may influence which animals are
predisposed to respond or become resistant to obesity, using genetically hetero-
geneous populations, such as rat strains (i.e. Sprague-Dawley rats), the influence of
genetic variation on responsiveness to the dietary insult can be examined, as well as
sex differences in response patterns.

A recent development in the study of nutrient effects on host responsiveness is
that of transgenerational effects, mediated via epigenetic changes [30]. For instance,
human populations subjected to starvation can impart a risk for obesity on their
offspring via epigenetic alterations [31, 32]. Similarly, epigenetic alterations
regarding obesity can occur in the offspring of rat mothers exposed to diet-induced
obesity prior to pregnancy [33].

Thus, there are multiple ways to develop obesity in rodent models.
Understanding the nuances of the pathophysiology in such models, and the ability
to successfully intervene to address the obesity and the physiological consequences
under a variety of circumstances will likely provide insights into human obesity
development and progression, hopefully leading to effective treatment that can
thwart the current epidemic and its impact on both health and the health care
system.

Pathophysiology in the Adult Sprague-Dawley High
Fat-High Sucrose (HFS) Model of Diet-Induced Obesity

As outlined above, there are a number of rodent models available to study obesity,
its consequences, and its contributors. However, it is beyond the scope of this
chapter to address many of them, and therefore, the focus will be on the model we
have been characterizing over the past several years, namely the male
Sprague-Dawley (SD) rat model using a defined high fat-high sucrose
(HFS) obesity-inducing dietary challenge.

Many reports have used diet-induced obesity in rats, usually feeding the diet
from adulthood for 8–12 weeks or 26–28 weeks [8, 34–36]. Male rats,
10–12 weeks of age were started on the HFS diet for 12 weeks, and then the
animals were divided into the top third, which gained the most weight and had the
highest fat mass (HFS Responders), and the bottom third who gained the least (HFS
Resistant) (p < 0.05). In these animal subpopulations, a number of host systems
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were altered together, and many were not different between obesity prone or obesity
resistant animals. (examples summarized in Table 7.1, original data can be found in
[8]. Obesity, and corresponding chronic-low grade inflammation, is associated with
the onset and progression of knee OA. The origin of this inflammation is poorly
understood. Here, the effect of high fat, high sucrose (HFS) diet induced obesity
(DIO) on local (synovial fluid), and systemic (serum) inflammation is evaluated
after a 12-week obesity induction and a further 16-week adaptation period. For
12-weeks of obesity induction, n = 40 DIO male Sprague-Dawley rats consumed a
HFS diet while the control group (n = 14) remained on chow. DIO rats were
allocated to prone (DIO-P, top 33% based on weight change) or resistant (DIO-R,
bottom 33%) groups at 12-weeks. Animals were euthanized at 12- and after an
additional 16-weeks on diet (28-weeks). At sacrifice, body composition and knee
joints were collected and assessed. Synovial fluid and sera were profiled using
cytokine array analysis. At 12-weeks, DIO-P animals demonstrated increased
Modified Mankin scores compared to DIO-R and chow (p = 0.026), and DIO-R
had higher Mankin scores compared to chow (p = 0.049). While numerous sys-
temic and limited synovial fluid inflammatory markers were increased at 12-weeks
in DIO animals compared to chow, by 28-weeks there were limited systemic dif-
ferences but marked increases in local synovial fluid inflammatory marker con-
centrations. Metabolic OA may manifest from an initial systemic inflammatory
disturbance. Twelve weeks of obesity induction leads to a unique inflammatory
profile and induction of metabolic OA which is altered after a further 16-weeks of
obesity and HFS diet intake, suggesting that obesity is a dynamic, progressive
process [37].

Table 7.1 Changes in host systems and relationship to knee osteoarthritis damage (Mankin score)
in animals challenged with 12-weeks of the HFS diet

Analyte Tissue Direction in DIO
versus chow

DIO-P
versus
DIO-R

P-value Relationship to
Mankin score

– Body fat " " 0.0001 Moderate,
positive

– Body
mass

" " 0.0001 Moderate,
positive

IL-6 Synovial
fluid

" "
(p = 0.026)

0.287 Very weak; NS

Leptin Synovial
fluid

" � 0.001 Moderate,
positive

Leptin Serum " � 0.001 Weak, positive

IL-1b Synovial
fluid

" � 0.003 Weak, positive

TNF-a Serum " � 0.023 Weak, positive

MCP-1 Serum " � 0.004 Weak, positive

Relations are defined as: r value of 0.00–0.19 as “very weak”; 0.2–0.39 “weak”, 0.40–0.59
“moderate”; 0.60–0.79 “strong”; 0.80–1.0 “very strong” per Evans 1996 [38]; NS Not Significant
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In addition, in the rats on the HFS diet, the gut microbiota were also extensively
altered compared to those on the control chow diet [36]. Interestingly, regarding
joint damage, not all articulating joints were affected the same, with the knees and
shoulders being affected more than the hips [39]. Furthermore, aspects of eye
integrity were found to be altered, with the vitreous humor (VH) and VH cells
(VHC) transformed into a more inflammatory state [40]. As the eye is a local
immune privileged site (discussed in [40, 41]), such changes may lead to, or
contribute to, development of pathology in the eye.

In contrast, when male SD rats were started on the HFS diet at 10–12 weeks of
age and then kept on the diet for 28 weeks, the HFSresistant caught up to the
HFSresponsive animals for all aspects of the obesity and its consequences, including
body mass, fat mass, insulin resistance, skeletal muscle alterations, knee joint
damage, and serum + synovial fluid biomarker alterations [39, 42–44], with the
changes summarized in Table 7.2. In addition, gut microbiota alterations became
stabilized, with increased serum bacterial lipopolysaccharide levels detected [44].

Thus, initially there is detectable heterogeneity in the rate of responsiveness of
male SD rats to the HFS diet, potentially indicating that there may be genetic
variables that contribute to the responsive phenotype, but over time, when the
obesity becomes more chronic, potential genetic factors contributing to resistance
are overcome, either directly by the diet, or indirectly due to the early consequences
of the diet. Thus, based on this experimental design, exposure to the HFS diet for an
extended period of time (12 weeks) in male adult SD rats “sets the stage” for
development of a pattern of pathophysiological consequences leading to fully
developed systemic (T2D, metabolic syndrome) and local (knee joint, bone mar-
row, muscle) impact, and also alterations to the gut microbiota [37]. We have
concluded that skeletal muscles are likely central to the development of the
pathophysiological consequences of the HFS diet (reviewed in [8]). Inflammation
can arise in response to a variety of stimuli, including infectious agents, tissue
injury, autoimmune diseases, and obesity. Some of these responses are acute and
resolve, while others become chronic and exert a sustained impact on the host,
systemically or locally. Obesity is now recognized as a chronic low-grade, systemic
inflammatory state that predisposes to other chronic conditions including metabolic
syndrome (MetS). Although obesity has received considerable attention regarding
its pathophysiological link to chronic cardiovascular conditions and type 2 diabetes,
the musculoskeletal (MSK) complications (i.e., muscle, bone, tendon, and joints)
that result from obesity-associated metabolic disturbances are less frequently
interrogated. As musculoskeletal diseases can lead to the worsening of MetS, this
underscores the imminent need to understand the cause and effect relations between
the two, and the convergence between inflammatory pathways that contribute to
MSK damage. Muscle mass is a key predictor of longevity in older adults, and
obesity-induced sarcopenia is a significant risk factor for adverse health outcomes.
Muscle is highly plastic, undergoes regular remodeling, and is responsible for the
majority of total body glucose utilization, which when impaired leads to insulin
resistance. Furthermore, impaired muscle integrity, defined as persistent muscle
loss, intramuscular lipid accumulation, or connective tissue deposition, is a
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hallmark of metabolic dysfunction. In fact, many common inflammatory pathways
have been implicated in the pathogenesis of the interrelated tissues of the muscu-
loskeletal system (e.g., tendinopathy, osteoporosis, and osteoarthritis). Despite
these similarities, these diseases are rarely evaluated in a comprehensive manner.
The aim of this review is to summarize the common pathways that lead to mus-
culoskeletal damage and disease that result from and contribute to MetS. We
propose the overarching hypothesis that there is a central role for muscle damage
with chronic exposure to an obesity-inducing diet. The inflammatory consequence
of diet and muscle dysregulation can result in altered tissue repair and an imbalance
toward negative adaptation, resulting in regulatory failure and other muscu-
loskeletal tissue damage. The commonalities support the conclusion that muscu-
loskeletal pathology with MetS should be evaluated in a comprehensive and
integrated manner to understand risk for other MSK-related conditions [8],

Table 7.2 Changes in host systems and relationship to knee osteoarthritis damage (Mankin score)
in animals challenged with 28-week HFS diet, adapted from [36]

Analyte Tissue Direction in
DIO versus
chow

DIO-P
versus
DIO-R

P-value Relationship
to Mankin
score

– Body fat " � 0.001 Moderate,
positive

– Body
mass

" � 0.001 NS

Lipopolysaccharide Serum " � 0.008 NS

Lactobacillus spp. Gut
microbiota

# � 0.001 Weak,
negative

Methanobrevibacter
spp.

Gut
microbiota

� � NS Weak,
positive

IL-6 Synovial
fluid

" � 0.05 NS

Leptin Synovial
fluid

" � 0.022 Moderate,
positive

Leptin Serum " " 0.017 Moderate,
positive

IL-1a Synovial
fluid

" " 0.020 Weak,
positive

IL-1b Synovial
fluid

� � NS Weak, NS

TNF-a Synovial
fluid

" � 0.003 NS

TNF-a Serum � � NS NS

MCP-1 Synovial
fluid

" � 0.002 NS

MCP-1 Serum � � NS NS

Relations are defined as: r value of 0.00–0.19 as “very weak”; 0.2–0.39 “weak”, 0.40–0.59
“moderate”; 0.60–0.79 “strong”; 0.80–1.0 “very strong” per Evans 1996 [38]; NS Not Significant
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specifically in the case of subsequent development of musculoskeletal damage.
Thus, timing of assessment for the sequence of pathophysiological events is critical,
particularly if one is trying to identify “transition points” that may be amenable to
reversing the obesity and specific aspects of its consequences through development
of targeted interventions.

Pathophysiology of Short-Term Exposure of Adult SD Rats
to an HFS Diet

Based on the results of the above discussed studies, 12 weeks of exposure to an
HFS diet leads to a number of alterations in both host systems, as well as the gut
microbiota. However, if timing is critical to understanding of the sequence of
events, then it is important to perform short-term studies to determine whether some
of the pathophysiological sequelae occur sequentially (and possibly interact to yield
the ultimate phenotype), or occur in parallel from the initiation of the exposure to
the HFS diet. Therefore, male 10–12 week old SD rats were exposed to the HFS
diet and sacrificed 1, 3, 7, 14, or 28 days after HFS diet initiation [8, 45].

Based on the results obtained, some host responses to the HFS diet could be
detected by 3 days on the diet, while other systems affected by longer term
exposure were not. For some responses, such as the serum biomarker profile
responses detected using a 27-plex protein array and the Luminex platform, there
was detectable but variable responses from day 3 to day 14 which then stabilized
somewhat by day 28. Thus, it would appear that the initial responses of the host are
to respond in a cyclic manner with cycles of being impacted by the dietary insult,
initiation of resistance to the insult, again being impacted by the dietary insult until
some of the resistance mechanisms are overridden and the system finally adapts to
the dietary insult leading to development of obesity and some of its more pro-
nounced sequelae (insulin resistance likely at the level of skeletal muscles [45],
serum biomarker changes indicative of metabolic syndrome, joint damage and
abnormal adipose deposition to name a few) (summarized in Table 7.3).

Another feature that resulted from these short-term studies was that not all
skeletal muscles were affected equally [45]. Specifically, muscles more dependent
on glycolysis (e.g. VL, a predominantly fast twitch-fibred muscle) were affected
early, while the soleus muscle (a predominantly slow twitch-fibred muscle), that is
more dependent on fatty acid metabolism [47], was not affected. Thus, development
of insulin resistance while on the HSF diet, which is reported to involve skeletal
muscles [48], does not appear to affect all muscles equally, and may be dependent
on the type of muscle, and the functioning of the muscles (reviewed in [8]).
Inflammation can arise in response to a variety of stimuli, including infectious
agents, tissue injury, autoimmune diseases, and obesity. Some of these responses
are acute and resolve, while others become chronic and exert a sustained impact on
the host, systemically or locally. Obesity is now recognized as a chronic low-grade,
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systemic inflammatory state that predisposes to other chronic conditions including
metabolic syndrome (MetS). Although obesity has received considerable attention
regarding its pathophysiological link to chronic cardiovascular conditions and type
2 diabetes, the musculoskeletal (MSK) complications (i.e., muscle, bone, tendon,
and joints) that result from obesity-associated metabolic disturbances are less fre-
quently interrogated. As musculoskeletal diseases can lead to the worsening of
MetS, this underscores the imminent need to understand the cause and effect
relations between the two, and the convergence between inflammatory pathways
that contribute to MSK damage. Muscle mass is a key predictor of longevity in
older adults, and obesity-induced sarcopenia is a significant risk factor for adverse
health outcomes. Muscle is highly plastic, undergoes regular remodeling, and is
responsible for the majority of total body glucose utilization, which when impaired
leads to insulin resistance. Furthermore, impaired muscle integrity, defined as
persistent muscle loss, intramuscular lipid accumulation, or connective tissue
deposition, is a hallmark of metabolic dysfunction. In fact, many common
inflammatory pathways have been implicated in the pathogenesis of the interrelated
tissues of the musculoskeletal system (e.g., tendinopathy, osteoporosis, and os-
teoarthritis). Despite these similarities, these diseases are rarely evaluated in a
comprehensive manner. The aim of this review is to summarize the common
pathways that lead to musculoskeletal damage and disease that result from and
contribute to MetS. We propose the overarching hypothesis that there is a central

Table 7.3 Changes in host systems and relationship to body fat in animals challenged with
4-weeks of a HFS diet, adapted from [46]

Analyte Tissue Direction in DIO
versus chow

P-value Relationship to
body fat

– Body
mass

" <0.05 Moderate,
positive

Oil Red O
(Intramuscular lipid)

Vastus
lateralis

" <0.05 Weak, positive

IL-6 Serum " 0.005

Leptin Serum " <0.10

Bacteroides/
Prevotella spp.

Gut
microbiota

# <0.05

Lactobacillus spp. Gut
microbiota

# <0.05

Clostridium cluster I Gut
microbiota

" <0.05

Clostridium cluster
XI

Gut
microbiota

" <0.05

Clostridium cluster
IV

Gut
microbiota

# <0.05

Clostridium cluster
XIV

Gut
microbiota

# <0.05

Relations are defined as in Tables 7.1 and 7.2
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role for muscle damage with chronic exposure to an obesity-inducing diet. The
inflammatory consequence of diet and muscle dysregulation can result in altered
tissue repair and an imbalance toward negative adaptation, resulting in regulatory
failure and other musculoskeletal tissue damage. The commonalities support the
conclusion that musculoskeletal pathology with MetS should be evaluated in a
comprehensive and integrated manner to understand risk for other MSK-related
conditions [8].

Furthermore, it was also clear from these studies that not all animals in these
short-term exposure groups responded to the HFS dietary insult the same, and thus,
there was considerable animal-to-animal variation even though they were all males
of a similar age, had been raised on a similar chow diet prior to the HFS dietary
insult, and were housed under similar conditions. Thus, again, this variation may be
a reflection of some of the genetic heterogeneity in the SD population. Of note,
many of these initial host changes appear to occur in concert with detectable
alterations to the gut microbiota (unpublished observations). For example, tighter
clustering by principal component analysis was observed between gut microbiota
relative abundance with prolonged exposure to HFS [45]. Therefore, there are
complex interactions between the host and gut microbiota, and the roles they are
playing in the development of progress of pathophysiological events in response to
the HFS diet.

While these short-term HFS exposure studies are not comprehensive, it is clear
that to better understand the variables contributing to the obesity phenotypes
observed after longer term exposure (e.g. 12–28 weeks), additional shorter term
studies, such as those of 1, 2, 4, 6, 8 weeks duration may provide further under-
standing of the sequence of events, dysregulation, and tissue damage occurring after
exposure to an obesity-inducing diet. Such understanding may again provide
insights into potential “transition points” that could be sites for targeted interven-
tions to prevent obesity progression, and ultimately enhance reversal.

Targeting Prevention of the Pathophysiological
Consequences of the HFS Obesity-Inducing Diet

Improved understanding of the induction, establishment, and entrenchment of
obesity and its consequences following exposure to a HFS diet will potentially lead
to opportunities to identify points to target with specific interventions. To initiate
such intervention studies, we started with a focus on characterization of interven-
tions that would prevent the development of obesity and its consequences in the SD
model. The first two interventions chosen for study were moderate exercise
(impacting host systems including skeletal muscles J.L. Rios, PhD. Thesis,
University of Calgary, 2019) and a prebiotic (directly impacting the gut microbiota)
previously shown to be effective in both the rat model [23, 24, 49] and human
populations [50, 51]. However, such prebiotics can also potentially impact some
host systems via synthesis and host uptake of short chain fatty acids (e.g. butyrate,
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propionate) that can subsequently impact host systems such as centres in the brain
[52].

Somewhat surprisingly, initiation of moderate exercise, prebiotic treatment, and
exercise + prebiotic treatment, started at the time of HFS initiation with male SD
rats at 10–12 weeks of age for a term of 12 weeks, all lead to a complete prevention
of knee joint damage development in this model [53]. In addition, all treatment
regimens were effective in preventing development of insulin resistance, and other
manifestations of the HFS diet (J. L. Rios, Ph.D. Thesis, University of
Calgary, 2019 [53]). These findings with the exercise protocol are consistent with a
recent report indicating that exercise can prevent some diet-induced changes in a
mouse model [54]. However, that study did not investigate the potential of the
prebiotic or a combination of the interventions.

Thus, at the 12-week time point of feeding the HFS diet, both the dietary
manipulation of gut microbiota and the exercise protocol appear to be impacting the
host equally to prevent development of pathophysiological consequences to the
diet. Based on the short-term studies discussed above, one might have expected that
the exercise protocol, affecting host systems such as skeletal muscle integrity might
have been more effective than the prebiotic, but this was not the case. Therefore, by
12 weeks on the diet, any early differences in the impact of the two interventions
may have become obscured, a conclusion which reinforces the importance of doing
shorter term studies to elucidate important details in the mechanistic progression of
metabolic alterations induced by the HFS diet. Of note, by 12 weeks on the diet the
combination of the two interventions was as effective as each intervention alone,
and thus, they may either share some mechanistic commonalities, their mechanisms
intersect at some common central point, or their mechanisms differ, but there are
multiple pathways to prevent the impact of the HFS diet on host systems and
development of pathophysiology. Again, insights into these options may be elu-
cidated by shorter term studies. Such insights may be critical to enhance effective
translation of the findings to subpopulations of humans with obesity.

Future Directions

The above discussed studies are encouraging regarding the elaboration of improved
understanding of the pathophysiological impact of an HFS diet on male rats, and the
results also provide opportunities to build on the information provided to address
additional questions. These include: (1) Are the effects of the HFS diet similar or
different when female SD are investigated? It is known that regulation of fat and
sugar metabolism in males and females is different [55], as well as predisposition to
the intergenerational transmission of obesity in males compared to females [24], so
this is an important question to address. (2) Are the responses to the diet dependent
on the age of the animals? Thus, are older animals and weanlings affected similarly
as young post-puberty adults? Recent preliminary studies indicate that male SD rats
exposed to the HFS diet as weanlings exhibit a different phenotype than the young
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adults regarding the development of knee joint damage [56], so age at the time of
exposure may play a significant role in pathophysiology development, and exposure
prior to onset of puberty may lead to a unique metabolic set point which could make
reversal more challenging and different from adult onset. (3) Which pathophysio-
logical changes are due to the HF versus the HS components of the diet, and does
the combination (HFS) lead to a more complex phenotypic set of pathophysio-
logical consequences? It is well-known that using both a high fat and high sugar
diet can induce more extreme pro-inflammatory dysregulation when compared to
high-fat diets alone [16]. The HFS diet was chosen to reflect elements of the “fast
food” western diet, and thus is a “worst case” scenario for diet-induced obesity.
Therefore, it will be important to determine whether one can dissect specific ele-
ments of the pathophysiologic sequelae of the diet by separating it into compo-
nents? (4) Can timing of the interventions (i.e. exercise versus prebiotic) after
initiation of the HFS diet exposure lead to an altered phenotypic response pattern in
the rats? Can this response pattern reverse specific elements of metabolic dysreg-
ulation and provide insights into changes occurring in parallel or serially, and which
are more associated with the gut microbiota alterations versus host systems? Since
the two interventions studied thus far are simple, non-invasive and cost-effective, do
they continue to exhibit effectiveness when initiated at various times after the HFS
diet exposure is started, and if they lose their effectiveness differentially and in a
phenotype-specific manner, can that provide additional clues to mechanistic
implications?

Finally, it will be important to evaluate the translatability of effective rat inter-
ventions to human populations/subpopulations with obesity. Exercise and prebi-
otics are two potential candidates as they may not be species-restricted, at least to
the same extent as possible pharmacologic interventions, where species-specific
differences in target molecules preclude or interfere with effective translation.

A number of the above outlined directions to build on what has been learned are
currently in progress in the authors’ laboratories.
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Chapter 8
Immune Modulation and Macrophage
Polarization in the Pathogenesis
of Pancreatic Dysfunction and Obesity

Nuray Yazihan and Sevginur Akdas

Abstract The prevalence of obesity and metabolic syndrome continue to increase
by years and now obesity is a growing public health problem. World Health
Organization (WHO) reports that more than 1.9 billion adults were overweight in
2016, 39% of them obese and 8.5–12.2% of adults aged 18 years and older had
diabetes. Nutritional imbalance (over- or under-nutrition), lifestyles or environ-
mental factors can affect the hemostasis of the body. Hormonal, inflammatory,
oxidative and nutritional status determines the activation of cellular and systemic
pathways in the body. Chronic disturbances of the nutritional status of the body
especially obesity increases the prevalence of chronic non-communicable diseases
(NCD) (WHO Diabetes [1]). Body weight and metabolism are determined by a
complex orchestration of the function of several cells, organs and tissues.
Underlying mechanisms of obesity and insulin resistance are still unknown.
Immune cells within the metabolism related organs also likely contribute to sys-
temic control of glucose, lipid. Increased production of local and systemic
adipokines and cytokines, polarization of macrophages, T helper subtype changes
could contribute to pathologies linking obesity to diabetes, both by decreasing
insulin sensitivity, by compromising b-cell function and disturbing adipose tissue
metabolism and distribution. Recent studies show that oxidative stress, systemic
chronic inflammation or dysregulation of immune system contribute to develop-
ment of NCD. Metabolic syndrome and diabetes have similar pathophysiological
mechanisms with other NCD. For this reason, relevant interventions to modulate
oxidative and inflammatory status of the body will make meaningful improvements
in the mortality and morbidity associated with NCD. Chronic nutrition imbalance
and obesity promote low-grade inflammation. “Metainflammation” is a term used
for chronic inflammation of organs consists of the gastrointestinal system (including
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liver), muscle and adipose tissue. Macrophages are guardians of the tissues. They
regulate immune responses, homeostasis in the different physiological and patho-
logical conditions. Clarification of the underlying mechanisms of chronic inflam-
mation will provide an explanation for mechanisms of obesity and the associated
complications and will supply information for new therapeutic approaches. This
noteworthy perception is allowing us to more assuredly define the role that mac-
rophages involve in health and in obesity and how inflammatory mediators behave
as signaling molecules in this pathway. Additionally, on a molecular level, we are
beginning to figure out how such factors as nutritional, metabolic status, hormonal
changes, lifestyle, genetic and epigenetic factors interrelate and terminate in dif-
ferent phenotypes and characteristics, and which interventions may modulate
immune functions. Therefore, this chapter will review the metabolic regulation of
plasticity of macrophages and role of inflammation and macrophage polarization in
obesity, diabetes and pathogenesis.

Keywords Macrophage polarization � Immunomodulation � Metainflammation �
Obesity � Diabetes mellitus

Macrophage Phenotypes

Macrophages are important components of an organisms microenvironment and it’s
defense against pathogens. They have a wide range of functions in the body’s
homeostasis, defense and regeneration.

Macrophages, whose main functions are phagocytosis, also play a central role in
the natural and acquired immune responses. Mononuclear phagocytes originate
from the bone marrow, circulate in the bloodstream and become active in some
tissues and mature. In addition to monocyte derived macrophages there are spe-
cialized resident macrophages in the tissues. Red pulp and marginal zone macro-
phages in the spleen, microglia in the brain, osteoclasts and peritoneal macrophages
are some of resident macrophages of tissues. Tissue-specific macrophages are
replaced from bone marrow-derived monocytes when needed in different organs.
Macrophages are the main effector cells of the late period of the natural immune
response. They control and limit the inflammation, sustain tissue homeostasis and
promote subsequent repair.

Macrophages exhibit functional plasticity during the many other functions of
tissue homeostasis, such as continuity of the tissue, protection from pathogens,
destruction of harmful substances and waste products and repair of tissue. Plasticity
of macrophage differentiation is necessary to accomplish these divergent activities.
Heterogeneity of macrophages is required for natural immunity, as well as in both
general or specific pathophysiological responses.

Beside its tissue-specific types, it is shown that macrophages have phenotypic
heterogeneity. Adaptation and metabolic programming of macrophage tissue/body
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conditions determines and controls plasticity and differentiation of macrophages
into these subtypes.

Like T helper cells, macrophages also polarize to distinct phenotypes expressing
unique cell surface molecules and secreting discrete sets of cytokines and chemo-
kines. Macrophages classified as M1 (classical) and M2 (alternative) subtypes
which are mainly induced by T helper-1 (Th-1) and Th-2 cells. The classical M1
phenotype supports proinflammatory Th1 responses driven by cytokines such as
TNF, IL-1, IL-6, IL-12 and IL-23, while the alternate M2 phenotype is generally
supportive of anti-inflammatory processes driven by IL-10. Innate immunity or
TLR activation via LPS and IFN-c, involve in M1 polarization. M2 polarization is
usually induced by IL-4 or IL-13. Higher levels of IRF5 expression was shown in
M1 phenotype and important in many autoimmune diseases [2, 3].

The classification of M2 subtype further classified into subsets; M2a, M2b, M2c
and M2d based on the type of stimulation and the subsequent expression of surface
molecules and cytokines. The macrophages in atherosclerotic plaques can be termed
asMox,Mheme,MHb andM4. If any injury or hemorrhage occurs around the plaque,
macrophage subtypes related to hemoglobin and heme become activated. These
macrophages start the repairing mechanism, have significant anti-inflammatory
capacity and decrease foam cell formation. Macrophages found in the hemorrhagic
zones of human atherosclerotic lesions differentiate to Mhb by haemoglobin–hap-
toglobin complexes and to Mheme by haemoxygenase 1 (HO1) and the scavenger
receptor CD163. Mheme have increased levels of cholesterol efflux transporters to
reduce cholesterol storage in macrophages which is important for anti-atherogenic
activity. M1 and M4 macrophages promote, while M2 and Mheme macrophages
counteract foam cell formation, thus having opposite effect on atherosclerosis pro-
gression [2, 4–6].

Cholesterol, LPS and proinflammatory cytokines TNF-a, and IL-1 induce
macrophages to M1 phenotype via TLR4 and NFkb-related inflammatory path-
ways. When macrophages are exposed to oxidized phospholipids, they differentiate
to Mox phenotype. Mox macrophages are regulated by oxidized phospholipids.
Nrf2, HO-1, Txnrd1, and Srxn1 genes regulate their antioxidant properties.
Chemokine CXCL4 or platelet factor 4 induce macrophages to M4 phenotype. M4
macrophages differentiate in response to the chemo-attractant CXCL4, thus
showing pro-inflammatory and pro-atherogenic effects. But the M4 phenotype is
different from others and has the ability to change its phenotype to M1, M2. M4
phenotype is very common in atherosclerotic areas as seen in Fig. 8.1 [2, 4, 5, 7].

Nowadays it is accepted that macrophages have important roles both in induction,
progression and control of inflammation and tissue regeneration. Both M1 and M2
phenotypes take part in these processes. Biomarkers of phenotypes, and specific
biomolecules can be used for diagnosis, as well as for follow up of many diseases.
Time-dependent control of macrophage phenotypes can be the target of the treatment
and new therapeutic interventions can be developed especially in atherosclerosis,
oxidative, inflammatory and hemorrhagic damage [8–10]. Sodhi et al. showed that
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induction of HO-1 is important for attenuation of oxidative damage and lipid
accumulation in hepatocytes through Sirtuin1 (SIRT1) pathway in the
fructose-induced obesity model [11]. Induction of HO-1 by hemin protects high-fat
diet mice from obesity-induced inflammation. Hemin treatment induces M2 phe-
notype macrophage marker genes while it also reduces M1 marker genes. Increased
IL-4, Mrc1 and Clec 10a gene expression whereas decreased JNK, NF-kb, CD274
and TNF-a expressions were also observed. It is reported that induction of HO-1
with hemin may be a useful treatment for adipocyte inflammation. Induction of the
PPARc and STAT6 pathways involved in macrophage modulation by hemin [12].

Phenotypic changes and polarization are under the control of many factors.
Monocyte-driven and resident macrophages show different responses to external
and internal stimuli. Biomolecules secreted from AT have the capacity to change
phenotypes of the macrophages in AT. Osteopontin is an adipokine with
proinflammatory action. Schuch et al. investigated the effects of osteopontin on
bone marrow-derived and AT macrophages in obesity-induced osteopontin defi-
cient (Spp1(−/−)) and wild-type C57BL/6 (WT) mice [13]. They found that Spp1
(−/−) with high-fat diet mice express more M1 and less M2 markers compared to
wild type mice. The cytokine secretion levels of Spp1(−/−) with high-fat diet mice
were found similar to wild type. LPS-induced cytokine responses and phagocytic
activities of human monocyte-derived macrophages and altered M1/M2-related
marker expression were reported in the presence of osteopontin in the medium.

Also, exposure to Th2 cytokines IL-4, IL-13, GM-CSF increases proliferation of
AT macrophages whereas Th1 cytokines inhibit. AT macrophages of obese mice
have increased sensitivity to IL-4 by increased phosphorylation of STAT6. The
researchers found that IL-6 is necessary for IL-4 and IL-13 responses [14].

Fig. 8.1 Subtypes and functions of macrophages
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Control of Macrophage Metabolism

Metabolic regulation and intracellular energy sources are important for the deter-
mination of phenotypic stage of macrophages and functions of immune cells.
Previously it has been shown that M1 macrophages have a more prominent
glycolytic rate whereas M2 macrophages have fatty acid metabolism and oxidative
phosphorylation. Adipose tissue O2 level is important for the regulation of cellular
metabolism. HIF-1 is expressed as a response to hypoxia and metabolic stress.
Boutens et al. showed that glycolytic pathways are activated during metabolic stress
and hypoxia by induction of HIF-1, deletion of HIF-1 did not affect the inflammatory
status, cytokine production and insulin resistance after 8th week of high feed diet, it
is important for controlling of other metabolic properties of macrophages during the
early stages of obesity [15]. They found adipose tissue macrophages of obese mice
and coculture of bone marrow derived macrophages with adipose tissues of obese
mice have more prominent glycolysis and OXPHOS pathways compared to lean
derived adipose tissue macrophages and exposed to lean adipose tissue.

Similar findings were reported by Fujisaka et al. They found that M1 type
macrophages of adipose tissue function as HIF-1 dependent and it is independent in
obese mice. IL-1b, IL-6, Nos2 expressions are under control of hypoxia and HIF-1a
in cultured macrophage cells, but IL-4 and depending on the condition TNF-a and
some other cytokines are not affected by HIF-1 a deficiency [16].

HIF-1a overexpressed Lsl-HIF1 dPA mice are shown to have higher expression
of IL-6, IL-1b, TNF-a, and Cd11cexpression while lower expression of Arg1,
CD206 and Chi313 in peritoneal macrophages. Macrophages of HIF-1a overex-
pressed mice show M1 polarization, which can be seen in Fig. 8.2 [17].

Fig. 8.2 Regulation of macrophage polarization. M: macrophage, IL: interleukin, TNF: tumor
necrotizing factor, IFN: interferon, LPS: lipopolysaccharide, TLR: toll-like receptor, NOS: nitric
acid oxidase synthase, HIF: hypoxia-inducible factor, FFA: free fatty acid

8 Immune Modulation and Macrophage Polarization … 139



Infection or inflammation on the microenvironment decrease tissue oxygen and
nutrients. HIFs are important for the adaptation of cells to deprivation. HIFs activate
a stream of genes that maintain the survival of the cells. Oxygen sensing proteins
and specific inhibitors regulate the HIFs’ activities. Prolyl hydroxylase domain
enzymes (PHD1-3) function as oxygen sensors are activators of HIF-1a and
asparaginyl hydroxylase enzyme factor is an inhibitor of HIF-1a. These two
inducers and inhibitor require Fe2+, ascorbic acid and the tricarboxylic acid
(TCA) cycle intermediary a-ketoglutarate. During hypoxia, HIF-1a activates gly-
colysis that produces lactate and sufficient supply of energy and is what is needed to
the function of innate immune cells [18]. Takeda et al. showed that HIF-1a and
HIF-2 are important for M1 and M2 phenotyping [19]. Both HIF-1a and HIF-2 is
important for T cell functions and metabolism. IL-4 is a strong activator of HIF-2 in
immune cells [20]. Choe et al. reported that HIF-2 is also important for direct
regulation of inflammatory responses in adipose tissue in obese patients [21]. HIF-2
suppresses proinflammatory cytokines and NOS activity that promotes M2 polar-
ization through induction of arginase 1, which can be seen in Fig. 8.2.

Glutamine and a-ketoglutarate are other effective inducers of M1/M2 pheno-
types. Glutaminolysis, increased fatty acid oxidation produce a-ketoglutarate that
induces alternative activation of macrophages via Jmjd3-dependent epigenetic
reprogramming of M2 genes. a-ketoglutarate/succinate ratio controls the M2/M1
ratio. Succinate synthesized from glutamine-dependent anerplerosic reactions of
TCA and c-aminobutyric acid shunt. Glutamine promotes polarization of M1
macrophage. In many pathological conditions such as diabetic and cancer, patients
have impaired glutamine metabolism and M2 polarization [22, 23].

Pancreas and Immune System

Innate lymphoid cells, resident macrophages and immune cells from bone marrow
with dendritic cells are especially found in all tissues. Resident immune cells are
important for self-defence and homeostasis of the tissues. Similarly, host or resident
immune cells originated from the embryonic liver and then from bone marrow. The
functional and steady state of pancreatic macrophages in different pathological
conditions define the fates of the diseases. Calderon et al. evaluated the embryonic
source of the resident macrophages in pancreatic islets and in the inter-acinarstroma
[24]. They found IL-1b and TNF-a expressed macrophages originated from
hematopoiesis and myeloid source. Steady-state macrophages of pancreatic islets
are shown as M1 type. They found that over 98% of CD45 islet resident macro-
phages express CD11c, MHC-II, F4/80, CD11b, CD64, lysozyme, CX3CR1, and
CD68 without mannose receptor 1 (Mrc1; CD206) and macrophage galactose-type
C-type lectin (Mgl1/2; CD301).

The functional difference of pancreas as exocrine (acinar glands) and endocrine
(islet) glands is due to a distinct contact with bloodstream and digestive system and
are the main determinants of the self-defense system of the pancreatic tissue.
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Different results related with the immune system of the pancreas are reported from
different research groups. Ferris et al. (2017) showed that resident immune cells of
the pancreas are on the proinflammatory state with M1 macrophage phenotype
predominance. These cells function as a barrier for the pancreas. The interaction
between resident macrophages and antigen presenting cells is one of the main
starting points of autoimmunity in the gland. CD103(+) dendritic cells together with
CD8(+) cells are regulated by Batf3 transcription factor [25].

Now it is known that resident macrophages have important roles in the patho-
genesis of nutritional pancreatic dysfunction. A short term, high fat diet induces
macrophage infiltration and islet cell proliferation without inducing insulin resis-
tance. Islet cells are the main target of autoimmune reactions in the diabetes.
Immune cells around the islet cells can regulate insulin secretion [26, 27].
Torres-Castro et al. showed that augmented inflammation via M1 pathway in
human monocyte cell culture model that higher levels of CD11c and lower CD206
expression in hyperglycemic conditions which is shown previously in obese
patients [28].

Inhibition of proinflammatory cytokine production from pancreatic islets pre-
vents diabetic nephropathy and other complications. It is shown that cannabinoid-1
receptor (CB1R) activation takes part in islet inflammation and deletion of CB1R
prevents islet cell damage, decrease IL-b TNF-a, CCL2, and interferon regulatory
factor (IRF5) induced proinflammatory signaling in macrophages invaded pancre-
atic islets. Knockdown of IRF5 prevents genetically diabetic rats from pancreatic
islet loss [29].

Moganti et al. showed that hyperglycemia induces a mixture of M1 and M2
related cytokine responses. Following an acute TNF-a secretion, IL-1b and IL-1Ra
activation continue. M2 macrophages express a lower level of CCL18 but still have
significant markers of M2 [30].

There are inconsistencies in the status of macrophages in diabetic pathogenesis.
Cucak et al. reported that most of the immune cells of the pancreatic islet are
islet-derived macrophage subsets expressed moderate MHC-II, high galectin-3, and
low CD80/CD86 levels rather than antigen presenting cells [31]. After the early
stages of diabetes development M1 polarization then changes to M2 phenotype and
profibrotic characters added to proinflammation.

Targeting of inflammation started to get attention in both type I and II diabetes.
The alterations in the metabolism of arachidonic acid and lipoxygenase
(LO) pathways are shown previously in the pathogenesis of diabetic complications.
12-LO is most common form of lipoxygenases in pancreas and transform
polyunsaturated fatty acids into different types of eicosanoids, such as leukotrienes.
Deletion of 12-LO shown to intercept occurrence of hyperglycemia in high fat diet
and streptozotocin induced diabetes models. Anti-inflammatory applications against
specific proinflammatory molecules can be successful in the management of type 2
diabetes [32, 33].

One of the most common anti-diabetic agents, metformin, has been shown to be
effective for control of chronic inflammatory status of obesity via modulation of
macrophage polarization to M2 phenotype by AMPK pathway [34].
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Obesity and Macrophages

Obesity is the first stage of metabolic syndrome and type II diabetes formation.
With increasing infiltration of proinflammatory immune cells into adipose tissue,
low-grade chronic inflammation starts. Crosstalk between innate and alternative
immunity determines the fate of the insulin response and resistance balance. The
control and status of the inflammation differ in the lean and obese state of adipose
tissue (AT). The balance of lipogenesis and lipolysis is under the control of the
hormonal status of the body, which is also linked to adipokines of the AT.
Eosinophils, mast cells, innate and adaptive type lymphoid cells, and mainly adi-
pose tissue macrophages (ATMs) are the principal and most common immune cell
population in the AT, especially in obesity. With the activation of M2 phenotype;
Th2 related cytokines IL-4, IL-5, IL-13, IL-17 and IL-33 become more prominent
[35, 36].

Adipose tissue (AT) can be classified as white, beige and brown according to
their physical appearance and function. AT is an active organ of the body responses
to metabolic changes of the body and environmental stress conditions. Excess
energy deposits in AT and thermogenesis starts for adaptation to cold. It behaves as
an endocrine organ with a capacity to regulate metabolic homeostasis and secretion
of bioactive molecules. Sensitivity to hormones and body location, the phenotype
of AT is a determining factor of regulation of adipokine secretion, adipocyte for-
mation and meta-inflammation formation [37]. White adipose tissue is found sub-
cutaneous or viscerally with a large uniocular shape, it functions as lipid deposition.
WAT responds to hormonal stimuli as well as to insulin. Brown adipose tissue [38]
is multi-ocular and functions as a heat producer. The balance between white and
brown AT is important for metabolic consumption of fat tissue.

It is reported that cold stimulation starts the crosstalk between brain and fat
tissue. Brown adipose tissue [38] is the main actor for the cold response and control
of heat production, adaptation to thermogenesis and energy production in the
mitochondria. Glycolytic pathways and lipolysis start with uncoupling protein-1
(UCP-1) and catecholamines secreted because of meta-inflammation [39, 40].
Fischer et al. reported that there was no catecholamine secretion, from adipose
tissue [41]. Rajasekaran et al. showed that monocyte chemoattractant protein-1
(MCP-1) is important for M2 polarization and switching of WAT cells to BAT and
promoting energy expenditure [42].

Neurotransmitters are important for regulation of lipogenesis and lipolysis bal-
ance. Within the calcitonin gene family, bioactive peptide adrenomedullin 2
expression level is found to be inversely correlated with weight gain.
Adrenomedullin 2 promotes the genesis of white adipose tissue and also increases
thermogenesis in brown adipose tissue via activation of M2 macrophages.
Adrenergic stimulation induces prolactin expression on THP-1 monocytes which
has been shown to induce lipogenesis and M1 polarization [43, 44].

Controversial studies are presented on the subject of macrophage polarization
and obesity. Hu et al. reported that inhibition of arginase one of the M2 phenotype
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marker controls macrophage activation and infiltration to adipose tissue in high-fat
diet (HFD) induced obesity model [45]. N(x)-hydroxy-nor-l-arginine inhibitor
nor-NOHA decreased proinflammatory cytokines chemoattractant protein-1
(MCP-1), TNF-a, and IL-6 and increased the anti-inflammatory cytokine IL-10
in co-cultured 3T3-L1 adipocytes and RAW 264.7 [46].

Increasing body mass and obesity results in cardiovascular complications in
patients. Sex, age, body mass index, smoking and serum lipid levels are risk factors
of cardiovascular diseases. Inflammation of AT was found correlated only with
subcutaneous inflammation that was determined by the differences of markers of
phagocytic pro-inflammatory (CD14+ CD16+ CD36high), anti-inflammatory (CD14+

CD16− CD163+) and transitional subsets of macrophages [47].
Nitric oxide (NO) is one of the main pathways in polarization of macrophages,

decreasing insulin resistance and related inflammation. Arginase takes part both in
M1 and M2 phenotypes. Inducible NO synthase (iNOS) is more prominent in M1,
endothelial NO synthase (eNOS) in M2 type. eNOS protects hepatic structures
against high fat-induced liver damage. Nitrate increases fatty acid b-oxidation in
adipocytes by increasing oxygen consumption. Series of transcriptional and pro-
teomic analyses showed that dietary nitrate can modulate mitochondrial functions,
increases the expression of thermogenic genes in brown adipose tissue. Nitrate
activates conversion of WAT to BAT by inducing expression of BAT-specific gene
expression in WAT. In a type 2 diabetic rat model it is shown that long term
(3 months) sodium nitrite (50 mg/L) in drinking water administration increases
adipose tissue NO and GMP levels. Sodium nitrite is protective against type 2
diabetes mellitus by converting WAT cells to beige/brite cells which have
antiobesity and antidiabetic capacity [48–51].

Diabetes and Inflammation

Diabetes mellitus is defined as “a chronic, metabolic disease characterized by
elevated levels of blood glucose (or blood sugar), which leads over time to serious
damage to the heart, blood vessels, eyes, kidneys, and nerves” [1].

Long term dysregulation of metabolism disturbs immune cell functions and
immune cell distribution. CD8+ effector T cells are the main actors of adipose tissue
inflammation. Subsets of CD4+ helper cells, T regulatory (Treg) cells are usually
reduced in obese adipose tissue that can secrete inhibitory cytokines. The prolif-
eration of adipose cells increases the stress and oxygen need of the adipose tissue.
Immune system dysfunction occurs in pancreatic islets, spleen, liver, adipose tissue
and all over the body. Lymphocytes, neutrophils, monocyte/macrophages, resident
immune cells and mast cells are actors of the chronic low-level inflammation in all
effected tissues.

The innate immune response is the first line of self-defense against internal and
external stimuli. Increased diabetic stress is due to metabolic disturbances such as
hyperglycemia, hyperlipidemia, advanced end-stage glycosylation products (AGEs)
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and oxidative stress activates macrophages. M1-type innate immune response starts
in the early stages. Increased production of cytokines and chemokines, comple-
ments, oxLDL, AGEs and end products of cellular damage promote further
inflammation. M1/M2 immunomodulation and mast cell involvement regulate the
progress of the problem. Especially in renal damage, immune system modulation is
the chief of the complex orchestra. In diabetic kidney, AGEs, ROS and oxLDL in
the circulation activate cytokines, chemokines and complement systems. Invading
of neutrophils and mast cells in the glomerulus, tubular and mesangial areas
increase damage leading to fibrosis and loss of renal function.

Mast cells are accepted as one of the MASTer of the inflammation in many
cases. Mast cells are fascinating cells, they take the names from their rich content
“Mastzellen”, meaning “well-fed cells” in 1877. We know that mast cells are
heterogeneous cells with divergent functions. They originate from bone marrow
CD34+ , CD117+ stem cells and complete maturation in tissues. Due to having a
variety of components, they have diversified effects on various physiological and
pathological conditions. Similar to resident macrophages, they act as sentinels of
the microvilli and modulates the inflammation, damage and repair processes [52,
53]. The mast cell stabilizers used in allergic reactions are found to be effective in
high-fat diet induced obesity and diabetes in mice [54]. Mast cell regulation can be
used as a supplementary treatment for diabetes and obesity. Inhibition of mast
cell-related cytokines is effective for prevention of body weight gain, correction of
glucose intolerance, insulin resistance [55]. Atopic lesions, allergic reactions are
related with mast cell and Th2 cell activation. These cells activate alternative
responses or M2 polarization of macrophages [56].

Complement system mediators especially C3a and C5a, behave as a
proinflammatory and chemotactic factor for immune cells. Recent studies focused
on the role of complement activation in the pathogenesis of diabetes and related
complications. It is well known that C3a activation is related with disturbed glucose
and lipid metabolism and leads to diabetic nephropathy and vascular complications
[57–60].

Similar to C3a, C5a is critical for the development of insulin resistance.
Increased expression of C5a is shown in adipose tissue of obese rats compared to
lean ones. Deficiency of C5a and C5aR protect diabetic complications in high-fat
diet fed mice by decreasing M1 polarization [61]. Acylation stimulating protein
(ASP/C3adesArg) treatment increases the colocalization of C5aR and C5L2 as a
homo/heterodimer structure that increases their contribution to metabolic pathways.
Deletion of C5aR decreases cytokine production, triglyceride synthesis and IRS1
expressions in adipose tissue [62].

The results of the studies on the effect of C5a to macrophage polarization could
show difference in different disease models. C5a is important for salt-induced
hypertensive vascular pathologies. C5a plays a critical role in DOCA-salt-induced
vascular injury by stimulating macrophage polarization toward a proinflammatory
M1 phenotype in perivascular adipose tissue [63]. But in a tumor model, C5a acts
as M2-like phenotype in tumor-associated stroma and is accepted as a potential
novel marker for cancer prognosis [64].
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Chronic low-level inflammation influences organ systems, and macro and
microvascular complications occur in the whole body. Nephropathy, different types
of neuropathies, retinopathy, peripheral and central nervous system disorders,
cardiomyopathy, and immunological disorders initiated and progress during dia-
betes. Diabetic nephropathy is one of the most common and early complications of
diabetes. Approximately 10–40% or up to 75% of patients with type 1 diabetes and
almost 30–40% of type 2 diabetic patients have renal complications and diabetic
nephropathy is a most common cause of the end-stage kidney diseases worldwide.
Diabetic nephropathy is a microvascular disorder with glomerular and tubular basal
membrane thickening, extracellular matrix disturbances, glomerular sclerosis,
tubule-interstitial fibrosis and inflammation. Glomerular and tubular dysfunctions
occur in diabetic patients. The degree of glomerular damage correlated with blood
glucose perturbances, the level of metabolic changes. Glomerular hypertrophy,
glomerulosclerosis, and tubulointerstitial inflammation and fibrosis are the most
common findings in diabetic nephropathy. New biomarkers for diagnosis and
prognosis, and new therapies or therapeutic agents are needed to decrease high risk
of diabetic renal damage. Protein kinase A, B, C, tyrosine kinase, JAK/STAT; Nfkb
are main intracellular pathways that regulate cellular disturbances and responses to
hyperglycemia [65, 66]. Podocyte damage was found to be correlated with mac-
rophage infiltration, M1 polarization, TNF-a secretion and p38MPAK activation in
podocytes of streptozocin induced diabetic rats [22].

Given that diabetes is an important component of metabolic syndrome, macro-
phage polarization and immune response may also have a role in metabolic syn-
drome. In our unpublished results, when the inflammatory response in different
tissues was examined in adult rats with sucrose-induced metabolic syndrome, we
found that IL-6, TNF-a and IL-10 cytokines levels increased significantly in the
liver, kidney and adipose tissues. In heart and pancreas tissue, IL-6 and IL-10
responses were more prominent, whereas IL-6 and TNF-a levels were significant in
vascular tissue. Zinc and copper levels in the tissues were also evaluated and they
were found to have different correlations with inflammatory markers in each of the
liver, kidney, pancreas, heart and adipose tissues. The correlations between trace
element levels and inflammatory markers examined in the study have been shown to
be effective in the metabolic-inflammatory process [67]. Furthermore, we examined
age-dependent changes of macrophage polarization in the age-related spontaneous
metabolic syndrome. It is known that the physiopathology of the age-related
development of metabolic syndrome is different from that of excessive energy
intake-related metabolic syndrome. Inflammatory response with TNF-a, IL-2, IL-4,
IL-6 and IL-10 levels and macrophage polarization were investigated in liver,
pancreas, kidney, spleen tissues of healthy young, old MetS (−) and old MetS (+)
rats in our study. We obtained tissue dependent different changes of cytokines in
each group. According to our unpublished data, TNF-a, IL-6 and IL-10 levels
significantly increased with aging in liver tissue while IL-4 levels decreased, espe-
cially in liver and kidney tissues of aged MetS (+) group. In the MetS (+) group, we
found a correlated increased level of IL-10 with proinflammatory cytokines in liver
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and kidney. IL-2 levels were increased in pancreas tissue with aging compared to
MetS (−) and MetS (+). Similar to sucrose induced metabolic syndrome, zinc and
copper are important trace elements in control of glucose hemostasis and cytokine
responses [68]. Our results showed that depression of IL-4, increased TNF-a, IL-6,
IL-2 levels triggers M1 type polarization and inflammation in tissues and unbalanced
distribution of zinc and copper in the body could be one of the underlying mecha-
nisms of diabetes in elderly people.

Non-alcoholic Fatty Liver and Macrophages

Liver macrophages, mainly kupffer cells constitute 80–90% of the tissue
macrophages present in the body and expected most of the macrophages located in
the liver. These cells constitute approximately 20–25% of all liver cells. These cells
settle along with the sinusoidal space and play a role in the regulation of physiological
homeostasis [69, 70]. Liver macrophages also play a protective role against liver
damage and promote regeneration and fibrosis in cholestatic liver damage. The liver is
exposed to toxic substances, microbial products and structures, cell and metabolism
products due to anatomical structure and physiological functions. Therefore, there
must be a strong immune system organization. Specialized macrophages of the liver
play an important role not only in liver diseases but also in systemic immune response.

Abnormal accumulation of lipid is the first and reversible stage of nonalcoholic
fatty liver. Alterations on transport, storage and metabolism of lipids within liver
lead the pathogenesis of liver disease. Fatty acid binding protein 5 (FABP5) was
shown that was highly expressed in macrophages and had a role in the hepatic
inflammatory response to LPS induction in FABP5 knockout mice. FABP5 defi-
ciency enhanced the hepatic F4/80(+) macrophage levels and prevented the liver
damage. Also, FABP5 knockout mice had higher mRNA levels of Il-10, arginase,
YM-1 and Fizz-1 which are known as anti-inflammatory cytokines and resembles
M2 type macrophages [71].

In progressive hepatosteatosis process, we could see the effects of adipose tissue
macrophages, particularly in the visceral adipocytes, on disease development and
insulin resistance besides the effects of polarization of liver macrophages, especially
pro-inflammatory phenotype. It is known that endotoxins, bacteria, intestinal per-
meability and factors released from damaged heptocytes, microbiota profiles and
components such as free fatty acids, cholesterol and certain metabolites have an
effect on macrophage polarization and activation [72].

There were identified different immunologic pathways on disease pathogenesis
and macrophage differentiation. It was mentioned the potential central switch of
macrophage polarization was controlled by IL-4 receptor alpha (IL-4Ra). The role
of IL-4Ra was investigated with general IL-4Ra−/− and macrophage-specific
IL-4Ra−/− mice. Monocyte infiltration and hepatic fibrosis were suppressed in each
study group. Macrophage-specific IL-4Ra−/− was silenced and delayed recovery of
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fibrosis. This mechanism is thought to be related to the loss of M2 macrophages, the
source of MMP-12 [73]. The autophagy-specific substrate p62 as a marker of
autophagic dysfunction was aggregated in approximately 88% of NAFLD speci-
mens obtained with liver biopsy from NAFLD patients and caused increases in the
number of CD11c-positive cells which identifies M1 [74]. On the other hand, CD44
role was evaluated with CD44−/− mice fed with a methionine-choline-deficient diet
and samples from obese patients. It was shown that CD44 was significantly
upregulated in obese NASH patients. However, in the animal model, CD44 defi-
ciency stimulated the M2 polarization and significantly decreased the LPS induced
macrophage activation and hepatocyte damage [75]. In the study of Krenkel et al.
monocyte infiltration in NASH models was inhibited with an oral dual chemokine
receptor CCR2/CCR5 antagonist and it efficiently ameliorated insulin resistance,
inflammation in hepatocytes, and hepatic-fibrosis [76].

Endoplasmic reticulum (ER) stress of hepatocytes was mentioned as highly
associated with fatty liver disease. Yang et al. lightened the underlying mechanism
with inositol-requiring enzyme 1 a (IRE1a) [77]. ER stress-activated Kupffer cells
secreted more pro-inflammatory cytokines to induce M1-phenotype in the fatty liver
which resulted in severe ischemia and reperfusion injury and reactive oxygen species.
Also, the reverse effect was possible with knock-down of IRE1a by regulating the
STAT1 and STAT6 pathway of macrophage to decrease M1 and increase M2 types.
Modifying the polarization of resident and recruited macrophage/Kupffer cells were
found as new insights in NAFLD and the different micronutrients and antioxidants
were seen as new therapeutic agents with their underlying molecular mechanisms in
the development of NAFLD, with macrophage cell polarization in the liver, and
damaged hepatocytes [78]. In atherosclerotic study model of Shibata et al., a
significant elevation was seen in Cd163 levels as an M2 macrophage marker in
atherosclerosis developed Apoe−/− mice fed with 0.4% mangosteen extracts com-
pared to control group [38]. The main changes were lower total cholesterol and
triglycerides, decreased hepatic HMG-CoA synthase and fatty acid transporter and an
increase in IL-13 levels. The role of p38 mitogen activation on non-alcoholic
steatohepatitis (NASH) was investigated through macrophage polarization with the
macrophage-specific p38 knock out mice (p38aDMU). p38aDMU mice displayed less
severe steatohepatitis, inflammatory damage and insulin resistance than wild type
mice in response to a high-fat high cholesterol diet or methionine-choline-deficient
diet. The underlying mechanism was macrophage p38 induction of pro-inflammatory
factors such as CXCL2, IL-1b, CXCL10 and IL-6. However, p38aDMU mice showed
M2 anti-inflammatory polarization in liver as demonstrated by increased CD45+, F4/
80+, CD11b+, CD206+ M2 macrophages and increased arginase activity.
Furthermore, the same study results showed that there was regulation of p38 in NASH
patients’ liver tissues [79]. Handa et al. indicated that iron may lead to steatohepatitis
and fibrogenesis by increasing M1/M2 ratio and inflammatory markers as CCL2,
CD14, iNOS, IL-1b, IL-6, TNF-a [80]. They also showed that iron overload
decreased M2 markers; arginase-1, Mgl-1, and M2-specific transcriptional regulator,
KLF4which can be returned by iron chelators. In recent years, curcumin becomes one
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of the well-known anti-oxidant components of obesity and related diseases. The data
showed that curcumin also affects macrophage polarization and infiltration. When
mice with NASH were treated with tetrahydrocurcumin, inflammatory macrophage
infiltration and polarization were found to be decreased in adipose tissue and there
were markedly alleviation on steatosis by 28–37% due to the decreasing of lipoge-
nesis, the increasing of AMP-activated protein kinase (AMPK), and the elevation of
oxidated fatty acids [81].
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Part III
Neurological and Visceral Complications

Due to Obesity



Chapter 9
Association Between Obesity and Poor
Sleep: A Review of Epidemiological
Evidence

Yaqoot Fatima, Abdullah Al Mamun and Timothy Skinner

Abstract Sleep is a multifaceted biological process linked with biochemical
pathways of growth, maturation, and energy homeostasis. Due to the growing
complaints of poor sleep in the general population, there has been a significant
increase in sleep research aiming to identify the determinants of poor sleep. This
review aims to explore the current state of the knowledge on obesity-sleep asso-
ciation and evaluate the role of weight loss in sleep improvement and vice versa.
Current evidence suggests three directions of association between obesity and sleep:
obesity leading to poor sleep, poor sleep leading to obesity and co-occurrence of
obesity and poor sleep. People with obesity often report poor sleep, and obstructive
sleep apnoea (OSA), and poor sleepers are often overweight or obese. Weight gain
is not only associated with poor sleep and OSA prevalence but also affects the
severity of OSA. Poor sleep, specifically OSA, affects metabolic hormones and
influence behavioural pathways favouring unhealthy lifestyle leading to further
worsening of obesity. Weight loss has shown potential in improving the quality of
sleep, reducing OSA severity and decreasing metabolic abnormalities related to
obesity. However, weight management is yet to be established as a clinical inter-
vention with a long-lasting effect in improving sleep. Evidence also suggests that
improvement in sleep quality lowers the odds of future obesity. Despite, the
growing evidence base, the current literature has methodological limitations and
fails to establish a causal link between obesity and poor sleep. Nonetheless, it is
prudent to advise that weight management should be an important component of the
clinical management plans for improving sleep.
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Weight loss � Behavioural interventions � Sleep hygiene

Introduction

Sleep is a fundamental component of the biological and environmental mix that
shapes the overall health and development of human beings [1, 2]. Considering that
we spent a third of our lives sleeping, and essential purpose of sleep is to refresh the
mind and repair the body, it is not surprising that deviations from healthy sleep lead
to poor health [3, 4]. Anecdotal evidence on the needs and benefits of healthy sleep
is supported by the growing epidemiological evidence highlighting a link between
poor sleep and medical and psychological issues, e.g., hypertension, diabetes, de-
pression and cardio-metabolic problems [5].

There has been a rather significant increase in the prevalence of short sleep and
sleep disorders in concurrence with the obesity epidemic [6]. Recent studies indi-
cate an upwards trend in poor sleep in the general population with nearly 30%
prevalence of insomnia and around 38% prevalence of sleep disorders such as sleep
apnoea [7, 8]. The concurrent rise in obesity and poor sleep led many researchers to
investigate whether there is a link between obesity and poor sleep. Although there is
still a lack of conclusive evidence to disentangle cause and effect, nonetheless,
growing epidemiological and experimental evidence indicates entrainment of a
vicious cycle of obesity and poor sleep [9]. Essentially, it means that people with
obesity have further increased the risk of obesity and associated cardiovascular
problems due to the lack of healthy sleep. And likewise, people with poor sleep
have further aggravated the risk of impaired sleep due to consequent obesity [10].
Understandably, people with concurrent obesity and poor sleep will have further
increased the risk of poor health outcomes.

Unfortunately, the bulk of the preliminary literature on obesity and sleep asso-
ciation is based on subjective sleep reports, and hence the evidence is marred with
bias, often leading to under-reporting of poor sleep [11]. Nonetheless, the
advancement in objective measures for sleep assessment, e.g., actigraphy and
polysomnography, make it easier to reliably study the aetiology and subtypes of
poor sleep as well as evaluate appropriate behavioural interventions for sleep
improvement.

In the past decade, there have been considerable increases in the number of
studies exploring the association between obesity and sleep. Due to methodological
differences across the studies, there are variations in reported effect sizes and the
direction of the association. That in turn, hinders the application of research evi-
dence for clinical decision making. This review aims to evaluate the current state of
knowledge and to produce high-level evidence on the bi-directional and concurrent
association between obesity and sleep. We’ll also highlight limitations of the
existing literature so that future research is directed at the literature gaps to further
extend the knowledge in this area.
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Obesity and Poor Sleep: Evidence from Epidemiological
Studies

Poor sleep is highly comorbid with obesity as 20–70% of obese individuals are
reported to have impaired sleep [9]. Although the consequent outcomes may vary
from seemingly harmless problems including trouble sleeping, to far more severe
disorders, such as obstructive sleep apnoea (OSA) and restless leg syndrome,
nonetheless evidence suggests that obesity and being overweight significantly
influence sleep quality [12].

Amongst the various dimensions of sleep, the literature on obesity and comorbid
poor sleep has primarily focused on obesity and OSA, with only a few studies
exploring the impact of obesity on short sleep and insomnia. Preliminary
cross-sectional studies reported a negative linear association between obesity and
short sleep in adults [13]. The evidence from prospective studies further confirmed
the initial findings where participants with obesity were found to have a shorter
duration of sleep, higher rates of subjective sleep disturbances (47.4 vs. 25.5%;
P < 0.01) than their counterparts [14]. Some studies also report that people with
obesity have high rates of poor sleep quality and daytime sleepiness due to inad-
equate nighttime sleep [15].

Although the evidence is limited, the association between obesity and short sleep
is reported to be mediated through sleep disturbances and emotional stress [14]. It is
postulated that individuals with obesity, who are struggling with poor sleep are
psychosocially stressed and have higher odds of engaging in unhealthy behaviours,
including the consumption of energy-rich comfort foods that further increase the
burden of obesity and associated co-morbidities [16].

Intriguingly, a recent meta-analysis on the role of obesity in insomnia and
reported a non-significant difference in the odds of having insomnia in people with
obesity compared with those with normal weight [9]. However, it is worth men-
tioning that there was significant variation in effect size distribution across the
studies. The inconsistencies in the findings may be primarily due to the subjective
nature of sleep assessments and the differences in defining insomnia across studies.
Therefore, to confirm the impact of obesity on sleep quality, further research util-
ising objective or validated subjective tools is warranted.

Obesity and Obstructive Sleep Apnoea (OSA)

OSA, characterised by frequent episodes of complete (apnoea) or partial closure
(hypopnea) of the pharyngeal airway, is manifested as disordered breathing during
sleep [17]. The ensuing reduction in the airflow leads to gas exchange derangement,
fall in the blood oxygen levels, and sleep fragmentation [18]. While the short
term implications of OSA are poor sleep, fatigue and daytime dysfunction [19],
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chronic OSA is a strong predictor of cardio-metabolic problems, depression, and
stroke [20].

In adult populations, OSA prevalence without excessive daytime sleepiness
varies between 9 and 38% [7]. Whereas OSA prevalence with accompanying
daytime sleepiness varies between 3 and 7% [18]. In the paediatric population,
although OSA is relatively less prevalent (1–10%) [21], it significantly affects
daytime learning, behaviour [22] and leads to serious complications, including
neuromuscular disease, and craniofacial abnormalities [23]. The emerging research
also highlights a despairingly high percentage of up to 80% percent of undiagnosed
cases of moderate or severe OSA in the general population [12], underlining that
the community and healthcare of burden of OSA are even higher than reported in
the literature [24].

The upward increase in OSA prevalence has given rise to large scale population
studies aiming to identify risk factors associated with OSA so that early screening
and management could be instituted. Amongst the various risk factors, obesity
emerges as one of the most influential risk factor associated with OSA [25]. Several
studies have consistently demonstrated a strong link between higher body weight
and increased likelihood of developing OSA [26]. The prevalence of OSA is twice
as high in people with obesity than their counterparts [27]. Therefore, it is not
surprising that about 60% of moderate to severe OSA is attributable to obesity [28].

In addition to cross-sectional studies, evidence from some of the prospective
cohort studies also indicate a strong influence of obesity in the development of
OSA. A prospective cohort study conducted by Peppard et al. reported that in
patients with mild OSA, 10% gain of the baseline weight leads to a
sixfold-increased risk of in the odds of developing moderate-to-severe OSA [29].
The link between obesity and OSA is also seen to be present in the paediatric
population as children with obesity are found to have about 40% higher odds of
OSA than children with healthy weight [30].

In addition to affecting OSA prevalence, weight gain is also seen to influence the
severity of OSA strongly. It is reported that fat deposition in the tissues surrounding
the upper airway leads to increased collapsibility of the upper airway, leading to
further progression of OSA progression [31]. The findings of large multicentre
cohort studies such as the Sleep Heart Health study provides conclusive evidence
that even relatively small gains in body weight are associated with worsening of
sleep apnoea [32].

Weight Loss to Improve the Quality of Sleep and OSA
Symptoms

Many studies have evaluated the effectiveness of weight loss achieved by beha-
vioural, pharmacological, and surgical approaches in improving the quality of sleep
and management of OSA in obese patients [33, 34]. The effectivity of weight
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management in improving sleep quality and duration is not explored as extensively
as in the treatment of OSA. Besides the bulk of evidence is based on behavioural
interventions for weight loss [35]. Nonetheless, the existing evidence consistently
suggests that weight reduction seems to help in improving overall sleep [36].

Observational studies conducted by Verhoeff et al. and Steinberg et al. suggested
that about 10% loss of baseline weight loss helps in improving the quality and about
24 min increase in the duration of sleep [37, 38]. Similar improvement in sleep
quality was reported by Chaput et al. with a 5% reduction in initial weight [36].
Findings of some randomised controlled trials (RCT) also confirmed the results of
observational studies. An RCT of behavioural weight loss intervention
(POWER-UP trial) in a primary care setting, reported significant improvement in
sleep duration in participants who had lost � 5% of their baseline body weight [39].

Unfortunately, the positive effect of weight loss on sleep quality and sleep
duration are not seen to be sustained in the long term, and many of the effects did
not persist beyond six months post intervention [39]. It is also important to note that
there have been studies where no significant difference in sleep quality was found
between the control and intervention groups [40].

Compared with the effectivity of weight loss in improving the quality of sleep
the evidence on weight loss in OSA intervention is stronger, and lifestyle modifi-
cation to achieve a healthy weight are often recommended for OSA management
[33]. Many studies reported that a reduction from baseline weight leads to dramatic
improvements in self-reporting of frequent apnoea, snoring, and daytime sleepiness
[41].

A meta-analysis found that weight reduction programs are significantly effective
in reducing the severity of OSA, i.e., a decrease in apnoea-hypopnea index
(AHI) [−6.04 events/h, 95% confidence interval (CI) −11.18, −0.9] [34]. The
benefit of weight loss on the severity of OSA is further confirmed by reviews
evaluating bariatric surgery outcomes [42]. The effectiveness of weight loss in OSA
management is reported to be dependent on the severity of the underlying OSA at
diagnosis. In patients with mild-to-moderate OSA, about 10% reduction of the
baseline weight frequently leads to symptomatic and metabolic improvements [26].

Intriguingly, in the long-term, the positive effect of weight loss on OSA pro-
gression is found to be much less compared to the negative effect of the same
amount of weight gain [32]. However, it is important to note that weight loss alone
is not sufficient normalise OSA and is only ‘cured’ (AHI <5 events/h) in a small
number of patients [43]. Nonetheless, the improvement is OSA severity, and a
potential role in mitigating cardio-metabolic outcomes strongly support weight
management as an adjunct to pharmacological or surgical interventions.
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Poor Sleep and Consequent Obesity: Evidence
from Epidemiological Studies and Experimental Studies

Evidence from cross-sectional as well as longitudinal studies has provided strong
evidence on the relationship between sleep duration and obesity risk in children,
adolescents and adults [44]. Several systematic reviews and meta-analyses have
tried to pool the evidence on sleep duration-obesity link and consistently report an
inverse link between sleep duration and obesity [45, 46]. A recent meta-analysis
reported a dose-response relationship between hours of sleep and body mass index
(BMI) such that for each additional hour of sleep BMI decreases by 0.35 kg/m2

[47]. Evidence from further population studies reported a U-shaped curvilinear
association between sleep duration and BMI, suggesting that long duration of sleep
is also associated with higher risk of obesity (RR: 1.04; 95% CI: 1.00–1.09) [48].
Therefore, suggesting that a regular good night’s sleep of optimal duration is
required to maintain metabolic health with a healthy weight.

In addition to sleep duration, sleep quality was also found to be significantly
associated with greater BMI and future weight gain [49]. One study found that
participants with sleep problems had a significant increase in BMI over a 10-year
follow-up than their counterparts [50]. Problems initiating and maintaining sleep
were seen to have a dose-response association with weight gain, with a higher
likelihood of weight gain in subjects with frequent sleep problems than among
those with occasional sleep problems [49]. However, some studies couldn’t find
any association between sleep problems and BMI or change in weight [51].

Poor sleep is also seen to be linked with Ow/Ob in children and adolescents. Liu
et al. reported that children with sleep problems such as snoring, restless sleep and
night waking are 3.5 times more likely to be obese [52]. Another study reported a
strong association between sleep disturbances and obesity in adolescents, robust to
adjustment for potential covariates [53]. The results from different studies were
further corroborated by pooled estimates obtained from a recent meta-analysis
where inadequate sleep (including both short duration and poor quality) was found
to be linked 27% higher odds of Ow/Ob [(odds ratio) OR: 1.27 95% CI: 1.05–1.53],
whereas poor sleep quality (independent of duration) was associated with 46%
higher odds of Ow/Ob (OR = 1.46, 95% CI: 1.24–1.72) [54].

The results of preliminary experimental sleep deprivation studies were further
confirmed by experimental studies suggesting that as little as 2–3 nights of sleep
deprivation can significantly affect metabolic hormones [55, 56]. It was seen that
young men limited to four hours of sleep a night for six days had a 40% decrease in
the rate of glucose clearance and a 30% decrease in insulin response, suggesting a
possible mechanism linking sleep to obesity [57]. Taheri et al. found that subject
with five hours of sleep time were found to have 15% changes in morning leptin
and ghrelin levels, suggesting that the sleep duration affects leptin and ghrelin
effect, that in turn influence appetite and satiety and lead to increased BMI [55].
Studies assessing sleep duration mediated leptin and ghrelin alterations are yet to be

160 Y. Fatima et al.



conducted in children, but it is possible that sleep loss-metabolic regulation cycles
in children and adolescents work no different than the same cycle in the adult
population [58].

Healthy Sleep and Weight Loss

There is ample evidence to establish a relationship between poor sleep and higher
BMI, and weight gain. However, the significantly unexplored aspect of the sleep-
obesity association is whether healthy sleep helps in weight loss in people with
obesity. Also, there is a scarcity of evidence on whether short sleepers lose less
weight than normal sleepers. Some longitudinal studies found that people who
improve their night-time sleep from less than six hours to 7–8 h gained less weight
than those who were persistent short sleepers [12]. These preliminary positive
findings encouraged further research to evaluate the contribution of healthy sleep in
weight loss interventions. A study conducted by Thomson et al. found that par-
ticipants with overweight and obesity had a higher chance of continued weight-loss
if they were sleeping for more than seven hours each night and reported a good
quality of sleep [59].

The contribution of sleep in achieving and maintaining healthy sleep weight has
implications in designing and implementing behavioural weight-loss interventions.
The amount of sleep is also seen to augment the effect of dietary interventions in the
maintenance of fat-free body mass. Participants of an interventional study reported
that during the sleep restriction period, only 26% of the total weight loss came from
body fat, while during the normal sleep period fat made up 57% of the weight loss
[60].

Consistent evidence is obtained from a few other studies that examined the role
of baseline sleep in the success of various weight-loss studies programs.
Researchers at the Laval University in Quebec evaluated three weight-loss pro-
grams and found that even after adjusting for caloric intake, baseline BMI and other
socio-demographic factors, baseline sleep duration and sleep quality was found to
have a significant inverse relationship with loss of body fat [61]. Another two-phase
trial comparing two alternative strategies for weight loss reported that adequate
sleep duration leads to greater weight-loss success [62]. Based on their findings the
authors proposed that baseline sleep assessment could help in identifying individ-
uals who may require additional support to ensure the success of the weight loss
program.

So far, only one study has evaluated the role of sleep in weight management in
children with obesity and found that a 30 min increase in baseline sleep duration
resulted in an additional reduction of 0.2 kg/m2 in BMI [63]. Therefore, suggesting
a potential role of sleep hygiene in paediatric weight management.
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Putative Mechanisms of Association Between Poor Sleep
and Obesity

Several studies have attempted to assess possible mechanisms that link inadequate
sleep and obesity. It is seen that during the deeper stage of slow wave sleep
(SWS) which is associated with elevation of growth hormone (GH) levels, brain
glucose utilisation, and sympathetic nervous activity are decreased, and parasym-
pathetic nervous activity is increased [64]. Hence SWS is likely to play a significant
role in total body glucose regulation. Subjects with sleep deprivation or poor quality
are seen to spend less time spent in SWS and have alterations in rapid eye
movement (REM) sleep, inducing hormonal changes [65] mainly anorexigenic
leptin and orexigenic ghrelin [66, 67]. Leptin acts on specific receptors in the
hypothalamus, with high concentrations inducing satiation and reducing food
intake, whereas, ghrelin is responsible for stimulating appetite, its levels increase
before meals and decrease after meals [68]. Overall, these two neuropeptides sig-
nificantly influence energy intake and affect the energy balance equation [68].

It is also likely that inadequate sleep leads to decreased energy expenditure
through altered thermoregulation and increased fatigue [69]. Besides, insufficient
sleep is also linked to alterations in the regulation of thyroid-stimulating hormones
that in turn may affect the thyroid hormones, an important regulator of carbohydrate
metabolism, leading to the development of glucose dysregulation and insulin
resistance and predispose to diabetes in the longer term [70]. Poor sleep quality also
impacts higher-order executive functions that are responsible for things like exer-
cising or restrained eating [71]. Overall, sleep-induced alteration in metabolic
hormone levels leads to increase in food intake without compensating energy
expenditure, and thus play an important role in weight gain and obesity.

There are several pathways through which obesity leads to OSA, and most of the
times these work synergistically. It is hypothesised that increased fat deposition in
the peri-pharyngeal region results in mechanical loading that counterbalances air-
way patency maintenance by the dilator muscles, leading to increased collapsibility
particularly during sleep [33]. Some studies also report the role of central obesity in
having detrimental effects on neuromuscular activity in the upper airway that fur-
ther contributes to pharyngeal collapsibility [72].

Once OSA is established a self-perpetuating cycle of increase appetite due to
hormonal dysregulation, decreased physical activity and further weight ensues, that
aggravates both obesity and worsens OSA symptoms [27]. Figure 9.1 is a dia-
grammatic representation of the intertwined association between obesity, sleep
deprivation, and OSA sharing the common pathways linked with the energy bal-
ance equation.

162 Y. Fatima et al.



Limitations of the Literature

Overall, there is strong evidence linking obesity and sleep, but there are some
methodological limitations to these studies that should be noted. The common bias
in most of the studies is selection bias where the participants were not representative
of the general population. Prevalence estimations based on subjects referred to sleep
clinics lead to inaccurate estimation of the burden of sleep disorders. Although
some studies have used two stages of design in which large screening study is
followed by a random selection of participants for diagnostic testing [73], overall
there are limited and unreliable estimates of the burden of sleep disorders in the
general population.

There is also significant variation in the approach to defining sleep problems and
the criteria to recognise respiratory events. Different methodologies were utilised
for the confirmation of OSA such as polysomnography, self-reports, and respiratory
polygraphs. Reliance on subjective non-validated tools is likely to have affected the
reliability of the data collected through such sources. Also, there was significant
variation across the studies for assessing and defining the severity of obesity and
OSA. That, in turn, would have affected the estimation of effect size and effec-
tiveness of the interventions in controlled trials. Moreover, the small number of
participants and the uncontrolled design of interventional trials could have affected
the power of the study to detect the true effect size.

The missing information on potential covariates such the concurrent psycho-
logical and medical problems, diet habits and exercise have also confounded the
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Fig. 9.1 Diagrammatic representation of possible pathways linking obesity and sleep
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reported association between obesity and sleep. Most of the studies did not account
for subjects lost to follow-up that might have introduced attrition bias and incorrect
estimation of the improvement associated with the intervention. Also, there is
limited information on whether short term positive gains in OSA management after
weight management or reduction in weight after sleep improvement was sustained
in the long run.

Although, the existing literature is difficult to compare across the studies and has
limitations in extrapolation to the broader population. Nonetheless, the evidence
base is strong enough to warrant a large-scale population and clinical research to
explore the role of weight management in sleep disorders and vice versa.

Future Research and Conclusion

The association between obesity and sleep is complex, and the current evidence
base lacks unbiased information on the temporality of the association. Therefore, a
definitive causal role of obesity in OSA or vice versa is yet to be established.
Nonetheless, the co-occurrence of obesity and poor sleep, specifically OSA, is a
clinically significant phenotype warranting further research into the pathways
linking obesity and poor sleep. There is substantial evidence to issue prudent advice
that in the coming years in addition to managing the direct burden of the obesity
epidemic, health services should be ready to handle a significant increase in the
burden of co-morbid sleep problems.

Although, pharmacological and surgical interventions have shown success in
reducing the burden of disease and associated co-morbidities. However, consider-
ing the complexity of obesity—sleep association, the treatment plan should not be
limited to any single intervention. A multidisciplinary strategy is needed to achieve
positive and long-lasting results. Current evidence suggests a promising role of
behavioural interventions in improving sleep and reducing future weight gain, but
further evidence from RCTs is needed to conclusively establish the role of healthy
sleep in obesity prevention and management. Findings from multidisciplinary
weight loss strategies will offer critical insight into mechanisms linking obesity and
sleep, and potentially facilitate the exploration of the pathways crucial for the
success of weight loss programs.

Considering the health and financial burden associated with the problem, there is
a need for more awareness and research to reduce the burden of poor sleep. It is
suggested that future studies should consider the role of sleep compensation on
weekends and sleep timing to provide clarity to the role of poor sleep in obesity. It
will also be interesting to see the impact of poor sleep on work stress, family
functioning and relationships. Overall, it is recommended that in addition to diet
and physical activity, sleep hygiene should also be an essential component of
lifestyle package for achieving and maintaining healthy weight.
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Chapter 10
Exploration of the Bidirectionality
of Obesity and Depression
by Means of the Neuropsychological
Model of Obesity Genesis

Matthew Ramjiawan and Paramjit S. Tappia

Abstract Obesity and depression are co-morbid disorders that place pervasive and
significant burdens on individuals, their families and society. The neuropsycho-
logical model of obesity offers a framework for understanding their etiology,
bidirectionality and impact on neurological, gastrointestinal, endocrine, cardio-
vascular and psychosocial systems. In recent years, research has focused on the role
of stress as a perpetuator of this disabling cycle. Though complex and difficult to
treat, the multi-systemic nature of these combined disorders offer several entry
points for intervention and management. Several evidence-based treatment options
are offered that, particularly when attempted concurrently, relieve suffering and
promote health and wellbeing.

Keywords Obesity � Depression � Neuropsychological model � Hypothalamus
pituitary adrenal axis � Stress-induced obesity � Corticotropin releasing factor �
Adiposity � Body mass index

Introduction

Historically, Hippocrates was the first to make note that obesity negatively affected
health outcomes, as his obese patients were unable to conceive and tended to die
prematurely [1]. We now know that obesity is a pandemic that has numerous
comorbid diseases including cardiovascular disease (CVD), diabetes mellitus,
neurodegenerative diseases such as Alzheimer’s disease, chronic obstructive pul-
monary disease (COPD), metabolic syndrome, gout, reproductive disorders, stroke,
certain cancers, depression, anxiety and many other chronic and inflammatory ill-
nesses. [2–4]. Obesity is described as an excessive accumulation of white adipose
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tissue (WAT) that causes an increase in body weight leading to a body mass index
above 30 (BMI > 30 kg/m2). According to the World Health Organization (WHO),
over 650 million adults worldwide are obese, a number which has tripled over the
past three decades [2]. Although global rates of obesity are an obvious concern,
developed countries such as Canada show similar trends. Statistics Canada states
that nearly 17.3 million Canadians (26%) self-report height and weight values that
indicate a BMI over 30 kg/m2, classifying themselves as obese. Combining this
statistic with the population catalogued as overweight, a grand total of 63.1% of
Canadians suffer from weight-related complications [5–7]. Obesity is a leading
cause of morbidity among Canadians, with over 61% of type 2 diabetes, 14% of
colorectal cancers, 17% of osteoarthritis, 14% of depression and 20% of premature
deaths reported to be directly related to obesity [3].

In a similar fashion, the prevalence of mental health disorders has been
increasing over the last several decades. The WHO, in the “World Health Ministers
Call to Action” estimates that mental illness, including stress-related disorders, will
be the second leading cause of disability by 2020 [8]. In her 2019 Health Report,
Canada’s Chief Medical Officer suggests that over 30% of Canadians will experi-
ence mental illness at some point during their lifetime [9]. Mental illness, partic-
ularly anxiety and depression, places significant financial, emotional and
psychological burdens on individuals, their caregivers, and society as a whole, with
treatment costs accounting for only a small proportion of the total burden [10].
Mental health disorders, along with their resultant complications and
co-morbidities, have the capacity to compromise all areas of an individual’s life in
pervasive and debilitating ways.

Quite often, there is a cyclical co-existence of obesity and mental illness. Not
only does obesity negatively impact physiological health in a variety of ways, it
also leads to increased social withdrawal causing subsequent deterioration in psy-
chological health. Concurrently, depression also results in further withdrawal, and
since the diseases are comorbid, an individual suffering from both may be forced
into a state of isolation. Social isolation may also further reduce employability,
which may result in lessened work experience, social skills, or professional abilities
to find employment. Mental health diseases may also further reduce an individual’s
ability to work. Not only does this result in further social isolation and inactivity,
but also poses serious financial concerns. This is what some call the “double
burden” of disease—the heavy economic drain combined with the physical
encumbrance [2]. Mental health disorders and obesity are also both major sources
of financial stress within the healthcare system. The Public Health Agency of
Canada projected the annual healthcare cost for the treatment of obese individuals
to reach $8.8 billion by 2021 [7]. This figure is expected to rise as comorbid
diseases hinder treatment and may even mask crucial underlying casual factors [11].

This review will focus on the bidirectionality of obesity and depression by
examining the Neuropsychological Model of Obesity Genesis, prevailing factors
that perpetuate the cycle of obesity and depression, and evidence-based interven-
tions that interrupt it in ways that relieve suffering and promote wellbeing.
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Neuropsychological Model of Obesity Genesis

The most exhaustive model to explain the etiology of both obesity and depression,
and their resultant maladaptive overeating patterns, is the neuropsychological
model of obesity genesis. Jauch-Chara and Oltmanns describe obesity in this model
as the end product of a vicious cycle of chronic stress activation and the body’s
physiological and psychological coping response. Further, it purports that obesity
evolves from impaired neuropsychological functioning, specifically with regards to
dysfunctional stress-response and reward systems [12]. This model suggests that
chronic stress causes neurochemical imbalances and brain dysfunction that drive
individuals to overconsume high caloric diets, adopt sedentary isolated lifestyles,
develop poor motivation and negative mood. Similarly, depression has also been
linked to dysfunctional stress-response and reward systems. Herein lies the con-
nection of obesity genesis and depressive mood states. The negative consequences
of chronic stress, as mentioned above, results in both obesity and depression. Both
of these states cause further increases in stress, and a cycle of overindulgence in
comfort food, inactivity and social withdrawal begins. Ultimately, the end-result is
pervasive, excessive weight gain, along with negative mood states and potentially
clinical depression. It is this recurrent and chronic nature of stress, along with its
affiliated neuropsychological responses, that both induces and perpetuates obesity
and depression.

While short-term stress serves as an adaptive response, prolonged stress can lead
to long-term damage and disease. When chronically stressed, the brain and body are
in a state of threatened homeostasis and initiate a wide range of neuroendocrine,
immune, cardiovascular and metabolic responses. Allostatic load refers to the cost of
chronic stress exposure that leads to atherosclerosis, impaired immunity, neural cell
atrophy, obesity, depression and anxiety [13, 14]. As the control centre of the body,
the brain is responsible for the body’s coping responses to stress. The structures that
are particularly involved in these processes include the hippocampus, pre-frontal
cortex and amygdala. Combined, these regions are responsible for learning, mem-
ory, executive functioning and managing intense emotions such as fear and anger.
While the hippocampus and pre-frontal cortex are targets of stress hormones and
vulnerable to atrophy, the amygdala is prone to growth and hyperarousal. The result
is dysregulation and dysfunction, which will be evaluated further [14].

Neurological Feedback Loop of Stress and Food-Seeking
Compulsion

Stress is a state of threatened homeostasis within the body that motivates a wide
range of responses in order to restore balance. The primary pathways of the stress
system in the body are the hypothalamic-pituitary-adrenal (HPA) axis and the
sympathetic nervous system [15–17]. The HPA axis is a major neuroendocrine
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system that regulates many of the body’s physiological processes, including
digestion, sexuality, energy storage and outflow, mood and emotions [15, 18–21].
When the HPA axis is activated, the hypothalamus releases corticotropin releasing
factor (CRF), which then stimulates the release of adrenocorticotropic hormone
(ACTH) from the anterior lobe of the pituitary which then stimulates the release of
cortisol from the adrenal gland [15, 17, 19, 21]. Cortisol has a wide variety of effects
on the body, including increasing blood glucose levels through gluconeogenesis as
well as suppression of the immune system. Although the resultant action of CRF is
immunosuppression through cortisol release, CRF overexpression can cause
inflammation and increase physiological arousal, producing common symptoms of
anxiety that leads to a vicious cycle of stress-induced stress [17, 22, 23]. Elevated
CRF levels are consistently found in patients with depression and anxiety disorders,
as well as those who suffer from obesity [17, 23–25].

The negative consequences of chronic stress create a variety of physiological and
psychological effects in the body that, through similar pathways, result in both
obesity and depression. And one inextricably perpetuates the other. Several studies
have demonstrated that individuals who underwent early life trauma have an
enhanced HPA axis with elevated salivary cortisol levels and potentially altered
glucocorticoid feedback regulation [26–28]. Ultimately, it is this stress-induced
state that may serve as an instigating factor for the cycle of obesity and depression.
As seen in Fig. 10.1, the overexpression of HPA axis activity will perpetuate a state
of dysregulation and preserve the body’s distress.

Elevated Stress Levels 

HPA Axis 
Activation 

CRF Release 

ACTH Release 

Cortisol Release 

LTP in the VTA
& 

LTD in the Amygdala 

Increased feelings of 
Fear/Anxiety 

Fig. 10.1 Cyclical nature of HPA axis activation and reactivation due to chronic stress. Chronic (or
traumatic acute) stressors leads to activation of the Hypothalamic Pituitary Adrenal (HPA) Axis,
which causes a chain reaction of Corticotropin Releasing Factor (CRF), Adrenocorticotropic
Hormone (ACTH), and Cortisol release. This chain of events leads to Long-Term Potentiation
(LTP) in the Ventral Tegmental Area (VTA), creating an environment where increased reward is
needed to stimulate the reward pathway. Long-Term Depression (LTD) in the amygdala also
occurs, which results in increased feelings of fear and anxiety. This causes further activations of
stress which reactivates the cycle
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Chronic hyperactivity of the HPA axis increases the degree and length of CRF
expression in the hypothalamus. As CRF expression is increased, the HPA axis
reaches a maximum stimulation point where it is unable to be stimulated further for
any perceivable effect. Once this occurs, the neurons involved become persistently
activated, which leads to impaired neurotransmission [12, 29]. Ultimately, this leads
to long-term potentiation (LTP) in the Ventral Tegmental Area (VTA), which is a
crucial component of the mesolimbic reward pathway. Chronic HPA axis activation
also induces long-term depression (LTD) in the amygdala, which is involved in
anxiety and fear encoding [12, 30–32]. While LTP is the strengthening of synaptic
connectivity caused by repetitive increases in activity, the opposite is LTD, which is
simply the reduction of signal strength between two neurons due to a relative period
of inactivity [33, 34]. As a result of these changes in synaptic connectivity, chronic
stress causes an individual to feel increased reward, encode fear more often, and
encode safety less [31]. It is important to note that the VTA is a dopamine-enriched
area of the mesolimbic pathway that is directly involved and responsible for the
learning of pleasurable activities. Chronic stress, and the subsequent LTP of the
VTA, results in sensitization towards palatable food reinforcement [32, 35–38].
Consequently, palatable high calorie food results in greater pleasure and reward
during a stressed state compared to a non-stressed state.

Behavioral Response of Stress-Reduction and Palatable Food
Intake

The use of food as a means of stress-reduction is well documented and easily
observable in everyday life. Individuals often turn to hyperpalatable (high fat/sugar
content) foods during periods of stress, which activates the VTA and creates a
rewarding stress-reduction mechanism that is reinforced over decades [23, 39]. This
forms a strong association and an addictive-like compulsion to seek out hyper-
palatable foods when stressed, further strengthening the association between stress,
stress-reduction and food intake as demonstrated in Fig. 10.2 [36, 39–43]. Food is
inherently dopaminergic and highly palatable foods that are high in sugar have an
addictive pleasurable quality that mimics some drugs [35, 36, 44, 45].

In a study conducted on social defeat as a stressor in mice, it was found that
immediately after suffering social defeat, mice displayed an acute increase in food
intake, but in quantities that are insignificant for weight gain. However, chronic
exposure to social defeat caused a cumulative increase of food intake significantly
beyond that of controls [46]. A similar study was conducted among Syrian ham-
sters, which found that chronic social defeat significantly increased food intake,
body mass and adiposity, proving that stress-induced obesity is a cross-species
phenomenon [47]. Studies with monkeys have also demonstrated that increased
adiposity is connected to the time in which feeding occurs. That is, food intake that
is limited during daylight hours is less likely to result in overindulgence, whereas
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intake that occurred at night was salient among monkeys with high anxiety-like
behaviors and resulted in greater adiposity [48]. Additionally, social status and
gender differences were observed among mice, hamsters and monkeys in terms of
eating behaviors, suggesting that nondominant females expressed the greatest
amount of adiposity following chronic social stress [46–48].

It is interesting to note that chronic adaptation of stress-eating behaviors results
in a feedback loop where the consumption of palatable foods reduces stress, but the
body’s withdrawal from the reward gained from the palatable food causes a sharp
increase of stress as the body experiences a sudden termination of dopamine release
—leading to the compulsion of seeking more palatable food [49].

Elevated Stress Levels

Food-Seeking 
Behavior

Ingestion of Palatable, 
High-Calorie Foods

Temporary Reduction 
of Stress through 

Satiation

Reinforcement of 
Stress Reduction and 

Food Ingestion 
Relationship

Withdrawal from 
Elevated Reward 

Levels

Fig. 10.2 Behavioral relationship between stress and food-seeking compulsions. Increased stress
levels cause an individual to seek measures that return the body back to homeostasis, with food
serving as a primary stress-reduction medium. Once the individual engages in reducing their stress
by eating food that has a high calorie content, their stress is abated for a short while. The stress-
reducing nature of this satiation causes both a positive and negative reinforcing relationship where
the induction of food is rewarding, but also the removal of stress is also rewarding. This is
significant to note as the ingestion of food is not the primary reinforcer in this case, but instead it is
the removal of stress that has the greatest salience upon the individual. This negative reinforcement
of stress reduction through food consumption highly strengthens the associations formed between
elevated stress levels and palatable high-calorie food. When the highly-rewarding stimulus is
removed from circumstance (i.e. the food has been eaten), the individual goes into acute, albeit
minor, withdrawal and temporarily spikes in cortisol levels. Overindulgence may lead to
addictive-like behavior
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Cycle of Cerebral Energy and Metabolic Functions

It is well documented that both depression and obesity present with decreased
activity in certain regions in the brain [50–52]. Observations were made that while
stressed, human subjects displayed significantly decreased activity in the dorso-
lateral prefrontal cortex (DLPFC) [53]. Studies were also conducted that found
reduced grey matter among obese patients in the same brain regions as depression,
even with several other comorbidities held constant [54, 55]. Hypothalamic neurons
are chiefly involved with food intake regulation by transmissions between the brain
stem and spinal cord with regards to stimulation or inhibition of food intake,
ingestion behavior and neurochemical energy balances [56]. The hypothalamus,
with regards to food intake, is regulated by a number of central nervous system
functions, which include determining the current rate of adenosine triphosphate
(ATP) production and use. During a state of reduced energy, such as hypoglycemia,
the hypothalamus is activated to stimulate glucose production and hunger induction
[57–61]. Additionally, a glucose-deficient state also reduces insulin secretion to
allow for an increased rate of gluconeogenesis [57, 60]. It is conceivable then, that
chronic overactivity of the HPA axis will result in impairment of ingestion behavior
and energy levels. In a study conducted by Schmoller et al., it was determined that
an inverse correlation exists between ATP and BMI [62]. These results are con-
sistent with the idea that the brain’s supply of ATP is involved with the regulation
of body weight and energy usage [63, 64]. In addition to obesity, depression is
characterized by reduced levels of ATP as well. The consequence of an overactive
HPA axis is that the brain is induced into a state of chronic starvation, with food
intake being the primary drive that is stimulated. The starved brain is a depressed
brain in this case as the energy required to function is depressed to a point of
inactivity. As a direct result, overconsumption for the sake of satiation leads to
obesity [12, 63–65].

Therapeutic Interventions

A significant number of therapeutic options exist for both obesity and depression, so
many that it is unlikely that an exhaustive list exists. This author will focus on some
of the therapeutic interventions that target both obesity and depression concurrently,
are of current interest and may be clinically relevant for individuals who show
resistance to current therapeutic models. Many other treatment options exist for
either obesity or depression including bariatric surgery and multiple pharmacological
therapies such as selective serotonin reuptake inhibitors, selective norepinephrine
reuptake inhibitors, tricyclic antidepressants, etc. When pursuing therapeutic options
in a clinical setting, a combination of treatments is best considered for the individual.
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It has been known for centuries that a healthy diet and exercise promote positive
physical and psychological health. It has even shown to be as, if not more effective
than traditional pharmacological treatments for mild-to-moderate cases of depres-
sion [66–69]. With the countless and repetitive research conducted on both a
healthy diet and exercise, it has become evident that this method should and must
be used as a concurrent treatment to supplement all additional therapeutic options.

In addition to energy intake and output, new evidence is emerging that engaging
in mindfulness-based interventions that target stress, negative thoughts and eating
behaviors also aid in positive life outcomes [70–72]. As a program designed
specifically for stress reduction, it was found that nearly half of patients (n = 145)
demonstrated a reduced relapse rate [73]. Mindfulness has also been shown to have
positive effects on obesity as a subset of the practice involves mindful eating—
where participants are actively engaged in the ingestion process and are conscious
in their decisions in when and how often to partake in indulgent consumption [71,
74]. In a methodical review (n = 529), Carriere et al. [75] examined the effects of
mindfulness as the sole intervention for weight loss and found that participants lost
an average of 3.3% of their baseline bodyweight. This figure is noteworthy when
compared to the lifestyle (diet/exercise) control group, who lost 4.7% [75]. One of
the primary reasons as to why mindfulness works for both obesity and depression is
that it directly intervenes within the stress and stress-response cycle, allowing for
new homeostatic functions to be engaged.

A technique that is gaining traction and is of significant interest is Repetitive
Transcranial Magnetic Stimulation (rTMS) within the area of neuromodulation and
neuropsychiatry. This involves placing a magnetic coil over the target area that
directly stimulates the surface of the brain. As noted above, significant reduction of
activity in the DLPFC is noted during periods of elevated stress. rTMS has been
used in a randomized controlled study (n = 60), which examined its effects on body
weight in obese patients [76]. It was found that when administered to the DLPFC,
rTMS was effective in reducing food intake and aiding weight loss among obese
individuals [76, 77]. It is interesting to note that current depression-treatment
protocols using rTMS include directly stimulating the DLPFC as well [78–80].

Conclusions

As both depression and obesity are leading illnesses in the modern world, the
examination of their comorbidities and common physiological pathways is crucial
in the discussion of holistic healthcare. The Neuropsychological Model of Obesity
purports that obesity may be caused by a combination of factors which are psy-
chogenic in nature with a physiological expression. Both obesity and depression
share many of the same physiological pathways that lead to overeating and one of
the potential causes includes chronic stress. Breaking the cyclical nature of stress
and dysfunctional stress-response systems offers opportunities for a healthier life.
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Chapter 11
Obesity-Induced Non-alcoholic Fatty
Liver Disease (NAFLD): Role
of Hyperhomocysteinemia

Santosh Kumar, Sreyoshi F. Alam and Paul K. Ganguly

Abstract Non-alcoholic fatty liver disease (NAFLD) is one of the most common
causes of chronic liver disease globally. NAFLD encompasses broader spectrum of
liver pathology from fatty liver to non-alcoholic steatohepatitis (NASH) and cir-
rhosis. Its burden is expected to rise due to the increasing prevalence of obesity and
diabetes mellitus worldwide. However, pathogenic mechanisms underlying
NAFLD are not clearly understood. Hyperhomocysteinemia is increasingly being
associated with NAFLD. Pathogenesis of NAFLD involves dysregulation/
derangements of homocysteine, folate, and vitamin B6 and B12 metabolism.
Obesity is also shown to be associated with these vitamin deficiencies and homo-
cysteine elevation. Recently, Cystathionine-b-synthase (CBS) and Cystathionine-
c-lyase (CSE), key enzymes that regulate the levels of homocysteine and cysteine
and production of endogenous hydrogen sulfide (H2S), have been implicated in
NAFLD. In this review, we have examined known associations between NAFLD,
hyperhomocysteinemia and obesity.

Keywords Non-alcoholic fatty liver disease � NAFLD � NASH � Homocysteine �
Hyperhomocysteinemia � Obesity � Metabolic syndrome

Pathogenic Link Between Non-alcoholic Fatty Liver Disease
and Obesity—An Overview

Non-alcoholic fatty liver disease (NAFLD) is one of the most common causes of
chronic liver disease globally [1–3]. The diagnosis of NAFLD is made based on
histological and radiological evidence of steatosis in the liver [4]. Histological
diagnosis requires macrovesicular steatosis in � 5% of hepatocytes. This accu-
mulation of fat should not be due to high alcohol intake, hereditary disorders or use
of steatotic medications [4, 5]. NAFLD is histopathologically characterized into two
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forms, (1) non-alcoholic fatty liver (NAFL) and (2) non-alcoholic steatohepatitis
(NASH) [4]. NAFLD leads to an incremental liver metabolic dysfunction beginning
with hepatic steatosis and steatohepatitis and possibly progressing to cirrhosis and/
or hepatocellular carcinoma [6]. In about 30% of patients, fatty liver can progress to
non-alcoholic steatohepatitis (NASH) [7]. NASH falls under the broad umbrella of
the NAFLD spectrum, but unlike fatty liver, it has a more complex histopathology
involving steatosis, necrosis, inflammation and fibrosis [8] and has a predilection
towards progression to more severe liver injury. NAFLD has shown to be associ-
ated with various metabolic disorders including insulin resistance, diabetes mellitus,
hyperlipidemia and obesity [4]. However, there are regional differences in
NAFLD’s association with these comorbidities, especially with body mass index
(BMI) [5]. NAFLD is also considered as the liver component of the metabolic
syndrome [4, 5] and therefore, remains an indirect cardiovascular risk factor.

Correlations Between Metabolic Syndrome, NAFLD
and BMI

As indicated above NAFLD is one of the most common liver diseases [9]. It has
been shown to be most prevalent in the Middle East and South America [10]. With
the improvement of viral hepatitis treatment, NAFLD has replaced viral hepatitis as
the forefront of clinical hepatology [11]. Since NAFLD is associated with multiple
comorbidities such as obesity, type 2 diabetes mellitus, hypertension and cardio-
vascular disease [11, 12], the interaction between these metabolic syndrome com-
ponents and NAFLD is believed to be bidirectional, meaning that NAFLD may
either precede or promote metabolic comorbidities [13]. One of the major causes of
hepatic steatosis is obesity and hepatic steatosis is one of the manifestations
affecting the liver in metabolic syndrome [14, 15]. About 90% of NAFLD patients
develop at least one feature of metabolic syndrome and 33% possess the charac-
teristics in its entirety [16].

A classic measure of obesity has been the body mass index (BMI). Until better
tools are standardized, this provides a sufficiently usable tool for assessment. Risk
factor assessment for fatty liver disease has indicated its correlation to a higher BMI
as an independent risk factor [17–20]. The risk of fatty liver was about 4.1 to
14-fold higher in individuals with a higher BMI [18, 19]. Most studies had defined
BMI as a categorical variable, and this meant that a dose-response relationship was
not easily discernible [18–20]. Most studies calculated the strength of its association
with fatty liver disease using logistic or cox model, and this blurred the continuity
of BMI and fatty liver risk [21]. This artificial subdivision of BMI into segments of
underweight, normal, overweight and obese, leads to both loss of information as
well as a somewhat inaccurate result [21]. Fan et al. presented a dose response
analysis of 3202 subjects, in a cross-sectional study, which helped associate fatty
liver risk and BMI in a nonlinear fashion with a significantly increased trend of

182 S. Kumar et al.



odds ratio as per 1 kg/m2 increase in BMI [21]. The study adjusted for age, gender,
hypertension, total cholesterol, triglycerides, glucose, HDL, LDL, uric acid, ho-
mocysteine, creatinine, AST and ALT. When BMI <23 kg/m2, it did not affect the
risk of fatty liver but a BMI >23 kg/m2 increased the risk of fatty liver significantly
with a 1 kg/m2 increase in BMI. Fan et al. showed that an overweight and obese
BMI was significantly associated with the risk of fatty liver, with odds ratio of 3.55
and 7.59 compared to the normal weight population, respectively [21]. In the
dose-response analysis, BMI also showed a nonlinear, statistically significant
relationship with fatty liver both in the total population as well as in the subgroups
that were stratified by gender, age (older/younger than 50), and presence of hy-
pertension (yes/no). This indicates that a higher BMI is an independent,
dose-dependent risk factor for fatty liver [21].

Patients with a higher BMI usually have greater quantities of adipose tissue, but
this point is highly debatable and therefore is one of the drawbacks of the possible
mechanism of the link between BMI and fatty liver disease. BMI does not account
for more specific analysis of composition (i.e. lean and fat masses), therefore,
subjects with high BMI may not be obese, and the subjects with normal BMI may
counterintuitively obese [21]. The mechanism as described by Musso et al. and
Stefan et al. indicates that patients with a higher BMI have more adipose tissue and
thus an increase in fatty acid flow to the liver [22, 23]. Higher BMI patients are
presumed to consume a high-fat diet over long periods of time, which might
increase the absorption of exogenous fat, leading to increase of fatty acids and their
lipid deposition in liver [21]. This study has certain drawbacks other than its use of
BMI as a variable. Firstly, the population studied is derived from China, where BMI
cut-off points are lower than the WHO classification, leading to an increase in
higher BMI values (overweight/obesity). Thus the association between BMI and
fatty liver risk will vary and may be different from the rest of the world [21]. The
diagnosis of fatty liver via ultrasonography is valid, but the user dependent nature of
the technique may lead to variation. The definitive method would have been a liver
biopsy. The sample size was large but stratification for subgroup analysis may lead
to loss of power [21].

Hyperhomocysteinemia and Obesity

Obesity has also been correlated with vitamin B6, B12 and folate deficiencies [24–28].
Guven et al. reported that vitamin B12 level was significantly lower in patients with
metabolic syndrome than those without metabolic syndrome [28]. Although the study
byBaltaci et al. did notfind statistically significant difference between vitaminB12 and
metabolic syndrome, the levels were lower in patients with metabolic syndrome [24].
All the patients with metabolic syndrome were obese [24]. Therefore, vitamin B12

deficiencies are correlated to obesity and since this deficiency is also related to hy-
perhomocysteinemia, a tertiary association is possible. Unfortunately, this study had
limitations since it is cross-sectional and serumhomocysteine andmethylmalonic acid
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level were not assayed [24]. Obesity is a consequence of inappropriate nutrition in
majority of the cases [27]. Hence its correlation with vitamin deficiencies is
unavoidable. Folate deficiency has also been directly correlated with NAFLD [27].

Over the years, homocysteine has garnered attention due to its notoriety in
causing multiple comorbidities. Homocysteine, a sulfhydryl-containing amino acid,
is an intermediate product in the normal biosynthesis of the amino acids,
methionine and cysteine [29]. Homocysteine has been seen to be able to alter
intracellular lipid metabolism and this might enable hepatic fat accumulation [30,
31] and provides a possible management route for prevention of NAFLD pro-
gression and its related cardiovascular complications [9]. Obesity has been reported
to be associated with two key liver enzymes involved in homocysteine metabolism
which may influence the catabolism of homocysteine in liver damage [32].

Hyperhomocysteinemia and fatty liver are quite often observed simultaneously
though the mechanism is still unclear [33]. Wang et al. showed that a rich, fatty diet
not only increased cholesterol, but also doubled homocysteine levels in animals
[34]. This might indicate that high intake of dietary cholesterol and fat might
increase homocysteine values resulting in progression of atherosclerosis. Another
proposed theory says that homocysteine-induced endoplasmic reticulum stress can
lead to increased biosynthesis and uptake of cholesterol and triglycerides by the
liver [30]. Another proposed possibility is hypomethylation associated with hy-
perhomocysteinemia that results in lipid accumulation, decreased synthesis of
phosphatidylcholine required for very low-density lipoprotein assembly and
homeostasis [33]. Boushey et al. carried out a meta-analysis that concluded that
homocysteine is an independent, graded risk factor for atherosclerotic disease in the
coronary, cerebral and peripheral vessels [35]. Homocysteine may also alter the
endothelial cell surface by changing their phenotype from anticoagulant to proco-
agulant, via expression modulation of the enzymes glutathione peroxidase and nitric
oxide synthase [33].

Hyperhomocysteinemia is also associated with adipose tissue dysfunction via
inhibition of lipolysis, and some reports indicate that exogenous dietary homo-
cysteine for two weeks lowered circulating glycerol and free fatty acids levels [33].
Homocysteine supplementation was associated with increased leptin and decreased
adiponectin levels in plasma [33]. Sreckovic et al. found higher homocysteine
levels in metabolic syndrome patients along with an exaggeration of components of
metabolic syndrome such as abdominal obesity, glycemia, blood pressure and
hypertriglyceridemia with lower HDL-C [33].

Furthermore, an establishment of a link between hyperhomocysteinemia and
NAFLD, opens up avenues towards treatment options. The cystathione-b-synthase
(CBS) and cystathione-c-lyase (CSE) regulates homocysteine and cysteine meta-
bolism and contributes to endogenous hydrogen sulfide (H2S) biosynthesis [8].
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The CBS/CSE system has recently been positioned as a potential therapeutic target
in NAFLD since disturbances in circulating homocysteine and H2S levels have
been reported in NAFLD patients and associated co-morbidities. Homocysteine
could possibly be a non-invasive marker of NAFLD as well as a predictor of
NASH. On the contrary, there are other conflicting findings regarding the relative
change in homocysteine levels across the various NAFLD spectrums that leaves
this open to debate [8].

Some evidence indicates the CBS/CSE system may be regulated by lipids [8].
Polyunsaturated n-3 fatty acids docosahexaenoicacid (DHA) and eicosapen-
taenoicacid (EPA) showed an increase in CSE gene expression in human hepato-
cytes. Similar findings were also reported for dietary supplementation of DHA or
conjugated linoleic acid (CLA), which also increased hepatic CBS gene expression
and reduced plasma homocysteine levels in rats [8]. Endoplasmic reticulum
(ER) stress has also been reported as a contributing factor in NAFLD pathogenesis
[8]. There is already an established interdependent relationship between lipids and
hepatic ER stress. Lately, a relationship between ER stress and the CBS/CSE
system is emerging [8]. The product of CBS-mediated transsulfuration reaction,
known as cystathione has shown to prevent ER stress induced steatosis liver injury.
Oxidative stress is responsible for the progression of NAFLD to NASH [8]. The
CBS/CSE system is emerging as a potent regulator of oxidative stress due to the
transulfuration and desulfuration capacities of the enzymes [8].

Hyperhomocysteinemia can lead to NAFLD by disrupting hepatic lipid meta-
bolism as well as increasing oxidative injury [8]. Bravo et al., Hwang et al., and Peh
et al. demonstrated that high fat diets alter sulfur amino acid metabolism in rodents
[36–38]. Hwang et al. reported that CBS and CSE expression was increased in mice
that were put on a high-fat diet for 5 weeks, although Peh et al. showed that an
8-week regimen of high fat diet led to reduction in CSE protein levels and despite a
compensatory elevation in CBS expression, hepatic H2S biosynthesis was impaired
[38]. An 18-week high fat diet in mice showed reduction in the transulfuration
activities of CBS and CSE and caused hyperhomocysteinemia in these animals
[36]. Hwang et al. also reiterated that CBS and CSE expression activated the
transsulfuration pathway, increased hepatic H2S biosynthesis, and reduced circu-
lating homocysteine levels [37]. Dahloff et al. investigated whether NAFLD caused
by a high-fat (HF) diet over 8 weeks in mice, can be reversed by additional 4 weeks
of a dietary methyl-donor supplementation (MDS) [39]. His study failed to reverse
NAFLD, but halted the progression of hepatic steatosis associated with major
changes in key hepatic C1-metabolites, including S-adenosyl-methionine and
S-adenosylhomocysteine. A possible mechanism involves that dietary
methyl-donors activate AMPK, a key enzyme in fatty acid b-oxidation control,
mediates increased fatty acid utilization and thereby prevents further hepatic lipid
accumulation [39].
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Role of Homocysteine Metabolism in Non-alcoholic Fatty
Liver Disease

Despite increasing morbidity and mortality associated with this disease, the
mechanisms involved in development and progression are not clearly understood.
However, the dysregulation/derangements of homocysteine, folate, vitamin B6,

vitamin B12 and CBS/CSE system have been implicated in the pathogenesis of
NAFLD.

A cross sectional study (N = 7203) individuals was carried out for a period of
1 year in subjects aged 18 years and older with available abdominal ultrasound and
undergoing plasma homocysteine measurements simultaneously. Subjects with
factors that can affect data, such as alcohol consumption, viral hepatitis, schisto-
somiasis or other chronic liver diseases were excluded. Hepatic steatosis was
diagnosed via abdominal ultrasonography by experienced radiologists who were
blinded to the subjects’ diagnoses and tests. Ultrasound was considered positive in
the presence of diffusely increased liver near field ultrasound echo (‘bright liver’),
liver echo greater than kidney, vascular blurring and the gradual attenuation of far
field ultrasound echo. Subjects with at least two of the abnormal findings listed
above were diagnosed with hepatic steatosis [40, 41]. Age, gender, BMI (catego-
rized as normal: <24 kg/m2, overweight: 24 to <28 kg/m2, and obesity: � 28 kg/
m2, (Working Group on Obesity in China guidelines), current smoking, hyper-
tension, and diabetes were also evaluated to assess whether there was any signifi-
cant interaction between these variables and the relationship between homocysteine
levels and the prevalence of NAFLD [9]. 2370 (32.9%) subjects were diagnosed
with NAFLD, and the mean homocysteine level was 7.0 lmol/L. The prevalence of
NAFLD progressively increased in the higher quartiles of homocysteine (19.8,
28.3, 37.7, and 46.6%, respectively). Adjustment for gender, BMI, current smoker,
physical activity, education, drinking, hypertension, diabetes, uric acid, ALT,
TBIL, ALB, PLT, TG, TC, HDL-C, hs-CRP, and creatinine, the risk for NAFLD
increased across the homocysteine quartiles, and the OR in the highest quartile
compared with the lowest quartile was 2.08 (95% CI 1.61, 2.67). Similar results
were also observed when homocysteine was considered as a continuous exposure
variable. To determine the effect of potential confounding factors, the associations
between quartiles of homocysteine and NAFLD were further investigated among
subgroups. As a result, the association differed significantly according to gender,
BMI category and smoking status (p value for interaction: 0.001, 0.002 and <0.001,
respectively) [9]. Homocysteine was strongly associated with NAFLD in females
but was weaker in males. Obesity and non-smoking status were also related to an
enhanced association between homocysteine and the prevalence of NAFLD [9]. No
effect modifications by age, hypertension, or diabetes on the association between
homocysteine and NAFLD were observed (all p for interaction >0.05) [9].
Therefore, elevated homocysteine levels were positively associated with the
prevalence of NAFLD in Chinese adults. On subgroup analyses, effect modification
by gender, BMI and smoking on the association were found. A stronger association
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of homocysteine with the prevalence of NAFLD was observed in female, obese and
non-smoking adults than in male, normal weight and smoking subjects [9]. Cross
sectional studies are limited by their lack of establishment of a causal relationship
and the use of ultrasound although the acceptable norm, but a liver biopsy leads to
definitive diagnosis [9]. In contrast to this cross-sectional study, interestingly
another study found that homocysteine was closely associated with the prevalence
of NAFLD in males but not in females [42].

It has been shown that mice fed on high fat diet develop fatty liver due to
activation of transsulfuration pathway [37]. Due to this activation, H2S levels
increase, and plasma homocysteine levels increase [37]. In the liver, cysteine is
produced as a result of transsulfuration of homocysteine by two key enzymes,
Cystathionine-b-synthase (CBS) and Cystathionine-c-lyase (CSE) [43, 44].
Glutathione synthesis and its storage in the liver cells is regulated by the production
of cysteine by the transsulfuration pathway and catabolism of homocysteine
[45, 46]. The evidence of CBS/CSE system in NAFLD has been gathered through
knock out studies on mice which have demonstrated that homozygous deletion of
CBS results in decreased survival of the animal with damage to the liver [47].
Further, it has been shown that this deletion can increase the homocysteine levels
by 40 to 50-fold [47, 48]. Increase in homocysteine levels is accompanied by
oxidative stress in hepatocytes, mononuclear infiltration and fibrosis [48, 49]. On
the contrary, CSE deletions will not have similar harmful effects on growth and
survival if dietary supplementation of cysteine is provided [50, 51]. However, in
case of dietary restriction of cysteine, mice showed 90% mortality rate [52]. CSE
deletion also leads to 15 times increase in plasma homocysteine levels [52].

NAFLD is presumed to be benign disease however its progression to NASH has
been seen in 30% of patients [7]. It has been seen that NAFLD is associated with
numerous metabolic disorders including diabetes, and obesity [53–55]. Serum ALT
levels have been seen to be elevated in NAFLD while folate and vitamin B12 levels
are seen to be reduced [56, 57]. Homocysteine and H2S levels in plasma have been
shown to be regulated through their metabolism in the liver [58–60]. It has been
reported previously that changes in homocysteine and H2S levels have been as-
sociated with NAFLD and other metabolic disorders. However, there have been
conflicting reports; one study showed a positive relationship between NASH and
homocysteine levels [61], while another showed an inverse relationship between
homocysteine levels and fibrotic & inflammatory changes in the liver [62]. The
systemic homocysteine levels depend upon its release from the liver [58–60] and its
clearance via kidney [43]. Thus, the inconsistency among these results between the
two studies could be multifactorial. As folate and vitamin B12 levels are inversely
related with homocysteine [61], one reason for dysregulation of homocysteine
could be a defective re-methylation cycle (in which homocysteine is converted to
methionine). However, it has been shown that NAFLD is not always associated
with perturbations in these vitamins [62–64]. Current evidence suggests that per-
turbations in CBS/CSE pathway are partly responsible in the pathogenesis of
NAFLD. In addition, studies have shown dysregulation of endogenous H2S in the
co-morbidities associated with NAFLD such as diabetes mellitus [65, 66].

11 Obesity-Induced Non-alcoholic Fatty Liver Disease (NAFLD) … 187



There are some genetic mutations which affect the homocysteine metabolism [4,
61]. DNA methylation is inversely related with levels of homocysteine and posi-
tively related to folate levels [67]. The methylenetetrahydrofolate reductase
(MTHFR) polymorphisms including C677T and A1298C are common gene

Obesity/Metabolic 
syndrome 

Endothelial dysfunction
(Atherosclerosis) Steatosis

NASH

NAFLD

Cardiovascular disease

Hyperhomocysteinemia 

Vitamin B6B9B12
deficiencie, CBS/CSE 

system

Cirrhosis

Fig. 11.1 Flowchart on the association of obesity, hyperhomocystenemia and non-alcoholic fatty
liver disease. The mechanism of hyperhomocystenemia in obesity is still unclear. The above
mentioned are some examples of possible association shown in literature. Both vitamin
deficiencies as well as malfunction of the cystathione b synthase, cystathione c lyase (CBS/
CSE) pathway contribute to hyperhomocysteinemia and NAFLD in obesity. There are various
other possibilities that remain to be explored. Hyperhomocystenemia is also associated with
endothelial dysfunction and cardiovascular disease as discussed earlier in literature [29]. CBS/CSE
system: Cystathione b synthase, Cystathione c lyase. NAFLD: non-alcoholic fatty liver disease.
NASH: non alcoholic steatohepatitis
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polymorphisms found in different ethnic populations [68]. These genetic changes
result in decrease MTHFR activity and increase in homocysteine levels due to
dysfunction of remethylation pathway [69, 70].

Conclusion

NAFLD is a growing concern over time owing to the changes in lifestyle and diet in
recent times. Physicians face a dilemma in the management of fatty liver. Obesity is
one of the key players in NAFLD. Homocysteine has revealed its notoriety in
multiple comorbidities, including NAFLD. This provides us with a myriad of
opportunities to not only better understand the pathogenic basis of NAFLD, but also
to progress towards further establishment of blood-based biomarkers of NAFLD.
Association of homocysteine with NAFLD also opens the discussion over the
therapeutic approach to NAFLD via modulation of the enzymatic pathways
involved. There is still a long way to go down this path of intensive study and
research, but it is a promising avenue to proceed upon. A proposed hypothesis by
which obesity can lead to non-alcoholic liver disease and cirrhosis can be seen in
Fig. 11.1.
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Chapter 12
Mechanisms for Obesity Related Kidney
Disease

Praveen Murlidharan, Sreelekshmi Kamaladevan, Satish Balan
and Chandrasekharan C. Kartha

Abstract Obesity is a major cause for the initiation and progression of kidney
injury resulting in chronic kidney disease (CKD) and end stage renal disease. High
body mass index is a major risk factor for new-onset CKD as well. The well
recognized kidney disease secondary to obesity is glomerulopathy. Typical histo-
logical features of obesity related glomerulopathy include glomerulomegaly and
focal segmental glomerulosclerosis. In obese individuals, excess excretory load
induces hyperperfusion and hyperfiltration by the kidneys leading to glomeru-
lomegaly. Lipid accumulation in the kidney which accompanies excessive fat
deposition in the body is implicated in the development of CKD. Obesity is
associated with metabolic abnormalities in the adipose tissue such as increased free
fatty acids, hyperinsulinemia, insulin resistance, pro inflammatory conditions,
reduced adiponectin, leptin resistance and activation of the renin-
angiotensin-aldosterone system, all of which mediate injury to the cells of glo-
meruli and tubules leading to CKD. Despite much progress in our understanding of
the mechanisms of obesity related kidney disease, several questions about the
pathogenesis of nephropathy associated with obesity remain to be answered.
Delineating obesity linked factors, which lead to adaptive and maladaptive changes
in the kidney and predispose patients to renal disease could lead to identification of
molecular targets and reno-protective and therapeutic strategies to improve out-
comes for obese patients with CKD.
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Introduction

Obesity is currently an epidemic in developed countries and a global health challenge.
A significant association has been noted between obesity and initiation and pro-
gression of chronic kidney disease (CKD) in population-based studies [1–6]. The
incidence of obesity-related renal disease has increased ten times in recent years.
Prevalence of obesity which is estimated to rise by 40% in the next decade is expected
to result in a parallel escalation in the incidence of obesity related CKD [7, 8].

High body mass index (BMI) is a major risk factor for new-onset CKD [1, 2, 9].
In a study of 75,000 Norwegians, who were followed up for 21 years, increased
BMI was found to correlate with initiation of kidney disease or CKD related
mortality [5]. A 600% increase in end stage renal disease (ESRD) was observed in
those with a BMI more than 40 kg/m2 in a survey of more than 3 lakhs individuals
enrolled in the Kaiser Permanent Health System between 1964 and 1985 [8, 10].
Obese individuals are at a greater risk for acute kidney injury, for nephrolithiasis
and kidney cancer as well [7].

Until recently, obesity related kidney disease was thought to be linked to obesity
associated hypertension, diabetes and cardiovascular disease, which are all common
causes of renal disease. There is increasing evidence that even without other risk
factors, obesity can initiate kidney disease and also accelerate progression of pre-
existing renal disease [5, 11, 12]. Several obesity-induced disorders are nephrotoxic
[13].

Obesity Related Glomerulopathy

The first record on the link between obesity and massive proteinuria was by
Weisinger et al. [14]. Later, many reports confirmed the association of obesity with
proteinuria, glomerulomegaly and frequently, focal segmental glomerulosclerosis
(FSGS) [15–18]. FSGS is not observed in all cases of obesity related kidney dis-
ease; its presence may depend on the degree of obesity or renal impairment. Among
various sub-types of FSGS, the perihilar variant is more common [17].

In 2001, Kambham and colleagues proposed the term ‘obesity-related
glomerulopathy’ (ORG) for the microscopic lesions observed in kidney biopsies
from obese individuals [17]. The diagnostic criteria for ORG are: BMI values of
30 kg/m2 or greater and absence of clinical as well as biopsy evidence of other renal
diseases [17]. The concept of ORG as a nephropathy does not for its diagnosis,
depend on the manifestation of proteinuria. Patients with ORG may also not have

194 P. Murlidharan et al.



edema [17]. Kambham et al. noted that ORG is less likely than idiopathic FSGS to
present with edema or the degree of proteinuria as seen in nephrotic syndrome.
ORG is however frequently associated with hypertension and dyslipidemia [17].

Isolated proteinuria of unknown onset with or without renal impairment, is the
initial symptom in most cases. Even with relatively high excretion of protein in the
urine, hypoalbuminemia may not be present [17]. The mechanism for this remains
obscure. Typically, the clinical condition is stable. Alternately, the patient may have
slowly progressive proteinuria. Significantly, weight loss can strikingly reduce
proteinuria associated with obesity [18, 19]. In 10–33% of patients diagnosed with
ORG, long-term outcomes include progression to ESRD [17].

Renal Changes in Obesity

Structural Changes

Much is currently known about the structural and hemodynamic changes in the
kidneys of the obese (Table 12.1) [20–23].

Autopsies have revealed an increase in kidney weight in those with a high BMI
[22]. Increase in kidney weight may result from hypertrophy of individual nephrons
secondary to increased tubular and glomerular functions related to increase in BMI.

Table 12.1 Structural and functional changes in kidney in obesity

A. Structural changes

1. Increase in kidney weight

2. Intra cellular (mesangial and tubular cells) and extracellular lipid accumulation

3. Glomerulomegaly

4. Thickening of glomerular basement membrane

4. Focal segmental glomerulosclerosis

5. Enlargement of podocyte foot processes

6. Podocyte detachment

7. Decreased podocyte density

8. Increased cross sectional area of tubular epithelial cells

9 Tubulointerstitial damage

10. Increased microvessels

B. Hemodynamic changes

1. Increased glomerular filtration rate

2. Increased plasma flow

3. Increased filtration fraction

4. Afferent arteriolar vasodilatation

5. Efferent arteriolar vasoconstriction

6. Disrupted tubuloglomerular feedback
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Intracellular or extracellular accumulation of fluid and lipid components may also
contribute to a larger kidney.

Glomerular sizes are larger in the obese, even without obvious renal disease [23–
25]. There is no unanimity on the definition of glomerulomegaly in ORG.
A morphometric study found that in patients with ORG and preserved renal
function, when compared to control subjects, the mean glomerular volume is
increased about 3-fold [26]. The glomerular capillaries are increased in number.
The increase in vascular endothelial growth factor (VEGF) expression in the glo-
meruli of patients with ORG may contribute to the formation of new micro vessels
[27]. Cell proliferation and matrix synthesis could also contribute to glomerular
enlargement. Glomerulomegaly is accompanied by a 45% reduction in podocyte
density [24]. Thickening of the glomerular basement membrane (GBM) considered
as an early manifestation of diabetic nephropathy, is seen with obesity as well. Both
glycemic and lipid abnormalities in obesity may contribute to GBM thickening,
which may not be as severe as seen in patients with type 2 diabetes.

Obesity-induced glomerular hypertrophy and glomerulomegaly may cause
glomerular podocytes to enlarge their foot processes to cover the expanded
glomerular surface area. Consistent with this, a relative reduction in the coating area
of glomerular podocytes on the glomerular surface is found in patients with ORG
[28]. This may cause changes in podocyte function and a consequent loss in protein
selectivity, podocyte detachment, and replacement by matrix deposition, leading to
FSGS. Incidence of foot process fusion among glomerular podocytes is significantly
lower in ORG than in idiopathic FSGS [17].

Focal lipid vacuoles are occasionally seen in the cytoplasm of glomerular
mesangial cells and tubular epithelial cells [29]. A study comparing the kidney
biopsies from obese patients with proteinuria and biopsies from non-obese patients
with proteinuria found a 33% increase in the cross-sectional area of proximal
tubular epithelial cells and 54% increase in the lumen of the proximal tubules [30].

Changes in Hemodynamics

Hemodynamics in the kidney is markedly altered by obesity. In obese individuals,
there is compensatory hyperfiltration to meet the high metabolic needs of the larger
fat mass.

A recent study found that glomerular filtration rate (GFR) is higher in obese
adults than in those with normal body weight [30, 31]. Renal plasma flow (RPF) is
also increased, though not to the same degree. As a result, the filtration fraction
(FF) increases, a hemodynamic adjustment that parallel the degree of BMI and
adipose tissue mass. Studies in obese individuals suggest that afferent arteriolar
vasodilatation, together with efferent arteriolar vasoconstriction, contribute to the
increase in FF [31–34]. By lowering tubular sodium chloride relative to GFR,
obesity-dependent mechanisms disrupt the tubuloglomerular feedback
(TGF) response, preventing suppression of GFR [35]. Given the high rate of
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association of hypertension with obesity, inadequate TGF may result in the trans-
mission of systemic blood pressure to the glomerulus contributing not only to
increased GFR but also to structural changes in the kidney [35]. Increase in obesity-
induced GFR is not however permanent [36, 37].

The changes in renal hemodynamics found in obesity are closely linked to
increased salt sensitivity [38]. Activation of the renin–angiotensin–aldosterone
system (RAAS) in the kidney is an important mechanism by which salt sensitivity is
increased in obesity [37, 39]. Activation of renal sympathetic nerves may also be
involved in the increased salt reabsorption seen with obesity [40, 41]. The
glomerulus enlarges in response to increases in GFR, RPF, FF and tubular sodium
reabsorption.

Potential Mechanisms of Renal Injury

Kidney disease is initiated with increases in GFR and pressure in glomerular
capillaries (PGC), followed by hypertrophy of the glomerulus as well as podocytes
[42, 43]. Micro albuminuria ensues and progresses to proteinuria. Mesangial cell
proliferation, mesangial matrix expansion, nodular glomerulosclerosis and tubu-
lointerstitial injury contribute to a decrease in GFR culminating in ESRD [44, 45].
The exact mechanisms for obesity associated CKD in humans are not yet com-
pletely clear. Current understanding is based upon association studies, cell and
animal studies and pharmacological manipulations.

Several obesity-related factors have been implicated in the progression of CKD
(Fig. 1). These may act singly or together to cause renal injury. Potential mecha-
nisms are: (i) adverse effects of adaptations to increase in body mass and excretory
load, (ii) adverse effects of adaptations to obesity-induced sodium retention [44],
(iii) insulin resistance (IR) and progressive hyperglycemia (iv) direct or indirect
effects of hyperinsulinemia (v) renal lipotoxicity [46–48] (vi) rise in free fatty acids
(FFAs) which may aggravate insulin resistance and (vii) fatty acid/triglyceride
accumulation within tissues resulting in cellular dysfunction [49].

The effects of IR, dyslipidemia and oxidative stress are likely to be intensified by
dysregulation of adipocytokines such as leptin and adiponectin and proinflamma-
tory cytokines [49]. Resistin, corticosteroids, nutritional status and genetic factors
are the other factors implicated.

Excess Excretory Load

Obesity is associated with an excess excretory load resulting from increased body
mass and the increased energy intake and tissue turnover required to maintain it.
Fat-free body mass also increases in obesity harmonious with functional overload
[50]. Organomegaly in obesity includes the kidneys [15]. Chagnac et al. confirmed
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a 51% increase in renal perperfusion and 31% increase in filtration in severe obesity
[33]. The reduced renal resistance with increased FF is compatible with glomerular
capillary hypertension [33], a perfect setting for future glomerulosclerosis. Obesity
induces single-nephron adaptations typical of the reduced nephron number
accompanying CKD.

Adverse Adaptations to Excess Retention of Sodium

Hall et al. proposed that in obesity, there is reduced capacity for sodium excretion,
acting at sites proximal to the macula densa through Ang II and sympathetic
activation. The reduced sodium chloride delivery to the macula densa site induces
afferent vasodilation and renin release to produce compensatory glomerular
hyperfiltration, thus restoring normal distal delivery [46]. Thomson et al. considers
a mechanism similar for the increase in proximal tubular sodium reabsorption
induced by hyperglycemia seen in diabetes [42]. The result is intraglomerular hy-
pertension and proteinuria which form the final common pathway for chronic
glomerular and tubular injury, as with excess excretory load induced hyperfiltration.

.
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Fig. 1 Mechanisms of renal disease in Obesity. RAAS—Renin-angiotensin-aldosterone system,
FFAs—free fatty acids, TNF—tumor necrosis factor, IL—interleukin, CRP—C reactive protein,
MCP—monocyte chemo attractive protein, TGF—transforming growth factor, PAI—plasminogen
activator inhibitor
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Hypertension

Hypertension is common in obesity and may be due to a range of factors including
sympathetic nervous system activation and angiotensinogen release from adipose
tissue [36].

The rise in blood pressure may damage microvasculature within the kidney
through intensified RAAS activity. Ang II excess in the kidney can enhance renal
injury through proinflammatory mechanisms and can also promote
proteinuria-related renal damage [49].

The Role of Adipose Tissue

Adipose tissue is a highly active endocrine organ involved in the clearance and
storage of fatty acids, regulation of energy homeostasis and metabolism, insulin
function and inflammatory processes. Adipose tissue is involved in progression of
diseases associated with metabolic dysfunction [51–56]. Increased fat deposition in
obesity also correlates with renal injury [29].

Obesity is a chronic low-grade inflammatory condition, in which adipose tissue
serves as the source of inflammatory cytokines [57]. Visceral adipose tissue pro-
duces less adiponectin and more of pro-inflammatory cytokines, including tumor
necrosis factora (TNF-a) and interleukin-6 (IL-6), which can induce IR and pro-
mote endothelial dysfunction [58].

There is in obesity, lipid accumulation in the kidney suggesting a role for fat
accumulation in the organ for the development of CKD [59–62]. Visceral fat
elaborates bioactive substances which contribute to the abnormal hemodynamic and
structural changes leading to obesity-related nephropathy. Visceral adipose tissue
mediates obesity-related disease through production of pro-inflammatory cytokines
(adipokines) and causing IR [63]. Adipocytes secretes angiogenic factors as well
and thus can facilitate vasculogenesis locally and in distal organs [64]. In a study
using obese Zucker rats, in parallel with intrarenal inflammation, significant
increases in the density of cortical and medullary microvascular was found [65].

Adipocytes contain adipocyte-specific metabolites such as free fatty acids, lep-
tin, and adiponectin and all the components of the RAAS, plasminogen activator
inhibitor (PAI), all of which affect renal structure and function. In addition, fat is
infiltrated by macrophages that can alter their phenotype and foster a proinflam-
matory environment which in the kidney, advances pathophysiologic changes
associated with obesity. Adipose tissue of patients with ESRD has elevated levels
of the pro-inflammatory cytokines TNF-a and monocyte chemoattractant protein-1
(MCP-1) and more infiltration of macrophages [66]. Elevated levels of
pro-inflammatory cytokines or chemokines (TNF-a, IL-6, IL-1b, MCP-1) and
infiltrated macrophages in the adipose tissue correlate with renal inflammation in
obese rodents [67].
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Metabolic Factors

Altered fatty acid and cholesterol metabolism is responsible for ipid accumulation,
inflammation, oxidative stress and fibrosis in the kidney [68]. BMI seems to
determine the degree of accumulation of triglycerides in the human renal cortex
[69]. Triglyceride accumulation is seen in both glomerular and tubular cells, more
in proximal tubular cells [69].

Lipid disturbances in obesity appears to directly involve in renal damage. Young
C57BL/6 mice fed a high fat diet (HFD) have increased body weight, and elevated
blood levels of glucose, insulin, triglycerides and cholesterol and lower circulating
adiponectin. Proteinuria, glomerulomegaly, expanded mesangial matrix, thickened
glomerular basement membrane and podocyte effacement have been observed in
these mice [59]. There is evidence that lipid moieties can injure mesangial cells.
Low density lipoprotein (LDL), oxidized LDL, and glycated LDL, at levels
observed in blood significantly increase synthesis of mesangial matrix components,
fibronectin and laminin [70]. Lipid moieties also stimulate production of macro-
phage migration inhibitory factor in mesangial cells and expression as well as
release of inflammatory activators, CD40 and IL-6 [70]. Renal toxicity and pro-
teinuria in mice with hyperlipidemia can be attenuated by treatment with anti-IL-6
monoclonal antibody [71].

Lipids also damage podocytes [28]. Oxidized LDL decreases phosphorylation of
AKT, involved in cell survival and can thus contribute to nephrin loss and podocyte
apoptosis [72, 73]. In podocytes cultured with palmitate, there is increase in the
synthesis of ceramide resulting in reduced insulin-stimulated glucose uptake [74].
Thus, lipid abnormalities may interact with changes in glucose metabolism to
actuate nephropathy.

Normal insulin/phosphatidylinositol 3-kinase/AKT and mTOR signalling are
critical for podocyte hypertrophy and adaptation. Adipokines and lipid stores in
the kidney result in IR in podocytes and maladaptive responses, to cope with the
mechanical forces of hyperfiltration [68].

Sterol regulatory element binding protein-1 (SREBP-1) also seem to play a role
in the damage to the kidney from lipid accumulation and ensuing inflammatory and
fibrotic responses [75, 76]. The effects of HFD on the kidney were not seen in
SREBP-1c −/− mutant mice, while SREBP-1a transgenic mice had lipid deposition
in the glomeruli, glomerulosclerosis and albuminuria. In patients with ORG,
expression of SREBP-1 in the glomeruli is up-regulated [27].

Adipokines

Visceral fat releases into the circulation a large number of adipocytokines with
autocrine, paracrine and endocrine activities, which contribute to the pathogenesis
of renal injury [77].

The secreted peptides include leptin, adiponectin, resistin, TNF-a, IL-6 and
components of the RAAS such as angiotensinogen, ACE and ATII-1R as well as
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VEGF, MCP-1, RBP-4 and TIMP-1. There is a positive correlation between
increase in adipose tissue and elevated inflammatory markers [78]. Axelsson et al.
2004 observed a positive relationship between truncal fat mass and inflammation in
patients with ESRD [79]. Adipose tissue also has macrophages and immune cells
which secrete pro-inflammatory cytokines. The link between dysfunctional adipose
tissue in obesity and raised proinflammatory adipocytokine patterns, systemic
inflammation, IR and cellular dysfunction, is well recognized [49]. Be that as it
may, role of this link in the pathogenesis of CKD is not well elucidated.

Leptin

Leptin levels rise in response to increase in fat mass. Elevated leptin levels in obese
individuals correspond to the fat stores. Central hypothalamic resistance to leptin
may also be present in the obese. Leptin has immuno-regulatory and proinflam-
matory actions in the obese [80].

In patients with obesity, leptin levels rise and there is leptin resistance during the
initial stages of development of CKD [81]. When CKD progresses, reduced renal
clearance of leptin contributes to hyperleptinemia and is associated with con-
comitant inflammation [82, 83].

Mice overexpressing leptin have more renal disease than leptin deficient mice
[84]. Long-term infusion of recombinant leptin in rats is associated with proteinuria,
increased expression of extracellular matrix proteins (collagen type IV), TGF-b and
other pro-inflammatory cytokines, macrophage infiltration and glomerulosclerosis
[85]. These observations indicate that leptin promotes renal injury in obese subjects.
Despite severe obesity, renal dysfunction is not seen in the absence of leptin or
mutation in the leptin receptor gene [13].

Adiponectin

Adiponectin (also called Acrp30), one of the most abundant adipokines produced
by the adipocytes is down-regulated in obesity and type 2 diabetes [86]. Low
adiponectin levels is linked to inflammation, atherosclerosis, IR, and raised blood
pressure [87]. Endothelial cell dysfunction, impaired endothelium-dependent
vasodilation, enhanced leukocyte-endothelium adhesion and activation of RAAS
have been found in both humans and experimental animals with decreased levels of
adiponectin.

Adiponectin is also known to aid the normal function of the podocyte [88]. In
hypoadiponectinemia, function of podocytes in maintaining glomerular filtration
breaks down causing glomerular damage and sclerosis. Glomerulomegaly, collagen
deposition in glomeruli, loss of podocyte foot processes, increased TGF-b, and
albuminuria have all been observed in adiponectin null mutant mice [89].
Adiponectin restitution reverts podocyte effacement and albuminuria. This benefit is
attributed to reduction in oxidant stress [88, 90]. Adiponectin deficiency can also
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lead to increased NADPH oxidase activity and a rise in the levels of reactive
oxygen species.

Adiponectin is an insulin-sensitizing factor as well and has also
anti-inflammatory effects. Reduced plasma adiponectin level is inversely correlated
with IR in obese patients [88, 89]. Though obese subjects have consistently low
circulating adiponectin levels, in patients with CKD due to obesity, adiponectin
levels are increased, possibly because of renal dysfunction [90, 91].

The role of adiponectin in obesity-related disease has been extensively investi-
gated using transgenic mice or pharmacological globular Acrp30 compound [92–
96]. Adiponectin is an important regulator of lipid and glucose metabolism and a
key link among TNF-a, MCP-1, and IR.

Effects of adiponectin are tightly linked to the activation of AMP-activated
protein kinase (AMPK) [88, 97]. Obesity is known to modulate the activity of
AMPK. Steinberg et al. demonstrated that TNF-a could suppress AMPK activation
through the TNF receptor 1 (TNFR1), suppress fatty acid oxidation and promote IR
in skeletal muscle [98]. How TNF-a inhibits AMPK activation is unclear. Steinberg
et al. showed that this process might involve the upregulation of protein phos-
phatase 2C (PP2C) by TNF-a. Treatment with TNF-a increases PP2C activity and
decreases AMPK activation in WT mice but not in the transgenic ob/ob TNFR−/−

mice. This change is also accompanied with a reduction of fatty acid oxidation and
an increase of diacylglycerol (DAG) and triacylglycerol (TAG) in skeletal muscle
[103]. AMPK activation reduces TNF-a and increases adiponectin levels in human
adipose tissue, improving insulin sensitivity [99]. A decrease of adiponectin and
AMPK activation is also associated with increase in the levels of MCP-1 in human
adipocytes [100].

Recently, a role for AMPK in regulating macrophage infiltration and activation
has been proposed [101]. AMPK activation completely reverses HFD induced
infiltration of macrophages in the kidney [62]. AMPK activation is also a key
regulator of lipid accumulation in vacuolated proximal tubular cells, maintenance of
integrity of the brush border, as well as nitrotyrosine and NOX4 levels. These
findings suggest that AMPK activation may have a role in tubular dysfunction [62].

Macrophage Infiltration of Adipose Tissue and Phenotype Switch
in Macrophages

There are evidences for macrophage influx in adipose tissue of obese humans and
animal models of obesity [102–104]. Macrophage infiltration of adipose tissue
results in inflammation and IR [102, 103]. Obesity induces a phenotype switch in
macrophages [105–108]. In lean rodents, M2 phenotype, involved in the resolution
of inflammation and tissue repair are predominant; proinflammatory M1 macro-
phage population is dominant in obese animals [106]. Macrophages that infiltrate
the adipose tissue are a source of a large number of proinflammatory mediators such
as TNF-a, IL-6, C-reactive protein (CRP), MCP-1 and macrophage migration
inhibitory factor [109]. Inhibition of proinflammatory macrophages reduces kidney
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injury [110–112]. There is indication from animal experiments that macrophage
AT1 receptor may mediate macrophage polarization [113].

Adiposity-Driven Proinflammatory Cytokines

Inflammation markers are inversely associated with measures of kidney function
and positively with albuminuria [114]. Thus, there is a strong evidence for the
contribution of inflammation in obesity associated renal disease.

Rapid expansion of adipose tissue results in an altered synthesis of
pro-inflammatory adipokines which leads to a state of low-grade inflammation
[115]. Among the large number of pro-inflammatory adipokines, TNF-a is one of
the most critical mediators of adipose tissue inflammation and development of IR
[116, 117].

Fatty acids released by adipocytes promote TNF-a release by macrophages
which, in turn, increases IL-6 production in fat cells and thus an inflammatory
milieu in both adipose tissue and kidney [82]. TNF-a is an important mediator of
progressive renal fibrosis. Gene expressions of both TNF-a and its receptors, as
well as IL-6, a signal transducer are seen increased in glomeruli of patients with
ORG and indicates the importance of TNF-a and IL-6 in development of ORG [27].

A rise in TNF-a levels is generally associated with increased production of
MCP-1 by both adipocytes and macrophages. MCP-1 is also a key mediator of both
adipose tissue inflammation and development of IR [117–119]. The mediatory role
of MCP-1 and its receptor CCR2 in chronic kidney disease has recently received
much attention [120]. In human podocytes, MCP-1 regulates nephrin expression via
CCR2 [121]. Studies in mesangial cells have revealed that palmitate stimulates
marked secretion of MCP-1 indicating that in obesity, circulating saturated fatty
acids, such as palmitate may trigger production of MCP-1 [61].

The major source of pro-inflammatory cytokines that directly contribute to renal
injury in obese subjects are the infiltrated macrophages [84]. In addition, renal
parenchyma also releases proinflammatory cytokines in response to hyperglycemia
or locally active vasoactive peptides such as Ang II [122]. These mediators produce
low grade chronic inflammation and participate in the pathogenesis of ORG. TNF-a
has been shown to reduce the expression of key components of the slit diaphragm,
nephrin and podocin, thus contributing to podocytopathy [78]. IL-6 promotes
expression of adhesion molecules and oxidative stress [123].

Insulin Resistance

Insulin resistance (IR) is a common accompaniment of obesity and related meta-
bolic syndrome [124, 125]. In obese rodents and humans, inflamed adipose tissue is
known to contribute to development of IR [124, 126]. IR is a salient metabolic risk
for CKD [127]. Many studies indicate the association between IR and CKD. This
association is seen even before the onset of diabetes [128, 129].
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The direct link between adipose tissue dysfunction and associated IR with
obesity related kidney disease is presently more evident. The low adiponectin levels
in obesity is associated with reduced insulin sensitivity, which leads to a
pro-inflammatory state in the kidney [130].

In the captive rhesus monkey with spontaneous obesity, glomerular hypertrophy
appears in the prediabetic hyperinsulinemic phase; hyperglycemia, hypertension,
renal dysfunction, and increase in mesangial matrix deposition are absent at that
stage [131].

Insulin, although a weak vasodilator, augments endothelial-dependent vasodi-
lation. Hyperinsulinemia can contribute to preglomerular vasodilation, glomerular
hypertension and increase in glomerular capillary permeability [132, 133].
Structural damage is not manifest during this period. Hyperinsulinemia may induce
glomerular hypertrophy either directly or by stimulating the IGF-1 receptor [134].
Hyperinsulinemia can also augment Ang II contraction of glomerular mesangial
cells [135]. Abrass et al. demonstrated that high-dose insulin stimulates expression
of inflammatory collagens in renal mesangial cells in culture [136]. They also found
that the altered gene expression after exposure to high insulin is not reversible by
later withdrawal of insulin [137, 138].

Walsh et al. through a study in transgenic mice missing insulin receptors in their
podocytes, have elucidated the critical role of insulin signaling in normal podocytes
[139]. They showed that these mice have normal glomeruli when they are at their
early age (three weeks old), but later starting at the age of 5 weeks, have loss of
podocyte foot processes, increased glomerular matrix and albuminuria [139].

Free Fatty Acids (FFA) might also contribute to IR [74]. Increased FFA flux
from excess adipose tissue to non-adipose organs results in lipid accumulation in
ectopic organs including the kidney. Lipid stores later advances impairment of
glucose metabolism and insulin sensitivity in these organs. This adverse effect is
associated with an increase of ceramide, a highly lipotoxic molecule, that is related
to IR [140]. In addition, a dysregulation of the insulin receptor and the impairment
of recruitment of the glucose transporter GLUT4 to the cell surface have been noted
with FFA increase [74].

Though there are evidences for considering IR as a driver of the renal disease in
obesity, how critical is IR for progression of the disease is still unclear.

There are many similarities between the ‘obese’ and ‘diabetic’ kidney; there are
also features unique to obesity sans diabetes. Kidneys of obese individuals fre-
quently have lipid deposits (foam cells) in glomeruli and mesangium. This is an
evidence for the concept that renal injury is caused by lipotoxicity. Lipid accu-
mulation in the glomerulus may result in the upregulation of SREBP-1 and 2 and
promote podocyte apoptosis, mesangial cell proliferation and cytokine synthesis
[140].
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Vasoactive Peptides

Several vasoactive peptides have been implicated in the pathogenesis of OGR.
There is upregulation in the intrarenal RAAS in obesity [141, 142]. Activation of
the RAAS leads to both hemodynamic and cellular effects. Ang II leads to increases
in efferent arteriolar vasoconstriction and glomerular pressure, sodium retention and
cell proliferation [143–145]. In cells, Ang II activates protein kinase C (PKC), MAP
kinase (MAPK) and transcription factors such as nuclear factor-jB. Their activation
leads to alteration in the expression of genes of a number of growth factors and
cytokines. Increase in TGF-b promotes podocyte apoptosis, mesangial cell prolif-
eration and extracellular matrix synthesis, cellular events that are important in the
development of obesity- and diabetes-associated glomerulopathy [146].

Renin-Angiotensin-Aldosterone System (RAAS)

Adipose tissue has all the components of the RAAS system. RAAS is activated in
the adipose tissue of the obese [147, 148]. In obese adipocytes, production of
angiotensinogen, aldosterone, and aldosterone-stimulating factor is increased [149–
151]. In obese individuals, the RAAS is activated in renal tissue as well, resulting in
increase in sodium reabsorption through many mechanisms [152–154]. Activation
of the RAAS in the kidney, especially of aldosterone and or its receptor, is likely to
play a major role in the development of kidney injury and proteinuria associated
with obesity. Hyperglycemia and angiotensin II are known to upregulate the
expression of sodium glucose co-transporter (SGLT-2) [155, 156]. Thus, in obesity,
in which both hyperglycemia and RAAS activation occur, renal tubular reabsorp-
tion of glucose may be increased via upregulation of the expression of SGLT-2.

RAAS is a major regulator of vasomotor tone and cellular proliferation and thus
regulates renal function and structure. Adipocytes and adipose-infiltrating macro-
phages are important sources of RAAS [157]. Circulating levels of angiotensinogen
(Aog) increase with increasing BMI [158]. Adipose-derived increase in circulating
RAAS ligands together with adipose-driven increase in renal AT1 is a potent
alliance for efferent arteriolar vasoconstriction, to increase glomerular pressure and
FF, as well as cellular proliferation and thus culminate in renal damage [159, 160].
There are also evidences to suggest that AT2 may mediate the substantial adipose
inflammatory response associated with increased Aog [161].

Aldosterone blockade reduces renal injury. This benefit is independent of its
antihypertensive effects and possibly relates to the blocking effects of aldosterone
on PAI-1 and TGF-b  , reactive oxygen intermediates, inflammatory mediators, and
podocyte function [162–164]. Adipose tissue produces aldosterone independent of
AngII as well. At least one oxidized derivative of linoleic acid is known to stimulate
aldosterone synthesis [165]. Complement-C1q TNF-related protein 1 (CTRP1),
prominently expressed by adipose tissue may also mediate Ang II-independent
aldosterone production [166]. Thus, elevated aldosterone in obesity could be
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injurious to glomeruli through its indirect action which increases GFR and also
through its direct effects on the podocyte.

Plasminogen Activator Inhibitor-1 (PAI-1)

Obesity induces PAI-1 in adipose tissue and glomerular cells. PAI-1 is an inde-
pendent risk factor for renal damage. PAI-1 can decrease protease-dependent matrix
degradation and cellular migration [167]. In a model of podocyte injury-associated
glomerulosclerosis, renoprotection by PPAR-c agonist is partially through reduced
PAI-1 [168]. PAI-1 modulates podocyte injury as well. Ablation of the kidney in
PAI-1 deficient mice caused less of proteinuria, podocyte damage and glomerular
sclerosis [169].

Several mechanisms involved in obesity-related organ dysfunction are con-
comitant. IR is linked to increased levels of Ang II, which is associated with the
progression of renal damage in obesity. Indeed, Angiotensin II is an important
mediator in the progression of obesity related kidney disease [170–172].
Angiotensin II contributes to hyperfiltration and glomerulosclerosis through both
hemodynamic and non-hemodynamic effects [18, 173–175]. ANG II produces
vasoconstriction while insulin induces vascular relaxation by promoting NO pro-
duction through the phosphatidylinositol 3-kinase (PIK3-Akt) signaling pathway
[176]. The inhibitory effects of ANG II on the insulin action is mediated by pro-
duction of reactive oxygen species (ROS) [177, 178]. In turn, ROS induces
inflammatory cytokines such as MCP-1 or TNFa which can then impair the
PI3K-Akt pathway of insulin signaling, resulting in IR [116, 179, 180].

Factors Which Increase Susceptibility for Renal Injury
in the Obese

Severity of renal impairment does not always correlate with the severity of obesity.
Considerable differences in susceptibility to renal injury have been noted among
obese individuals and are possibly related to other predisposing factors (Table 2).

Obesity is a risk factor for type 2 diabetes, hypertension and other components
of the metabolic syndrome as well as cardiovascular disease. All of them add to the
risk for CKD in obese individuals. Each component of MetS (impaired glucose
tolerance, hypertension, and dyslipidemia) can induce kidney injury and may also
exacerbate pre-existing kidney disease [181]. Combinations of components syner-
gistically increase the risk for CKD, and the risk of progression of pre-existing
CKD [182]. The odds ratio for kidney disease is 1.89 when only one component of
MetS is present, leaping to 5.85 when all five components of MetS are present
together in an individual [183, 184]. A meta-analysis of eleven studies [185]
involving 30,146 subjects revealed that MetS is associated with development of
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Stage III CKD with an odds ratio (OR) of 1.55 (95% CI: 1.34–1.80) [185]. Global
as well as segmental glomerulosclerosis are seen in those with MetS. There is also a
higher prevalence of tubular atrophy, interstitial fibrosis, and arterial sclerosis [186].

Interestingly, in comparison to normal subjects, patients with obesity related
kidney disease have a significantly lower glomerular density as seen in kidney
biopsies [26]. Aging related decreases in the number of glomerular podocytes can
also greatly influence susceptibility to renal injury in obese individuals [187].

In obesity, nephron overwork and risk of intraglomerular hypertension would be
exaggerated in those with intra uterine growth retardation and those who have had
unilateral nephrectomy, as they have already a lower nephron number [188, 189].

Pulmonary hypertension secondary to sleep apnea and non-alcoholic fatty liver
disease which commonly accompany obesity may also catalyze renal injury asso-
ciated with obesity [190, 191].

Conclusions

Obesity is a major cause for the initiation and progression of renal injury resulting
in CKD and ESRD. Many factors together cause renal vasodilation, glomerular
hyperfiltration and albuminuria, leading to glomerulopathy. In obese individuals,
excess excretory load induces hyperperfusion and hyperfiltration by the kidneys
leading to glomerulomegaly. Obesity associated metabolic abnormalities such as
increased FFA, hyperinsulinemia, IR, pro inflammatory conditions, reduced adi-
ponectin, and leptin resistance mediate injury to glomerular and tubular cells and
lead to CKD.

To a large extent, both obesity and related CKD can be prevented by following a
healthy lifestyle. Renin-angiotensin-aldosterone blockade is effective in the

Table 2 Predisposing factors
for renal injury in obesity

1. Type of obesity type: Visceral fat obesity

2. Components of metabolic syndrome: impaired glucose
tolerance, hypertension, dyslipidemia

3. Associated conditions: sleep apnea syndrome, pulmonary
hypertension and right ventricular overload, nonalcoholic fatty
liver disease

4. Decrease in nephron number: low birth weight, intra-uterine
growth retardation, preterm birth

5. Reduced nephron mass: congenital anomalies of the kidney
and urinary tract, nephrectomy

6. Progressive loss of functioning nephron: chronic kidney
disease of any cause, aging

Adapted from Tsuboi N, Okabayashi Y, Shimizu A and Yokoo T.
The renal pathology of obesity. Kidney International Reports
2:251–260, 2017
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short-term. SREBP antagonists, PPARa agonists, FXR and TGR5 agonists and
LXR agonists directly target lipid metabolism and hence are considered to have
therapeutic value. Delineation of obesity linked factors, which lead to adaptive and
maladaptive changes in the kidney and predispose patients to renal disease could
lead to identification of molecular targets and reno protective and therapeutic
strategies to improve outcomes for obese patients with CKD.

Several questions about the pathogenesis of nephropathy associated with obesity
remain to be answered. Whether glomerulomegaly is a cause or only an associated
feature of proteinuria in ORG is unclear. Whether glomerulomegaly is a precursor
of obesity-related FSGS lesion is also obscure. Whether genetic factors have any
role in determining the time of onset and the rate of progression of kidney disease in
obese subjects is also unknown.
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Chapter 13
Consequences of Maternal Obesity
on Neonatal Outcomes
and Cardio-Metabolic Health in Infancy

Delphine Mitanchez and Pascale Chavatte-Palmer

Abstract The incidence of obesity (body mass index � 30 kg/m2) at the start of
pregnancy has been rising worldwide. Although maternal diabetes and gestational
weight gain constitute confounding factors, many studies report the independent
effect of maternal obesity on fetal and neonatal complications, but also on the risk
of childhood obesity and adverse cardio-metabolic profile. Although human cohort
studies have shown an association between maternal obesity and altered
cardio-metabolic health in childhood, it cannot establish causality, nor elucidate
underlying mechanisms. Some molecular mechanisms of the programming effects
of maternal obesity involving epigenetic traits have been investigated by human
studies. But, the most important information has been provided by animal models
that have been widely studied to decipher mechanisms linking maternal obesity and
offspring health. Many studies in animal models demonstrate the importance of
maternal obesity in the programming of offspring health and bring information on
the underlying molecular mechanisms. Understanding the mechanisms is important
in an attempt to improve preventive measures before and during pregnancy to limit
the consequences in offspring and for disease prevention in the next generations.
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Introduction

Obesity is defined by the World Health Organization as abnormal or excessive fat
accumulation threatening health. Obesity can be measured using the Body Mass
Index (BMI, weight/(size in m)2). Overweight is defined as a BMI range of 25–
30 kg/m2 and obesity is defined as BMI > 30 kg/m2. Obesity is further subdivided
into classes: 1—BMI range 30–34.9; 2—BMI range 35–39.9 and 3—BMI > 40.
Although about one third of the obese population appears to be metabolically
normal, obesity is often associated with diabetes in the context of the metabolic
syndrome and it is in general difficult to discriminate the effects of obesity per se
from those of abnormal metabolism during pregnancy [1].

Maternal Nutritional and Metabolic Situation

The deleterious effects of maternal obesity are exacerbated by the association with
diabetes during pregnancy and by excessive gestational weight gain (GWG). As the
diabetes epidemic is developing in parallel with the obesity epidemic, a growing
number of women are diagnosed with type 2 diabetes before pregnancy, but there is
also an increased number of women starting their pregnancy with undiagnosed type
2 diabetes or who develop gestational diabetes mellitus (GDM). Moreover, the
increased risk of GDM in obese women was reported in many studies and analyzed
by two systematic reviews. These found, respectively, unadjusted odds ratios
(ORs) for developing GDM of 3.56 (95% CI 3.05–4.21) and 3.01 (95% CI 2.34–
3.87) for women with moderate obesity and 8.56 (95% CI 5.07–16.04) and 5.55
(95% CI 4.27–7.21) for women with morbid obesity (BMI > 40) when compared
with women with normal weight [2, 3]. So far, very few studies have examined the
relative contribution of increased maternal BMI and diabetes to adverse pregnancy
outcome. A report based on data from the Hyperglycemia and Adverse Pregnancy
Outcome (HAPO) study showed that maternal GDM and obesity are independently
associated with adverse pregnancy outcomes and that the combination of the two
has a greater impact than either one alone [4].

The Institute of Medicine (IOM) recommends that GWG is limited to 5–9 kg for
women with BMI � 30 kg/m2 because excessive GWG is associated with worse
outcomes for the mother and the fetus. Despite this, 47–72% of obese women gain
more weight than recommended [5]. In obese, pregnant women, fat accumulation
predominantly occurs centrally in the visceral compartment [6]. Excess of visceral
fat contributes to insulin resistance and is associated with higher metabolic risk
factors during pregnancy [7].
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Maternal Obesity and Perinatal Outcomes

Fetal Growth

Macrosomia or Large for Gestational Age (LGA)

The positive relationship between maternal obesity and macrosomia (defined as
birth weight >90th percentile, or >+2DS, or >4 kg or >4.5 kg) was reported in
many studies. Several meta-analyses have demonstrated that maternal obesity is
associated with excess fetal growth, with an average increased risk of 2.5 to
three-fold (Table 13.1) [8–10]. There is, however, substantial clinical heterogeneity
between the studies included in the meta-analyses, notably concerning the method
used for recording maternal weight and the inclusion of diabetic mothers. In a study
on a smaller population, excluding maternal diabetes, the authors showed that there
was no difference or a borderline increase in birth weight of neonates born to obese

Table 13.1 Summary for adverse fetal and neonatal outcomes in obese and very obese
(BMI > 40 kg/m2) women from meta-analyses. Figures are expressed as adjusted odds ratio 95%
confidence intervals (95% CI); references are in the rectangular brackets

Outcomes Obese versus normal
weight

Very obese versus normal
weight

Stillborn 1.81 (1.69–1.93) [8]

Fetal compromise 1.62 (1.54–1.70) [21] 2.08 (1.92–2.25) [21]

Low Apgar score 5 min 1.57 (1.46–1.68) [21] 2.09 (1.87–2.35) [21]

1.40 (1.27–1.54) [35] 1.71 (1.55–1.89) [35]

Presence of meconium at birth 1.57 (1.42–1.73) [8]

NICU admission 1.91 (1.60–2.29) [8]

Post term birth >41–42 week 1.37 (1.33–1.41) [21] 1.56 (1.48–1.64) [21]

Birth weight >90th percentile 1.88 (1.67–2.11) [8]

2.08 (1.95–2.23) [10]

2.42 (2.16–2.72) [9]

Birth weight <10th percentile 0.88 (0.78–0.99) [8]

Low birth weight <2 kg 1.24 (1.09–1.41)
[8]

<2.5 kg 0.84 (0.75–0.95)
[20]

Preterm birth

Spontaneous preterm birth <37
week

0.93 (0.85–1.01) [20]

Induced preterm birth <37
week

1.56 (1.42–1.71) [20] 1.71 (1.50–1.94) [20]

All preterm birth <33 week 1.45 (1.23–1.71) [20] 1.82 (1.48–2.24) [20]

All preterm birth <32 week 1.48 (1.20–1.81) [32]
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non-diabetic women compared to neonates born to normal weight women. The fat
mass of children born to these obese women was significantly increased, but not the
lean mass [11]. Similar results were found in a prospective cohort comparing two
groups of pregnant women, one with normal pregestational BMI
(18.5 � BMI < 25 kg/m2) and one with pregestational BMI � 30 kg/m2, for
whom screening and subsequent treatment for GDM were enhanced in order to
minimize the potential effect of maternal hyperglycemia on neonatal anthropo-
metrics. Birth weight was not different between the two groups but fat mass at birth
and cord serum leptin were significantly higher in girls born to obese women, but
not in boys [12].

The risk of macrosomia in maternal obesity is influenced by GWG. In a large
meta-analysis, including 740,000 obese women, odds of LGA in all obese women
increased by 23–87% across studies when GWG was above the IOM recommen-
dations [5]. When weight gain was higher than recommended, the increased risk of
macrosomia was more pronounced for fetuses in women with class 1 obesity
compared to the others classes. On the other hand, weight loss or lower than
recommended weight gain decreased the risk of macrosomia (respectively, OR 0.58
(95% CI 0.52–0.66) and 0.77 (95% CI 0.71–0.84)), the effect of weight loss being
more pronounced for class 3 obesity (OR 0.53 (95% CI 0.41–0.67)) [13]. In one
study including 5,930 women in Canada, GWG above the recommended limits
contributed more to LGA births than being obese, with population attributable
fractions of 15.9% and 8.9%, respectively [14].

Maternal metabolism is affected by obesity, and different metabolic factors may
contribute to higher fat mass in neonates born to women with obesity. Obese
pregnant women with normal glucose tolerance have a higher basal glycemia and
HbA1c than normal weight pregnant women, thereby exposing the fetus to relative
hyperglycemia [12, 15]. This means that regardless of GDM, deregulation of glu-
cose metabolism is present in obese women and may contribute to fat mass in the
neonates.

Furthermore, maternal insulin resistance, which is associated with high maternal
circulating free fatty acid and triglyceride concentrations, contributes to neonatal
adiposity. The metabolic environment of obese women is also characterized by
low-grade inflammation that contributes to increased placental transfer of nutrients
to the fetus [16].

The mechanisms underlying the sexual difference in the accumulation of fetal fat
mass in offspring from obese women remain unclear and need further investiga-
tions. Being the active interface between the mother and the fetus, the placenta
appears to be a relevant target to better understand the molecular link between
maternal obesity, insulin-resistance and fetal growth. Recently, different studies in
women with high BMI showed that placental adaptations to maternal environment,
including placental biometry or histopathology, differ according to fetal sex, with
significant changes so far only reported in girls [17, 18]. Nevertheless, Brass et al.
showed that placental uptake of oleic acid was suppressed and that the expression of
the placental transporter CD36 was lower in male but not in female newborn of
obese women [19].
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Small for Gestational Age (SGA) and Low Birth Weight

Data concerning the association between maternal obesity, SGA (birth
weight <10th percentile) and low birth weight are controversial. Two meta-analyses
reported a 15% risk reduction for low birth weight [20, 21] whereas another
meta-analysis reported a 25% increase of the risk for birth weight less than 2 kg,
although the risk for being SGA was decreased (Table 13.1) [8]. The risk of having
an infant of very low birth weight (<1500 g) or extremely low birth weight
(<1000 g) was increased for obese women. The heavier the woman, the higher the
risk of having an extremely low birth weight infant, with relative risks in obese, and
very obese women (BMI > 40) of 1.43 (95% CI 1.05–1.95), and 1.98 (95% CI
1.36–2.89), respectively.

In any case, the risk of SGA in overweight or obese women should also be
evaluated regarding GWG. Indeed, in a meta-analysis, GWG below guidelines was
associated with higher risk for SGA in overweight (OR 1.34 95% CI 1.24–1.44)
and in obese (1.24 95% CI 1.06–1.45) women [13].

Perinatal Death

Many studies have reported an association between maternal obesity and increased
risk of perinatal death. Indeed, one meta-analysis showed that the relative risk for
each 5 unit increase in maternal BMI was 1.21 (95% CI 1.09–1.35) for fetal death,
1.24 (95% CI 1.18–1.30) for stillbirth, 1.16 (95% CI 1.00–1.35) for perinatal death,
1.15 (95% CI 1.07–1.23) for neonatal death and 1.18 (95% CI 1.09–1.28) for infant
death [22]. Most studies did not consider whether GDM or other maternal or fetal
complications were included in the analysis. In a large cohort study that excluded
pregnancies with malformations and pre-gestational diabetes, maternal obesity was
associated with increased risks of fetal and infant death with ORs of 2.32 (95%
1.64–3.28) and 1.97 (95% CI 1.13–3.45), respectively. For each one–point increase
in maternal BMI over 23 kg/m2, the risk increased by 7% for fetal death and by 6%
for infant death [23]. The results were the same when women with hypertension
were excluded.

Maternal overweight and obesity are the highest-ranking modifiable risk factors
for stillbirth in high-income countries, with a population attributable fraction of 8–
18%, contributing to around 8,000 stillbirths at 22 weeks of gestation per year. The
population attributable fraction for pre-existing diabetes in high-income countries is
much lower (3.3–4.7%), contributing to around 2,200 stillbirths per year [24]. The
additional effect of GWG on neonatal mortality was reported in one study using a
current national data set in US. Compared with normal weight women who gained
0.30–0.44 kg/week, for obese women who had weight gain of 0.30–0.44 kg/week
and � 0.45 kg/week, adjusted ORs for neonatal death were 1.82 (95% CI 1.1–3.0)
and 3.5 (95% CI 2.34–5.25), respectively [25].
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Malformations

The increased risk of fetal malformations in obese pregnant women has been
mentioned for several years by various studies and was confirmed in a review of the
literature with meta-analysis. It showed that newborn of obese women have a
significantly increased risk of neural tube defects, spina bifida, cardiovascular
malformations, cleft lip and/or palate, anorectal atresia, hydrocephalus and limb
abnormalities (Table 13.2) [26]. With regards to abdominal wall abnormalities, the
risk of laparoschisis was significantly decreased in obese women. This result is
probably related to the influence of maternal age as the prevalence of obesity
increases with age and it is among the younger women that the risk of laparoschisis
is the highest. The risk of omphalocele was not studied in this meta-analysis, but
different studies reported a significant increased risk of this malformation in relation
to maternal obesity, with odds ranging from 1.6 to 3.3 [27–29]. Also, no significant
association was observed with maternal obesity for the risk of diaphragmatic hernia
in this meta-analysis, although this risk was significantly increased in two popu-
lation studies, with odds ranging between 1.4 and 1.8 [27, 28].

Various hypotheses can be advanced to explain the association between maternal
obesity and the risk of fetal malformations:

– The risk of non-detection of a malformation after a routine ultrasound was
estimated to 1/250 in women of normal weight and 1/100 in women with
obesity [30]. The decreased ability to perform antenatal detection could limit the
number of pregnancy terminations and thus increase the prevalence of birth
defects.

– A relative folic acid deficiency in obese women has been associated with neural
tube defects. In a Canadian study, however, no beneficial effect of acid folic
flour fortification was observed in obese women regarding the risk of these
malformations [31].

Table 13.2 Adjusted odds
ratio [95% CI] for the
association between maternal
obesity (BMI > 30 kg/m2)
and congenital malformations
at birth from the
meta-analysis by Stothard
et al. [26]

Malformations OR 95% CI

Hydrocephaly 1.68 [1.19–2.36]

Neural tube defects 1.87 [1.62–2.15]

Spina bifida 2.24 [1.86–2.69]

Hydrocephalus 1.68 [1.19–2.36]

Cleft palate 1.23 [1.03–1.47]

Cleft lip and palate 1.20 [1.03–1.40]

Cardiovascular anomalies 1.30 [1.12–1.51]

Ano-rectal atresia 1.48 [1.12–1.97]

Limb reduction defects 1.34 [1.03–1.73]

Gastroschisis 0.17 [0.10–0.30]

Diaphragmatic hernia 1.28 [0.95–1.71]
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Most malformations associated with maternal obesity are also described in the
case of pre-gestational diabetes, which raises the problem of an abnormal maternal
glycaemic balance at the beginning of pregnancy, even of undiagnosed type 2
diabetes. Nevertheless, when cases with pre-gestational diabetes were excluded
from the analysis, the risk of cardiac malformation or neural tube defect was little
changed [26]. On the other hand, malformations such as omphalocele and
diaphragmatic hernia are not usually reported in case of maternal diabetes. Thus,
teratogenicity factors associated with maternal obesity, independently from dia-
betes, need to be further explored.

Preterm Birth

In meta-analyses, the risk of preterm birth before 37 weeks was not increased in
obese women when only spontaneous preterm birth was considered. On the other
hand, there was a 1.5-fold increase in the risk of induced preterm birth before
37 weeks and a 1.5 to 2-fold increase in the risk of preterm birth before 33 weeks
(Table 13.1) [8, 20, 32]. These observations are related to maternal morbidity
associated with obesity, particularly preeclampsia. In a study on more than 167,000
pregnancies, the risk of preterm birth before 32 weeks was increased only in obese
nulliparous women but it was not further observed after excluding women with
hypertension [33]. In a study including more than 24,000 nulliparous women, the
risk of birth before 33 weeks was increased in obese women (BMI between 30 and
34.9 kg/m2; OR 1.8 (95% CI: 1.4–2.3) and morbidly obese women (BMI > 35 kg/
m2, OR 2.8 (95% CI: 1.4–5.4)), but it was no longer significant in morbidly obese
women after adjustment for hypertension and preeclampsia [34].

Other Neonatal Complications

Meta-analyses have shown that the neonatal risks associated with maternal obesity,
excluding prematurity and malformations, are fetal compromise and perinatal
asphyxia, post-term birth and increased risk of being admitted to neonatal intensive
care unit (Table 13.1) [8, 21, 35]. Several large cohort studies have shown an
increased risk for respiratory distress, resuscitation at birth, obstetric trauma,
hypoglycaemia and cerebral palsy [36, 37]. These risks are particularly high when
maternal BMI is above 40 kg/m2.

The link between maternal obesity and the risk of neonatal hypoglycaemia is
probably related to maternal diabetes frequently associated with obesity. In the
HAPO study, the frequency of hypoglycaemia tended to increase with maternal
BMI, but after adjusting for maternal blood glucose levels, the risk was not
increased any more [38].
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It appears that the number of failures to initiate and continue breastfeeding is
higher in case of maternal obesity [39]. There are many reasons for this, including
physical causes that make placement of the child difficult, psychological and social
causes, as well as delayed lactogenesis, especially after caesarean section [39].

Maternal Obesity and Cardio Metabolic Health in Infancy

The concept of early origins of adult disease was first mentioned by David Barker
in the late 1980s. He observed an association between low birth weight and car-
diovascular risk at adulthood. Subsequently, a relationship between low birth
weight and the risk of diabetes and metabolic syndrome (MS) was also demon-
strated. This resulted in the Barker’s hypothesis according to which undernutrition
in utero alters tissue structures and functions, and hence metabolism, increasing the
risk of cardiovascular and metabolic disorders in adulthood [40]. There is now
much evidence that maternal obesity during pregnancy also influences the
long-term health of the offspring [41]. Here, we will focus on the relative contri-
bution of maternal obesity, GWG and diabetes on childhood obesity and
cardio-metabolic outcome.

Maternal Obesity and GWG and the Risk of Childhood
Overweight/Obesity

One meta-analysis showed that pre-pregnancy maternal overweight and obesity
increased the risk of offspring overweight/obesity by 2 and 3-fold, respectively
[10]. Another one showed that compared to normal weight women, maternal
obesity was associated with higher risks of overweight/obesity throughout child-
hood, with stronger association for later ages (2–5 years: 2.43 (95% CI 2.24–2.64);
2–10 years: 3.12 (2.98–3.27); 10–18 years: 4.47 (3.99–5.23)). Furthermore, the
risk increased further with higher classes of maternal obesity [42].

Two meta-analyses showed that excessive GWG according to IOM recom-
mendations was associated with an increased risk of childhood obesity by 30 to
40% [43, 44]. In line with these two studies, another meta-analysis reported that
excessive GWG according to IOM recommendations was related to a 39–72%
increase in overweight/obesity throughout childhood, between 2 and 18 years. This
study also concluded that in overweight or obese women, the additional effect of
GWG is small. Overall, 21.7–41.7% of childhood overweight/obesity prevalence
could be attributed to maternal overweight and obesity together, and 11.4–19.2%
could be attributed to excessive GWG [42].

Several studies have shown that the timing of the GWG during pregnancy is
important for the association with high BMI and adiposity in offspring childhood.
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In one study, any weight gain in the first 14 weeks of gestation was incrementally
associated with increased offspring adiposity, whereas between 14 and 36 weeks,
only gestational weight gain >500 g/week was associated with increased offspring
adiposity [45]. In the Generation R study, weight gain in early pregnancy was
associated with childhood BMI and adiposity, independently from maternal
pre-pregnancy BMI and later pregnancy weight gain [46]. The last study showed
that each 200 g/week increase in first-trimester GWG was associated with higher
risk of overweight/obesity from 2 years (1.25 95% CI 1.09–1.42) to 4 years of age
(1.15 95% CI 1.05–1.25). Higher first trimester GWG was also associated with a
15% increased risk of high waist circumference and skinfold thickness at 4 years of
age [47].

Maternal Obesity and GWG and Childhood Cardio-Metabolic
Profile

Both maternal obesity and excessive GWG have also been associated with adverse
cardio-metabolic profile in childhood, including increased blood pressure, impaired
lipid profile, insulin resistance and elevated inflammatory markers [45, 46, 48–51].
This association, however, is not very strong and does not seem to be explained by
birth weight but may be mainly mediated by offspring adiposity. Two studies
reported an association between excessive first trimester GWG and adverse
cardio-metabolic profile. In the Generation R study, compared to children from
normal weight mothers, the clustering of cardio-metabolic risk factors was 1.7-fold
higher in offspring from women who gained excess weight in early pregnancy [46].
In the “Rhea” study in Crete and Greece, each 200 g/week of weight gain in the
first trimester of pregnancy was associated with higher diastolic blood pressure at
4 years of age [47]. On the other hand, in a UK prospective cohort, only GWG
between 14 and 36 weeks was positively associated with adverse lipid and
inflammatory profiles [45].

Contribution of Maternal Diabetes and Macrosomia
to Offspring Health in the Context of Maternal Obesity

Intrauterine exposure to hyperglycemia has a negative impact on childhood health,
but it is difficult to discriminate this effect from the effect of maternal obesity. In
two meta-analyses, after adjusting on maternal prepregnancy BMI, the association
between maternal diabetes and offspring BMI was no longer significant [52, 53].
A systematic review reported an association between exposure to maternal diabetes
and systolic blood pressure in childhood. Nevertheless, there is some evidence that
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the association between maternal diabetes and childhood systolic blood pressure
may be influenced by maternal prepregnancy BMI [54].

Macrosomia has been reported to increase the risk of obesity, type 2 diabetes and
metabolic syndrome in offspring. Twometa-analyses reported a 2-fold increase in the
risk of obesity in offspring when birth weight was more than 4 kg [55, 56]. There was
a 36% increased risk for type 2 diabetes when birth weight was more than 4 kg
compared to birth weight ranging from 2.5 to 4 kg [57]. The prevalence of metabolic
syndrome in children between of ages 6–11 was 50% in those born LGA to diabetic
mothers, 21% in children born to diabetic mothers with normal birth weight and 29%
in LGA born to non-diabetic mothers. LGA status and maternal obesity each inde-
pendently increased the risk of metabolic syndrome by approximately 2-fold, while
maternal diabetes was not significant [58]. These results mean that maternal obesity
on its own, exclusive of GDM diagnosis, may affect offspring outcome regardless of
birth weight. Indeed, when analysing perinatal risk factors associated to childhood
obesity, Catalano et al. showed that the strongest perinatal predictor for a child in the
upper tertile for weight and for percentage body fat wasmaternal pregravid BMI > 30
(respectively 3.75 (95%CI 1.39–10.10) and 5.45 (95%CI: 1.62–18.41), independent
of diabetes or birth weight [59]. Figure 13.1 summarizes the main results from the
literature on fetal development and the outcome of the offspring of obese mothers.

Putative Mechanisms

Epidemiological and cohort studies that have shown an association between ma-
ternal obesity and altered cardio-metabolic health in childhood cannot establish
causality, nor elucidate underlying mechanisms. To date, it is still difficult to
determine the relative contribution of obesity, weight gain or diabetes in the pro-
gramming of offspring health, based on human data. There is probably not one
single mechanism responsible for the adverse long-term outcomes associated with
maternal obesity as increased pre-pregnancy maternal insulin resistance and sub-
sequent hyperinsulinemia, inflammation, and oxidative stress have been suggested
to contribute to early placental and fetal dysfunction. One of the main factors is the
excess nutrient supply to the fetus and subsequent excess fat at birth. Insulin
resistance has been observed in neonates born to obese mothers and it has been
proposed that the metabolic abnormalities of the mother could be transferred to the
fetus via the intrauterine environment [60].

The mechanisms through which inflammatory signals in pregnancy may con-
tribute to increased adiposity in the offspring are not known. Several studies have
examined the association between inflammatory markers in maternal blood and
long term outcomes of adiposity in the offspring but the results are controversial,
depending, among others, on the markers assessed [61].

Questions also have been raised on the implication of maternal microbiota in the
risk of offspring obesity. Gut microbiota is associated with body weight and weight
gain in pregnant women [62] and the composition and development of infant gut
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microbiota are influenced by BMI and weight gain of mothers during pregnancy
[63]. In recent years, increasing evidence indicate that microbes are present in the
normal placenta and that placental microbiome is composed of non-pathogenic
commensal microbiota. Also, it was shown that placental microbiota is altered
among subject with GDM and that certain specific phylum were correlated with
maternal GWG [64]. The effects of maternal dietary composition and nutritional
status may be transferred to the fetus via the placenta and to the infant via lactation.
There is growing evidence that the gut microbiota and its bacterial genome affect
nutrient acquisition, energy regulation and fat storage. These findings raise the
possibility that the gut microbiota plays a role in regulating host energy metabolism
and may contribute towards the development of obesity and associated metabolic
diseases [65].

Some molecular mechanisms of the programming effects of maternal obesity
involving epigenetic traits have been investigated by human studies [66]. Global
gene expression analysis of second trimester amniotic fluid suggested dysregulation
of the expression of genes related to lipid metabolism and inflammatory signaling in
fetuses of obese pregnant women compared to lean women [67]. Analyses of
umbilical cord gene methylation have showed modifications in case of maternal
obesity. Indeed, differential methylation of retinoid X receptor-a (RXRA) gene in
umbilical cord tissue was shown to be associated with fat mass in children and with
maternal carbohydrate intake early in pregnancy [68]. Maternal pre-pregnancy BMI
was positively correlated with methylation in the umbilical cord of the peroxisome
proliferator-activated receptor gamma (PPARc) promoter, a gene involved in the
lipids anabolic pathways [69]. Gene methylation in the placenta is also modified by
maternal obesity, affecting pathways linked to immunity, cell-adhesion and meta-
bolism [70]. It seems anyway that maternal early pregnancy obesity is only mod-
estly associated with modulation of DNA methylation in the offspring at birth [71],
although it was showed that maternal obesity programs protein expression of

Fig. 13.1 Summary of major findings from meta-analyses and epidemiological studies on the
effect of maternal obesity on fetal development, neonatal outcomes and childhood
cardio-metabolic health. For each outcome, the additional effect of low or high gestational weight
gain, gestational diabetes and preeclamsia are indicated by hallmark when they have been reported
in the literature
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important metabolic regulatory genes [72]. Also it was reported that GWG has
effects independent of maternal obesity on offspring DNA methylation patterns at
birth [71].

A specific placental miRNA profile was observed in maternal obesity and these
miRNAs were related to cell proliferation and insulin signaling pathways. Also, one
of them, miR-296, was present in maternal second-trimester plasma samples and
was associated with placental expression and prenatal and postnatal growth
parameters, suggesting that placental miRNAs deregulated in maternal obesity may
be involved in mediation of growth-promoting effects of maternal obesity on off-
spring [73].

Can We Prevent Adverse Outcome in Offspring Born
to Obese Mother?

Dietary or Physical Activity Intervention

Improving maternal health and lifestyle before pregnancy and the control of weight
gain during pregnancy according to IOM recommendations are common sense
measures to limit the short- and long-term complications. Multiple lifestyle inter-
vention trials consisting of weight management by various diets and/or increased
physical activity have been employed to prevent excessive GWG and improve
perinatal outcomes. In a meta-analysis, these trials were shown to have achieved
modest success in decreasing excessive GWG, the risk of GDM, preeclampsia or
excessive fetal growth [74].

Bariatric Surgery

Bariatric surgery is thought to be an effective intervention to sustain weight loss and
is increasingly being used as an effective treatment for obesity. Bariatric surgery
procedures are generally categorized into three groups. Restrictive procedures (la-
paroscopic adjustable gastric banding and sleeve gastrectomy) lead to weight loss
by reducing gastric capacity which in turn restricts energy intake. Malabsorptive
procedure (biliopancreatic diversion) leads to weight loss by restricting absorption
of nutrients. Malabsorptive and restrictive procedure (Roux-en-Y gastric bypass)
reduces stomach capacity, thereby causing malabsorption and a certain degree of
restriction of food intake. Bariatric surgery reduces weight before pregnancy and
GWG. In a meta-analysis, bariatric surgery improved pregnancy outcomes with a
lower risk of preeclampsia, GDM and macrosomia but a higher risk of small
neonates and preterm birth [75]. Currently, there are very few data on the long-term
effects of bariatric surgery in offspring. In the only long-term follow-up study
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available to date, the authors compared the prevalence of obesity in children aged 2
to 18 years and born to obese mothers (BMI: 31 ± 9 kg/m2) with substantial weight
loss after biliopancreatic bypass surgery with same-age siblings who were born
before maternal surgery (mothers’ BMI: 48 ± 8 kg/m2) and with current population
standards. They showed that after maternal surgery, the prevalence of obesity in the
offspring decreased by 52% and that of severe obesity by 45.1%. Moreover, the
prevalence of overweight and obesity became similar to that in the general popu-
lation, with no increase in the prevalence of underweight [76]. Further investiga-
tions in the same children aged 2.5–26 years demonstrated improvements in
cardio-metabolic markers after maternal surgery sustained into adolescence with
greater insulin sensitivity, improved lipid profile, lower C-reactive protein and
leptin compared to those born before maternal surgery [77]. The investigators also
found 5,698 differentially methylated genes in children born before or after
maternal surgery. Functional analysis showed that these genes were mainly glu-
coregulatory, inflammatory and vascular disease genes [78].

Anyway, further clinical data are needed to consider the benefit for offspring
health of such weight management interventions, particularly because of the
two-fold increased risk of small babies [75] that is by itself a risk factor for adverse
long-term outcome.

Neonatal Nutrition

The onset of obesity in childhood and adulthood is probably multifactorial in origin,
with a combination of genetic factors, and the pre- and postnatal environment.
Nutrition during the first few months after birth is one of these factors. Beyond the
neonatal period, weight gain up to one year of age was reported to be associated
with an increased risk of obesity [79].

Breast-feeding compared to bottle feeding has long-term beneficial effects on
glucose tolerance, hypertension and dyslipidemia. The most convincing evidence
was obtained for the effect on the risk of obesity in the long-term [80]. There is a
“dose” effect in that a longer duration of breastfeeding is associated with a lower
risk of obesity [81]. Several studies have shown the benefit of breastfeeding on the
risk of obesity and diabetes in children exposed in utero to maternal diabetes
[82, 83].

Beyond infancy, family food habits and lifestyle also play a predominant role.
Feeding practice of obese mothers, in conjunction with psychosocial environment,
may shape the development of appetite, energy intakes and food preferences during
early infancy and the period of adoption of family diet [84].
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Insight from Animal Models

As developed above, cohort prospective studies highlight associations between
maternal obesity and gestational weight gain and the risk of obesity or adverse
metabolic profile in childhood but they do not support conclusions about causality.
Indeed, other factors involved in offspring health such as maternal smoking or
vitamin D deficiency have been associated with childhood obesity. These factors
are often observed during obese pregnancy but are mostly overlooked [85].
Moreover, the importance of pre- or perinatal exposition [86] as well as many
postnatal expositions, in particular breastfeeding duration and age at solid food
introduction, influence the risk of childhood higher adiposity [87].

Due to the experimental control of developmental conditions and the short life
cycle of many animals, animal models have been widely studied to try and decipher
mechanisms linking maternal and offspring obesity. Nevertheless, extreme diets,
such as diets with 60% fat in mice, are usually needed to induce maternal obesity in
rodents, as model animals will often adjust their feed intake to maintain body
condition. Fatty acid composition of the diet is also essential, as fatty acids are
involved in inflammatory processes known to be associated with obesity and car-
diovascular diseases [88]. Also, amino-acids are known to have diverse effects on
metabolism [89]. The precise amino-acid composition of proteins composing the
animals’ diets is often not known and may even vary during the experimental
procedure, which may explain that some experimental results are not necessarily
confirmed in subsequent studies.

Moreover, it is critical to understand the physiological similarities and differ-
ences between humans and animal models, including non-rodent animals, in order
to infer significant information from studies generated in animals [90]. Since
considerable data are available in animal models, the aim of the following section is
to shed light on key observations and treatment opportunities suggested by studies
using animal models without attempting to exhaustively review the literature.

General Observations on the Effects of Maternal Obesity
and Diabetes During Gestation in Animal Models

In contrast to what is commonly expected, excess maternal nutrition or maternal
obesity in animals usually leads to fetal growth restriction rather than excess fetal
growth, as a result of impaired placental function [91], although macrosomia and/or
increased neonatal BMI was observed in offspring born to obese mothers in sheep
[92] and non-human primates [93]. Nevertheless, feeding an obesogenic diet to
females before and during pregnancy generally increases the incidence of obesity
and insulin resistance in offspring [94, 95]. Important information is that GDM does
not occur spontaneously in most animals, although increased insulin resistance is a
common feature during pregnancy. Thus, GDM may be induced through
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pharmaceutical intervention with use of streptozotocin or alloxan to destroy
maternal pancreatic beta-cells before pregnancy, genetic modification or maternal
infusion with glucose at specific stages of pregnancy. As observed for maternal
obesity, macrosomia is not a consistent finding in offspring born to diabetic dams,
but impaired glucose homeostasis and beta cell dysfunction are reported in off-
spring, (for review [90]).

Key Observations

Sexual Dimorphism

Among the key observations in animal models are the sexual dimorphism in
feto-placental response and long-term offspring outcome in response to maternal
obesity [96]. The placenta, of fetal origin, is the active maternal-fetal interface and a
key actor of programming through its nutrient sensing, nutrient transfer and
endocrine function [97]. The sexually dimorphic gene expression responses
demonstrated in mouse placenta in response to maternal diet [98] have now been
confirmed in other species, together with physiological observations [96]. It is
interesting to observe that not so many of the above cited studies in humans take
into consideration fetal or child sex and omission of this factor may wipe out
important observations. Indeed, we showed in a prospective human cohort study
that neonatal fat mass and cord serum leptin concentrations were increased in girls
born to obese women compared to normal weight women, but not in boys [12].

Importance of the Peri-conceptional Period

Many studies in animals have elegantly demonstrated the importance of the pre-
and peri-conceptional periods in the programming of offspring health [99, 100]. In
particular, maternal obesity is associated with distinct gene expression profiles in
the uterus of obese female rats, affecting inflammatory and lipid metabolism
pathways and associated with lipid accumulation [101]. Gene expression in early
and late pre-implantation embryo development is also affected by maternal obesity
and a high fat diet both in rats and rabbits [102, 103]. Embryo transfer experiments
in mice have elegantly demonstrated that pre-gestational and peri-conceptional
maternal obesity independently affect offspring development [104], thus high-
lighting the importance of these periods when considering potential corrective
interventions.

Independent of obesity, in a rat model, transient hyperglycemia in the early
stages of pregnancy was shown to increase fetal and placental weight at term and to
affect System-A amino-acid transporter activity, whereas transient hyperglycemia in
late pregnancy did not affect fetal nor placental growth [105]. In mice, oocyte
quality is adversely affected by maternal diabetes [106]. In rabbits, alloxan-induced
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type-1 diabetes on week prior to conception increases maternal plasma triglyceride
and glucose concentrations, delaying blastocyst development and impairing intra-
cellular accumulation of lipids [107, 108]. When these blastocysts are transferred to
control dams, they are hyperglycemic, dyslipidemic and growth-retarded in late
gestation, with perturbed placental function [109], further demonstrating the
importance of peri-conceptional metabolism. So far, to our knowledge, the
peri-conceptional effects of obesity associated with hyperglycemia has not been
evaluated in animals.

Treatment or Prophylactic Opportunities

Although pre-conceptional obesity directly affects offspring development, weight
loss before pregnancy was shown to restore normal feto-placental phenotype,
despite differential placental expression of several epigenetic machinery enzymes
compared to the lean control group [110]. Similarly, in Japanese macaques, when
females were fed a Western style diet and subsequently fed a control diet before and
during a subsequent pregnancy, most fetal consequences of maternal obesity were
reversed [111].

Modifications in dietary macro- and micro-nutriments to modify placental
function and possibly modulate fetal growth and metabolism were also explored in
animals. Since high-fat and obesogenic diets were shown to alter epigenetic marks
in the fetus and placenta [112], maternal intake of methyl donors such as folic acid
and methionine could modify the methylation of fetal metastable epialleles, as
demonstrated both in mice and humans [113, 114].

Maternal obesity affects placental vascularization and function. Thus, maternal
supplementation with amino-acids such as citrulline or arginine, that improve
placental function through multiple mechanisms, have been explored [115]. In rats,
supplementation with citrulline was shown to improve placental function and
enhance fetal growth [116], whereas arginine supplementation improves insulin
sensitivity dams fed a high-fat diet [117]. In horses, maternal supplementation with
arginine in the last third of pregnancy modified maternal metabolism and increased
foal birth weight [118]. Preliminary clinical data already indicates that arginine
supplementation may also be beneficial for obese pregnant women [119].

Maternal obesity is also clearly accompanied with systemic inflammation.
Increasing the n-3/n-6 polyunsaturated fatty acid ratio in the maternal plasma in
obese mice was shown to reduce maternal inflammation and prevent adverse off-
spring metabolic outcomes [120]. In a rat model of maternal diabetes, maternal
poly-unsaturated fatty acid supplementation was also shown to normalize placental
nutrient sensor signaling in their female offspring that developed gestational dia-
betes, suggesting that maternal treatment may also protect second generation fetal
offspring development [121]. Resveratrol supplementation has been used with some
success as a maternal treatment to prevent oxidative stress in the dam and offspring
[111, 122] and its potential use needs to be explored [123].
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Finally, very encouraging results have been obtained using maternal exercise
before and/or during pregnancy in obese female rats, improving offspring outcomes
until old age in male offspring [124]. Implementation of exercising strategies in
obese women has been attempted, although compliance may be an issue.

Conclusion

In conclusion, effects of maternal obesity and associated gestational diabetes and
GWG on fetal, neonatal and childhood health are confirmed but there still are
considerable gaps of knowledge regarding the role of specific nutriments, the
importance of pre- and perinatal nutrition and metabolism and potential therapeutic
treatments [125]. Moreover, the emergence of the paternal phenotype [126] and of
the gut microbiota [127] as important actors of offspring programming complexify
the picture and claim for more research to tackle this important problem and for
disease prevention in the next generations.
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Chapter 14
The Developmental Mechanisms
of Obesity by Maternal Obesity

Long T. Nguyen, Carol A. Pollock and Sonia Saad

Abstract Obesity is a major global concern due to its alarming prevalence and
associated risks for multiple diseases. The rate of obesity has nearly tripled in the
last four decades and amounting evidence is implying a critical role of develop-
mental factors before, during and after pregnancy in promoting this global pan-
demic. Maternal obesity in particular has been associated with large-for-gestational
age babies and increased risk of obesity in adulthood, thus generating a vicious
cycle. Studies in animal models demonstrated that such effects of maternal obesity
can be detected in the offspring across up to three generations, suggesting a pro-
found transgenerational impact. This chapter will discuss critical windows for
developmental programming of obesity and possible mechanisms involved such as
oxidative stress, mitochondrial dysfunction, placental insults, intrauterine overnu-
trition, appetite dysregulation and microbiome. A special focus will be put on
epigenetic regulation and the role of sirtuins, which have been suggested to play a
central role in the metabolic programming process. Finally, the prospective of
intervention therapies for maternal obesity-induced developmental programming
will be briefly discussed.

Keywords Obesity � Metabolic disorders � Pregnancy � Developmental pro-
gramming � Epigenetic � Sirtuin

Introduction

Overweight and obesity, which are generally characterised by greater energy intake
than energy expenditure state, with excess energy being stored as fats in adipose
tissues, are affecting 25% of the global population, leading to diabetes, hypertension
and other chronic diseases. Despite the fundamental role of genetic background in
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the development of overweight/obesity and related disorders, less than 5% of dif-
ferences in body weight can be explained purely by genetic variation. This suggests
that environmental factors including diets and lifestyles play a dominant role in
shaping individual metabolic phenotypes. As such, it is tempting to presume that to
a great extent are our own metabolic fates controlled by our behaviours.

Interestingly, amounting evidence suggests that what we are exposed to in our
lifetime not only defines our own obesity risk, but also has significant impacts on
the development of obesity and related metabolic disorders in our descendants. The
phenomenon, termed developmental programming, was first described in 1986, by
Barker, based on an observation that increased mortality due to ischemic heart
disease coincided with infant mortality and low birth weight (LBW) in England and
Wales populations during the same period [1, 2]. Subsequent studies demonstrated
the association of LBW with higher risk of obesity, insulin resistance intolerance,
dyslipidaemia, and hypertension in adulthood. Although the mechanism for such
effect remains not completely understood, it is believed that maternal
malnutrition-induced intrauterine growth restriction (IUGR) followed by postnatal
‘catch-up’ growth is the main driving mechanism. Developmental programming is
therefore referred to as a permanent or long-term change in the structure or function
of an organism resulting from a stimulus or insult acting at a critical period of early
life [3].

Although maternal undernutrition remains a popular topic in the field of
developmental origin of obesity, the focus has gradually shifted to maternal over-
nutrition mainly due to the dramatic rise of obesity incidence around the world.
According to a recent systemic review, overweight and obesity account for 40–60%
of women of reproductive ages in developed countries, and the figure in developing
countries is 30–40% [4]. Importantly, maternal obesity is one of strongest risk
factor of childhood obesity and related metabolic complications including hyper-
glycaemia, dyslipidaemia, renal and cardiovascular diseases, leading to a vicious
cycle of exacerbation of the global obesity pandemic. The mechanism for such
effect is not clearly understood.

Apart from maternal malnutrition and obesity, other maternal factors such as
stress, lifestyles (e.g. lack of physical activities), environmental exposure (e.g. to
endocrine-disrupting chemicals) and diseases (e.g. polycystic ovary syndrome,
gestational diabetes mellitus) have also been associated with a higher risk of obesity
in the offspring, as seen in Fig. 14.1 [5]. Paternal obesity also contributes to
developmental programming of obesity but to a lesser extent [6, 7]. Due to limi-
tation in length, only the effects of maternal obesity will be extensively discussed in
this chapter.
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Critical Developmental Windows and Programming
Factors by Maternal Obesity

Periconception—From Germ Cells to Embryonic Defects

Conception is the fertilisation process of an ovum by a sperm cell, leading to the
formation, implantation and subsequent development of the embryos. Ultimately,
the genetic and non-genetic characteristics of the gametes participating in such
process, which are dependent of the preconceptional phenotypes of the parents,
define the nature of the foetus/offspring. It is well-known that maternal obesity and
hyperglycaemia induce oxidative stress and inflammation in different tissues
including reproductive organs [8], which has been implicated in impaired oogenesis
and maturation [9–12], infertility and embryonic retardation [13]. In animals, obese
dams generally produce smaller litter with significantly higher postnatal mortality
[14]. In human, significantly higher risks for in vitro fertilization (IVF) cycle
cancellation and obstetric complications in obese patients have been reported [15].
These reproductive defects has been associated with impaired glucose metabolism
and increased endogenous triglyceride levels in the resulting blastocysts [16],
suggesting a strong association between oocyte quality and foetal metabolic pro-
gramming [14, 17–19].

Maternal obesity is associated with increased oxidative stress and mitochondrial
dysfunction in the oocytes [18, 19]. Oxidative stress is induced by the relative
abundance of reactive oxygen species (ROS) compared to antioxidant capacity, and
because the majority of ROS are produced by mitochondria, this organelle is highly
prone to oxidative damage (Table 14.1). Importantly, foetal mitochondria are
maternally inherited, which means that damaged mitochondria in the oocyte as the
result of preconceptional obesity will be transmitted to the foetus upon fertilisation,
subsequently contribute to ROS production and metabolic disorders in the off-
spring. Indeed, mitochondrial abnormalities and impaired glucose homeostasis were

Fig. 14.1 Developmental programming of obesity by maternal factors
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shown in offspring of rats fed a fat-rich diet in pregnancy [17]. In another study,
similar effects on mitochondrial disorders can be found across three generations of
mice [20].

Gestation—The Roles of Placental Stress and Intrauterine
Overnutrition

In gestation, the maternal body undergoes a number of physiological adaptations
with the ultimate goal is to meet the high energy demands of foetal development. In
early gestation, insulin sensitivity in maternal tissues is increased to encourage
energy storage in the form of lipogenesis and adiposity, which leads to hypogly-
caemia. In late gestation, insulin resistance is established so that glucose can be
maintained at high levels in the maternal circulation to ensure energy supply for
foetal exponential growth, hence the likelihood to develop gestational diabetes in
the third trimester. Maternal obesity is associated with hyperglycaemia and
hyperlipidaemia even in the first trimester, which unnecessarily advances foetal
development and induces metabolic pressure on the immature foeto-placental unit.
Indeed, maternal obesity has been suggested to induce placental lipotoxicity, ox-
idative stress, inflammation and vasculopathy [21–24], which interfere with the
selective permeability of the blood-placental barrier for excess nutrients, metabolic
hormones and proinflammatory cytokines [23, 25].

Table 14.1 Critical windows of developmental programming of obesity and involved mecha-
nisms in different periods

Developmental
window

Before conception Gestation Lactation

Programming
factors

Oocyte defects (oxidative damage,
mitochondrial dysfunction)

Placental
defects

Intrauterine
overnutrition

Endocrine and inflammatory
factors

Milk
composition

Circadian
rhythm
disruption

Microbiome
colonisation

Epigenetic modification
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Placentas exposed to maternal HFD consumption showed increased expression
of glucose transporter (GLUT)1, fatty acid transporter (FATP) and lipoprotein
lipase (LPL) on the syncytiotrophoblasts [26, 27], Together with the increased
abundance of glucose and lipid in the obese mothers, foetuses are exposed to
intrauterine overnutrition and tend to overgrow. The inflammatory environment in
the uterus also render the foetus more vulnerable to tissue developmental remod-
elling in early ages and dysfunction later in life [28]. Although exercise during
pregnancy has shown beneficial effects on offspring metabolism in animals [29], the
same approach in clinical trials have achieved limited improvements in pregnancy
and neonatal outcomes [30], suggesting persisted programming effects. Another
possibility is that the overwhelming physiological responses during pregnancy have
suppressed the effects of external interventions. Arguably, gestation is the least
modifiable window in foetal programming despite its utmost importance.

Lactation—The Roles of Milk Composition, Appetite
Dysregulation, Circadian Rhythm and Microbiome

A number of cross-fostering studies in high-fat diet (HFD)-fed animals have been
conducted to understand the relative contribution of maternal obesity in prenatal
and postnatal periods to developmental programming process of offspring obesity.
Consistent data suggest that although both control offspring cross-fostered by
HFD-fed dams and HFD offspring suckled by chow-fed dams presented metabolic
complications such as increased adiposity, hyperglycaemia, insulin resistance and
non-alcoholic fatty liver disease (NAFLD), the former appeared to be more sus-
ceptible [31–34], suggesting that postnatal nutrition is a stronger driving factor of
maternal obesity-induced foetal programming.

Although maternal obesity has been associated with reduced milk production in
both human and animals [35–37], the offspring of obese dams have higher milk
intake [38, 39]. Moreover, breast milk from obese individuals contains higher fat
and glucose content [40–42] and altered metabolome [43], which contribute to
higher energy intake and metabolic disorders in the offspring. Epidemiologic
studies have demonstrated that energy intake and dietary composition in offspring
in early ages significantly correlate with their mothers’ [44], suggesting a strong
programming effect of maternal obesity on offspring appetite preferences and
feeding behaviours.

Hyperphagia in the offspring of obese mothers can be partially explained by
leptin resistance and dysregulation of neuropeptides in the hypothalamus [45], the
central region of appetite regulation and energy homeostasis. Studies in rat models
of maternal obesity showed that offspring exposed to maternal and postnatal
high-fat diet (HFD) exhibit increased density of orexigenic peptide-expressing
neurons in the hypothalamus [46], which are hyperactive in response to fasting
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[47–49], thus stimulating food intake. Breast milk from obese mothers has increased
levels of leptin [50], which has been associated with higher weight gain [42].

It is well-known that feeding, sleep-wake cycle, metabolic responses and all
other physiological aspects of a developed organism are influenced by its own
circadian rhythm or biological clock. A disruption of which has been associated
with sleep/eating disorders and metabolic diseases. In human, circadian rhythm
starts developing after three months of age, which is during lactation. Growing
evidence in animals suggest that maternal obesity during gestation and lactation can
lead to alteration of the key circadian regulators such as CLOCK and BMAL1 in
the offspring liver in association with metabolic and epigenetic programming
[51–53].

During and after birth, infants are rapidly colonised by maternal microbes and
surrounding environment. Different maternal diets and levels of energy intake result
in different maternal gut microbiomes, the colonies of which are likely to be
transmitted to neonates, leading to immunometabolic disorders [54]. Offspring of
non-human primate dams fed a HFD during gestation and lactation showed a
significant reduction of bacterial diversity, which was not entirely corrected when
weaning onto a control diet. Germ-free mice colonised with stool from infants born
to obese mothers were more prone to obesity and NAFLD [55].

Epigenetic Modification

Epigenetic modification has been suggested to play a central role in the mechanism
of developmental programming. It consists of DNA methylation, histone acetyla-
tion and micro RNAs, which interfere with gene expression without altering the
genetic imprint. Most epigenetic marks are developed as the result of normal cel-
lular growth and differentiation, while the others are highly dynamic and cumula-
tive as per environmental changes. Maternal high diet consumption and maternal
obesity have been associated with epigenomic alterations in the offspring. In ani-
mals, in utero exposure to HFD has been shown to global DNA hypermethylation
[56] as well as specific changes in methylation at 3360 loci, a great number of
which are associated with transcriptional changes and/or have been implicated in
metabolic regulation [57]. Mice born to obese dams also demonstrated persistent
histone modifications up to 5 weeks of age independently of postnatal feeding [53].
Consistently, human studies using cord blood samples found that global DNA
methylation are higher in premature and extreme birthweight newborns compared
with controls and associated with increased adiposity in later life [58]. Besides, a
few studies have demonstrated altered expression of several miRNAs in the off-
spring tissues due to maternal obesity [59–61]. Among which, the increased level of
mir126 in adipose tissue is believed to induce suppression of Insulin receptor
substrate 1 (Irs1) [61], leading to reduced insulin sensitivity in offspring adipocytes.

Particularly, maternal body mass index (BMI) has been correlated with the
methylation level of Peroxisome proliferator-activated receptor gamma co-activator
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1-a (PGC-1a) gene in cord blood [62], which plays an essential role in mito-
chondrial biogenesis, fatty acid oxidation and metabolic homeostasis. A deficiency
of which has been associated with obesity, diabetes and many other metabolic
comorbidities. Blood samples from obese mothers and their offspring at birth
showed higher levels of leptin, which has been correlated with DNA hypomethy-
lation of Leptin gene promoter [63]. Leptin is produced by adipocytes and
hyperleptinaemia is often an indicator of increased adiposity and/or hypothalamic
leptin resistance. In another study, genome-wide interrogation of cord blood sam-
ples from more than a thousand mother–child pairs identified multiple CpG sites in
the offspring of obese mothers, a number of which persisted until adulthood [64].
Among the affected genes, SUCLG2 is a mitochondrial matrix enzyme, of which
deficiency has been shown to result in decreased mitochondrial DNA and oxidative
phosphorylation-dependent growth [65]. This is consistent with our data showing
reduced mitochondrial copy number in offspring mice born to obese dams. Apart
from the intrauterine environment, breastfeeding also represents a critical period of
epigenetic programming. In a recent study examining whole blood samples of 120
mother–child pairs, a negative correlation between breastfeeding duration and leptin
methylation was found at 17 months post-partum [66].

As epigenetic marks are to be erased after fertilization, it is believed that epi-
genetic modifications in the offspring are largely attributed to a harmful intrauterine
environment and suboptimal lactation. In the case of maternal obesity where
overnutrition is coupled with oxidative stress and inflammation, alterations to the
foetal epigenome are required to titrate down mitochondrial oxidative phosphory-
lation because it is the main source of ATP and ROS. From this perspective, special
consideration needs to be taken to whether epigenetic changes due to maternal
obesity precede the development of offspring obesity and whether these changes
reflect an actual causal relationship. It has been argued that true epigenetic pro-
gramming is transgenerational inheritance of permanent epigenetic changes that are
exempt from erasure and persist across more than one generation [67]. Intrauterine
overnutrition may not only program foetal somatic tissues but also germ cells,
leading to abnormalities in F2 and further generations, which can be seen in
Fig. 14.2. Indeed, emerging evidence suggested some epigenetic changes are
resistant to this process and can be transmitted to the subsequent generations [67].
In animals, residual effects of maternal obesity including increased birthweight,
adiposity, leptin/adiponectin expression, tissue inflammation and mitochondrial
impairment, can be detected across up to three generations even though F2 off-
spring were not directly exposed to intrauterine overnutrition environment [20, 68,
69], suggesting a transgenerational effect. Some of the metabolic changes were
associated with altered patterns of histone acetylation and methylation at the genes
encoding leptin and adiponectin and their expression in white adipose tissue [70].
While supporting evidence is mounting in animal models, evidence in humans is
scarce, in part because epidemiologic studies spanning multiple generations are
challenging and exposures are often cumulative and difficult to isolate in time [55].
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Sirtuins—Key Regulators of Developmental Programming

Sirtuin (SIRT)s are a group of deacetylases and mono-ADP-ribosyl transferases
whose functions are strictly dependent on the intracellular level of nicotinamide
adenine dinucleotide (NAD+), an essential coenzyme in the electron transport chain
for ATP synthesis. Seven isoforms of Sirtuins (SIRT1-7) have been described in
mammals with a variety of roles in metabolic regulation, stress responses and
senescence [71]. Among these isoforms, SIRT1 and SIRT3 are two of the most
studied with regard to foetal programming, as seen in Fig. 14.3. In obesity, the
expression of SIRT1/3 has been shown to be downregulated in various tissues
[72–76], including oocytes [18]. Particularly, SIRT3 is mainly expressed in the
mitochondria, and because mitochondria are maternally inherited, SIRT3 deficiency
in the oocyte can directly result in SIRT3 deficiency in the offspring at early
developmental stages. Indeed, SIRT3 deficiency has been associated with increased
oxidative stress [18], and p53-mediated developmental arrest of the embryos [77],
as well as reduced fatty acid oxidation in offspring liver at weaning due to maternal
obesity [78]. SIRT3 overexpression has been shown to reverse these germline
defects [18, 79].

Compared to SIRT3, SIRT1 has a broader role in the mechanism of foetal
programming. Apart from the direct implication in foetal metabolism and stress
responses, SIRT1 also suppresses PPARc and lead to downregulation of nutrient
receptors and transporters such as lipoprotein lipase (LPL) and fatty acid transporter
(FATP) in the placenta [23, 27], leading to increased nutrient supply to the foetus.
Our unpublished data also suggest that maternal SIRT1 overexpression can partially

Fig. 14.2 Epigenetic regulation by maternal obesity in foetal somatic and germ cells leads to
developmental programming in the first and second generation respectively
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rescue maternal obesity-induced metabolic disorders in mice offspring. SIRT1 also
acts as a regulator of epigenetic traits during foetal programming. It has been
demonstrated that the hepatic histone H3 acetylation level, a target of SIRT1, was
significantly increased in the offspring born to obese mothers [51]. In another study,
the methylation levels of histone H3 (H3K4me3 and H3K27me3) were also sig-
nificantly altered in association with a reduction of hepatic SIRT1 in the offspring
[44]. In addition, we also demonstrated that hypothalamic expression of SIRT1 and
leptin receptor are concomitantly suppressed in the offspring born to obese dams
[39], suggesting a role of SIRT1 in appetite regulation. Postnatal administration of
SIRT1 activators such as SRT1720 and NMN, has been shown to attenuate ma-
ternal obesity-induced metabolic programming [80, 81] and kidney disorders
[82, 83].

Conclusion

Evidence in both human and animals is sufficient to conclude that maternal factors
such as obesity during early developmental windows including periconception,
gestation and lactation can program the development of obesity and related diseases
later in life. A number of programming mechanisms have been suggested, pro-
viding a multifaceted perspective regarding this complicated phenomenon.
Together with recent advances in next gen sequencing and system biology, it is now
possible to discover specific epigenetic and microbiota variations in the offspring
born to obese mothers at a much faster rate, which is critical for deep mechanistic
understanding of the process. Despite the difficulty for longitudinal studies in
human that have led to the scarcity of intergenerational data, ongoing studies on

Fig. 14.3 The role of placental and embryonic sirtuins in regulating intrauterine nutrition,
mitochondrial function, oxidative stress and inflammation
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non-human primates are expected to shed clinical-relevant insights to the trans-
mission of epigenetic traits across multiple generations.

Intervention is the main challenge regarding developmental origin of obesity
because traditional weight management approaches during pregnancy have been
shown to be ineffective. Gestation, especially the first trimester, is undoubted the
most critical developmental window for foetal programming. However, interven-
tion during this period is limited by the fact that intrauterine environment is a
relatively closed system and maternal body is physiologically programmed to
prioritise foetal development during pregnancy. Safety concern is another aspect
preventing therapeutic approaches during pregnancy. In comparison, dietary/
physical interventions before pregnancy appear to be the most appealing, supported
by epidemiological data showing that interpregnancy weight loss has been asso-
ciated with reduced risk of large-for-gestational-age babies [84, 85], as well as
experimental data from animal models [86]. Bariatric surgery induced weight loss,
on the other hand, was not effective to reduce BMI in early childhood [87, 88].
Postnatal therapies are rare in human but recent intervention studies in animals have
shown positive results, for example by administration of SIRT1 activators [80, 81].
Finally, despite the identification of an increasing number of epigenetic markers
associated with maternal obesity, the lack of a specific epigenetic editing tool is
restraining the development of novel therapies.
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Chapter 15
Diet Induced Maternal
Hypercholesterolemia and In Utero
Fetal Programming

V. S. Jayalekshmi and Surya Ramachandran

Abstract In recent years, obesity has increased prominently around the world—
contributing to both short-term and long-term health effects for women of child
bearing age as well as for their offspring. On the basis of data from several epi-
demiological as well as clinical studies, obesity has been established as a predis-
posing risk factor for cardiovascular diseases, hypertension, stroke, type 2 diabetes
and certain types of cancers. Moreover, obesity during pregnancy is associated with
maternal hypercholesterolemia, placental vascular dysfunction, alterations in pla-
cental transporters activity, placental inflammation leading to adverse
cardio-metabolic profile in childhood. In maternal hypercholesterolemia, the
increased transport of low-density lipoprotein (LDL) from mother to fetus via
receptors and transporters of syncytiotrophoblasts and placental endothelial cells
results in fetal programming that ultimately predispose offspring to atherosclerosis
in their adulthood.

Keywords Maternal hypercholesterolemia � Cholesterol transporters � Fetal pro-
gramming � Atherosclerosis

Obesity and Chronic Diseases in Women

Incidences of obesity has increased dramatically in recent years around the world.
By the end of 2016, 1.9 billion adults above 18 years of age were reported over-
weight. Among this population, 650 million are obese [1]. Along with rise in
obesity, the problem of obesity-associated diseases have stridently increased [2].
Obesity is a well-established risk factor for not only coronary heart disease, ven-
tricular dysfunction, congestive heart failure, cardiac arrhythmias, hypertension,
stroke and diabetes mellitus, but also certain types of cancer, including colorectal,
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liver, pancreatic, endometrial, renal cell carcinoma, esophageal adenocarcinoma
and postmenopausal breast cancer [3].

A causal link between obesity and cardiometabolic diseases was provided by a
recent Mendelian randomization analysis within the UK Biobank [4]. On the basis
of data from 119,859 individuals, significant positive associations were seen
between genetically linked higher body mass index (BMI) and risk of hypertension,
coronary heart disease (CHD), and type 2 diabetes [3]. The pathophysiological
basis for these associations is not yet fully understood. In recent times, the indi-
cators of body fat distribution such as waist circumference, waist-hip ratio,
waist-height ratio has emerged as important indicators of cardiometabolic risk than
body mass index which represents obesity of the individual [5].

Women are particularly prone to obesity and associated cardiometabolic disor-
ders including insulin resistance and atherosclerosis [6]. Obesity is associated with
detrimental health effects on women of childbearing age and their offspring [7].
Chronic obesity is also associated with the development of chronic diseases such as
diabetes and cardiovascular disease later in life [8]. Several factors predispose
women of childbearing age to obesity. These include genetics, junk foods, medi-
cations, availability of food and excessive consumption of foods rich in simple
sugars [9]. Age, gender, psychological framework, lifestyle, pregnancy, environ-
mental factors, emotional disorders such as depression can also contribute to
development of obesity in would be mothers [10]. Certain less common causes of
obesity are presence of medical conditions such as Cushing syndrome, depression,
polycystic ovarian syndrome (PCOS) and eating disorders, dependency on medi-
cations such as steroids, birth control pills or antidepressants [10]. Obesity and
overweight women are predisposed to several risks in pregnancy such as caesarean
section, chest, genital and urinary tracts infections, cholecystitis, depression, dia-
betes, difficult surgical access, caesarean sections, failed induction of labour and
preeclampsia [11]. Other complications in the mother include hemorrhage, maternal
mortality, sleep apnoea, preterm birth, reduced breastfeeding, and thromboembolic
disease [11]. There occurs fetal/neonatal consequences on the newborn such as
neural tube defects and congenital heart diseases [12].

Maternal Obesity and Cardiovascular Diseases

An optimal range of weight gain during pregnancy based on the mother’s body
mass index before pregnancy has been recognized as seen in Table 15.1 [13]. Both
obesity in mothers before pregnancy and unwarranted weight gain during gestation
have long-lasting effects on childhood outcomes [14] and are important risk factors
for several adverse fetal outcomes. Maternal prepregnancy obesity correlates with
increased placental weight, vascular dysfunction, inflammation and alterations in
placental transporters activity as well as mitochondrial activity [15–21].
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Furthermore, the offspring are associated with an increased risk of obesity during
adolescence [22]. A meta-analysis demonstrated a threefold higher risk of child-
hood obesity in obese mothers. Weight gain in the first 14 weeks of pregnancy is
associated with more adipose tissue in the offspring by 9 years of age [23]. It is also
responsible for an unfavorable cardio-metabolic profile during childhood [24].
Maternal first trimester weight gain was also associated with higher childhood
diastolic blood pressure [25]. A maternal weight gain of 7 kg in the first 20 weeks
of gestation has been associated with the risk of offspring becoming overweight by
16 years of age [26]. Thus, weight gain during early pregnancy, when fat accu-
mulation is the major component of gestational weight gain, may be the cause for
an adverse childhood cardiovascular risk profile. The adiposity levels of such off-
spring in adulthood are also reported to be high [27–31] resulting in cardiovascular
disease and mortality in the adult offspring.

Impact of Obesity on Maternal Vascular Adaptations
to Pregnancy

The maternal cardiovascular system undergoes significant changes to meet the
increased oxygen and nutritional demands of the growing fetus [32]. This includes a
40% increase in blood volume which is required to supply the uterus and devel-
oping fetus [33, 34]. There is marked vasodilation which is dependent on
endothelial cell and smooth muscle cell leading to a reduction in systemic vascular
resistance [35]. In obese mothers, the basement membrane thickness and vessel
stiffness increases [36]. These changes are due to elevation in blood pressure [37].
As obesity progresses, atrophy of the microvascular walls occur, leading to nar-
rowing of the microvessels [38, 39] and tissue ischemia [40]. Obese women are at
risk of endothelial dysfunction [40], which initiates atherosclerosis [41].
Atherosclerosis is a progressive disease. Fatty streak initiates at the age of 11–12
and plaque formation begins between 15 and 30 years of age. Fatty streaks are
composed of inflammatory cells, smooth muscle cells, fibrous connective tissue and
lipids.

Table 15.1 Recommended weight gain during pregnancy based on body mass index

Normal weight Overweight Obese

Body mass index (kg/m2) 18.5–24.9 25–29.9 >30

Recommended weight gain (kg) 11.2–15.9 6.8–11.2 6.8
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Effect of Maternal Obesity on the Placental Phenotype

The placenta attaches to the wall of uterus usually to the top, side, front or back of
the uterus and rarely in the lower uterine region. Human placenta is chorioallantoic
placenta that forms from the chorion and allantois weighing approximately 500 g.
It has mainly two compartments; fetal placenta (Chorion frondosum), which
develops from the same blastocyst that forms the fetus, and the maternal
placenta (Decidua basalis), which develops from the maternal uterine tissue. The
umbilical cord which contains two umbilical arteries and one umbilical vein inserts
into the chorionic plate in the fetal side and vessels branch out over the surface of
the placenta to form chorionic villi on the maternal side.

The placental development starts when blastocyst attaches to the endometrium.
The placenta develops throughout pregnancy. The outer layer of the blastocyst
becomes the outer layer of the placenta called as trophoblast, comprising of the
underlying cytotrophoblast layer and the overlying syncytiotrophoblast layer. The
multinucleated syncytiotrophoblast that covers the surface of the placenta is formed
from cytotrophoblast cells through the process that continues throughout placental
development. The syncytiotrophoblast is responsible for the nutrient transport and
barrier function of the placenta.

The placenta is now known as a dynamic organ which undergoes changes in
molecular structure and function throughout pregnancy. Placenta mediates inter-
actions of the fetus with the maternal immune system. It is also exposed to the
compounds in the mother’s blood. It serves as a neuro-endocrine organ producing
hormones to encourage development if the fetus. In essence, placenta is the master
regulator of the fetal development. The fully functional placenta is unique in that
maternal blood enters the intervillous spaces of placenta, directly flooding the
syncytialized trophoblasts 3–4 times in each minute. The early hypothesis that
maternal cholesterol could not cross the placental barrier was disputed when high
fetal cholesterol levels correlated with maternal levels in mid-pregnancy, suggesting
that maternal-fetal cholesterol transport occurs at during pregnancy. These mech-
anisms can be receptor-dependent/independent processes, using the help of scav-
enger receptors and transporters such as ABCA1 and ABCG2. The exchange
between the maternal and fetal circulation takes place either via placental perme-
ability or via active transport mechanisms. Placenta takes up lipoproteins through
receptors like LDL receptor, LDL Receptor related protein (LRP), scavenger
receptor class B type I (SR-B1). Cholesterol transporters such as ABCA1 and
ABCG1 are up regulated by Liver X Receptor (LXR) activation resulting in
increased cholesterol transport in vivo. It is possible that they are regulated dif-
ferently in different stages of pregnancy either by fetal demand or by high maternal
cholesterol levels [42–45]. This suggests that extensive maternal hypercholes-
terolemia possibly results in an increased transfer of cholesterol into the fetal cir-
culation. In addition to affecting placental permeability and transport mechanism,
maternal factors may also end up altering mRNA and protein expression or

258 V. S. Jayalekshmi and S. Ramachandran



activities of transcription products in the syncytiotrophoblast or endothelial cells of
the fetal circulation which can influence mother or fetus [46].

The placenta mediates maternal and fetal interactions and therefore plays a
central role in fetal organ growth and development. The impact of maternal obesity
on function of the placenta particularly during development of fetal cardiovascular
system has been studied. The mechanisms however, that are altered in the placenta
in response to an adverse in utero environment are incompletely understood. Obese
mothers have 50% increased placental lipid droplet accumulation than lean women,
decreased angiogenesis regulators such as angiopoietin, vascular endothelial growth
factor A, and hypoxia inducible factor 1. Their levels of interleukins and chemokine
receptors are higher [47], demonstrating a pro inflammatory placental phenotype
due to maternal obesity. In non-human primate (NHP) models fed with high fat diet,
increased expression of inflammatory cytokines and infarction [48, 49] has been
reported. Importantly, in vivo studies have proved that [50, 51] the vascular
adaptations cause structural and physiological changes which possibly influence
cardiovascular development.

Fetal Programming in the Placenta

According to the Barker hypothesis, organ structures undergo programming during
fetal lifetime which may determine the metabolic responses that they carry forward
into adulthood. Therefore, any prolonged stimulus during the developmental stage
can result in variations that induce permanent metabolic changes in the individual.
These changes may predispose the individual to cardiovascular disease in adult life
[52].

The hypothesis also called thrifty phenotype hypothesis was proposed by the
British epidemiologist David Barker in 1990. He stated that intrauterine growth
retardation, low birth weight, and premature birth have a causal relationship to the
origins of hypertension, coronary heart disease, and non-insulin-dependent dia-
betes, in middle age. The evidence is presented in Barker’s book Fetal and Infant
Origins of Adult Disease (1992).

The developmental origins of health and disease (DOHaD) are also based on the
concept of fetal programming. It evolved from epidemiological studies of infant and
adult mortality. Several research studies are focused on the molecular mechanisms
underlying fetal programming to provide targeted therapy to the population at risk.
In addition to altered maternal nutrition and reduced utero–placental blood flow,
fetal programming can be caused by a number of different trepidations in the
maternal placenta, such as maternal hypercholesterolemia and hyperglycemia;
however, the underlying mechanisms remain to be fully established. These stimuli
in the maternal environment must be transferred across the placenta in order to
affect the fetus.

Although the human placenta is a transient organ that persists only nine months,
the effects of this organ on the offspring remains for a lifetime. The placental
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adaptations help the fetus in development and growth and drive the proportions of
metabolic substrates to be supplied to the fetus. The flow of such substrates and
nutrients program the physiological systems from the gene to system levels.
Inadequacies and over supply of certain metabolites and nutrients can cause per-
manent functional and physiological changes that lead to metabolic diseases par-
ticularly with increasing age and unhealthy lifestyle in adulthood. Altered
expression of imprinted genes, altered enzymatic activity, or altered efficiencies in
nutrient transport can imprint epigenetic markings in such individuals.

Although, Barker’s hypothesis was primarily controversial, scores of studies
across diverse populations and experimental animals exposed to various insults
during gestation period has proven the onset of chronic and metabolic diseases to be
predetermined by the environment in the womb [53–55]. Furthermore, there has
been an effort to identify the factors which control intrauterine growth and are
involved in early-life programming of health in adulthood.

Maternal Hypercholesterolemia and Fetal Programming

Apart from oxygen, amino acids, glucose, and fatty acids are essential nutrients for
fetal growth. The placenta transports these nutrients to the fetus by passive diffu-
sion, transporter-mediated processes and active transport mechanisms [56].
Oxygen, urea and carbon dioxide cross the placenta by passive diffusion. Lactate
and glucose are transported by transporter proteins in the plasma membrane. Amino
acids are actively transported using membrane proteins. Transfer of fatty acids to
the fetus is less understood. It possibly involves the release of fatty acids from
maternal triglycerides and cytoplasmic and membrane carrier proteins for diffusion
[57, 58]. Changes in any of these transport mechanisms in the placenta may affect
fetal growth and result in health and disease in adulthood [59]. The transport
capacity of placental fatty acid is enhanced by excess maternal dietary fat, and is
associated with increased accumulation of fat within the fetus [60].

Maternal lipid profile is one of the metabolic components known to influence
fetal developmental processes, such as fetal growth [61]. Lipid metabolism changes
during pregnancy. There is an accumulation of lipids in maternal tissue in the first
two trimesters and increased lipolysis in the last trimester resulting in maternal
hyperlipidemia [61]. Thus, gestational hyperlipidemia was thought to be a common
physiological phenomenon during pregnancy characterized by a significant increase
in circulating lipid levels [62]. In addition to that, it is entirely different from
inherited lipid disorders like familial hypercholesterolemia. Familial hypercholes-
terolemia is a genetic disorder caused by a defect on chromosome 19 and the
condition begins at birth. This is an autosomal dominant disorder in which
abnormal gene from only one parent (heterozygous condition) is enough to inherit
the disease; but individuals with abnormal gene from both parents (homozygous
condition) can also have familial hypercholesterolemia where they rarely live into
their 20 s. This abnormal chromosome has the mutation in the gene for the LDL
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cholesterol receptor, which is involved in passing LDL from the body. As a con-
sequence, LDL levels in the blood remain very high, above 190 milligrams per
deciliter (mg/dL) of blood. Mutations in other genes involved in the cholesterol
mechanism, PCSK9 and Apolipoprotein B can also cause familial
hypercholesterolemia.

As discussed earlier, maternal hypercholesterolemia during pregnancy has not
been given importance clinically for a considerably long time. The first indication
that it may be pathogenic was by the observation of increased fatty streak formation
in the aortas of 6-month old fetuses of mothers with chronic hypercholesterolemia
[63]. The Fate of Early Lesions in Children (FELIC) study has established that
maternal hypercholesterolemia is associated with increased aortic atherosclerosis in
normocholesterolemic children [64]. This study confirmed that changes induced by
or associated with maternal hypercholesterolemia during pregnancy or formation of
fatty streaks that do not fully regress predetermine the rate of progression of
atherosclerosis throughout childhood. This finding implies an understanding of
early pathophysiological events in atherogenesis and its prevention. The develop-
ment of atherosclerosis, a progressive disease characterized by the accumulation of
lipids and fibrous elements in the arteries possibly begins in early life, in some cases
before birth [65]. Adverse intrauterine environment and impaired fetal growth can
contribute to early development to atherosclerosis with along latency period.
Exposure of the fetus to maternal adiposity, dyslipidemia, and hyperglycemia are
important determinants of long-term cardiometabolic outcome among adult
offspring.

Fetal Cholesterol Metabolism and Maternal
Hypercholesterolemia

Cholesterol is an essential lipid for human cells and is a major sterol synthesized by
all animals. Liver regulates the cholesterol synthesis and levels in the body as the
excess of cholesterol can be toxic and can contribute to atherosclerotic vascular
disease. Cholesterol biosynthesis occurs through 37 steps process regulated by the
key enzyme called HMG CoA reductase, which is subjected to a negative feedback
regulation. Cholesterol has to reach its site of action such as plasma membrane and
other compartments from endoplasmic reticulum, cytosolic lipid droplets and
endocytic compartments; where it occurs via receptor mediated endocytosis.

Brown and Goldstein in the 1970s discovered the mechanism of normal cells to
extract the cholesterol of LDL with a cell surface receptor (LDL receptor) activated
by sterol regulatory element binding protein (SREBP) transcription factors termed
as receptor mediated endocytosis for which they were awarded with Nobel prize in
Physiology or Medicine in 1985. They explained the receptor-mediated internal-
ization of LDL and its transport to the lysosome. The clathrin coated pits contains
LDL receptors to which the free LDL in blood binds. The coated pits with receptor
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bound LDL molecule pinch off from the surface of the cell to form endosomes and
the low pH in the endosomes dissociate the receptors from their ligands. These
endosomes fuse with lyzosomes for the enzymatic digestion of the bound LDL
molecules. Later the unbound LDL receptors are recycled back to the surface of the
cells for the next cargo which happen in every 10 min. LDL receptors are less
expressed when cell cholesterol increases establishing a regulatory mechanism.
This will leads to the reduction in HMG CoA reductase and endogenous synthesis
of cholesterol, decreasing the free cholesterol load in the blood. This mechanism is
impaired in the familial hypercholesterolemia patients where they have a defect in
the gene encoding LDL receptor that makes the enzyme resistant to the feedback
regulation by LDL cholesterol.

Plasma cholesterol concentrations are comparatively low in newborn. Like
adults, fetuses also have two sources of cholesterol; endogenous and exogenous
cholesterol. The endogenous cholesterol is from de novo synthesis where fetal liver
synthesize it. The cholesterol synthesis rate is high in fetus compared to adults due
to the high requirement by cells and the SREBP transcription factor is expressing
high leading to a fully active sterol biosynthetic pathway [66]. Conversely to the
adult exogenous cholesterol from diet, fetal exogenous cholesterol comes from the
mother. It is believed that maternal cholesterol is transported across the placenta and
fetal cholesterol level varies throughout the gestation; despite the much debate on
the maternal transport of cholesterol to the fetus. It’s found that there is no corre-
lation between maternal and newborn cholesterol levels in term or late preterm
infants but do in early gestation [63] suggesting the cholesterol transport is in early
gestation but not in late gestation. During the gestation, serum lipids, including total
cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density
lipoprotein cholesterol (HDL-C) levels, triglyceride (TG), and were significantly
elevated from the second trimester and reached a maximum in the third trimester
[67] with plasma cholesterol levels increased by 25–50%. This is necessary to
improve the availability of essential metabolites for fetal growth [61]. In early
gestation, the secondary yolk sac is considered to be responsible for the transport of
maternal cholesterol to the fetus. This is because placenta becomes fully functional
only by the end of the first trimester and cholesterol transport occurs through the
receptor mediated as well as receptor independent processes in the yolk sac. The
secondary yolk sac regresses when the placenta becomes functional.

Obesity is the over nourished state and the placenta is sensitive to this condition
during pregnancy. It can elevate placental inflammatory cytokine expression and
oxidative stress creating a pro-inflammatory state on placental function. This can
influence the nutrient transport to the fetus and the modified nutrient transport
mechanism may drive excess cholesterol to the fetus which ultimately results in
atherosclerosis.
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Epigenetics of Maternal Hypercholesterolemia

In maternal hypercholesterolemia the oxidation of low density lipoprotein
(LDL) and fatty streak formation occurs during fetal development [45]. As epi-
genome of placenta is varying throughout the gestation and can change in response
to environmental stimuli such as maternal diet and lipid levels, the differential gene
expression patterns in the womb as a reflection of developmental plasticity can lead
to early onset of diseases in adulthood. The researches on animals on this aspect
have enough data to prove the importance of placenta in regulating the development
of cardiovascular system. However, the epidemiological evidences supporting this
concept should also accumulate to firmly establish its role in the etiology of
maternal hypercholesterolemia. In light of the scientific evidence accumulated in
recent years, epigenetic mechanisms have been recognized as important mediators
of the atherosclerotic process and the subsequent cardiovascular diseases during the
gestational age [68]. Global hypermethylation, one of the epigenetic programming
has been associated with inflammation.

Maternal hypercholesterolemia may impact offspring DNA methylation changes
at birth, however, whether these changes impact on development of later adverse
outcomes in the offspring remains unclear. Several DNA methylation patterns are
tissue- and cell- specific [69], so the relevance of findings from DNA extracted from
cord or peripheral blood leukocytes remains unclear [70]. Ideally epigenetic pro-
filing at the placental tissue level are required for obtaining a clear understanding of
epigenetic programming during gestation. Classic epigenetic changes such as DNA
methylation and histone acetylation leading to irreversible changes in the tran-
scriptional machinery [71] can result in changes in function and structure of genes
involved in LDL metabolism and cholesterol transport between mother and fetus.
This can show inter-individual variability at birth that may be stable throughout the
life course and can be likely drivers of early life programming of adult-onset
diseases such as atherosclerosis.

Conclusion

Cholesterol transport mechanisms across the placenta in hypercholesterolemic
conditions of the mother are relatively unknown. Placenta takes up lipoproteins
through receptors like LDL receptor, LDL Receptor related protein (LRP), scav-
enger receptor class B type I (SRB1). Cholesterol transporters such as ABCA1 and
ABCG1 are up regulated by Liver X Receptor (LXR) activation resulting in
increased cholesterol transport in vivo. This suggests that extensive maternal hy-
percholesterolemia possibly results in an increased transfer of cholesterol into the
fetal circulation as noted in Fig. 15.1. Establishing a causal role of maternal/fetal
hypercholesterolemia in accelerated fetal or postnatal lesion formation would not
only add to our understanding of the pathogenesis of atherosclerosis in young
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adults, but can also have important clinical implications. Identifying the LDL
transport mechanisms and epigenetic changes underlying this programming can
help in developing population-based lifestyle strategies for women in their child
bearing years to identify those at risk and direct lipid specific nutritional and life
style interventions or therapy. As pregnancy is the time in which offspring develops
inside the woman’s womb, treatment for maternal obesity is not quite easy and may
end up in severe complications. Moreover, sufficient nutrition is important for
pregnant women; so as to dieting and interventions to treat obesity cannot be
implemented during gestational phase. Hence, obese women are recommended to
lose weight before becoming pregnant and are advised for getting enough folic acid,
quitting smoking, and avoiding alcohol to avoid the possible risks. Women are also
recommended to have appropriate calorie intake and exercise adequately.

Fig. 15.1 Maternal hypercholesterolemia and atherosclerosis in adulthood. aMaternal blood with
high levels of cholesterol enters placenta for exchange of nutrients, gases and other requirements
for growth of the fetus. b High levels of low density lipoprotein (LDL) cholesterol in maternal
blood leads to increased LDL transport to the fetus inducing in utero programming. c Inset
showing cross section of chorionic villi in placenta. Receptors such as LDL receptor (LDLR),
Sterol regulatory element binding protein 1 (SREBP1), LDL receptor related protein 1 (LRP1) on
syncytiotrophoblasts and ATP-binding cassette transporters such as ABCA1, ABCG1 on
endothelial cells of placenta transport excess LDL to the fetal circulation. d The increased LDL
transport between hypercholesterolemic mothers to fetus predisposes the offspring to early
atherosclerosis in their adulthood
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Chapter 16
Modified Denouement in Bariatric
Surgery Due to Genetic Polymorphism

Bhoomika M. Patel, Shuchi H. Dave and Ramesh K. Goyal

Abstract Obesity is a major issue and has a prevalence of about 13% around the
world. Obese patients are prone to have certain diseases like cardiovascular,
metabolic disorders and cancers such as breast, endometrial and colon. There are
certain treatments available for obesity like exercise, lifestyle modification, phar-
macological treatment and surgery. Most people now opt for the surgical inter-
vention for eradicating obesity. Bariatric surgery is carried out on the stomach and/
or intestine to reduce obesity in patients having BMI more than 35 kg/m2. Reports
suggest that people going for bariatric surgery have greater variations in weight loss
after the surgery. Variable weight loss is experienced post surgery primarily due to
polymorphism of genes. Genes such as PGC-1a and GHRL, as well as mito-
chondrial uncoupling protein are related to polymorphism in bariatric surgery. The
current review will familiarize readers with types of bariatric surgeries and their
association with obesity and genetic polymorphism.

Keywords Obesity � Bariatric surgery � Weight loss � Genetic polymorphism,
single nucleotide polymorphism

Introduction

Obesity is growing worldwide and has become a considerable healthcare burden
worldwide. It’s incidence has doubled since 1980. The number of people suffered
from being overweight in 2014 was 1.9 billion, and amongst them, 600 million
people were obese. Out of these 600 million people 13% who are obese were adults.
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The World Health Organization defines a person as obese when his/her Body Mass
Index is greater than or equal to 30, and overweight when the BMI is more than or
equal to 25. If a person is suffering from obesity, he/she will be prone to many
diseases like cardiovascular, metabolic, musculoskeletal and some cancers like
breast, endometrial and colon [1]. Table 16.1 describes the classification of obesity.
There are several factors that causes obesity including energy imbalance with
increased intake of energy, increase in workload with physical inactivity, change in
the modes of transport, sedentary nature of work and urbanization [1]. Obesity can
be prevented by adapting to certain life style modifications, exercise, pharmaco-
logical treatment and surgical options. Lifestyle modification includes engaging in
a healthy diet and exercise. Dietary interventions demand low calorie diet and liquid
meal according to Melanson et al. [2]. Physical activity has a role in decreasing
weight. A program of walking 45–60 min can make a difference but without calorie
restriction, weight loss cannot be achieved [3]. Pharmacological treatment involves
use of drugs such as: Orlistat, Rimonnabant and Sibutramine. Orlistat is approved
by FDA (Food and Drug administration) and inhibits pancreatic lipase which in turn
reduces fat absorption by 30% [4]. Side effects reported include changes in bowel
function because of the unabsorbed fat, fatty/oily stool, persistent nausea, vomiting,
severe stomach-ache, dark urine. [5]. Rimonabant is a diet pill and works by
blocking the binding of endogenous cannabinoid to CB1 neuronal receptors. This
drug causes GI, skin, musculoskeletal and CNS problems. Moreover, it has not
been effective in patients for weight loss and was not approved in US because of its
side effects [6]. Sibutramine, a serotonin norepinephrine reuptake inhibitor, is
associated with the feeling of fullness i.e., satiation. Side effects caused by
Sibutramine include dizziness, dry mouth, inflammation of nose, nervousness, and
abnormal liver functions. [7]. Despite these approaches, obesity does not seem to be
controlled in many individuals. Hence, an approach which has been in use within
the last few years is surgery. Surgery is suitable for patients who have a BMI (body
mass index) score greater than 35 or 40 and with or without co-morbidities like
cardiovascular or metabolic disease. This surgery is often preferred by patients.
Many bariatric surgeries are performed including Roux-en-Y Gastric bypass,
Gastric banding, Sleeve gasterectomy, vertical banded Gastroplasty, and biliopan-
creatic. [8, 9]. Weight loss is major goal of bariatric surgery. There are some
problems associated with the selection criteria of the bariatric patients because the
result is not homogenous and no specific markers are found which predicts best

Table 16.1 Classification of
obesity

Body mass index (BMI) kg/m2 Classification

18.5–24.9 Normal

25.0–29.9 Overweight

30.0–34.9 Obesity (type I)

35.0–39.9 Obesity (type II)

� 40 Morbid Obesity

� 50 Super Obesity
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outcomes [10]. The identification of these markers may help doctors to select their
patients for the surgery.

Polymorphism is the change in the sequencing of DNA in one person or in a
large amount of people [11]. Sources of genetic polymorphism include single
nucleotide polymorphism, replication in the sequence, deletion and recombination.
The genetic polymorphism is the result of the chance processes or may have been
induced by external agents such as viruses or radiation [12]. Weight loss is
observed in all the patients, but variation occurs from surgery to surgery. Weight
loss occurs at variable speeds dependent on the patient. This can be explained by
polymorphism. Much research has been carried out on the identification of genes in
which polymorphism has been observed. Several SNPs are reported which are
responsible for variation in weight loss after bariatric surgery. In this review, we
shall briefly describe the various kinds of bariatric surgeries. The second part of
review shall familiarise readers with the types of polymorphism associated with
alternate patterns of weight loss in patients undergoing bariatric surgery.

Bariatric Surgery

“Surgery which is performed on the gut or intestine for the remission of obesity on
extremely obese patients” is defined as bariatric surgery [13]. There are certain
types of bariatric surgeries performed on patients having BMI more than 35 [13].
This surgery started in 1954, though it was not successful. In 1970, it had its first
success in the treatment for obesity. There are three broad categories of bariatric
surgery: the first is based on the pure gastric limitation (restriction), the second is
gastric restriction with malabsorption and the third is a combination of both [14].
Table 16.2 shows various types of Bariatric Surgeries.

Gastric Bypass

The first surgery is gastric bypass, also called Roux-en-Y- Gastric Bypass (RYGB),
one of the best procedures worldwide. In the procedure, a small pouch of the
stomach of (about 30 ml) is created by segmentation of the stomach with staples.
Then proximal part of small intestine is separated, and the bottom end of the
segmented small intestine is joined to the newly created pouch. This will bypass
most of the stomach and also bypass the gastric acid and enzymes present.
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Advantages:

• Significant long-term weight reduction
• Restrict food consumption
• Increase in energy depletion
• Produces favourable changes in the gut and will reduce stomach hormones

which reduces hunger hormones
• >50% excess weight loss [15].

Table 16.2 Comparison of different bariatric surgery

Parameters RYGB Sleeve
gasterectomy

Biliopancreatic
with Duodenal
switch

Adjustable
gastric banding

Type of Surgery Restrictive Malabsorptive Malabsorptive Restrictive

% weight
loss[26]

50–70% 65–75% 65–75% Extremely
variable
average is
about 50% and
ranges from 25
to 80%

Length of
hospitalization27

1–5 days 1–2 days 2–7 days 1–3 days

Blood loss 0.6%28 1–6%29 Not reported Blood clots are
observed but
very less
amount of
blood loss

Complication
rate26

Up to 15% Up to 10% Up to 24% Up to 33%

Chances of re
operation

Less30 Less than 5%
of the
patients31

Not common32 Greater risk of
re-operation33,
30–50%

Mortality rate
%34

2–5 in 1000 2 in 1000 2 in 1000 1 in 1000

Hormonal
changes

Ghrelin:
variable
GLP-1 and
PYY: meal
induced in
both35,36,37

GLP and
PYY:
Elevated38,39

GLP-1 and
PYY:
elevated40,41,42,43

GLP-1, PYY:
no change44,45

Other comorbid
conditions
which improves
after bariatric
surgeries

Hypertension
and diabetes,
Dyslipidaemia

Metabolic
disorders

Hypertension,
diabetes and
dyslipidaemia

Hypertension,
diabetes and
dyslipidaemia
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Disadvantages:

• Complex operation relative to other surgeries
• It can lead to certain deficiencies after some time like vitamin B12, iron, calcium

and folate
• Hospitalization time increases
• Follow up compliance is needed (‘Bariatric Surgery Procedures—ASMBS’, n.d.).

Gasterectomy

In this procedure approximately 80% of the stomach is removed. The new pouch
holds a considerably smaller volume of food. As a result, the patient can consume
less food and therefore will lose weight. This surgery has an effect on the gut
hormones, which also facilitate weight reduction. This surgery is done
laparoscopically.

Advantages:

• It will restrict the amount of the food
• Induces rapid weight reduction similar to RYGB
• No gastric bypass
• Relatively short stay in hospital
• Suppresses hormones and induces changes in gut hormones.

Disadvantages:

• Non-reversible procedure
• It may cause long-term vitamin deficiencies
• It has more complications than Adjustable Gastric Bypass.

Adjustable Gastric Bypass

Adjustable gastric bypass results in a decrease in food consumption. The reduction
in food absorption is observed because of the placement of a small bracelet-like
band around the upper part of the stomach. This will result in the reduction of the
stomach size and then it can be adjusted by the surgeon by placing a balloon inside
the band [16].

Advantages:

• Reduce the extent of food that stomach can hold
• Around 40–50% weight loss is observed after the surgery
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• Stomach part is not removed after the surgery; the intestine is also not disturbed
• Short hospital stay
• Reversible and adjustable
• Lowest postoperative complications
• Least deficiencies observed.

Disadvantages:

• Slow weight reduction
• Patients fail to reduce more than 50% of their weight
• It requires a foreign body to remain after surgery
• It can have mechanical problems with band and tubes in certain patients
• Requires strict diet after the surgery
• Highest rate of re-operation [15].

Biliopancreatic Diversion with Duodenal Switch

It is popularly known as “duodenal switch”. Firstly, removal of a large portion of
the stomach takes place, which makes the patient feel full and will allow him to eat
less. Secondarily re-routing is conducted from the stomach to the small intestines,
resulting in less absorption of the food. Digestive and bile salts may change the
body’s digestion process and ability of the food and calorie absorption [16].

Advantages:

• It will cause more weight loss than other surgeries (70%)
• It will allow patients to eat normal meals post-surgery
• Reduce the absorption by 70%
• It will cause the changes in gut hormones
• It is most effective compared to other surgeries for diabetic patient.

Disadvantages:

• More complications after the surgery
• Longer hospital stay
• May cause protein deficiency and long-term vitamin and mineral deficiencies
• Follow-up is necessary and that may require patient compliance [16].
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Genetic Polymorphism and Weight Loss in Bariatric
Surgery

Genetic polymorphism is associated with different weight loss outcomes in patients
undergoing bariatric surgery. One study was carried out to examine markers
associated with eleven obesity related genes in which maximum weight loss and
maximum weight gain was observed after the bariatric surgery. In this study 11
genes were taken i.e. ADIPOQ, BDNF, FTO, G1NB3, LEP, LEPR, MC4R,
NR3C1, PPARG, PPARGC1A and TNF. After the study, it was found that the
minor allele at the FTO rs16945088 locus is associated with maximum weight
reduction after banding surgery. An allele of FTO single nucleotide polymorphism
rs8050136 was correlated with higher body mass index and high chances of obe-
sity. None of the other genotypes were related to weight gain or loss after bariatric
surgery [17]. Table 16.3 describes about the summery of gene variations in bariatric

Table 16.3 Different genes and their effect on weight loss

Name of
peptide

Associated
gene

Polymorphism Implication

PGC-1a Ppargc1a Gly482Ser Waist ratio is more reduced in
Gly/ser + Ser/Ser group
compared to Gly/Gly group

Ghrelin GHSR
gene

Single nucleotide
polymorphism (SNPs)
rs9819506 and
rs490683

Patinets with homozygous for
rs490683 showed highest weight
loss after the surgery in
30 months

Amide
hydrolase gene

Fatty acid
amide
hydrolase
gene

C358A Allele of A358C of fatty acid
amide hydrolase had better initial
weight loss after 9–12 months

Leptin LEPR gene Lys656Asn Weight loss is higher in mutant
group i.e. Lys656Asn and
Asn656Asn compared to wild
group i.e. Lys656Lys

Glucagon like
peptide-1

GLP-1R Rs6923761 GLP-1R BMI, weight and waist
circumference were lower in non
A allele carrier than A allele.
Initial weight loss was higher in
patients with GG genotype than
A allele carrier

Interleukin -6 174 G>C 174 G>C
polymorphism of IL-6

The C(−) carrier had more
weight loss than the C(+) carrier

Mitochondrial
uncoupling
protein

UCP-2 rs660339 (Ala55Val) Patients with either TT or CT
genotype on rs660339
experienced more weight loss
than patients with CC genotype
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surgery. Details of several genetic polymorphism associated with different types of
bariatric surgeries are provided in the following section.

Genetic Polymorphism in Gastric Bypass

PGC-1

Peroxisome proliferator activated receptor gamma co-activator (PGC)-1a is a
co-activator in the body responsible for the transcription involved in the regulation
of metabolic and non-metabolic disorders. The hypothesis was made that
Gly482Ser polymorphism of the ppargc1a (peroxisome proliferator activated
receptor gamma co-activator 1 alpha) gene would predict differently after bariatric
surgery than other genes. The association was found between the ppargc1a (gene
coding for PGC1a) polymorphism and bariatric surgery. The two groups were
selected i.e. Gly/Gly and Gly/Ser + Ser/Ser. The inflammatory parameters,
anthropometric, C-IMT and metabolic parameters were performed in the intervals
of 1, 6 and 12 months. The polymerase chain reaction restriction fragment length
polymorphism assay was performed for the primers Gly482Ser sense and
Gly482Ser antisense. It was found that Gly482Ser might be an important marker for
the complications and amelioration of the disease. The waist ratio was the
anthropometric parameter that was most significantly reduced. The Gly/Ser + Ser/
Ser group had more reduction in hip/waist ratio than the Gly/Gly group. It was
concluded that Gly482Ser polymorphism may improve the metabolic and inflam-
matory outcomes that lead to reduction in the structural marker of atherosclerosis in
obese patients undergoing gastric bypass surgery. Bariatric surgery showed
improvement in various outcomes such as metabolic, inflammatory and vascular in
the patients having polymorphism in the PGC1a gene Gly482Ser [18].

Ghrelin

Ghrelin is a hormone which has a major influence on energy balance. It is a natural
ligand of the growth hormone secretogogue receptor, thus stimulating growth hor-
mone secretion and playing a role of appetite inducer. The genetic correlation has
been found between the ghrelin gene and bariatric surgery. Single nucleotide
polymorphism in the promoter region of its receptor gene has some correlation with
weight loss. Association between the genotypes for single nucleotide polymor-
phisms (SNPs) rs9819506 and rs490683 in the promoter region of the Growth
hormone secretogogue receptor (GHSR) gene and weight loss outcome was per-
formed for 30 months. Three models were taken: additive, recessive and dominant.
Patients who are homozygous for rs490683 (GHSR194) C/C genotype showed the
most weight loss in the additive model [19]. The study suggested that patients with
C/C genotype lost 5% more weight than those who do not have this genotype.
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Genetic Polymorphism in Biliopancreatic Surgery

Amide Hydrolaze

Fatty acid amide hydrolase is a member of the serine hydrolase family of enzymes.
This enzyme is responsible for the hydrolysis of anandamide, an endocannabinoid.
In biliopancriatic surgery the polymorphism was checked for C358A of the fatty
acid amide hydrolase gene on the clinical outcomes for one year. It was noted that
the allele A358C of the fatty acid amide hydrolase was associated with a better
initial percentage of excess weight loss 9 and 12 months after biliopencriatic
diversion [20].

Leptin

Leptin is a hormone that plays major role in the energy balance. It is a mediator for
the long-term regulation of energy and food suppression thus facilitating weight
loss. Leptin is strongly associated with bariatric surgery because BMI levels are
indicators of the decrease or increase of leptin levels. Two groups were taken for the
study i.e. mutant group and wild group. Patients with Lyc656/Asn656 and
Asn6566/Asn656 genotype were included in the mutant group and patients with
Lys656/Lys656 genotype were included in the wild group. After the bariatric
surgery, the influence was checked for Lys656Asn polymorphism of leptin receptor
gene in biliopancreatic diversion. The study concluded that weight loss was higher
in mutant group i.e. Lys656Asn and Asn656Asn higher than the wild type
Lys656Lys group after the surgery [21].

GLP-1 Gene

Glucagon, like peptide-1, is a 30-amino acid peptide hormone. GLP- 1 stimulates
the insulin secretion (i.e. to act like incretin hormone) and to inhibit the glucagon
secretion. GLP-1 also has a role in the regulation of appetite and food intake.
Studies of Glucagon like peptide-1 (GLP-1) receptor (GLP-1R) have been done to
identify the relation between the polymorphism of the gene GLP-1R and patho-
genesis of the obesity. Investigations were made on the polymorphism of
rs6923761 GLP-1R gene and its outcome after the biliopancreatic diversion.
137 patients were admitted. Parameters including weight, blood pressure, basal
glucose and lipid profiles were measured at the initial visit and each following visit
(3, 9, 12 and 18 months). The BMI, weight and waist circumference were lower in
the non-A allele carrier than A carriers after 18 months. The initial weight loss was
higher in patients with GG genotype than allele carriers [22].
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Genetic Polymorphism in Adjustable Gastric Banding

174 G>C IL-6

In laparoscopic adjustable gastric banding the polymorphism was checked in the
174 G>C IL-6 for the bioelectrical parameters in the obese subjects. It was thought
that 174 G>C IL-6 polymorphism may play a role in variable therapeutic responses
to the LAGB surgery. The C allele frequency was 35% and the GG, GC, and CC
genotype frequency were 45%, 40%, and 15% respectively for IL-6. The two
carriers were selected i.e. C(−) and C(+) carriers. Weight loss and BMI were
significantly reduced in the C(−) carrier than C(+ carrier) [23].

UCP2 Gene

Mitochondrial uncoupling proteins (UCP2) are the members of a larger family of
mitochondrial anion carrier proteins. They separate the oxidative phosphorylation
from ATP synthesis with energy dissipated as heat. This is highly expressed in the
skeletal muscles. This gene plays a role in thermogenesis, obesity and diabetes [24].
One study selected four SNPs i.e. rs660339, -866G/A, rs17132534 and rs643064. It
is associated with diabetes and the Ala55Val polymorphism on the UCP2 gene may
predict greater weight loss in morbidly obese patients who undergo the Gastric
banding. All the subjects were genotyped for four SNPs on the gene. The SNPs
associated with obesity are the markers of the weight change. rs660339 on exon 4
was associated with the morbid obesity. Patients with TT or CT genotypes expe-
rienced more weight loss compared to CC after the laparoscopic adjustable Gastric
Banding (LABG) [25].

Prediction of Outcomes Using Genetic Risk Score

The collective impact of various SNPs, which are likely to underwrite the risk, can
be determined by a genetic risk score (GRS). The GRS creates one continuous
variable which indicates the chance of developing any specific parameter, outcome
or disease, and in case of bariatric surgery, the outcome being weight loss. The
importance of the same outcome is also depicted in a study by Bandstein et al. [26].
Waist-to-hip ratio associated SNP and BMI associated SNP was used to prepare
weighted GRS with weight loss. Patients with least GRS scores had maximum
weight loss suggesting that GRS can be used to predict weight loss in different
polymorphism.
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Conclusions

Obesity has become one of the most worrisome conditions leading to increased risk
for several disorders like cardiovascular diseases and metabolic abnormalities.
Bariatric surgery is useful not only for weight loss but also for the co-morbid
conditions like diabetes, cardiovascular disorders and other metabolic diseases. In
current scenario, there are large number of non-obese patients who are undergoing
bariatric surgery for remission of conditions like diabetes, polycystic ovarian
syndrome etc. However, despite this, many patients do not lose enough weight after
bariatric surgery. Additionally, some patients do not exhibit remission of co-morbid
conditions. Genetic polymorphism is one of the major factors for such inconsistent
and inadequate response to bariatric surgery. With recent advancements in the field
of molecular biology and biotechnology, several polymorphisms are identified to be
associated with weight loss. With such basic knowledge about polymorphism,
future studies should be directed towards development of functional genomic
diagnostic kits which will facilitate the identification of patients who will respond to
surgery before the actual surgery itself. Prima facie, such kits may appear to be a
costly diagnostic procedure. However, given that bariatric surgery is also a costly
affair, this increases the overall economic burden on the patient and on society as
well.

Obesity also contributes significantly to psychological burden with most obese
patients facing mild to moderate depressive-like conditions. Bariatric surgery offers
them hope. However, if they do not lose weight after bariatric surgery, the psy-
chological impact remains, and patients become more depressive. Hence, with the
help of some diagnostic procedures, patients can be made quite aware that bariatric
surgery would not be beneficial for them. This will prevent development of severe
psychological impact.
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Chapter 17
Anti-inflammatory Components
from Functional Foods for Obesity

Sunil K. Panchal and Lindsay Brown

Abstract Obesity, defined as excessive fat accumulation that may impair health,
has been described throughout human history, but it has now reached epidemic
proportions with the WHO estimating that 39% of the world’s adults over 18 years
of age were overweight or obese in 2016. Obesity is a chronic low-grade inflam-
matory state leading to organ damage with an increased risk of common diseases
including cardiovascular and metabolic disease, non-alcoholic fatty liver disease,
osteo-arthritis and some cancers. This inflammatory state may be influenced by
adipose tissue hypoxia and changes in the gut microbiota. There has been an
increasing focus on functional foods and nutraceuticals as treatment options for
obesity as drug treatments are limited in efficacy. This chapter summarises the
importance of anthocyanin-containing fruits and vegetables, coffee and its com-
ponents, tropical fruit and food waste as sources of phytochemicals for obesity
treatment. We emphasise that preclinical studies can form the basis for clinical trials
to determine the effectiveness of these treatments in humans.

Keywords Obesity � Inflammation � Functional foods � Anthocyanins � Coffee �
Tropical fruits � Food waste

Obesity—The Extent of the Problem

Obesity is often referred to as a global health challenge. The literature on the
epidemiology, causes, co-morbidities and potential treatments of obesity is enor-
mous. As an example, a PubMed search from 2013 to 2019 for “obesity” lists about
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125,000 references. This chapter will provide a background on the disease risk in
obesity and the role of inflammation before examining some examples of functional
foods that may reduce obesity by their anti-inflammatory actions.

The World Health Organisation defines overweight and obesity as abnormal or
excessive fat accumulation that may impair health [1] and provides the key facts on
overweight and obesity that are listed in Table 17.1.

The increase in the number of people with overweight and obesity has been
described as an epidemic or even as a pandemic of the late 20th and 21st century [2].
However, obesity has been described through the ages, starting with prehistoric
statuettes from 30,000 years ago such as the Venus of Willendorf [3] and including
members of the Ptolemy dynasty who ruled Egypt from 305-30BC [4]. Physicians
from the Greco-Roman and Byzantine world described the aetiology and clinical
manifestations of obesity with suggestions for therapy including aMediterranean-like
diet with an active lifestyle [5]. In European art, overweight and obesity were indi-
cations of health, beauty and vitality [6]. In 1980, there were 921 million overweight
and obese people; this had increased to 2.1 billion in 2013, about 29% of the world’s
total population in 2013 of 7.3 billion with the proportion of adult males with a body
mass index (BMI) of 25 or greater increasing from 28.8% in 1980 to 36.9% in 2013
and an increase from 29.8 to 38.0% in adult females [7]. The trends in mean BMI as a
measure of under- or over-nutrition from 1975 to 2014 have been reported for adults
aged over 18 years in 200 countries [8]. Over these 4 decades, global prevalence of
underweight has decreased from13.8 to 8.8% inmen and from14.6 to 9.7% inwomen.
However, the prevalence of obesity increased from 3.2 to 10.8% in men and from 6.4
to 14.9% in women. Severe obesity with BMI � 35 kg/m2 occurred in 2.3% of the
world’s men and in 5.0% of the world’s women; the corresponding figures for morbid
obesity with BMI � 40 kg/m2 were 0.64% in men and 1.6% in women. Obesity is
clearly a current worldwide occurrence in adults.

Obesity is not restricted to adults, but occurs widely in children and adolescents.
Analyses of data sources with measurements of height and weight on 128.9 million
children and adolescents aged 5 years and older from 1975 to 2016 have shown that
the prevalence of obesity increased from 0.7% in 1975 to 5.6% in 2016 in girls, and

Table 17.1 Key facts on
overweight and obesity
(World Health Organisation)

Worldwide obesity nearly tripled since 1975

In 2016, more than 1.9 billion adults, 18 years and older, were
overweight. Of these, over 650 million were obese

39% of adults aged 18 years and over were overweight in 2016,
and 13% were obese

Most of the world’s population live in countries where
overweight and obesity kills more people than underweight

41 million children under the age of 5 were overweight or obese
in 2016

Over 340 million children and adolescents aged 5-19 were
overweight or obese in 2016

Obesity is preventable
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from 0.9% in 1975 to 7.8% in 2016 in boys, with accelerated increases in east and
south Asia [9]. This study also highlighted the co-existence of underweight and
obesity in the world’s children and adolescents with 75 million girls and 117
million boys being underweight, along with 50 million girls and 74 million boys
being obese in 2016.

Despite the increasing prevalence of overweight and diabetes, life expectancy at
birth has increased from 59 to 71 years over the same time-frame [10]. This
apparently protective relationship is likely to be casual, rather than causal, as BMI
changes in children do not appear to be protective. Also, the increases in obesity
have not been evenly spread in the world, as the poor are more likely to be obese in
high income countries but this group is usually underweight in low-income
countries leading to increased global inequalities in the prevalence of obesity [10],
making a protective effect of obesity on life expectancy less likely.

As part of the Global Burden of Disease study, patterns of death and disability-
adjusted life years were determined in people with high BMI from 195 countries
from 1990 to 2015 [11]. In 2015, high BMI was estimated to contribute to 4 million
deaths each year and 120 million disability-adjusted life years. More than
two-thirds of deaths were related to cardiovascular disease, but the improvements in
survival from cardiovascular disease have reduced the rate of increase of mortality
in people with high BMI. Diabetes was the second leading cause, contributing to
0.6 million deaths per year and 30.4 million disability-adjusted life years. Fewer
than 10% of deaths in 2015 were associated with chronic kidney disease or
cancers [11].

The World Health Organisation has summarised that an increased BMI is a risk
factor for the non-communicable diseases that are listed in Table 17.2 [1].

Obesity has been defined as a disease of chronic low-grade inflammation [12]
which will be further discussed in the next section. Co-morbidities with obesity
include cardiovascular disease, diabetes, some cancers, non-alcoholic fatty liver
disease (NAFLD) and osteoarthritis. There is a clear relationship between obesity
and cardiovascular disease, with increasing incidence of cardiovascular disease with
increasing obesity and length of duration of obesity [13]. However, obese individ-
uals with high cardiorespiratory fitness, known as metabolically healthy but obese or
fat-but-fit, showed reduced cardiovascular risk. This may be one of the reasons for an
obesity paradox, where overweight or mildly obese individuals with cardiovascular

Table 17.2 Risk factors with
increased body mass index
(World Health Organisation)

Cardiovascular diseases (mainly heart disease and stroke),
which were the leading cause of death in 2012

Diabetes

Musculoskeletal disorders (especially osteoarthritis—a highly
disabling degenerative disease of the joints)

Some cancers (including endometrial, breast, ovarian, prostate,
liver, gallbladder, kidney, and colon)
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disease showed a better prognosis [13]. Obesity and type 2 diabetes are both char-
acterised by defects in insulin action produced by increased plasma concentrations of
free fatty acids and so are commonly observed in the same individuals [14]. The
increased flux of free fatty acids from increased abdominal fat is likely to be the
cause of the increased incidence of NAFLD in obese individuals [15]. Further, both
diabetes and obesity are associated with an increased risk of cancers which could be
initiated by the increased pro-inflammatory environment that characterises both
diabetes and obesity [16]. Increased adiposity increases the release of a wide range of
adipokines from adipocytes; together with increased mechanical loading, the
pro-inflammatory cytokines such as leptin and visfatin are likely to be important in
the development of osteoarthritis in obese and older patients [17]. Thus, the major
common mechanism in obesity and its co-morbidities is systemic inflammation.

Inflammation in Obesity

Obesity has been described as a low-grade, chronic inflammation orchestrated by
metabolic cells in response to excess nutrients and energy [18]. As described by these
authors, this inflammation is different from classic inflammation producing redness,
swelling, heat and pain, which is essential for the repair, remodelling and renewal of
tissues. The inflammatory trigger in the development of obesity is the consumption of
foods causing an increased production and secretion of an array of inflammatory
cytokines, known as adipokines, by adipocytes, causing increased infiltration of
immune cells such asmacrophages into themetabolic tissues, including adipose, liver,
muscle, pancreas and brain. Obesity-induced inflammation differs from classic
inflammation in that it is moderate, creates a pro-inflammatory environment and is
sustained by the constant stimulus of chronic nutrient intake. This metabolic
inflammation (or metaflammation) then interferes with normal metabolism and dis-
rupts insulin signalling to produce insulin resistance and lipo-lysis, so disrupting
glucose and lipid homeostasis [18]. The precise triggers of metabolic inflammation
could include intestinal antigens including lipopoly-saccharides, components offoods
such as free fatty acids, or signals associated with dying or stressed adipocytes
including leptin and other adipokines, or hypoxia which could involve hypoxia-
inducible factor (HIF) 1a [19].

The nutrient and immune systems are fundamentally related as survival relies on
both the ability to store and harness energy and to sense and fight infection. Both
respond to danger signals and share many of the signalling networks. We suggested
that, in metabolic disease, the initiation of multiple redundant mechanisms in
response to an increase in nutrients limits endogenous nutrient output and
exo-genous nutrient intake with a similar set of molecules and signalling pathways
as in innate immunity [20]. Studies on the convergence of these pathways show that
many levels are involved, including receptors, organelles, kinase pathways and
gene expression [12]. These evolutionally conserved interactions are essential for
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the maintenance of healthy organs, including adipose tissue, as well as overall
health, especially in chronic non-communicable diseases such as obesity [12].

The Gut Microbiota

The bacteria in the gastrointestinal tract, concentrated in the colon, are essential for
many functions including protection from pathogens, digesting otherwise indi-
gestible carbohydrates, synthesising essential vitamins and modifying the immune
system. The intestinal microbiota is diverse, with at least 1000 different species
providing around 2� 1013 bacteria, similar to the number of cells in the adult human
[21]. The healthy human microbiota is dominated by bacteria of two phyla,
Bacteroidetes and Firmicutes together with about 90% of the total number of bac-
teria, although there can be marked variation of the Bacteroidetes/Firmicutes ratio in
healthy subjects which may result from differences in nutrition or geography [22].
Further, the role of individual bacterial families is far from clear as maybe 50% of
these families remain functionally uncharacterised [22]. Changes to this complexity
during the development and maintenance of obesity include decreased Bacteroidetes
and increased Firmicutes, but these changes are highly individualised, and depend
on dietary composition and a wide range of lifestyle factors including breastfeeding,
exercise, stress, use of antibiotics, sleep disturbances and cold exposure [23]. Many
physiological responses have been associated with obesity-associated microbiota
including host energy harvesting, insulin resistance, inflammation and fat deposi-
tion, together with regulation of adiposity, energy balance, and central appetite and
food reward signalling [24]. Metabolic, immune and defence systems are strongly
influenced by the gut microbiota, directly influencing human health in conditions
such as obesity and metabolic diseases, undernutrition and eating disorders,
inflammatory bowel disease and colorectal cancer [25]. Further, changes in the
intestinal microbiota and changes in intestinal permeability may provide the triggers
of the persistent low-grade systemic inflammation that characterises obesity [26].
Increased intestinal permeability allows bacterial components such as lipopolysac-
charides into the body where they may disrupt vagal afferent signalling to the brain
and then increase body weight [27].

The intestinal microbiota is important in host energy metabolism and clearly
affects the bidirectional communication between the brain and the gut, referred to as
the microbiota-gut-brain axis. These changes in the microbiota are important in
metabolic disorders as diverse as anorexia nervosa, cachexia, severe malnutrition
such as kwashiorkor, as well as obesity, and also after interventions such as bar-
iatric surgery [28]. Short-chain fatty acids such as acetate, propionate and butyrate
produced by colonic bacteria influence host energy metabolism and appetite by
multiple mechanisms [28]. The gut microbiota is important in energy harvesting by
producing these short-chain fatty acids, in particular from poly-saccharides such as
cellulose, xylan and pectin which cannot be metabolised by human digestive
enzymes, so termed as prebiotics. Prebiotics increase the growth of the selected
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intestinal microbiota including Bifidobacterium and Lactobacillus; this reduces the
production of liposaccharides, increases the integrity of the gastrointestinal barrier
and may prevent obesity [29].

Products of the intestinal microbiota induce activation of tissue macrophages and
this low-grade inflammation contributes to metabolic diseases such as obesity and
other metabolic disorders [30, 31]. Thus, changes to the microbiota through treat-
ments including faecal transplantation and prebiotics are logical approaches to the
treatment of these metabolic diseases [32]. Faecal microbiota transplantation has
already shown the importance of intestinal dysbiosis in disease states such as
infections with Clostridium difficile and inflammatory bowel disease [33]. Faecal
microbiota transplantation is a potential method to delineate the effects of intestinal
microbiota on the metabolic syndrome [34]. This could be an innovative option to
treat human obesity [35] as studies in murine models showed that faecal trans-
plantation from an obese human twin produced obesity in contrast to the lack of
weight gain with faecal transplantation from the lean human twin [36]. However,
there is no current information to show that this treatment improves human obesity
[37]. Further, the gut microbiota may be heavily involved in obesity-associated
diseases such as the development of NAFLD [38] as well as other chronic liver
diseases including chronic hepatitis B and C, and cirrhosis [39]. However, the
effectiveness of faecal microbiota transplantation in these common liver diseases in
humans remains to be proved.

Hypoxia

As adipose tissue mass expands, hypoxia develops and this reduction in oxygen
underlies the switch from oxidative metabolism to anaerobic glycolysis [40] with
increased macrophage infiltration and the development of insulin resistance leading
to hyperglycaemia [40]. Gaseous oxygen is essential for all aerobic organisms [41]
and deficiency of oxygen leads to widespread cellular adaptations, mostly driven by
transcription factors such as the HIFs. HIFs are important in hypothalamic control
of the regulation of body weight, glucose homeostasis and liver metabolism [42]
and inhibition of HIFs decreases adverse diet-induced metabolic phenotypes so that
HIFs may be drug targets for metabolic diseases [43]. Hypoxic adipocytes produce
a wide range of protein factors, the adipokines, that alter many physiological
functions such as appetite, insulin sensitivity and blood pressure, important in the
development of obesity, diabetes, NAFLD and dyslipidaemia [44]. Despite this
close relationship between hypoxia, adipokine secretion and chronic systemic
inflammation, intermittent hypoxia during rest or exercise may lead to improved
exercise tolerance, metabolism and systemic arterial pressure as a treatment strategy
to increase weight loss and improve obesity-associated disease [45]. One example is
the improved body composition, physical fitness, pulmonary function and heart rate
variability following 12 weeks’ hypoxic training compared to normoxic training in
obese 65–70 year old Korean men [46].
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Current and Future Treatments of Obesity

Drug treatments for obesity are characterised by their relatively small changes in
body weight, usually less than 10%, which are often not sustained [47]. More
effective compounds may be unimolecular dual agonists, for example at receptors
for glucagon-like peptide 1 and glucagon or glucose-dependent insulinotropic
polypeptide, or triple agonists for all three peptide receptors [47]. Peptide-mediated
delivery of nuclear hormones, for example covalently bound glucagon-like peptide
1-dexamethasone or -oestradiol, and glucagon-triiodothyronine, may be more
acceptable as the nuclear hormone is only released in cells with the peptide
receptors, so reducing the adverse effects in other tissues [47]. An alternative
treatment protocol may involve functional foods, defined as foods that provide
nutrition as well as being able to prevent or reverse disease states [48], or nu-
traceuticals, defined as pharmaceutical-grade and standardised nutrients derived
from foods such as prebiotics and probiotics [49]. In obesity, these functional foods
and nutraceuticals are likely to be anti-inflammatory so as to be effective in a
disease state of chronic low-grade inflammation. This concept is supported by the
effectiveness of selective semi-synthetic anti-inflammatory compounds including
protease-activated receptor 2 antagonists [50], complement 3a and 5a receptor
antagonists [51] and phospholipase A2 group IIA inhibitors [52] to reduce
abdominal obesity. While using foods to treat an inflammatory state produced by
increased food intake sounds counter-intuitive, plants produce a wide range of
secondary metabolites that may have developed to protect the plants. The
hypothesis is that this protective role could potentially be translated to decreasing
chronic inflammatory states in humans such as obesity. There are also practical
reasons for testing functional foods since the production of these foods is likely to
be sustainable and adherence to dietary treatment will probably be higher than with
pharmaceutical agents.

Food as the Source of Anti-obesity Agents

Functional foods are foods that provide basic nutritional requirements along with
health benefits [53]. Obesity is a chronic human disease that functional foods may
have a role in treating or preventing [48, 54]. Over the past few decades, many
animal models have been developed for the study of anti-obesity effects of many
foods and their components [55, 56]. However, the successes in animal trials have
not been well translated to overweight or obese humans [48, 57]. Nonetheless, there
is widespread interest in functional foods as a viable therapeutic option for obesity
and both animal and human trials are continuing to search for a solution to this
worldwide problem. Here, we will summarise the findings for some key functional
foods and update the literature from our previous review [48] to demonstrate the
possibilities with functional foods to treat human overweight and obesity.
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Anthocyanins

Anthocyanins are dark-coloured pigments from fruits and vegetables [48] that are
produced as secondary metabolites by the plants [58]. These secondary metabolites
are produced as a defence mechanism against stress situations including pathogen
infection, low nitrogen condition and photo-oxidative damage [58–61]. Sources of
anthocyanins include berries, cherries, grapes, plums, dark-coloured vegetables and
pigmented grains [48]. Anthocyanins have been proven to be effective in reducing
obesity and metabolic syndrome in animal models as well as in humans [48, 62–
65]. Some of the proposed mechanisms of actions of anthocyanins as anti-obesity
agents are inhibition of lipid absorption, increase in energy expenditure, regulation
of lipid metabolism, suppression of food intake, regulation of gut microbiota,
amelioration of oxidative stress and resolution of inflammation [66].

Recent studies have extended these observations. Intervention with blackberry
and blueberry anthocyanins in high-fat diet-fed mice for 12 weeks resulted in
inhibition of body weight gain, reduction in serum and hepatic lipid concentrations,
increased faecal acetate and butyrate concentrations and reduced expression of
tumour necrosis factor a, interleukin-6 and nuclear factor-jB genes in the pathways
to inflammation. These anthocyanins also modulated hepatic lipid and glucose
metabolism, and the insulin signalling pathway [67]. In obese rats fed a
high-carbohydrate, high-fat diet, chokeberry and purple maize, both containing
cyanidin 3-glucoside, reduced visceral adiposity index, total body fat mass and
systolic blood pressure while improving glucose tolerance, liver and cardiovascular
structure and function with decreases in plasma triglycerides and total cholesterol
[68]. Cyanidin glycosides from fermented chokeberries with reduced bitter taste
attenuated increases in weight and serum triglyceride concentrations along with
improved glucose tolerance and insulin sensitivity, when treatment was given to
high-fat diet-fed mice for 8 weeks [69]. Cyanidin 3-glucoside from Queen Garnet
plums and in purified form reduced obesity and metabolic syndrome symptoms in
high-carbohydrate, high-fat diet-fed rats [70]. Cyanidin glucoside from Davidson’s
plum, a native Australian fruit, reduced visceral fat accumulation, total abdominal
fat weight, size of retroperitoneal adipocytes, and plasma triglycerides and
non-esterified fatty acids, normalised blood pressure, reduced left ventricular
stiffness, decreased infiltration of inflammatory cells in both left ventricle and liver,
decreased collagen deposition in heart, and reduced both fat vacuoles in liver and
obesity-induced degeneration of knee cartilage [71]. Cyanidin and delphinidin
improved insulin sensitivity and inhibited oxidative stress, NF-jB and JNK acti-
vation and PTP1B overexpression in high-fat diet-fed mice [72]. In high-fat diet-fed
mice, boysenberry anthocyanins caused no changes in body weight, systolic or
diastolic blood pressure, heart rate and systemic glucose intolerance while
increasing nitric oxide in the aorta and improving endothelium-dependent vasodi-
latation in the iliac artery [73]. Delphinidin did not affect body weight, hypergly-
caemia, insulin resistance or histological liver abnormalities induced by high-fat,
high-carbohydrate diet in mice [74]. Delphinidin reduced triglyceride accumulation
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in vitro through the modulation of lipid metabolic gene expression but it failed to
induce this change in high-fat, high-carbohydrate diet-fed mice [74]. Blueberry
supplementation in high-fat diet-fed rats improved gut microbiota through an
increase in Gammaproteobacteria abundance and increases in ileal villus height
and ileal expression of Muc2. Tumour necrosis factor a and interleukin 1b
expression in visceral fat were normalised by blueberry supplementation along with
improved insulin sensitivity and hepatic insulin receptor substrate 1 phosphoryla-
tion [75]. The positive responses of anthocyanins on adipocytes, endothelial cells,
inflammatory cells, hepatocytes, intestinal cells and gut microbiota have been
recently reviewed [76]. This review also highlighted the lack of evidence for effects
of anthocyanins on other cells, including platelets, skeletal muscle cells, hepatic
stellate cells and pancreatic b-cells [76].

Fewer studies have investigated the responses to anthocyanins in humans. In a
pilot crossover study, anthocyanin-rich Queen Garnet plum juice reduced ambu-
latory blood pressure without improving acute cognitive function in younger and
older adults [77]. In mildly hypertensive overweight or obese subjects, Queen
Garnet plum juice decreased systolic and diastolic blood pressures, and plasma
concentrations of insulin, glucose and leptin while increasing plasma concentrations
of adiponectin [78]. In an open-label study, the blend of 215 mg anthocyanins and
2.7 g prebiotic fibre daily in obese subjects reduced proportion of Firmicutes and
increased Bacteroidetes with reductions in HbA1c without any changes in body
weight [79]. In a randomised, placebo-controlled, crossover study in overweight or
obese men, 600 g/day blackberries for seven days reduced average 24-h respiratory
quotient, possibly through increased fat oxidation with no change in glucose area
under the curve and reduced insulin area under the curve [80]. In a double-blinded,
randomised, placebo-controlled clinical study, blueberries improved insulin sensi-
tivity without changing adiposity, energy intake or inflammatory biomarkers in
obese, insulin-resistant men and women [81]. Red orange juice containing antho-
cyanins, flavone glycosides and hydroxycinnamic acids for 12 weeks reduced BMI,
body weight, waist and hip circumference in overweight healthy human volunteers
suggesting its usefulness in obesity management [82].

Coffee Components

Coffee, a complex mixture of more than thousand phytochemicals, is a functional
food containing alkaloids, phenolic compounds, vitamins, carbohydrates, lipids,
minerals and nitrogenous compounds [83]. Coffee has been linked with health
benefits [84–86], in some studies through its action on controlling serum concen-
trations of leptin and adiponectin [87].

Coffee extract in high-carbohydrate, high-fat diet-fed rats improved cardiovas-
cular and hepatic structure and function without reducing obesity [88]. A similar
dose of caffeine from this study in obese rats reduced body weight and body fat
along with improved cardiovascular and hepatic structure and function [89]. Coffee
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extract in high-fat diet-fed mice reduced the increase in body weight, prevented the
decrease in the concentrations of glutathione and ascorbic acid in lens and pre-
vented the increase in plasma cholesterol and triglycerides. These results were
greater in roasted coffee-treated mice than in green coffee-treated mice [90]. Coffee
and its components, caffeine and chlorogenic acid, improved liver inflammation
without changing body weight, visceral fat, blood glucose and liver steatosis in
Tsumura Suzuki obese diabetic mice, a spontaneous model of metabolic syndrome.
This effect was seen through the effects on gut microbiota and increase in
short-chain fatty acid production [91]. Green coffee bean extract in high-fat diet-fed
mice reduced body weight gain, liver steatosis, white adipose tissue weights, fat
mass, adipocyte size, plasma lipids and leptin [92]. Effects against metabolic
syndrome were also observed with decaffeinated green coffee in diet-induced
metabolic syndrome [93]. Chlorogenic acid reduced visceral fat, abdominal cir-
cumference, systolic blood pressure, left ventricular diastolic stiffness, ventricular
infiltration of inflammatory cells and collagen deposition, inflammation and fat
deposition in the liver, and plasma liver enzyme activities without changing plasma
lipid profile along with increased diversity of gut microbiota in high-carbohydrate,
high-fat diet-fed rats [94]. Chlorogenic acid treatment reduced hepatic steatosis,
inflammation and insulin resistance while suppressing hepatic gene expression of
Pparc, Cd36, Fabp4 and Mgat1 in high-fat diet-fed mice [95]. Other effects of
coffee and its components in animal models have been reviewed recently [96].

Moderate coffee consumption (3–4 times daily) was associated with reduced
incidence of metabolic syndrome in Korean adults [97]. In a comprehensive study
of longitudinal associations in a Danish cohort, an association was found between
increased coffee consumption over a 6-year period and decreased concurrent gain in
BMI, fat mass index, body fat percentage and waist circumference [98]. In a ran-
domised clinical trial in individuals with metabolic syndrome, green coffee extract
reduced systolic blood pressure, fasting blood glucose, HOMA-IR, waist circum-
ference or appetite score with no impact on lipid profile and glycated haemoglobin
[99]. In a randomised clinical trial in obese women, green coffee bean extract with
energy restriction reduced body weight, BMI, fat mass index and waist-to-hip
circumference ratio. These changes were also accompanied by reductions in serum
total cholesterol, low-density lipoprotein, leptin, and plasma free fatty acids and
increases in serum adiponectin [100]. The effects of coffee and chlorogenic acid in
metabolic syndrome through epidemiological studies have been reviewed recently
[101]. Prospective cohort studies have confirmed a link between habitual coffee
consumption and reduced all-cause mortality rates with reduced risk of cardio-
vascular death, type 2 diabetes and liver disease [102]. These outcomes highlight
the potential health benefits of coffee and its components.
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Tropical Fruits

Fruits grown in tropical regions are high in their nutritive values. However, their
medicinal properties are unknown for the majority of the tropical fruits [103] as
these fruits are not studied to the same extent as the fruits grown in temperate
regions of the world, although tropical fruits contain many bioactive compounds
[104]. Although some tropical fruits have been commercialised, many of these
fruits are still underutilised [103].

As an example of tropical fruits, the genus Garcinia from the Clusiaceae or
Guttiferae family comprises evergreen, dioecious trees and shrubs that flourish in
lowland tropical forests [105]. Most Garcinia species are sources of secondary
metabolites, including simple organic acids, xanthones, flavonoids, benzophenones,
lactones and phenolic acids [106]. The beneficial effects of some of the Garcinia
species have recently been reviewed [54]. Garcinia mangostana xanthones are
promising compounds for the development of new drugs that may interact with
multiple biological targets for improving cancer, pain, insulin resistance and neu-
rological impairment [107, 108]. In high-fat diet-fed mice, garcinol reduced body
weight gain, visceral adipose tissue weight, plasma activity of alanine transaminase,
plasma concentrations of total cholesterol and triglycerides, Firmicutes
to Bacteroidetes ratio in gut microbiota and gut inflammation by increasing
Akkermansia [109]. Mangosteen pericarp extract decreased concentrations of
plasma free fatty acids, hepatic triglycerides and hepatic thiobarbituric acid reactive
substances while increasing liver activities of antioxidant enzymes,
NADH-cytochrome c reductase and succinate-cytochrome c reductase [110]. In
high-fat diet-fed mice, mangosteen exerted anti-obesity effects by activating AMPK
and sirtuin 1 and by suppressing PPARc expression in the liver along with reduced
body weight gain, adipose mass, and serum concentrations of triglycerides, total
cholesterol and LDL [111]. In high-fat diet-fed rats, Garcinia cambogia extract
decreased body weight gain, glucose intolerance, and plasma leptin and TNF-a
concentrations [112]. In a randomised, controlled pilot trial in obese females,
mangosteen improved insulin sensitivity [113]. Garcinia cambogia, a source of
hydroxycitric acid, has been shown to be effective in weight loss [54, 114].
However, there are other tropical fruits such as durian (Durio zibethinus Murr.)
[115] and jamun (Syzygium cumini) [116, 117] with only very limited evaluation for
health benefits and many tropical fruits that have not yet been tested.

Food Waste as Source of Nutraceuticals

Food waste is an increasing problem in the modern world. One third of all food
produced in the world is lost or wasted (*1.3 billion tonnes of food each year)
costing the global economy close to $990 billion each year [118]. Much of the food
waste, especially from the agriculture and food processing industries, can be a good
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source of nutraceuticals [119, 120]. As one example, achacha (Garcinia humilis)
rind as the food waste reduced systolic blood pressure, diastolic stiffness, left
ventricular inflammatory cell infiltration and collagen deposition in high-
carbohydrate, high-fat diet-fed rats [121]. The responses of achacha rind were
greater than the pulp which is the edible part of the fruit, suggesting the increased
value of the rind that is generally discarded [121].

Parts of many tropical fruits such as rind, peel, seed, flower and leaf are sources
of polyphenols including flavonoids that are also present in many other functional
foods, thus suggesting potential health benefits in these waste components of foods
[122, 123]. Temperate fruits such as citrus are rich sources of flavonoids and these
phytochemicals have shown promising health benefits [124]. Similarly, citrus waste
is a readily-available source of similar phytochemicals and can serve as the source
of extracting these compounds for the development of nutraceuticals and phar-
maceuticals [125–127]. Grape pomace is a waste from wine production and is a rich
source of polyphenols including anthocyanins. In high-fat diet-fed rats, grape
pomace improved glucose tolerance and insulin sensitivity suggesting the potential
for further studies and nutraceutical development [128]. In a prospective, ran-
domised, controlled, parallel-group trial, red wine grape pomace flour decreased
systolic and diastolic blood pressure as well as fasting glucose concentrations [129].
Although there are suggestions of these potential benefits, there are limited
high-quality studies confirming the clinical benefits of grape polyphenols [130].
Similarly, many other food wastes are sources of valuable compounds and can
serve as alternatives for nutraceutical development [131–135]. These food wastes
can provide opportunity for improving public health through the development of
sustainable products that can be used for human consumption.

Human Trials with Functional Foods

In our previous review, we summarised the potential health benefits of many
functional foods and their components [48]. In that review, we highlighted that
there were remarkably few natural products with unambiguous evidence for efficacy
in individuals with metabolic syndrome, especially obesity [48]. We also high-
lighted duration and the dose of interventions as the contributing factors in creating
difficulties in translation of studies into suitable products. Recently, we reviewed
other confounding factors that can create difficulties in suitable translation of
functional foods in human studies [136]. These include obtaining adequate funding
support for the trial, technical knowledge to initiate the trial, identifying an
appropriate placebo, food delivery to participants, food quality, food acceptability,
unwanted access to functional foods, compliance, appropriate biomarkers, intake of
functional food by the control participants, statistical analysis, the response of the
public and the response of the medical community [136].
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Conclusions

Overweight and obesity are common disorders throughout the world, increasing the
risk of chronic cardiovascular, metabolic and musculoskeletal diseases as well as
some cancers. Obesity is described as a chronic, low-grade inflammation. Thus,
functional foods delivering adequate amounts of anti-inflammatory compounds
would be expected to improve the range of pathophysiological changes in over-
weight and obese humans. There is much evidence to support this concept, mostly
in animal models but increasingly in clinical trials in humans. The studies in animal
models have investigated an interesting range of compounds in functional foods
that could provide relevant advances in the currently inadequate treatment of
obesity in humans. Further, food waste is an underutilised source of sustainable
interventions that could prevent or treat human obesity.
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Chapter 18
Attenuation of Obesity-Associated
Oxidative Stress by Cucurbita maxima
Seed Oil in High Fat Diet-Induced Obese
Rats

A. Kalaivani, S. Vadivukkarasi, V. V. Sathibabu Uddandrao
and G. Saravanan

Abstract Obesity is a major risk factor for associated deleterious pathologies such
as diabetes type 2, liver and heart disease. Many pieces of evidence of accumulated
oxidative stress induced by obesity over the past two decades and play an important
part in the growth of metabolic disorders. Based on this, the current study was
designed to investigate the effect of Cucurbita maxima seed oil (CSO) on oxidative
stress associated with high fat diet (HFD)-induced obesity in rats. The obese rats
were supplemented with CSO (100 mg/kg body weight) for 30 days and deter-
mined the changes on hyperglycemic markers, tissue lipid profiles and oxidative
stress markers such as TBARS, lipid peroxidation, protein carbonyls groups, glu-
tathione, glutathione peroxidase, glutathione reductase, glutathione S-transferase,
superoxide dismutase and catalase. Rats fed with HFD shown the significant
increase of hyperglycemia and tissue lipid profiles and concomitantly decrease in
the antioxidant enzymes and increased lipid peroxidation, protein carbonyl groups
and TBARS. However, treatment with CSO for 30 days exhibited the noteworthy
restoration of altered hyperglycaemic markers and lipid profiles. On the other hand,
CSO increased the levels of antioxidant markers and concomitant decrease in the
oxidative stress. In conclusion, these results suggested that CSO has the antioxidant
potential and it might be used as therapeutic agent against oxidative stress related
diseases such as hyperglycaemia and hyperlipidemia.

Keywords Obesity � Oxidative stress � Antioxidants � Plant extracted oils �
Natural products
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Introduction

The pervasiveness of obesity over the previous years has been in consistent
movement driving the World Health Organization to think about it as a pandemic
pathology. Obesity is characterized as an unnecessary aggregation of muscle to fat
ratio mass to the degree that person’s wellbeing will be contrarily influenced. To be
sure, obesity is considered as a top hazard factor to create harmful related
pathologies such as type 2 diabetes, liver, and coronary heart illnesses [1].
Foundational oxidative stress is a piece of the various organic changes revealed
during constant obesity [2]. Evidences regarding obesity-induced oxidative stress
are derived from several clinical studies, which have established correlations of
biomarkers, or end-products of free radicals-mediated oxidative stress (lipid per-
oxidation or protein carbonylation products) with body mass index (BMI) [3]. In
contrast, an inverse relationship exists between body fat, visceral obesity, and
antioxidant defence markers in obese individuals [4]. The hypothesis that oxidative
stress is causative in the development of metabolic disorders, especially
insulin-resistant state, has been supported by different studies where treatments
reducing ROS production improve insulin sensitivity, hyperlipidemia, and hepatic
steatosis [1, 5]. Furthermore, oxidative stress-associated obesity has also been
shown to alter the function of many cell types or tissues (including vascular
endothelial cells, myocytes, or pancreatic-b-cells) leading to consider oxidative
stress as a contributor in obesity-related metabolic diseases [6].

Oxidative stress is a disequilibrium condition in which the cellular redox balance
is shifted towards a more oxidizing status that may trigger adaptation of cellular
functions [7]. Depending on the antioxidant level of different cell types, the con-
centration of reactive oxygen species (ROS) achieved, and the duration of the
exposure, oxidative stress may trigger beneficial responses under mild conditions
and potentially harmful ones beneath severe situations, as a typically hormetic
phenomenon [8]. Oxidative stress shows up as a noteworthy contributor in the
improvement of numerous metabolic intricacies related to obesity. For all intents
and purposes, numerous helpful procedures utilized right now to treat obesity
related metabolic issue can possibly diminish oxidative stress, which may, in any
event in part, contribute in their useful impacts [9, 10]. In a previous report, we have
highlighted the beneficial effects of Cucurbita maxima seed oil (CSO) against high
fat diet (HFD)-induced obesity in rats via attenuation of lipid metabolism and its
related marker genes [11, 12]. However, there was no scientific report on effect of
CSO on obesity-associated oxidative stress so far. In view of this, the current study
was designed to evaluate the influence of CSO against oxidative stress in
HFD-induced obesity in rats.
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Materials and Methods

Preparation of Cucurbita maxima Seed Oil

Cucurbita maxima plant was authenticated by Dr. P. Ponmurugan, Associate
Professor, Department of Botany, Bharathiar University, Coimbatore, Tamilnadu,
India and the specimen of the plant (Voucher No: 1632/2015) was deposited at
herbarium in the Department of Biotechnology, K. S. Rangasamy College of Arts
and Science, Tiruchengode, Tamilnadu. C. maxima seeds were washed, cleaned and
dried at 50 °C for 12 h in an oven, and then crushed into powder in a grinder to a
size range of 0.55–1.0 mm. The resulted powder was kept in a vacuum dryer until
use. Pumpkin seed powder was mixed with water (1:6, m/V) at 100 °C and oil was
extracted by using a Clevenger apparatus and extraction was repeated for 6 h and
the resulting extracted oil was used for the study. All chemicals used in this study
were of analytical grade.

Animals

Male Wistar rats were obtained from K.S.R. College of Technology, Tiruchengode,
Namakkal District, and Tamilnadu, India. Experimental animals were kept up under
standard laboratory conditions (temperature; 22 ± 2 °C: moistness; 40–60%), and
permitted food and water ad libitum. Rats, at first, weighing 150–180 g were
separated into four groups of six each (n = 6). All procedures involving laboratory
animals were in accordance with the institutional animal ethical committee of
K.S.R. College of Technology, Tiruchengode, Namakkal District, and Tamilnadu,
India (Approval No: KSRCT/BT/IAEC/2015/06).

High Fat Diet Formula

High fat diet was obtained from National centre for laboratory animal sciences,
National institute of nutrition (NIN-ICMR), Hyderabad. High fat diet was com-
posed by Corn starch-15%, Sugar-27.5%, Lard oil-17.6%, Vitamin mixture-1%,
Mineral mixture-3.5%, Casein-20%, Cellulose powder-5%, Corn oil-9.9%, Choline
bitartrate-0.2%.
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Experimental Design

In the experiment, a total of 24 animals (18 HFD, 6 normal rats) were used for this
study. The animals were grouped into 4 with 6 animals in each group.

Group 1: Normal control rats
Group 2: HFD control rats
Group 3: HFD rats treated with seed oil (100 mg/kg body weight) for 30 days

[11]
Group 4: HFD rats treated orally with Orlistat (10 mg/kg body weight) for

30 days (suspended in 0.5% carboxy methylcellulose).

Measurement of Body Weight

The body weight of each rat was measured. At the end of the experiment, blood was
collected from overnight fasted animals under inhalation of anaesthesia by
retro-orbital puncture method. Blood was collected in anticoagulant coated vials
and permitted for 15 min at room temperature. Plasma was separated by centrifu-
gation at 2500 rpm for 15 min.

Biochemical Analysis

Plasma glucose was estimated using a kit (Cat.no. 1060-500) from Stanbio
Laboratory (Boerne, TX, USA). The plasma level of insulin was determined using
kits from Bio-Merieux (Lyon, France). Insulin resistance (IR) was measured using
the homeostasis model assessment.

Oral Glucose Tolerance Test (OGTT)

OGTT was conducted at the end of the experimentation; after overnight fasting,
glucose was administered orogastrically at a dose of 200 mg/kg body weight and
blood samples were collected from supra orbital sinus at 0, 30, 60, 90 and 120 min
and glucose level was measured.
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Estimation of Tissue Lipids

Tissue lipids were collected from experimental animals by the method of Folch
et al. [13] using a chloroform-methanol mixture (2:1, v/v). The liver tissues were
rinsed with ice cold physiological saline, dried, homogenized in cold chloroform-
methanol (2:1, v/v) and contents were extracted after 24 h. The extraction was
repeated four times. The combined filtrate was washed with 0.7% KCl and the
aqueous layer was discarded. The organic layer was made up to a known volume
with chloroform and used for tissue lipid analysis. Total cholesterol (TC), free fatty
acids (FFA), phospholipids (PL) and triacylglyceride (TG) were analyzed according
to enzymatic colorimetric methods using kits (Nicholas Piramal India Ltd.,
Mumbai, India).

Liver Antioxidants Analysis

Blood samples were collected after sacrificing the rats. Then the liver was excised,
rinsed in ice cold normal saline followed by ice-cold 10% KCl solution, blotted,
dried and weighed. A 10% w/v homogenate was prepared in ice-cold KCl solution
and centrifuged at 2000 rpm for 10 min at 4 °C. The supernatants thus obtained
were used for the estimation of thiobarbituric acid substances (TBARS) [14], assay
of GSH [15], SOD [16], CAT [17] and GpX by Paglia and valentine [18].

Results

Body Weights

Figure 18.1 showed the effects of CSO on body weight in control and HFD-induced
obese rats. Supplementation of HFD induced a momentous (p < 0.05) rise in body
weight, compared to the normal control group. Oral administration with CSO
(100 mg/kg body weight) or Orlistat for 30 days considerably (p < 0.05) com-
pacted the increase in body weight when compared to the HFD control group.

Plasma Glucose, Plasma Insulin and IR

Figure 18.2 depicted the level of plasma glucose, plasma insulin and IR in control
and experimental obese rats. The levels of blood glucose (Fig. 18.2a) were
increased in obese rats and significant decline was observed in the plasma insulin
levels (Fig. 18.2b), and there were momentous increases in IR (Fig. 18.2c) in the
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HFD induced obese rats compared with the control rats. Administration of CSO or
Orlistat tended to normalize the levels of plasma insulin and IR.

OGTT

The results of OGTT of the control and treated animals were presented in Fig. 18.3.
The blood glucose level in the control rats was eminent to a highest value at 60 min
after glucose load and declined to near basal levels at 120 min, whereas, in
HFD-induced obese rats, the peak increase in blood glucose level was noticed even
after 60 min and remained high over the next 60 min. Oral administration with
CSO or orlistat to obese rats demonstrated a noteworthy diminution in blood glu-
cose level at 60 min when compared with HFD control rats.

Tissue Lipid Profiles

Table 18.1 described the concentrations of TC, FFAs, TGs and PLs in liver of
control and HFD induced obese rats. The concentrations of TC, TG, FFAs and PLs
were found to be increased in liver of HFD obese rats as compared to the normal
rats. Supplementation with CSO or orlistat considerably (p < 0.05) reduced the
concentrations of TC, TG, FFAs and PLs in liver in obese rats.
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Effect of CSO on Obesity-Associated Oxidative Stress

The Table 18.2 expressed the hepatic oxidative stress markers in control and
experimental obese rats. The obese control group showed the significant increase of
the lipid peroxidation, protein carbonyl groups and TBARS. The treatment with
CSO for 45 days to the obese rats concomitantly decreased the elevated oxidative
stress markers by which revealed that CSO has the strong antioxidant potential.

Figure 18.4 exemplifies the effect of CSO on status of the antioxidants in obese
and control rats. The study revealed that the there was significant decrease in the
levels of GSH, GR, GPx, GST, SOD, and CAT in obese control group. On the other
hand, administration of CSO or orlistat to the obese rats significantly increased the

N
or

m
al

 C
on

tr
ol

H
FD

 C
on

tr
ol

H
FD

 +
 C

SO

H
FD

 +
 O

rl
is

ta
t0

2

4

6

8

10 a*

b* b*

In
su

lin
 R

es
is

ta
nc

e

N
or

m
al

 C
on

tr
ol

H
FD

 C
on

tr
ol

H
FD

 +
 C

SO

H
FD

 +
 O

rl
is

ta
t

0

5

10

15

a*

b* b*

µ
U

 m
L–1

(a) (b)

(c)

No
rm

al
 C

on
tr

ol

H
FD

 C
on

tr
ol

H
FD

 +
 C

SO

H
FD

 +
 O

rl
is

ta
t0

50

100

150

200 a*

b* b*

m
g/

dL

Fig. 18.2 a Effect of CSO on glucose levels of the control and HFD-induced obese rats. Values
are expressed as mean ± SD, n = 6; values are statistically significant at p < 0.05; aSignificantly
different from control; bSignificantly different from HFD control. b Effect of CSO on insulin levels
of the control and HFD-induced obese rats. Values are expressed as mean ± SD, n = 6; values are
statistically significant at p < 0.05; aSignificantly different from control; bSignificantly different
from HFD control. c Effect of CSO on insulin resistance of the control and HFD-induced obese
rats. Values are expressed as mean ± SD, n = 6; values are statistically significant at p < 0.05;
aSignificantly different from control; bSignificantly different from HFD control

18 Attenuation of Obesity-Associated Oxidative Stress … 311



0 30 60 90 120
0

100

200

300

Normal Control
HFD Control

HFD + CSO
HFD + Orlistat

a*

a*

a* a*
a*

b*

b*
b*

b*

b*

Time (Min)
m

g/
dL

Fig. 18.3 Effect of CSO on
glucose tolerance of the
control and HFD-induced
obese rats. Values are
expressed as mean ± SD,
n = 6; values are statistically
significant at p < 0.05;
aSignificantly different from
control; bSignificantly
different from HFD control

Table 18.1 Effect of CSO on tissue lipid profile in control and experimental rats

Normal control HFD control HFD + CSO HFD + orlistat

PL (mg/g tissue) 99.12 ± 6.09 175.99 ± 7.63 123.37 ± 1.36 115.99 ± 6.07

FFA (mg/g tissue) 62.21 ± 4.99a,* 164.26 ± 7.27a,* 110.16 ± 9.90a,* 95.80 ± 7.57a,*

TG (mg/g tissue) 89.43 ± 5.48b,* 205.05 ± 9.37b,* 122.58 ± 7.87b,* 111.12 ± 9.35b,*

TC (mg/g tissue) 79.20 ± 5.46b,* 186.29 ± 9.07b,* 115.21 ± 7.37b,* 100.38 ± 7.37b,*

Values are expressed as mean ± SD for 6 animals in each group
Values are statistically significant at *p < 0.05
aSignificantly different from control
bSignificantly different from HFD control

Table 18.2 Effect of CSO on lipid peroxidation, protein carbonyls groups and TBARS in control
and experimental rats

Normal
control

HFD control HFD + CSO HFD + Orlistat

Lipid peroxidation 25.88 ± 1.02 68.89 ± 2.57a,* 39.55 ± 2.73b,* 38.10 ± 3.02b,*

Protein carbonyls
groups

1.99 ± 0.54 3.2 ± 0.44a,* 2.18 ± 0.56b,* 2.07 ± 0.43b,*

TBARS 3.1 ± 1.09 6.2 ± 1.43a,* 4.6 ± 1.39b,* 4.9 ± 1.55b,*

Lipid peroxidation nmol of MDA formed/min/mg protein, Protein carbonyls groups lmol/mg
protein, TBARS mM/100 g tissue
Values are mean ± SD, n = 6, Values are statistically significant at p < 0.05
aSignificantly different from control
bSignificantly different from HFD control
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levels of GSH (Fig. 18.4a), GPx (Fig. 18.4b), GR (Fig. 18.4c), GST (Fig. 18.4d),
SOD and CAT (Fig. 18.4e) in obese rats.

Discussion

Diet-induced obesity (DIO) in animals has several characteristics familiar with
human obesity and signs of DIO are body weight composition, IR, dyslipidemia
and impaired glucose tolerance [19]. In this study, HFD treatment to animals
inveterate the nature of obesity as evidenced by escalating body weight, hyper-
glycemic condition and enhanced IR. This is in line with earlier reports [1, 19].
Under physiological circumstances, insulin inhibits lipolysis and enhances lipoge-
nesis [20] principal to improved circulating levels of glucose and lipids resulting in
impaired glucose enthused insulin secretion [21]. Oral administration of CSO
considerably lowered plasma glucose, insulin level and IR in CSO treated rats
compared with HFD control rats. CSO encourages insulin sensitivity lowering IR
and reduces body weight gain and glucose level in obese animals possibly by
reducing free fatty acids or regulating cell energy metabolism [22].

The obese rats displayed irregularities in tissue that mimic the instigation of a
group of metabolic risks encircling dyslipidaemia. In the present study, HFD sup-
plementation significantly increased tissue levels of TG, TC, PLs, and FFAs, in rats.
Our findings are in line with Sathibabu et al. [1], Saravanan et al. [23] and Naidu

Fig. 18.4 Effect of CSO on antioxidant status a GSH, b GPx, c GR, d GST, e SOD and CAT in
obese and control rats, values are mean ± SD, n = 6; values are statistically significant at
p < 0.05; aSignificantly different from control; bSignificantly different from HFD control. GST:
lmol of GSH-CDNB conjugate formed/min/mg protein; SOD: U/mg protein; CAT: mmol H2O2

consumed/min/mg protein
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et al. [19] who reported that obesity adversely affects tissue lipids, especially by
increasing TC and decreasing the levels of HDL-C. During HFD-fed state, rise of
chylomicrons synthesis and absorption is a familiar factor, which leads to increase in
TGs, TC level and endogenous VLDL production. Undeniable substantiation from
number of clinical studies on a large aggregate of patients, has established an ele-
vated level of TG, as an independent risk factor for CVDs [24, 25].

In the present study, we assessed antioxidant enzymes activity and TBARS level
in liver. Intracellular antioxidant enzymes and TBARS are the determining factors
of oxidative damage at cellular level. HFD induced hyperglycemia observed in this
study might be an imperative aspect to increase lipid peroxidation and causing the
reduction of the antioxidant defense status and indicating the development of ox-
idative stress in HFD-fed rats which are interconnected with other studies [26].
During HFD induced obesity, enzymatic antioxidants level was found to be
inhibited. SOD, CAT and GPx activities were reported to be lower as a result of
increased production of free radicals [27]. A HFD can aggravate oxidative stress
[28]. It induced IR accompanied by increased hepatic oxidative stress, which is
characterized by reduction in the antioxidant enzyme activities and glutathione
levels that correlate with the increase in LPO and PC levels. This may probably
contribute to the progression of IR. Decreased hepatic GSH levels, decreased
activities of antioxidant enzymes and increased LPO intermediates in obese group
clearly indicate the development of oxidative stress in these animals. Previous
studies strongly suggest that oxidative stress induced by HFD enhances lipid per-
oxide and diminishes antioxidant enzyme activity [29].

GSH represents the first line of defence against free radicals in the liver and is
also responsible for the maintenance of protein thiols and acts as a substrate for GPx
and GST [30]. GPx activity is considered to symbolize the initial protective
response required for adjusting the H2O2 concentration under physiological con-
dition as well as after oxidative insult. Furthermore, it has been postulated that high
intake of dietary fat enhances ROS over production. ROS themselves can reduce
the activity of antioxidant enzymes such as CAT and GPx [31]. The depletion in the
activities of GST and GPx may result in the involvement of deleterious oxidative
changes during accumulation of toxic products and the decreased activity of SOD in
obese rats may be due to enhanced protein glycation by HFD. A significant
decrease in the level of GSH in obese rats could be the result of decreased synthesis
or increased degradation/utilization of GSH by increased oxidative stress and
decreased regeneration as evident from the lower activities of GR enzyme. The
antioxidant potential of CSO against HFD-induced oxidative stress are evident with
lower levels of plasma glucose, insulin [11], TBARS, higher GSH levels, and
increased activities of antioxidant enzymes were seen in CSO treated obese rats
when compared with non treated obese rats. The in vitro antioxidant potential of
CSO was well documented [32]. The reports indicate that antioxidants can modify
cholesterol absorption and increase antioxidant status [33]. Several studies, Liou
et al. [34] have shown that hyperlipidemia reduces the strength of the antioxidative
defense system. Mehta et al. [35] indicated that HFD leads to liver injury and IR
through oxidative stress.
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Conclusion

In conclusion, we hypothesize that the possible explanation for reducing obesity
following the consumption of CSO can be a useful add-on therapy to curtail IR,
oxidative stress, and over weight in HFD-induced rats.
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Chapter 19
Pathophysiology of Obesity-Related
Non-communicable Chronic Diseases
and Advancements in Preventive
Strategies

Reena Badhwar, Ginpreet Kaur, Harvinder Popli, Deepika Yadav
and Harpal S. Buttar

Abstract Obesity is characterized by an excessive accumulation of white adipose
tissue (WAT) causing increases in body weight and Body Mass Index
(BMI >30 kg/m2). WAT stores energy and releases free fatty acids, but it is also a
dynamic endocrine organ that triggers the production of a wide array of bioactive
products such as adipokines, leptin, tumor necrosis factor (TNF-a), cytokines and
interleukins(IL-1, IL-6, IL-11). Adipokines regulate appetite, insulin sensitivity,
angiogenesis, blood pressure and immune response. Leptin reduces body weight.
TNF-a, cytokines and interleukins are pro-inflammatory and activate atheroscle-
rosis and oxidative stress, leading to the production of reactive oxygen species
(ROS) and reactive nitrogen species (RNS). ROS and RNS adversely affects
structure and function of cellular membrane and damages DNA. Obesity can be
seen as the mother of numerous non-communicable chronic diseases, namely:
diabetes mellitus, metabolic syndrome, dyslipidemia, several cardiovascular dis-
eases, nephropathy, neurodegenerative disorders (dementia, Alzheimer’s disease),
osteoarthritis, sleep apnea, depression, and enhanced risk of breast and colon
cancer, resulting in high morbidity and mortality among obese patients. The burden
of healthcare for obesity-related diseases is escalating worldwide. This review
highlights the incidences of obesity-related diseases and their preventive strategies
through synthetic drugs and alternative therapies such as Ayurvedic remedies,
herbal medicines, dietary interventions, nutraceuticals, lifestyle modifications, and
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psychotherapy. Currently nutraceuticals, probiotics, herbal remedies, and
Mediterranean-type diets that are rich in fibers, fresh fruits and vegetables, olive oil,
fish, poultry and dairy products are being promoted for the prevention and man-
agement of obesity-related chronic diseases and metabolic pathologies. Anti-obesity
drugs assist with weight reduction by reducing appetite or decreasing the absorption
of carbohydrates and saturated fats in the gut. Naturally occurring dietary
polyphenols, nutraceuticals, and bioactive ingredients present in plants and spices
(resveratrol, green tea catechins, quercetin, berberine, turmeric, cinnamon, red chili,
black pepper, fenugreek, thymol, rosemary) are recommended for their anti-obesity
actions produced through metabolism stimulation. Phytotherapies or botanical
extracts attenuate adipose tissue expansion and cause adipocyte remodeling by
altering inflammation-related mechanisms. Several plant-derived remedies such as
Ginko biloba, Momordica charantia, Aegle marmelos, Azadirachta indica have
anti-oxidant and anti-inflammatory potential, and are indicated for the prevention
and treatment of obesity associated metabolic syndrome and chronic diseases such
as type 2 diabetes, cancers, kidney pathology, as well as numerous cardiovascular
and neurodegenerative disorders. The alternative therapies, healthy foods and ex-
ercise interventions are safe and effective therapeutic options to improve metabo-
lism in body and obesity reduction. This review summarizes the mounting evidence
that dietary therapies, healthy food habits, and increases in physical activity are
helpful in reducing obesity and treating obesity-related complications. The pur-
ported underlying mechanisms of complementary and alternative therapies are also
discussed.

Keywords Obesity �White adipose tissue � Oxidative stress � Non-communicable
chronic diseases � Preventive strategies � Allopathic drugs � Herbal remedies �
Nutraceuticals � Probiotics � Benefits of exercise

Introduction and Background Information

It is now well recognized that obesity results from the bio energetic imbalance
between energy intake and expenditure. Generally, obesity is caused by the over-
consumption of carbohydrates, saturated fats, sugar-laden drinks and a sedentary
lifestyle which lead to the excessive accumulation of white adipose tissue
(WAT) around the belly, hip and waist—consequently increasing body weight and
Body Mass Index (BMI >30 kg/m2) [1]. At one time, obesity was considered to be
the problem of rich and developed countries. However, due to economic prosperity,
abundant food supplies, and unhealthy dietary habits in developing countries, the
incidence of obesity among children and adults has increased. The occurrence of
obesity has amplified from 2.3 to 19.6% during the last 15 years in developing
countries like India, where a BMI value >25 kg/m2 is classified as obese among
adults [2]. As per the National Family Health Survey of 2015–2016 report
(NFHS-4), published by India’s Union Health Ministry, a sharp increase is
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predicted in the prevalence of obesity by the year 2025 in adult males from 2.3 to
3.1%, and in women from 5.2 to 6.9% [3]. According to the World Health
Organization (WHO) report published in the well-respected journal The Lancet,
nearly 2.7 million adults will suffer from obesity worldwide by the year 2025 [4].

According to the 2017 Report of the World Obesity Federation, India will spend
$13 million (USD) per year, for treating obesity-associated diseases by 2025. It is
estimated that at this time, the cumulative cost for treating obesity-related diseases
worldwide, will approach $90 billion. Considering the worldwide epidemic of
obesity, the annual healthcare costs may reach $1.2 trillion by 2025 [5]. The WHO
has estimated that nearly 30% of the global population is currently obese, out of
which 60% live in the developing countries. The sharp increase in obesity and
obesity-related diseases is not only worrisome for illness-related costs and poor
quality of life, but also for its significantly adverse consequences on a country’s
economy [6].

Combitorial interaction of several factors including behavioral, metabolic, cel-
lular, molecular and psychological is involved in causing corpulence due to the
excessive accumulation of white adipose tissue in obese men, women and children
[7]. Two important factors often linked to the occurrence of obesity are the
excessive intake of carbohydrates and saturated fats, as well as sugar-loaded drinks.
Overall, the excessive caloric dietary intake combined with physical inactivity are
generally responsible in causing excessive accumulation of WAT, which produces
several bioactive chemicals, including pro-inflammatory cytokines and mitochon-
drial bioenergetics reactions due to oxidative stress [8]. The white adipocytes
trigger the production of pro-inflammatory cytokines, free fatty acids, adipokines,
leptin, TNF-a, adiponectin, interleukin (IL-1, IL-6) and insulin resistance by
phosphorylation of insulin resistance substrate (IRSs-1) [5]. Further, the obesity-
related mitochondrial oxidative stress activates the production of highly reactive
oxygen species (ROS) and nitrogen species (NOS) from monocytes and macro-
phages [9]. It is now recognized that small amounts of free radicals are needed for
extra- and intra-cellular communication. However, the overproduction of ROS and
NOS causes cellular membrane injury, lipid per oxidation, and DNA damage. The
cellular and genetic deleterious effects caused by ROS and NOS are linked to the
free-radical scavenging inability of intracellular antioxidant scavengers (glu-
tathione, L-cysteine, superoxide and hydro peroxide enzymes, catalase), and lower
levels of exogenous micronutrients (vitamin C and E, Zn and Cu), as well as lack of
antioxidants like flavonoids and carotenoids present in nutraceuticals and
plant-derived food. It is well known that polyphenolic compounds are potent an-
tioxidants and free-radical scavengers. These properties of flavonoids exhibit
anti-mutagenic, anti-carcinogenic, anti-inflammatory, and anti-atherogenic activi-
ties, and all these biological effects support the promising therapeutic potential of
flavonoids and other phytopharmaceutical antioxidants for the treatment and pre-
vention of malignant tumors or cancer, and different forms of CVDs. Flavonoids
also suppress lipid per oxidation, platelet aggregation, and angiotensin converting
enzyme (ACE) activity. Some epidemiological studies have revealed an inverse
relationship between the intake of dietary flavonoids and mortality and morbidity
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due to CVDs. A few studies have shown that dietary intake of flavonoids reduces
the incidence of atherosclerosis, hypertension and congestive heart failure [10]. In
view of these observations, intakes of flavonoid rich foods or nutritional supple-
ments containing flavonoids possess an enormous potential to promote human
health and well-being through the prevention of non-communicable chronic dis-
eases. However, randomized and placebo-controlled clinical trials are needed to
ascertain the long-term safety and efficacy of flavonoids. One aspect of this review
is to highlight the health benefits of flavonoids present in foods and dietary sup-
plements in preventing and curing chronic problems, including diabetes, cancer,
heart disease and stroke. Evidence will also be provided about the beneficial
properties of individual flavonoids tested in the preclinical and clinical studies
along with their structure-activity-relationships as well as their use in different
CVDs.

It is well known that the oxidative stress generated in mitochondrial bioener-
getics reactions is responsible for the pathophysiology of atherosclerosis, hyper-
tension, coronary heart disease and stroke. Novel approaches are being taken for the
diagnoses and management of CVDs that are mediated by oxidative stress: namely
cellular membrane injury, lipid per oxidation, and DNA damage. This can be seen
in Table 19.1.

Obesity also stimulates oxygen utilization causes the fabrication of superoxide
radicals, reactive oxygen species (ROS), hydrogen peroxide and hydroxyl radicals
that may originate from the electron transport chain, and increased amounts of
mitochondrial respiration [12]. The over-production of ROS spoils cellular structure
and activates fat deposition, over production of NO and resulting various organs
dysfunction which leads to the development of others diseases like dementia,

Table 19.1 Classification of overweight and obesity by body mass index (BMI), waist
circumference, and associated disease risks [adopted from Jonathan and Purnell [11]]

BMI (kg/m2) Obesity
class

Disease riska (relative to normal weight
and waist circumference†)

Men � 40 in.
(� 102 cm)

>40 in.
(>102 cm)

Women � 35 in.
(� 88 cm)

>35 in.
(>88 cm)

<18.5 – –

Normal 18.5–24.9 – –

Overweight 25.0–29.9 Increased High

Obesity 30.0–34.9 I High Very high

35.0–39.9 II Very high Very high

Extreme
obesity

>40 III Extremely high Extremely
high

aDisease risk for type 2 diabetes, hypertension, and cardiovascular diseases
†Increased waist circumference can also be a marker for increased risk even in persons of normal
weight
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diabetes, various cancers, osteoarthritis and other malignancies [13]. There are three
main treatment approaches that are used to manage and prevent obesity-induced
chronic diseases. These are life style interventions which include daily physical
exercise, dietary supplements such as the intake of fibers, nutrients, less carbohy-
drates, no alcohol intake etc., and pharmacotherapy which include allopathic,
Ayurvedic, Fast-Moving Consumers Goods (Nutraceuticals), Homeopathic reme-
dies and Unani methods.

Obesity is a complicated problem and is of great concern as it increases the risk
of developing a number of potentially serious health problems including coronary
heart disease, high blood pressure, stroke, type 2 diabetes, some cancers (breast,
colon, endometrial, gall bladder, kidney and liver), sleep apnea, high LDL
cholesterol, low HDL cholesterol, high levels of triglycerides, gall stones, os-
teoarthritis, infertility or irregular periods. Figure 19.1 shows the major
non-communicable diseases caused by obesity.

Obesity & 
its warning 

signs

Kidney disorders

CVDs

Cancers

Musculo-skeletal 
problems

Diabetes

Dementia

Fig. 19.1 Diagrammatic representation of obesity-induced chronic diseases
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Pathophysiology of Obesity-Induced Diabetes Mellitus

Diabetes mellitus or type 2 diabetes mellitus (T2DM) is defined by high glucose
and lipid levels in the systemic circulation resulting in insulin resistance (IR) [14].
IR is the key marker of (T2DM) and develops in numerous organs, as well as
skeletal muscle, heart, liver and adipose tissues. As the main cause of insulin
resistance is hyperglycemia and hyperlipidemia, obesity can be a chief cause of type
2 diabetes mellitus [15]. Another probable molecular mechanism i.e. inhibition of
phophoinositide 3- kinase (PI3K) via tyrosine phosphorylation leads to the acti-
vation of PDK-1 PDK-2 which stimulates Akt/PKB and PKCk, resulting in
160KDa phosphorylation, which is insulin signaling. It was considered that per-
sistent hyperglycemia and expanded hyper insulinaemia, and amplified nitrogen
and reactive oxygen species (RNS and ROS respectively) levels can impact IR gene
expression by improper functioning of transcription factors such as high mobility
group AT-hook 1 (HMGA-1) [16].

Increased level of insulin and glucose in a combined pattern may lessen insulin
attachment to the IR in adipocyte [17] leading to a pessimistic effect on protein
kinase B/Akt actions. Increased carbohydrate metabolism and unnecessary excre-
tion of ROS/RNS or reduced antioxidant capability cause oxidative stress and
insulin resistance. In fact, pro-inflammatory cytokines like TNF-a, IL-1 and IL-6
produced insulin signaling through phosphorylation of insulin receptors substrates
(IRS) reduced the interface of protein with IR. The pathophysiology of type 2
diabetes can be seen in Fig. 19.2.

Overload of glucose and fats in power house causes overproduction of ROS and
hypoxia leading to oxidative stress. Obesity leads to secretion of cytokines (TNF- a,

High calories intake, zero physical activity

BMI > 30

Obesity

Increased level of adipose tissues substances)- 

E.g., leptin, adipokines, cytokines and inflammatory substance

Endothelial dysfunctions

Insulin resistance and β cells dysfunctions

Secretion of NEFAs

Glucose intolerance and negative peripheral tissues sensitivity

Diabetes

Fig. 19.2 Pathophysiology of types 2 diabetes: BMI and non-esterified fatty acids (NEFAs)
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ROS, NOS and free fatty acids) inhibits IRS-1 insulin signaling pathway.
Proinflammatory cytokines secrete IKKb, JNK1 inhibit PPAR and IRS-1 in insulin
signaling pathway leads to insulin resistance. Further, IKKb increase the phos-
phorylation of IKba causing phosphorylation of IRS-1 (Ser312, Ser307, and Ser270).
Insulin signaling pathways can be seen in Fig. 19.3.

Preventive Strategies

In diabetes mellitus, hyperglycemia occurs due to resistance of insulin i.e.,
hyperinsulinemia and hyperinsulinemia. Obesity is the main risk factors for the
development of this disease. It is reported that a sedentary lifestyle and improper
diet are associated with diabetes mellitus. Many researchers reported that in addi-
tion of allopathic drugs, nutraceuticals, herbals, nutrients and spices play a role in
the prevention and treatment of diabetes mellitus. Some herbal plants including:
Cyperus Rotundus L. (Nut grass), Gymnema sylvestrer. Br. Ex Schult (Gurmar),
Nelumbo nucifera Gaerth (Indian Lotus) and Lagerstroemia Speciosa L. (Pride of
India), are helpful in the treatment of diabetes mellitus [18]. Non-pharmacological
approaches including a low-calorie, fibrous diet, daily physical activities, controlled
smoking and drinking, and weight-controlled consciousness all play important roles
in prevention of obesity-induced diabetes mellitus [19].

Impaired glucose uptake by insulin receptors 

Receptor auto phosphorylation 

Activation of Tyrosine Kinase@ 

Overproduction of insulin receptors substrate IRSs- (shc, Gab1, IRS1, IRS2, IRS3, IRS4) 

IRSs bind to PI3K 

Phosphorylation of PIP2 at position 3 

Activation of PDK1, PDK2 

Stimulation of AKT/PKCλ, PKB 

160KDa phosphorylation 

Activation of GLUT4, if impaired function 

Insulin Resistance 

Fig. 19.3 Diagrammatic representation of insulin signaling pathways. Insulin receptor substrates
(IRSs): IRS1, IRS2, IRS3 and IRS4; Shc; (PI3K) = Gab1 phosphatidylinositol 3-kinase;
(PIP2) = phosphatidylinositol bisphosphate; (PDK1, PDK2); phosphatidyl protein kinase 1 and
2; (AKT/PKCk) = atypical protein kinase; Serine/threonine kinase; (PKB) = protein kinase-B;
160KDa; (GLUT4) = glucose transport-4
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Pathophysiology of Obesity-Related Osteoarthritis

Osteoarthritis (OA) is a joint disease that causes pain and debilitating dysfunction
due to joint degradation and aging. Nearly 10% of people suffers with this disease
and 37% of an aging population who are 60 years or older [20]. Further, OA affects
the patients’ lives due to less productivity and high healthcare maintenance. Obesity
is documented as a significant problematic factor for knee OA [21, 22].

Osteoarthritis is also called degenerative joint disease with less inflammatory
response. The pathophysiology of obesity linkage to knee OA specifically is multi
factored [23, 24]. Although the role that obesity plays in the development of
arthritis or other structural joint damage is not well defined, but the involvement of
adipose tissues [25, 26], metabolic endocrine organs that secrete adipocytokines,
leptin, resistin, and adiponectin, which ultimately destroys and causes remodeling
of joints tissues. Adipokines impacts the joint tissues, including cartilage, synovium
and bone.

In obese individuals, the overproduction of leptin creates “leptin resistance
syndrome”, further causing insulin resistance. Leptin and its receptor found in
chondrocytes, osteophytes [27, 28], synovium, and infra-patellar fat pads [29] and
may influence growth factor synthesis and anabolism. Examination of cartilage,
subchrondral bone, and osteophytes shows evidence of up-synchronized leptin
expression. Leptin expression openly relates to the degree of cartilage deterioration
[30, 31] and synergistic associations of leptin and proinflammatory cytokines have
been noticed [32]. Leptin has a direct pro-inflammatory and catabolic role in car-
tilage metabolism [33]. The molecular mechanism of obesity-induced osteoarthritis
can be found in Fig. 19.4.

Preventive Strategies

Osteoarthritis is a chronic inflammatory disorder in which synovium and cartilage
inflammation takes place and causes swelling, pain and joint complications [34].
Weight loss is the primary helping factor in the treatment of osteoarthritis, as an
increased weight and BMI can affect action and pharmacokinetics of numerous
drugs pharmacotherapy. Weight reduction decreases the stimulation of inflamma-
tory cytokines (TNF-a, IL-6, IL-18 etc.) and ultimately reverses the pathophysi-
ology of obesity. A patient suffering from osteoarthritis should reduce calories
intake by a minimum of 8 kcal/Kg [35]. Weight can be reduced by FDA-approved
medications such as Orlistat and Sibutramine. Surgeries are also helpful in weight
and pain reduction of knee OA within 2–3 months [36]. Proper fibrous diet and
disease-related physical activities are also helpful in weight and pain reduction of
body [37].

The results of a randomized, double blind, placebo controlled, crossover study
showed that treatment with ginger extract (250 mg of Zingiberis Rhizoma per
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capsule, qid) for six months caused significant improvement in twenty patients
suffering from gonarthritis (degenerative disease of the knee joint) [38, 39]. Few
antioxidants which are found in glutathione precursor (S-adenosylmethonine) [40]
avocado, soybean [41, 42] and Oleoresin phytoconstituents from Boswellia Serrata
tree are useful in the management of obesity-induced osteoarthritis [43]. Flavonoids
like Harpagoside- triterpene from Harpagophytum Procumbens (devil’s cow) [37,
44], Bromelain extract of pineapple [45] and Shogaols and gingerols (Ginger) [46]
are effective against osteoarthritis disease.

Pathophysiology of Obesity-Induced Kidney Disorder

Kidney disorders occur in approximately 30% of patients leading towards cardiac
surgery and significantly increase rate of morbidity and shorter life span [47, 48].
According to National Health and Nutrition in the United States, 64% of youth are
obese, with a body mass index (BMI) >25. This range of BMI can be a chief reason
of hypertension and diabetes, which collectively leads towards 70% of end-stage
renal diseases (ESRD) [49]. Early signs of kidney failure in an obese individuals are

Obesity 

Overproduction of adipokines, leptin, IL-6 

Activation of bone & synovial tissues inflammation 

Increased level of MMPs & NO, cytokines 

High pain & reduced functionality 

Radiographic progression of OA

Fig. 19.4 Flow chart of molecular mechanism of obesity
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renal vasodilation, glomerular hyper filtration, increased tubular sodium reabsorp-
tion and increased blood pressure [50]. The simultaneous elevation in glomerular
filtration rate (GFR) and renal plasma flow indicates dilation of preglomerular
vessels and increased glomerular hydrostatic pressure in obese patients [51]. This
preglomerular vasodilation would increase transmission of elevated systemic arte-
rial pressure to the glomeruli, resulting in higher glomerular hydrostatic pressure
and wall stress. As obesity increases to a risky stage, then kidney size may also
increase, but nephron numbers do not change such that each surviving nephron is
exposed to increased rates of glomerular filtration.

Adipose tissues are a source of various substances including adipokines,
inflammatory cytokines, leptin and TNF-a. Leptin regulates energy and intracellular
lipids function and underproduction of leptin causes hyperphagia [52, 53]. The
increased level of inflammatory cytokines inhibits adiponectin secretion leading to
hypertension, insulin resistance, endothelial cells dysfunction, inflammation and
further overproduction of Rennin angiotensin-aldosterone system (RAAS). The
adipose macrophages are storage house of (RAAS) [54–56].

RAAS regulates renal structures and functionality via regulating cell prolifera-
tion and vasomotor tone [57]. The stimulation of angiotensin tensin-1 (AT-1) and
RAAS results in elevation of filtration fraction (FF), cellular proliferation, and
efferent arteriolar vasoconstriction and stimulation of glomerular pressure leading to
renal damage, as can be seen in Fig. 19.5 [58].

Preventive Strategies

Obesity is common risk factor for developing chronic kidney disease (CKD) [59].
Obesity-induced kidney disease affects 8–16% of the population worldwide.
Currently, various pharmacological treatments are used in the prevention of kidney
disease, but can have various adverse effects. So, by using some
non-pharmacological treatments and potential therapies kidney disease can be

Inflammation & RAAS stimulation Adiponectin level Adipose tissues 

Efferent arteriolar vasoconstriction, glomerular pressure, 
cellular proliferation 

Level of AT1 

Resulting Renal damage 

Fig. 19.5 Pathophysiology of obesity-induced kidney disease: (RAAS) renin–angiotensin–
aldosterone system; (AT1) = angiotensin-1; increased glomerular pressure and arteriolar vaso-
constriction; decreased adiponectin level

326 R. Badhwar et al.



controlled. Some nutraceuticals approaches like the use of herbal plants and their
extract and Phytochemicals can help in the prevention of certain kidney diseases.
Oil seeds, nuts [60–63], Perseaamericans (avocado), Juglansregia L. (walnut),
Linumusitatissimum L. (flaxseed), Eruca sativa [64]. Nutraceuticals and
Xenobiotics such as curcumin (curcuma Longa) [65, 66], Stevia (stevia rebaudi-
ana) [67], green tea [68], nitrates and nitrites [69]. Some Ayurvedic products like
nettle leaf and Gokhru juice are also considered useful for the management of
obesity-induced kidney diseases.

Pathophysiology of Obesity-Induced Breast Cancers

Obesity increases the risk of developing breast cancer in both pre- and
post-menopausal women and also negatively impacts the recurrence of breast
cancer and survival of patients [70]. Breast cancer is the most common cause of
death in women and it is the second most common disease among Korean women,
but is lower for women in western countries. It is rapidly rising statistic with a
yearly growth rate of 6.3% [71]. In a study conducted by Eliassen et al., there was a
12% development of breast cancer among overweight, postmenopausal women, this
increased risk has now risen to 25%.

The leading cause of Breast Cancer may be due to a mutation in tumor sup-
pressor genes such as breast cancer A1 and breast cancer A2 (BRCA1 and BRCA2)
[71]. Over secretion of sex hormones trigger tumor growth and production of
mammary cell production [72].

Hyperinsulinaemia, or impairment of insulin, motivates the propagation of
tumors cells in vitro and in vivo evaluations resulting in augmented levels of
prostate, colon, bladder and breast cancers. In potential epidemiological experi-
ments, amplified risk of postmenopausal breast, colon, pancreatic, and endometrial
cancers [73] have been noticed in relation to superior levels of moving C-peptide
levels. Multiple molecular pathways including hormone (estrogen), adipose tissues,
insulin resistance and inflammatory cytokines (IL-6, IL-11, IL-1), leptin, and free
fatty acids (FFA) are involved breast cancer growth [74]. The overproduction of
estrogen in adipose tissues in postmenopausal females is due to androstenedione
and testosterone aromatization. The stimulation of inflammatory cytokines like
interleukin (IL-6, IL-11) and tumor necrosis factor- (TNF-a) triggers aromatization
resulting in breast cancer growth as seen in Fig. 19.7. Epithelial cell lead to
aromatization effecting promoter 1.3/11 region (PI.3/PII) of aromatase gene [75,
76]. Also, by stimulating TNF-a and interleukin-6, (IL-6) causes aromatase gene
activation in breast cancer. In obesity, over production of free fatty acids (FFA),
inflammatory cytokines (leptin, adipokines), triggers insulin resistance regulating
insulin receptors substrate-1 (IRS-1). The estrogen increases E2F transcription
factor via phosphorylation of retinoblastoma gene (RB) leading to aromatase gene
activation. The molecular pathway includes adipose tissues, inflammatory cytokines
and hormones can be seen in Fig. 19.6 [77, 78].
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Preventive Strategies

Breast cancer is a common cause of death in western women. Several pharma-
cotherapies exist including Tamoxifene, Raloxifene and aromatase inhibitors,
which are available for the treatment of breast cancer, but have many adverse effects
for patients [79]. So, to minimize these side effects and to make patients’ lives
easier, some non-pharmacological therapies show their potential role in the pre-
vention and management of cancer. Nutraceuticals plants including Vaccinium
erythrocarpum, Commiphora mukulengl (Indian Belelliom tree), Nelumbo Nucifera

Obesity

Adipose ssues

AMPK phosphoryla on via AdipoR

AMPK ac va on

Decreased CRTC2 transloca on

Binding to CREB

Increased Aromatase ac vity

Fig. 19.6 Molecular pathways connecting obesity and breast cancer: AMPk = activated protein
kinase; AdipoR = adipose receptors; CREB = Camp response element-binding protein;
CRTC2 = CREB-regulated transcription co activators 2
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Gaerth (Indian Lotus), Phytochemicals (Ursolic acid, Scopoletin, Damnacanthal,
carotenoids, stilbenes) and nutrients (Vitamins and minerals-A, E, K, C, B1, B2,
B3), omega 3 fatty acids, fruits and vegetables and tree nuts show synergistic effects
in the treatment of obesity-induced cancer [80]. Changes in life style, weight
control, physical activity, and minimizing alcohol consumption can also reduce the
risk of breast cancer. Alcohol intake can increase the risk of breast cancer by
minimizing some alcohol labile nutrients [81, 82].

Pathophysiology of Obesity-Induced Cardiovascular
Diseases

The rising evidence suggests that alteration in the gut microbiome, related to dietary
and genetic features may contribute to metabolic disorders, which is a significant
factor for obesity development, hypertension, insulin resistance and T2DM
[83, 84]. In developing countries, there is a fast growth of cardiovascular disease
and obesity, which negatively affects patients’ lifespan [85]. The collection of
multiple factors such as hip and waist circumference, increased belly fats, increased
BMI >30, LDL, HDL levels, hypertension, insulin imbalance or resistance, high
serum triglyceride concentrations, and high concentration of cholesterol leads
towards “metabolic syndrome” [86]. This syndrome becomes a basic risk for the
development of obesity among children. Currently 40–45% of youngsters are

Obese women 

Cytokines,TNF-α,
(IL-6) & estrogen 

level increased 

Increased 
aromatase ac vity 

PKA & PKC 
signaling 

Triggering of 
PI.3/PII 

S mula on of E2F 
transcrip on 

factors 

Regula on of IRS-1 
in breast 

Induc on of free 
radicals,gene 
instability & 

muta on  

Resul ng DNA & 
apoptosis inhibi on 

Fig. 19.7 Hormonal mechanism of breast cancer: TNF-a = tumor necrosis factor-a;
(IL-6) = intrerleukin-6; E2F-prostaglandin = E2; (PI.3/PII)-promoter 1,3 region; promoter, II;
(PKA and PKC)-protein kinase A,C; (IRS-1) = insulin receptors substrate
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caught by this developing issue [87]. Oxidative stress is also a main disorder that
leads towards obesity and can cause numerous diseases including hypertension and
dyslipidemia.

Dyslipidemia is a state in which accumulation of high concentration of
triglyceride (TG) and blood cholesterol takes place which enhances the danger of
CVDs including stroke [88]. Obesity combined with dyslipidemia is also a leading
giant of CVD. Small amounts of circulating high-density lipoprotein (HDL),
amplified post-prandial TG values, augmented clearance of HDL particles, and high
plasma very low-density lipoprotein (VLDL) levels cause overproduction of ROS
[89]. ROS can alter the various cellular pathways including nitrogen activated
protein kinase and can damage lipid or protein structures further, resulting in DNA
damage [90].

The oxidative modification combined with oxidative low-density lipoproteins
(Ox-LDL) and oxidation-derived products can be responsible for CVD generation
[91, 92]. Additionally, Ox-LDL alters the adipokines fabrication resulting OS [66].
In obese individuals the occurrence of dyslipidemia and elevated Ox-LDL levels
may be due to imbalanced antioxidant abilities that is generated by low serum
movement of the antioxidant enzyme (SOD) or low HDL-associated with
paraoxonase-1 (PON-1). Even though numerous mechanisms such as increased
VLDL and Ox-LDL, TG level and lower levels of circulating HDL have been
explained which lead towards CVDs and found that oxidative stress is also con-
cerned in vascular blockade [93].

Hypertension connected to obesity can take place by multiple mechanisms
including adipokines variations, alterations in kidney functions and structures,
inappropriate sympathetic nervous system (SNS) and renin–angiotensin–aldos-
terone system (RAAS) activation and insulin resistance. Epigenetic factors are also
responsible for obesity-related hypertension [85, 94]. Epigenetic mechanisms
include histone modifications, microRNA (miRNA) regulation and changes in
DNA methylation [95]. Reduced vasodilation due to imbalances between super-
oxide and nitrous oxide (NO) may be responsible for the growth of hypertension.
The half-life of nitrous oxide is momentous because it is quickly destroyed by a
superoxide anion discharged from eNOS (a vasoconstrictor). Later, eNOS develops
into a peroxynitrite generator, causing a marked amplification in oxidative stress
with a pleiotropic effect on vascular efficacy via oxidation of proteins and cellular
lipids [96]. Improper functioning of kidneys, considering stimulation of intrarenal
angiotensin II (Ang. II), is also a significant expansion of obesity-connected hy-
pertension. Some data explains that NADPH-driven creations of ROS simultane-
ously motivates redox-based signaling cascades and are taking part in the working
of Angiotensin-II-producing hypertension. Angiotensin-II comes in contact with a
certain receptor, Angiotensin-II type 1 (AT1r), and stimulates non-phagocyte
NADPH-oxidase, causing growth of hydrogen peroxides, peroxynitrite and
superoxide. The stimulation of adipocyte tissues triggers the overproduction of
proinflammatory cytokines (TNF-a, IL-6 and IL-1, IL-11), leptin, adipokines, FFA,
and resistin. The underproduction of adiponectin activates RAAS and SNS, which
results in insulin resistance via phosphorylation of IRS-1 [97–100]. This
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overproduction of inflammatory cytokines leads to endothelial dysfunction, further
causing arthrosclerosis and hypertension development [101, 102]. The neuropep-
tides (a-melanocyte-stimulating hormone and neuropeptides Y) have also been
considered as a further link between oxidative stress and hypertension [103, 104].
This can be seen in Fig. 19.8.

Preventive Strategies

Obesity is the leading cause of cardiovascular diseases (CVDs), in the developed
and developing countries [105, 106]. This leads to nearly 17.3 million deaths
globally. A cost-effective treatment and interventional strategy are needed for the
prevention of overweight/obesity, metabolic syndrome and CVDs [107, 108]. The
use of some herbal therapies combined with pharmacological treatment show
synergistic effects in the CVD treatment. Herbal supplements like nutraceuticals
(Coleus forskohlii, Vitisvinifera L), Flavonoids (apigenin, Hesperidins) and
Phytoconstituents including Quercetin, Kaempferol and rutin are used as an alter-
native treatment of obesity and its complications [109–111]. Different plants con-
tain a large variety of several components with different anti-obesity effects on body
metabolism and fat oxidation, and for this reason have been investigated and
reported to be useful in treatment of obesity [112, 113]. Significant amounts of
polyphenols (flaxseeds, tea, coffee and cocoa) [114] and phytosterols (cereals,
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Increased systemic oxida ve stress 
Decreased sex steroid hormones Increased Systemic inflamma on 

Endothelial dysfunc on 
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Fig. 19.8 Pathophysiology of obesity-induced cardiovascular diseases: (TNF-a) = tumor necrosis
factor-a; (IL) = interleukins; (FFA) = free fatty acids

19 Pathophysiology of Obesity-Related Non-communicable … 331



seeds, nuts and grains), are considered helpful in the management and treatment of
cardiovascular diseases [115].

It is well known that global epidemic of obesity-related disorders are on the
upswing. Weight loss appears to protect against diabetes, coronary heart disease,
hypertension, kidney and neurodegenerative disorders, musculoskeletal diseases,
cancer and overall mortality. Nutritional interventions, lifestyle modifications, and
exercise reduce the incidence of obesity-related non-communicable chronic dis-
eases. Abnormal deposition of white adipose tissue in the body alters the meta-
bolism and disposition of steroidal hormones as well as components of the
renin-angiotensin system and sympathetic nervous system [116, 117]. Bariatric
surgery is a viable option for the treatment of severe obesity and is associated with a
reduction in overall mortality in patients with mean BMI 41 kg/m2 [118].

Pathophysiology of Obesity-Induced Neurological Disorders

Obesity is a state that occurs when the consumption of calories is greater than the
body requirement. Obesity and dementia are two significant neurodegenerative
problems counting Alzheimer’s disease (AD). In 2015, a World Alzheimer survey
reported 46.8 million cases of dementia and calculated that this figure may double
every 20 years [119]. In this scenario, obesity-induced dementia has become a
major concern for medical disciplines as it increases at a distressing pace [120,
121].

There is an accumulation of adipose tissues in obese individuals, which involves
the high secretion of proinflammatory cytokines (FFA, TNF-a, IL-1b, IL-6) [122,
123] and chemokines ligand 2, which directly leads to AD. These mediators also
cause chronic, as well as local inflammation in adipose tissues which in turn pro-
motes cellular insulin resistance. This can cause hyperglycemia and hyperinsu-
linemia, which may result in AD [124]. Leptin resistance also plays an important
role in AD generation, as seen in Fig. 19.9 [125].

Strategies for the Prevention of Neurodegenerative Disorders

Obesity is a risk factor in the development of neurodegenerative disorders, such as
dementia and Alzheimer’s disease (AD). Some forms of dementia lead to pro-
gressive brain disorders and loss of memory and cognitive skills. These may be
responsible for significant changes in behavior [126]. Pharmacological and
non-pharmacological interventions play important roles in the management and
prevention of dementia and AD. Some basic therapies such as brain stimulation via
brain-related exercise and practice are helpful in increasing neurodensity and
plasticity [127]. Intake of fiber rich nutrients and vitamins (D, B6, B12, and folates)
[128–133], plant extracts and Phytochemicals like terpenoid, anti-oxidants and
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anti-inflammatory flavonoids (luteolin) [134], polyphenols (resveratrol) found in
red wine, red grapes, blueberries and peanuts [135] provides protection against AD
[136]. Intake of unsaturated fatty acids (omega-3, fibrous diet, fresh fruits and
vegetables are helpful in weight reduction and prevention of obesity-induced
dementia and AD. The consumption of olive oil, fish oil, omega-3 fatty acid [137]
green tea, curcumin, nutraceuticals (Ginkobiloba) [138], probiotics like lacto-
bacillus rhamnosus [139] are also considered to play an important role in the
prevention of neurodegenerative disorders.

Summary and Conclusions

Obesity is a social problem which is defined by an increase in body weight that
results in excessive fat accumulation. The epidemic of obesity is increasing
worldwide and threatens to continue to decrease life expectancy. This problem has
been recognized as a major underlying factor for the pathogenesis of several dis-
eases including metabolic syndrome, diabetes mellitus, cardiovascular diseases,
liver disease and cancer. It can be said that this disorder not only affects the
economy of a country, but also contributes to negative health care issues. For the
prevention and treatment of this problem the use of pharmacological approaches is
not enough. Ultimately some non- pharmacological basic therapies playa great role
in the treatment and management of obesity and its associated chronic diseases.

AD 
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Adipokines- INFγ, LIF, MCP-1,MIP-1 

IL-17 

IL-6, IL-1β, TNF-α, IL-12, IL-18, IFNγ 

Impaired activation of PI3K/AKT  

LPS generation 

Psychological stress 
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m TOR pathway activation 
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Fig. 19.9 Pathophysiology of obesity—related neurological disorders and Alzheimer’s disease
(AD). (INF-c) = interferon-y; (GC) = glucocorticoids; (IR) = insulin resistance; (VF) = visceral
fat; (OS) = oxidative stress; (mTOR) = mammalian target of rapamycin; (IL-17) = interleukin-17;
(PI3 K/AKT) = Phosphatidylinositol 3 kinase; protein kinase B; (LIF) = leukemia inhibiting
factor; (MCP-1, MIP-1) = macrophagic inflammatory proteins-1; (TNF-a) = tumor necrosis
factor-a
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Some basic therapies including low caloric intake, weight controlled consciousness,
smoking cessation, a healthy diet plan and daily physical activities increase the
antioxidant activity. Some psychotherapy (behavioral therapy) is also helpful for
patients to increase the consciousness toward weigh control habits which is major
risk factor for chronic disease. Although the presence of both pharmacological and
non-pharmacological treatment exists, there is want for innovative policies for the
prevention and control of obesity. There are also some strategies for the manage-
ment and cure of obesity and its induced chronic diseases, but there is a deficiency
of data for their efficacy and also have their own limitations. Lastly, for the
development of novel cure and treatments, there needs to be an understanding of the
basic underlying molecular mechanisms that take place in obese individuals.
Prospective studies should explain the probable function of oxidative stress in
obesity to control the beginning and development of inflammatory and autoimmune
complications.
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